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ABSTRACT (REGULATION 1.1.3)

In order to gain a better understanding of the mechanisms controlling

inflammatory processes with a view to developing novel therapies for

inflammatory disease, the research presented in this thesis has been focused on

unravelling the molecular complexities associated with the initiation, propagation
and resolution of inflammation. Although neutrophilic and eosinophilic

granulocytes are key effector cells in orchestrating host defence against invading

bacteria and parasites, their over-recruitment, uncontrolled activation and
defective removal by macrophages play a prominent role in generating tissue

damage associated with chronic inflammatory conditions such as asthma and
rheumatoid arthritis. Much of the work presented in this thesis investigates these

processes and the findings are divided into three overlapping sections; initiation,

propagation and resolution of the inflammatory process.

Section 1 describes studies principally investigating the mechanisms

governing the initiation and regulation of the inflammatory process. The main
focus of this section involves work investigating the activation and responsiveness
of neutrophils, eosinophils, macrophages and platelets to agents such as various

lipids, small peptides and nitric oxide.

Section 2 presents publications describing the propagation of the

inflammatory process in various in vivo models of skin and lung inflammation

including studies investigating relevant in vitro inflammatory processes.

Section 3 describes research focusing on the processes governing the
resolution of inflammation especially the phenomena of apoptosis and macrophage
clearance of apoptotic cells. This includes in vitro studies investigating the
mechanisms regulating human granulocyte apoptosis and in vivo work

investigating the effects of apoptosis modulation in different models of

inflammation.
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STATEMENT (REGULATION 1.1.4)

(a) Some of the work presented in this thesis is representative of studies
conducted during my PhD degree at the University of Glasgow, post¬

doctoral work at the University of Wake Forest in Winston-Salem, North

Carolina, USA and as a lecturer at the University of London. However, the

majority of the publications arise from work conducted by myself, or by
PhD students, post-doctoral fellows and research assistants under my direct

supervision or with my guidance and input at the University of Edinburgh.

(b) This Doctorate of Science has not been previously presented for this degree
elsewhere. The bulk of this thesis represents research undertaken whilst at
the University of Edinburgh over the last 15 years and my contributions to
the publications are graded with 'Minor', 'Moderate' and 'Major' in

parenthesis at the end of each publication.

Adriano Giorgio Rossi January 2010
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Agents and Actions, vol. 24, 3/4(1988) 0065-4299/88/040272-11 $ 1.50+0.20/0
© 1988 BirkhSuser Verlag, Basel

Agonist-induced calcium flux, phosphoinositide metabolism,
aggregation and enzyme secretion in human neutrophils
A. G. Rossi, R. M. McMillan1 and D. E. Maclntyre2

Department ofPharmacology, University ofGlasgow, Glasgow G12 8QQ, Scotland, U.K., and 1 Bioscience Department I,
IC1 Pharmaceuticals Division, Mereside, Alderley Park, Macclesfield, Cheshire, SK10 4TG, England, U.K.

Abstract

Formyl-methionyl-leucyl-phenylalanine (FMLP), platelet activating factor (PAF) and leukotriene B4
(LTB4) are potent activators of human neutrophils. Using human neutrophils prelabelled with the fluo¬
rescent indicator dye, Quin 2, or with [32P]-orthophosphate, we examined the effects of these stimuli on
intracellular free calcium concentration, [Ca2+]i, and on various indices of phosphoinositide metab¬
olism, including [32P]-phosphatidic acid (PtdA) formation. The concentration-dependence of the ob¬
served changes in [Ca2+]i or [32p]-PtdA were then compared to stimulus-induced aggregation and en¬
zyme release (/J-N-acetylglucosaminidase (NAG) and lysozyme).
FMLP, PAF and LTB4 caused a concentration-dependent elevation of [Ca2+]i, aggregation and enzyme
release. However, unlike FMLP and PAF, LTB4 2.5 \iM) did not cause significant formation of [32P]-
PtdA. The concentration response curves for agonist-induced elevation of [Ca2+]i lie to the left of those
for aggregation and enzyme release. FMLP and PAF also caused an elevation of [Ca2+]i at concentra¬
tions lower than those required to elicit [32P]-PtdA formation.
These observations suggest that [Ca2+]i elevation per se cannot mediate human neutrophil functional
responses to FMLP, PAF and LTB4. Consequently there may exist other mediator(s) that act in concert
with [Ca2+]i or are triggered by [Ca2+]i elevation to promote human neutrophil activation. Both the
elevation of [Ca2+]i and the formation of these putative mediator(s) in response to LTB„ apparently
occur independently of inositol phospholipid hydrolysis.

Introduction

Exposure of human neutrophils to a variety of
particulate and soluble stimuli evokes a series of
cellular responses including aggregation, chemo-
taxis, superoxide generation and enzyme se¬
cretion (for reviews see [1, 2.]). Also formed are
numerous lipid products which derive initially
from acyl hydrolase action on membrane phos¬
pholipids. TTiese agents include the ether lipid,
2 Present address: Dept. of Biochemistry & Molecular Biology,
Merck Sharp & Dohme Research Laboratories, P.O. 2000,
Rahway, New Jersey, 07065, USA.

platelet activating factor (PAF) and eicosanoids;
thromboxane (Tx)A2 and leukotriene (LT)B„
[3-6]. Neutrophil activation is initiated by the
combination of agonists with distinct receptor
sites located on the plasma membrane. Receptor
binding studies have identified high affinity bind¬
ing sites for C5a [7] FMLP [8, 9] LTB4 [10] and
PAF [11, 12],
Although much progress has been made in elu¬
cidating the receptor mechanisms activated by
various agonists on human neutrophils [13-15],
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the precise mechanisms that link receptor oc¬
cupancy to cellular responsiveness are not fully
understood, and frequently are controversial
[16-18]. Studies using the chemotactic tripeptide
formyl-methionyl-leucyl-phenylalanine (FMLP)
indicate that neutrophil responsiveness may be
regulated by the actions and interactions of at
least two second messenger molecules, namely
cytosolic free calcium ([Ca2+]i) and 1,2-di-
acylglycerol (DAG) [13], that are produced as a
consequence of inositol lipid hydrolysis [19]. Ac¬
cording to the current paradigm, agonist-induced
hydrolysis of phosphatidylinositol (Ptdlns),
PtdIns-4-phosphate (Ptdlns 4P) or, more likely,
Ptdlns 4,5-bisphosphate (Ptdlns 4,5-P2) by
phospholipase C yields DAG and the correspond¬
ing inositol phosphate(s). Inositol 1,4,5-
trisphosphate [Ins (1,4,5) P3] can mobilise Ca2 +
from intracellular, non-mitochondrial stores [20,
21] and Phosphatidic acid (PtdA) the immediate
product of diacylglycerol kinase action on DAG
may exert ionophoric effects [22] although this is
disputed [23]. DAG, via activation of protein
kinase C, and [Ca2+]i, via activation of Ca2+-cal-
modulin dependent kinase(s) may act inde¬
pendently or synergistically to induce neutrophil
activation [24,25].

Several studies have addressed the receptor
mechanisms underlying FMLP-induced acti¬
vation of human neutrophils. It has been es¬
tablished that receptor occupancy is coupled via a
GTP binding protein to phospholipase C cata¬
lysed hydrolysis of Ptdlns 4,5-P2 [26] and ele¬
vation of[Ca2+]i [27, 28]. Hydrolyis of Ptdlns 4,5-
P2 and elevation of [Ca2+]i occur rapidly follow¬
ing receptor occupancy [29, 30], consistent with a
possible cause and effect relationship between the
two events and their involvement in the cellular

response. Although there is some evidence that
receptors for PAF and LTB4 on neutrophils are
coupled to a similar transduction process (namely
phosphoinositide hydrolysis and Ca2+ flux) this
matter remains to be fully established [17, 18, 31].
In the present study we investigated the mecha¬
nisms that link receptor occupancy to human
neutrophil activation. Accordingly we compared
the concentration-dependence of PAF-, LTB„-
and FMLP-induced phosphoinositide metab¬
olism, elevation of [Ca2+]i and functional re¬
sponsiveness (aggregation and degranulation).

273

Materials and methods

Chemicals

LTB4 was synthesised by Dr. Y. K. Yee (Stuart
Pharmaceuticals, Division of ICI Americas, Wil¬
mington, Delaware, USA). PAF was purchased
from Bachem, Bubbendorf, Switzerland and Quin
2-AM from Lancaster Synthesis, Morecambe,
England. FMLP and Cytochalasin B were ob¬
tained from Sigma, Poole, England. Lysozyme
Reagent Set was purchased from Worthington Di¬
agnostics, Freehold, New Jersey, USA.

Preparation ofHuman Neutrophils
Blood was obtained by ante-cubital venepuncture
from healthy adult volunteers. The blood samples
were immediately mixed with 3.8% trisodium cit¬
rate (9 parts blood to 1 part anticoagulant) and
then centrifuged at 850 g for 5 min at 22 °C in a
bench minor centrifuge. The platelet rich plasma
was discarded and the erythrocyte/leukocyte
("buffy coat") layer was mixed with 1-2 volumes
gelatin solution (2.5% gelatin in 154 mA/ saline)
and incubated at 37 °C for 30-45 min. The super¬
natant was removed and centrifuged at 1000 g for
5 min and the resultant cell pellet was resuspend-
ed in lysis buffer (0.15 A/-NH.C1, 0.01 M-
KHC03, 0.001 A/-EDTA) to remove contaminat¬
ing erythrocytes. This cell suspension was then
centrifuged at 850 g for 3 min and the cell pellet
resuspended in Hanks Balanced Salt Solution and
re-centrifuged, before resuspension in appropri¬
ate buffer at a desired neutrophil concentration.
The cells were stored on ice until use.
Cells were counted and their viability assessed by
trypan blue exclusion.

Aggregation
Neutrophil aggregation was measured photo¬
metrically in a standard platelet aggregometer. To
a cuvette containing a teflon-coated stirring bar
revolving at 600 r.p.m., was added 0.6 ml of neu¬
trophil suspension, (2.5 X 10' cells/ml) in buffer A
(124 mA/-NaCl, 4 mAZ-ATl, 0.64 mA/-NaH2P04,
0.66 mA/-K2HP04, 5.2 mA/NaHCO-,, 1.6 mA/-
CaCl2, 10mA/-Hepes and 5.6 mA/-Glucose;
PH 7 .4). After a 2 min delay, to allow warming of
cells to 37 °C, the neutrophils were challenged
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with an agonist and the resultant changes in light
transmission recorded on a Linseis recorder.

Degranulation
Neutrophil suspensions (0.6 ml of 107 cells/ml) in
buffer A, in the presence of cytochalasin B (5 jig/
ml; 10 min), were challenged with an agonist for
lOmin at 37 °C. The reactions were terminated
by centrifugation (9000 g; 20 sec). The super¬
natant was removed and stored at -20°C.
NAG activity was measured fluorimetrically as
formation of 4-methylumbelliferone, by a modifi¬
cation of the technique developed by Gordon [32]
for measuring platelet lysosomal enzymes. The re¬
action mixture contained 100 pi of cell super¬
natant or cell pellet, 100 pi of 0.3 M citrate buffer,
pH 4.8, and 100 pi of 3 mA/4-methylumbeIliferyI-
N-acetyl (1-D-glucosaminide. The reaction mix¬
ture was then incubated for 60 min at 37 °C then

stopped by boiling for 2-3 mins. The mixture was
then diluted with 0.7 ml glass distilled water and
centrifuged (9000 g; 20 sec) to remove any re¬
maining cell fragments. A sample (100 pi) was
added to 1.9 ml glycine-NaOH buffer (50 mM
glycine in 39 mM NaOH; pH 10.4). Fluorescence
was monitored in a Perkin-Elmer LS3 Fluores¬
cence Spectrometer using excitation and emission
wavelengths of 370 and 450 nm respectively.
Lysozyme activity was determined as the rate of
lysis of the bacterium Micrococcus lysodeikticus
measured by the decrease of absorbance at
550 nm. [33]. In both enzyme assays the cell pel¬
lets were digested with 0.2% Triton X-100 and re¬
sults were expressed as a percentage of the total
enzyme activity.

fCa++]i Measurement
Quin 2-AM at a final concentration of 100 pA/
was added to neutrophil suspensions (108 cells/
ml) in buffer A for 10 min at 37 °C. Samples were
then diluted ten fold with thermally equilibrated
buffer and incubated for 20 mins at 37 °C. At the
end of the incubation period, the cells were cen¬
trifuged (850 g\ 3 min) to remove extraneous dye
and resuspended in the buffer A at 107 cell/ml.
[34], Agonist-induced changes in fluorescence
were monitored in a Perkin LS3 Fluorescence

Spectrometer at 37 °C with excitation at 339 nm
and emission at 492 nm. The [Ca++]i was calcu¬
lated according to the following equation:

[Ca++]i=Kd(F-Fmin)/(Fm„-F), where Kd of
115 nM represents the apparent dissociation con¬
stant of Quin-2 for calcium, F is the fluorescence
signal in arbitrary units and Fmin and Fmax are flu¬
orescence at very low and high calcium respec¬
tively.

Measurement of [32PJ-PtdA and [31Pj-PtdIns
Neutrophils (5 X107 cells/ml) suspended in a
phosphate free buffer B (140 mA/-NaCl, 5 mAf-
NaCl, 2.8mAf-NaHCO,, 1 mAZ-MgCU,.
0.06 mAf-MgS04. 1.6 mM CaCl2, 15 mA/-Hepes,
5.6 mA/-Glucose; pH 7.4) were incubated for
90 min at 37 °C with carrier-free [32P]-ortho-
phosphate (30pCi/ml) in the presence of 0.025%
bovine serum albumin [35]. Neutrophils were
then pelleted and resuspended at 2.5 X 107 cells/
ml in fresh, albumin free buffer and 0.4 ml ali-
quots were dispensed into plastic tubes at 37 °C.
The cells were allowed to equilibrate for 10 min
before being challenged with an agonist. At the
appropriate time, reactions were terminated and
lipids extracted essentially as described by Lloyd
et al. [36] Briefly, the neutrophil sample was
added to 2 ml chloroform: methanol: 1ONHC1
(25:50:4) in a glass centrifuge tube and vortexed.
The extract was partitioned immediately into two
phases by sequentially mixing with 625 pi chloro¬
form and 625 pi water and then centrifuged at
1000 g for 5 min. The lower organic phase was re¬
moved, dried at 40 °C under nitrogen and stored
at -20°C. The lipids were redissolved in 100 pi of
chloroform/methanol (9:1 v/v) and applied to
silica-gel t.l.c. plates for two dimensional separa¬
tion of phospholipids [37]. Individual spots were
detected visually by exposure to iodine vapour or
by autoradiography. Spots corresponding to
Ptdlns and PtdA, identified by comparison with
reference standards, were scraped into vials for
determination of radioactivity in a liquid-scin¬
tillation spectrometer.

Measurement of[32P]-Ptdlns 4P
and f32PJ-Ptdlns 4,5-P2

Neutrophil suspensions (5x 10' cells/ml) in buf¬
fer B were incubated (37 °C; 45 min) with car¬
rier free [32P]-orthophosphate (30 pCi/ml) and
0.025% bovine serum albumin. In order to en¬

hance the possibility of observing agonist-induced
changes in Ptdlns 4P and Ptdlns 4,5-P2 it was
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necessary to prevent the specific activity of the
phosphoinositides from increasing. This was
achieved by adopting a pulse-chase protocol, in
which the [32P]-labelled cells were pellected by
centrifugation (850 g; 3 min 20 °C), resuspended
in fresh buffer B containing KH2P04 (100 \iM)
and incubated for 45 min at 37 °C.
The cells were then pelleted and resuspended at
2.5 X 107 cells/ml in fresh albumin-free buffer B
and 0.4 ml aliquots were dispersed and allowed to
equilibrate for 10 min before being challenged
with agonists. At the appropriate time, the re¬
actions were terminated by transferring the entire
sample to 1.2 ml chloroform : methanol (1:2) and
thoroughly mixed. The phospholipids were ex¬
tracted by the addition of 2.4 N HC1 (0.4 ml) and
chloroform (0.4 ml) and then mixed. The sample
was partitioned into two distinct phases, separat¬
ed by a cell fragment interface by centrifugation
(1000 g; 3 min). The lower organic phase was re¬
moved and stored at 4°C. The remaining aque¬
ous phase was washed by mixing with chloroform
(0.8 ml) and centrifuged (lOOOg; 3 min) to sepa¬
rate the phases. The aqueous phase was discarded
and the two organic phases combined. The organ¬
ic phases were washed by addition of 1.6 ml
Methanol: 1 N HC1 (1:1), centrifuged (1000 g;
3 min) and the lower phase was removed, dried at
40°C under nitrogen and stored at -20°C [38].
The phospholipids were resuspended in 100 pi of
chloroform: methanol: H20 (75:25:2) and spot¬
ted on high performance t.l.c. plates for one
dimensional separation of Ptdlns, Ptdlns 4 P and
Ptdlns 4,5-P2 [39], The phospholipids were identi¬
fied by comparison with reference standards then
scraped into vials for determination of radioac¬
tivity in a liquid scintillation counter.

Results

Aggregation
FMLP, PAF and LTB4 induced aggregation of
human neutrophils; the effects observed were
rapid in onset, maximal within 2 minutes of agon¬
ist addition, and reversible. In addition, the re¬

sponses observed were dependent on the concen¬
tration of agonist utilised: in this respect FMLP
and LTB4 were roughly equipotent whereas PAF
was ten-fold less active (Fig. 1). Aggregation
when monitored photometrically is quantified in

275

Concentration-response relationship for agonist-induced aggre¬
gation of human neutrophils. Aggregation was induced by
FMLP (A), PAF (•) and (LTB, (■) is expressed as a percent¬
age of the maximum aggregation induced by each agonist. The
results are mean values ± S.E.M. for between four and six ex¬

periments, each performed in triplicate.

arbitrary units of light transmission. Conse¬
quently it is difficult to compare the extent of
aggregation evoked by different agonists when
tested in different experiments. However when
examined in the same experiment, the extent of
aggregation evoked by FMLP and PAF was simi¬
lar whereas LTB4 was much less efficacious (data
not shown).

Degranulation
All three agonists induced release of NAG and
lysozyme in a concentration-dependent manner
(Fig. 2 a/2 b). The agonists differed in the maxi¬
mal extent of enzyme secretion that they could
evoke. For NAG release, the rank order of ef¬
fectiveness was FMLP (~ 29% release) > PAF
(~20% release) >LTB4 (~ 14% release). The
maximum extent of lysozyme release induced by
FMLP (around 40% of cell content) exceeds that
induced by LTB4 and PAF which were equally ef¬
fective and elicited release of ~30% of the cell
content.

[Ca2+Ji

Resting [Ca2+]i in human neutrophils, as mea¬
sured by Quin 2, was 135 + 3 nAf (mean ± S.E.M.,
n = 50). Addition of FMLP, PAF and LTB4 to
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Representative experimental traces of agonist induced elevation
of [CaJ+]i in human neutrophils. Suspensions of quin 2-labelled
neutrophils (107 cells/ml) in buffer A containing 1.6 mAf Ca2+
were challenged with agonists and the resultant responses were
monitored and calibrated. The left axis indicates the change in
fluorescence whereas the right axis indicates [Ca2+]i levels
in nM.
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Figure 2
Concentration-response relationship for agonist-induced release
ofNAG (an azurophil granule marker) (a) and lysozyme (a spe¬
cific and azurophil granule marker) (b) from human neu¬
trophils. Enzyme release induced by FMLP (A), PAF (•) and
LTB4 (■) is expressed as a percentage of total cellular content
obtained by digestion with Triton X-100. The results are mean
values + S.E.M. for between three and four experiments, each
performed in triplicate.
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The cumulated data showing the concentration-response rela¬
tionship for FMLP (A), PAF (•) and LTB4 (■) induced chang¬
es in [Ca2+]i in human neutrophils. The ordinate show the
change in [Ca2+]i levels in nM above resting value (135 ± 3 nM,
mean ± S.E.M., n = 50).
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Tim* (t)

quin 2-loaded cells resulted in the rapid concen¬
tration-dependent elevation of [Ca2+]i. Typical
recordings from a single experiment are shown in
Fig. 3 and the cumulative concentration-response
relationships using data obtained in several ex¬
periments are depicted in Fig. 4. All three agon¬
ists were active in the concentration range 10~10-
10~7 M. The maximum increment in [Ca2+]i
above basal was comparable for FMLP and LTB4
(approximately 150 nM) whereas PAF apparently
was slightly more effective (maximum increment
approximately 230 nM). Using cells suspended in
calcium-free buffer, in the presence of the cal¬
cium chelator EGTA (20 mAf), it was observed
that the increase in [Ca2+]i was diminished by
80% suggesting that only 20% of the evoked rise
in [Ca2+]i derives via mobilisation of internal
Ca2+ (data not shown).

Tinw (t)
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Phospholipid studies
Preliminary studies addressing the time course of
agonist effects on inositol phospholipid metab¬
olism were conducted using [32P]-prelabelled
neutrophils and concentrations of agonists that
were maximally effective at eliciting aggregation,
degranulation and elevation of [Ca2+]i.
FMLP (1 \iM) induced a rapid increase in [32P]-
PtdA. In contrast, there was a transient decrease
in [32P]-Ptdlns and [32P]-Ptdlns 4P and a per-
sisent decrease in [32P]-Ptdlns 4,5-P2 (Fig. 5 a).
PAF (1.8 (iM) induced a rapid increase in the
levels of [32P]-PtdA and [32P]-Ptdlns 4P which
were maximal within 2 minutes of agonist ex¬
posure. No significant changes in the levels of
[32P]-Ptdlns and [32P]-Ptdlns 4,5 P2 were ob¬
served (Fig. 5 b). In contrast LTB4 (1.5 \iM) failed
to evoke changes in levels of [32P]-PtdA, -Ptdlns,
-Ptdlns 4 P and -Ptdlns 4,5-P2 when examined for
up to 10 minutes following agonist addition
(Fig. 5c).
Using a duration of agonist exposure of 2 min¬
utes, the concentration-dependence of stimulus-

Figures
Time course of ["P]-phospholipid formation ["P]-PtdA (■),
("P]-Ptdlns (•), ["P]-Ptdlns 4P (A) and ["P)-Ptdlns 4,5P (O)
induced by FMLP (1 pAf) (a) PAF (1.8 \M) (b) and LTB,
(1.5 (iA/) (c) in human neutrophils prelabelled with ["P]-ortho-
phosphate. The results are mean values for between two and
five experiments each performed in triplicate for each agonist.
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Concentration-dependence of FMLP (A), PAF (•) and LTB.
(B)-induced [52P]-PtdA formation in human neutrophils. ["PJ-
PtdA levels were monitored 2 minutes after the cells (2.5x 10'
cells/ml) were exposed to the agonists and expressed as the fold
stimulation above basal.

induced [32P]-PtdA formation was assessed
(Fig. 6). LTB4 was ineffective at any concentra¬
tion up to 2.5 \nM. In contrast, PAF
(10 nM10 (iM) and FMLP (10 nM-1 \»M) stimu¬
lated [32P]-PtdA formation in a concentration-de¬
pendent manner. Maximum stimulation of[32P]-
PtdA formation with both agonists approximated
1.8 fold the basal level.

Discussion

FMLP, PAF and LTB4 proved to be potent ac¬
tivators of human neutrophils; all three agonists
caused concentration-dependent aggregation, de-
granulation (monitored by release of the marker
enzymes, NAG and lysozyme) and elevation of
[Ca2+]i. FMLP and PAF but not LTB4, elicited
phosphoinositide hydrolysis. In the case of FMLP
this was indicated by formation of [32P]-PtdA and
the transient breakdown of [32P]-Ptdlns, Ptdlns

4 P and Ptdlns 4,5-P2. In the case of PAF, only
the changes in [32P]-PtdA are easily demon¬
strable.
The observed effects of FMLP on neutrophil
[32P]-phospholipids is most readily explained via
receptor linked, hydrolysis of [32P]-phos-
phoinositides catalysed by phospholipase C. In¬
deed that this is so has been shown both in intact
cells and membrane preparations [35, 40, 41].
PAF-induced [32P]-PtdA formation may reflect
the action of phospholipase C on phosphoino-
sitides, but equally could be explained either by
phospholipase D action on [32P]-Ptdlns to yield
[32P]-PtdA directly [42] or by triglyceride lipase
action on triglyceride to yield DAG [43] which
subsequently would be phosphorylated by DAG
kinase to yield [32P]-PtdA. The present studies do
not allow us to discriminate between these pos¬
sibilities. However we [44, 45] and others using
rabbit neutrophils [31] have shown that PAF-in¬
duced [32P]-PtdA formation is suppressed by per¬
tussis toxin which, by promoting ADP ribosy-
lation of a specific GTP binding protein [46, 47],
is known to uncouple receptor occupancy from
phospholipase C activation [48, 49]. This suggests
that PAF receptor occupancy on the human neu¬
trophil is coupled to phospholipase C catalysed
hydrolysis of phosphoinositides. Differences in
labelling patterns observed in the present study
with PAF and FMLP most probably reflect the
greater efficacy of the tripeptide.
The lack of effects LTB4 on [32P]-PtdA formation
and on the levels of [32P]-phosphoinositides in
human neutrophils could indicate that, as is the
case in the rabbit neutrophil [17], receptors for
this eicosanoid are not coupled to inositol lipid
hydrolysis. Two recent reports have demonstrated
that LTB4 can evoke phosphoinositide hydrolysis
in guinea pig alveolar macrophages [50] and in
human leukemic HL60 cells differentiated with
retinoic acid but not with DMSO [51], This could
indicate the existence of sub-types of LTB4 re¬
ceptors that can be differentiated according to the
transduction process to which they are coupled. It
should be noted that a, and a2 adrenoreceptors
can be differentiated by such criteria [52]. Al¬
ternatively, the ineffectiveness of LTB4 on the
various aspects of phosphoinositide hydrolysis in
human (this study) and rabbit [17] neutrophils
may merely reflect the insensitivity of the assays
involved. Were this to be the case LTB4 would be
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a much less efficacious agonist than PAF or
FMLP.
The pattern of responsiveness of agonist effects on
neutrophil phosphoinositide metabolism con¬
trasts markedly with the observed effects on
[Ca2+]i, as monitored by quin 2, where LTB4 was
as effective as FMLP, and marginally less effi¬
cacious than PAF. Studies with the calcium
chelator EGTA demonstrated that the elevation
of [Ca2+]i induced by all three agonists derives
predominantly, but not exclusively, via influx of
external Ca2+ through channels that open as a
consequence of receptor occupancy [34, 53, 54],
Clearly the component of stimulus-induced ele¬
vation of [Ca2+]i that derives via mobilisation of
internal Ca2+ could be attributed to Ins 1,4,5-P3
formation [55, 56]. It is of interest that FMLP and
LTB4 are similar in their effects on [Ca2+]i but dif¬
fer both qualitatively and quantitatively in their
effects on phosphoinositide metabolism. Conse¬
quently, the possibility exists that LTB„-induced
mobilisation of internal Ca2+ occurs in¬

dependently of phosphoinositide hydrolysis. It
has also been proposed that LTB4 may act as a
calcium ionophore, albeit at high concentrations,
in liposomes [57], This is unlikely as LTB4
(lOjxAf) fails to elevate [Ca2+]i in cells (e.g. hu¬
man platelets) that lack receptors for this moiety
(Rossi, Rooney & Maclntyre; unpublished).
Moreover we [45] and others [28, 58] have shown
that elevation of [Ca2+]i induced by FMLP, LTB4
and PAF are attenuated by pertussin toxin, in¬
dicating the involvement of a receptor-linked
GTP binding protein. Although Ins (1, 4, 5)-P3
formation can explain involvement of inositol
lipid metabolism in the mobilisation of internal
Ca2+ at least in the case of FMLP and PAF the
role of phosphoinositide hydrolysis in agonist in¬
duced influx of external Ca2+ remains unknown
[52]. There may be a role for inositol 1,3,4,5-
tetrakisphosphate, which derives from Ins (1,4,5)-
P3 by the action of a soluble kinase and has been
shown in other systems to promote trans¬
membrane calcium ion fluxes [59-63].
When the data are scaled to the same maximum

response, a comparison of the concentration-de¬
pendence of agonist-induced transduction pro¬
cesses and cellular responses can yield valuable
information on possible cause-and-effect relation¬
ships between the events. As shown in Fig. 7 the
concentration-response curves for aggregation

c.

[LTB.l M

Figure 7
Cumulative concentration-response curves of FMLP (a) PAF
(b) & LTB< (c) induced human neutrophil activation. Each neu¬
trophil function; [CaJ+]i (•), aggregation (A), NAG release
(■), lysozyme relase (O) and ["P]-PtdA formation (A) is ex¬
pressed as a percentage of the maximal response induced by
each stimuli. ["P-PtdAJ for LTB4 (c) is expressed as the fold
stimulation above basal.
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and degranulation induced by all 3 agonists, and
for [52P]-PtdA formation induced by FMLP and
PAF lie to the right of the corresponding curves of
agonist-induced elevation of [Ca2+]i. A similar re¬
lationship between FMLP-induced Ca2+ flux and
functional responses has been shown previously
by [64]. As agonist-induced functional responses
(i.e. aggregation and degranulation) occur at con¬
centrations of LTB4, PAF or FMLP greater than
those required to evoke maximal elevation of
[Ca2+]i, it is unlikely that elevation of [Ca2+]iper
se mediates these neutrophil responses. Conse¬
quently if [Ca2+]i is the sole trigger for neutrophil
activation, it must stimulate an intracellular am¬
plification sequence that results in functional re¬
sponses. Alternatively, one must invoke other me¬
diators which act alone or in concert with ele¬
vated [Ca2+]i to evoke neutrophil activation.
DAG, one of the immediate products of phospho-
inositide hydrolysis, would be a prime candidate
as such a synergistic or independent mediator.
However as LTB4 can induce neutrophil acti¬
vation apparently independently of
phosphoinositide hydrolysis, there may exist
products other than DAG which interact with ele¬
vated [Ca2+]i to elicit neutrophil responsiveness.
These studies confirm and extend those of others
[17, 64, 65], and indicate that the receptors for
FMLP and PAF on human neutrophils are
coupled to Ca2+ influx, mobilisation of internal
Ca2+ and phospholipase C-catalysed inositol lipid
hydrolysis. In contrast, LTB4 receptors on human
neutrophils are coupled, apparently, only to ele¬
vation of [Ca2+]i. However, with all three agonists
the observed elevation of [Ca2+]i alone cannot
mediate the cellular responses initiated by re¬
ceptor occupancy. Clearly further work is neces¬
sary to elucidate the molecular mechanism of ac¬
tion of LTB4 and to ascertain whether other me¬
diators are involved in the activation of human
neutrophils.
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5(5>Hydroxyicosatetraenoate stimulates human polymorphonuclear neutrophils (PMNs) to raise their cytosolic calcium.
It also potentiates the cells' degranulation responses to platelet-activating factor and diacylglycerols. We synthesized
5(/?)-hydroxyicosatetraenoate and found it to be 20-100-fold weaker than the natural isomer in these assays. Thus, the

arachidonic acid metabolite activates PMNs by a stereospecific possibly receptor-mediated mechanism.

5-Hydroxyicosatetraenoate; cellular Ca2 + ; Degranulation; Polymorphonuclear neutrophil

1. INTRODUCTION

Stimulated human polymorphonuclear neutro¬
phils (PMNs) rapidly metabolize their resident
phospholipids into a series of signaling molecules
[1]. They release arachidonate from phospholipids
and oxygenate it to 5(S)-HETE and LTB4; dea-
cylate 1 -O-alkyl-2-acyl-GPC and acetylate the lyso
intermediate forming PAF; and cleave phos-
phatidylinositol and phosphatidylcholine at the
sn-3 position to yield diacylglycerol [2-4], LTB4,
PAF and diacylglycerol directly stimulate a
number of PMN responses such as degradulation
and superoxide anion generation by binding to
specific receptors (the receptor for diacylglycerol is
protein kinase C). 5(S)-HETE, contrastingly, lacks
appreciable intrinsic-activity in these assays.
However, it does enhance the potency and power
of PAF and diacylglycerol in stimulating function

Correspondence address: A.G. Rossi, Department of Medicine,
Division of Infectious Diseases, Wake Forest University
Medical Center, Winston-Salem, NC 27103, USA

Abbreviations: 5(S)-HETE, 5(S)-hydroxy-6,8,11,14-£,Z,Z,Z-
eicosatetraenoate; 5(/t)-HETE, (5(/?)-hydroxy-6,8,11,14-
£,Z,Z,Z-eicosatetraenoate; LTB4, leukotriene B4; PAF, pla¬
telet-activating factor; PMA, Vs'-phorbol-12-myristate-13-
acetate; diCB, 1,2-dioctanoylglycerol; BSA, bovine serum
albumin; [Ca2' ],, cytosolic free Ca2+ concentration

[5-8], Thus, 5(S)-HETE may play a unique role in
stimulus-response coupling by regulating the ef¬
ficacy of its companion (i.e., concurrently formed)
mediators. The mechanisms involved in these
bioactions of 5(S)-HETE, therefore, are of par¬
ticular interest. Recently, 5(S)-HETE has been
shown to stimulate calcium mobilization in PMNs

[8,9]. This effect, which does not require the
presence of a second mediator, appears at least
partly responsible for 5(S)-HETE-induced poten¬
tiation of PMN responses to PAF and diacyl¬
glycerol. Nevertheless, important questions about
the bioactions of 5-HETE still remain unanswered.
Among these are uncertainties about structural
specificity. It is known that 15-hydroxyicosate-
traenoate is bioinactive whereas 5,20-dihydroxyi-
cosatetraenoate and 5,15-dihydroxyicosatetraeno-
ate are 30-fold and 100-fold, respectively, weaker
than 5(S)-HETE [6,8-10]. However, these com¬
pounds differ from 5(S)-HETE not only in
hydroxy residues but also in the positions and
geometries of their double bonds, their 3-dimen-
sional foldings, and their aqueous solubilities.
Unlike 5(S)-HETE, they may not enter PMNs to
any appreciable extent [10]. Ideal structural com¬
parisons should be made with compounds more
closely matched in physicochemical characteristics.
Accordingly, we have prepared and assessed the
bioactivity of 5(/?)-HETE.
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2. MATERIALS AND METHODS

2.1. Reagents and buffers
Arachidonic acid (Nu-Chek, Elysian, MN); trichloro-

methylchloroformate (Fluka, Buchs, Switzerland); cytochalasin
B and fatty acid-free BSA (Sigma, St. Louis, MO); Fura-2 pen-
tapotassium salt and Fura-2 acetoxymethyl ester and diCg
(Molecular Probes, Junction City, OR); and 1,5-diazabi-
cyclo[5.4.0]undecene, dehydroabietylamine, trichlorosilane,
triethylamine and 4-dimethyiaminopyridine (Aidrich, Mil-
wauke, WS) were purchased from the indicated vendors; PAF
was obtained as previously described [J]. All dilutions of 5(S)-
HETE, 5(/?)-HETE, PAF and diCg were made in a modified [5]
Hanks' buffer containing fatty acid-free BSA (2;5 mg/ml).
Dilutions of PMA were made in dimethylsulphoxide'(DMSO).
The final concentration of DMSO in samples was 0.5%.

2.2. Preparation of 5(S)- and 5(R)-HETEs
The stereoisomers of 5-HETE were prepared by the pro¬

cedure of Corey and Hashimoto 111] with the following
changes: (i) trichloromethylchloroformate was used as a
substitute for phosgene gas to prepare isocyanates of the
J-HETEs and (ii) the diastereomeric urethane derivatives of
5-HETE methyl ester were separated by normal phase HPLC
[hexane/isopropanol/glacial acetic acid (995:4:1, v/v),
3 ml/min; 0.75 x 30 cm/j-Porasil column]. Products were iden¬
tified, analyzed and checked for purity by TLC; normal and
reverse-phase HPLC [10]; ultraviolet, infrared and nuclear
magnetic resonance spectroscopy; and polarimetry (i.e., the

more polar carbamate, which yielded the 5(S)-HETE enan-

tiomer, had a rotation of [a]n + 42.7° [c = 1.4, benzene] and
the less polar carbamate, which yielded the 5(/?)-HETE, had a
rotation of [or]" + 6.6° [c = 2.4, benzene]).

2.3. Degranulation assay
Cells (1.3 X 106) were incubated in 0.5 ml buffer (37°C;

1.4 mM CaClz) for 20 min; treated with 2.5 fig cytochalasin B
for 2-4 min; and challenged simultaneously wilh varying con¬
centrations of the stimuli (PAF, PMA or diCj) plus either 5(51)-
HETE or 5(/f)-HETE for 5 or 15 min. The samples were placed
on ice, centrifuged and the supernatant fluid assayed for
lysozyme (EC 3.2.1.17) and ^-glucuronidase (EC 3.2.1.21) as
described [5], Results are reported as net enzyme release
(±SE), i.e., the percentage of total enzyme released by
stimulated cells minus that released by unstimulated, but other¬
wise identically treated, cells.

2.4. Cytosolic calcium measurements
PMNs were loaded with Fura-2 acetoxymethyl ester, washed,

and then stimulated [8], Results are reported as the mean ± SE
of the maximal fluorescence emission ratio (340/380 nm).

3. RESULTS AND DISCUSSION

In agreement with previous observations [5],
5(S)-HETE (5-500 nM) did not induce PMNs to
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Fig.l. The effect of 5-HETE stereoisomers on PAF-induced net release of lysozyme (upper panels) and ^-glucuronidase (lower panels)
by PMNs. Shaded bars represent responses elicited by PAF alone; adjacent unshaded bars give the responses induced by PAF in the
presence of increasing concentrations of 5(S)-HETE (left panels) and 5(/?)-HETE (right panels). Cells (1.3 X IOVO.5 ml) were
preincubated with 1.4 mM CaCh for 20 min, treated with 2.5 eg cytochalasin B, and then challenged simultaneously with PAF and
5(S)-HETE or 5(/?)-HETE. Results are reported as the mean ± SE for 10-13 separate experiments. Note that the concentrations for

5(5)-HETE (left panels) are 10-fold higher than those of 5(R)-HETE (right panels).
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Table 1

Effect of 5-HETE stereoisomers on the PMN degranulation response to PMA and diCs"

Stimulus 5(S)-HETE 0»M) 5(R)-HETE (>M)
(nM)

0 0.05 5.0 0.5 5.0

PMA (1) 18.8 ± 0.9b 24.1 ± 2.2C 28.3 ± 2.2C 21.9 ± 1.8 22.6 ± 2.4
PMA (3.2) 22.7 ± 2.3 27.7 ± l.ff 31.9 ± 0.7C 25.1 ± 0.8 25.9 ± 3.3
diC8 (3200) 2.5 ± 1.8 2.1 ± 1.3 9.8 ± 2.4C 2.8 ± 1.8 1.7 ± 0.9
diC8 (10000) 7.6 ±1.5 7.6 ± 1.2 14.6 ± 1.3' 6.0 ± 1.6 11.3 ± 1.0C
1 PMNs (1.3 x 106/0.5 ml of buffer) were incubated with cytochalasin B (2.5 /<g) for 2-4 min
and then challenged for 15 min with the indicated concentrations of stimulus and 5-HETE
stereoisomer

b Net lysozyme release ± SE for 3-4 separate experiments. The two 5-HETE preparations
similarly influenced release of ^-glucuronidase

c Indicates values that are significantly ip < 0.05, Student's paired (-test) higher than those
found in cells treated with stimulus alone

release their granule-bound enzymes. 5(/?)-HETE
(50-5000 nM) was likewise without effect.
However, as depicted in the two left panels of
fig.l, both compounds produced a substantial
enhancement of PAF-induced degranulation. The
potentiating effects of the unnatural stereoisomer,
5(/?)-HETE, however, were > 20-100-fold weaker
than those elicited by 5(S)-HETE. The 5-HETE
stereoisomers demonstrated similar potency dif¬
ferences in enhancing the PMN-degranulating ac¬
tions of two protein kinase C activators, PMA and
diCs (table 1).
Fig.2 illustrates the effect of the 5-HETE

stereoisomers on the maximal fluorescence emis¬
sion ratio (340/380 nm), a direct measurement of
[Ca2+]i, in Fura-2-loaded PMN. We previously
reported that the biosynthetic 5(S)-HETE, at
5 fiM, elevated [Ca2+]i from basal levels (—80 nM)
to around 250-350 nM within 15 s. After 15 s,

[Ca2+]i declined and reached pre-stimulatory levels
in 2.5-5 min [8,9]. Similar calcium transients were
observed with the chemically synthesized 5-HETEs
(not shown). 5(S)-HETE, however, was again
~20-50-fold more potent than 5(/?)-HETE in in¬
ducing the response.
Our technique for synthesizing 5-HETE

stereoisomers required resolving a diastereomeric
mixture of carbamylated 5-HETEs into respective
precursors of 5(S)- and 5(/?)-HETE by HPLC.
This step did not afford perfect resolution: the
final products may be cross-contaminated by
1-3%. The bioactions of 5(/?)-HETE found here,
therefore, may reflect this cross-contamination. (A

racemic mixture of 5-HETE was almost as potent
as 5(S)-HETE. Hence, 5(/?)-HETE did not inhibit
5(S)-HETE.) In any event, our results indicate that
5(S)-HETE is at least 20-100-fold more potent
than 5(/?)-HETE. This suggests that the various ac¬
tions of 5(S)-HETE may proceed via a common,
stereospecific, and possibly receptor-mediated
mechanism. We have accumulated other evidence
favoring this: the receptor uncoupling agent, per¬
tussis toxin, inhibits the calcium mobilizing actions
of 5(S)-HETE; and 5(S)-HETE, while down-
regulating PMNs to a second 5(S)-HETE
challenge, does not similarly down-regulate

5 15.8 50 158 500 1580 5000

5-HETE(nM)

Fig.2. The effect of 5(S)-HETE (circles) and 5(/?)-HETE
(squares) on the maximal fluorescence emission ratio
(340/380 nm) of Fura-2-loaded PMNs. Each point represents

the mean ± SE for 5-8 separate experiments.
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responses to LTB4 or PAF in the calcium mobiliz¬
ing assay [9]. However, the receptor hypothesis ob¬
viously needs more direct support. We have
examined PMNs and PMN membranes for the

specific binding of [3H]5(S)-HETE and [3H]5(S)-
HETE methyl ester. Unfortunately, the prepara¬
tions rapidly and quantitatively metabolized both
ligands even at 4°C. This has completely interfered
with our binding assessment. Nevertheless, the
results reported here support further efforts to
define the putative 5(S)-HETE receptor. Given the
unique bioactions expressed by 5(S)-HETE, such
receptors seem sure to have novel transduction
mechanisms and influences upon the PAF- and
diacylglycerol-induced intracellular events pro¬
moting function.
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the manuscript.
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ABSTRACT

Prostaglandin (PG) E2 (>1.6 nM) and PGD2 (>16 nM) inhibited polymorpho¬
nuclear neutrophil (PMN) degranulation responses to leukotriene (LT) B4
and platelet-activating factor (PAF) whereas PGF^ was bioinactive.
[3H]PGE2 and [3H]PGD2 bound to PMN and isolated, plasmalemma-enriched PMN
membranes. Binding was time-dependent, specific, saturable, and rever¬
sible. Competitive studies indicated that the two PGs bound to distinctly
different sites. PMN had high (Kd - 1 nM; Rt - 150/cell) and low (Kd - 100
nM; R,. - 5800/cell) affinity PGE2 binding sites. Only a single type of
PGD2 binding site (Kd - 13 nM; Rt - 5100/cell) was detected. We conclude
that PGE2 and PGD2 bind to their respective, plasmalemmal receptors to
attenuate PMN function. The PGs may act as endogenous stop signals to
limit the action of concurrently formed excitatory signals, eg., LTB4 and
PAF.

INTRODUCTION

PMN when stimulated, oxygenate arachidonate via the 5-lipoxygenase pathway
into 5(S)-hydroxyicosatetraenoate [5(S)-HETE] and leukotriene (LT) B4 (1)
and convert l-0-alkyl-2-acyl-glycerophosphorylcholine into platelet-
activating factor (PAF) (2). LTB4 and PAF are potent PMN activators (3,4)
which operate by binding to specific receptors (5-8). 5(S)-HETE is a
relatively weak stimulus but can stereospecifically raise cytosolic Ca2+
and potentiate the degranulating actions of PAF, LTB4 and diacylglycerols
(9). Thus, activated PMN generate a series of well characterized products
which can operate synergistically to promote function.

Activated PMN also metabolize arachidonate via the cyclooxygenase
pathway to produce various PGs (10). In a diversity of cell types, PGs
appear to inhibit functional responses by binding to distinct receptors
that are linked with adenylate cyclase (11-13). Surprisingly, however,
such receptors have not been demonstrated in PMN although this cell
clearly raises cAMP and becomes unresponsive to perturbation when exposed
to PGs (14-16). Indeed, given the prominent role of PMN in acute inflamma¬
tion and the established anti-inflammatory effects of PGs (17,18),
definition of PG receptors in human PMN seems particularly pertinent to
clinical medicine and cellular physiology. We here evaluate PMN for
specific PG receptors and examine the influences of PGs on PMN degranula¬
tion induced by PAF and LTB4. Since these latter two agonists are commonly
formed concurrently with PGs, interactions between these co-products are
relevant to presently evolving concepts of stimulus-response coupling.
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METHODS

Reagents and Buffers: The following reagents were purchased from the
indicated vendors: bovine serum albumin (BSA) and cytochalasin B (Sigma
Chem. Co., St. Louis, Mo); [3H]PGE2 (185 Ci/mol) and [3H]PGD2 (185 Ci/mol)
(New England Nuclear, Boston, MA); PGE2, PGD2 and PGF2a-tromethamine salts
(Cayman Chem. Co., Ann Arbor, Mi); 0.25cm silica gel TLC plates (Analtech,
Inc., Newark, DE); GF/C glass microfiber filters (Whatman, Ltd.,
Maidstone, England); Ready Safe liquid scintillation cocktail (Beckman
Instruments Inc., Fullerton, CA) and silicone oil (G.E.C., Watford, NY).
LTB4, 5(S) -HETE, 15 (S) -HETE and PAF were prepared (19). PMN and their
membrane preparations were suspended in modified Hanks' balanced salt
solution containing 1.4 mM CaCl2 and 0.7 mM MgCl2. PGs, LTB4 and PAF were
diluted in Hanks' buffer containing BSA (2.5 mg/ml) and added to the
samples so that the final BSA concentration was 125 pg/ml.

Purification of [3H1PGs: On TLC (see below), commercial [3H]PGE2 and
[3H]PGD2 contained -20% radioactivity that did not migrate with appropriate
PG standard. Accordingly, both products were purified. Material was
spotted on TLC plates (heat-activated at 180°C for >2 hr) and developed
with ethyl ether/methanol/glacial acetic acid (90:1:2) to 15 cm. The
[3H]PGs comigrating with their corresponding unlabeled standards (Rfs -
0.19 and 0.41 for PGE2 and PGD2, respectively) were isolated and
solubilized with HPLC grade methanol. The final reagents were >99% pure
when re-evaluated with the same TLC system.

Preparation of PMN and Isolation of PMN Membranes: PMN (ie., preparations
containing >96% PMN, <3% monocytes, <5 platelets /100 PMN, and no erythro¬
cytes) used for degranulation and for intact cell binding studies were
isolated from whole blood by centrifugation over Ficoll Hypaque discont¬
inuous gradients (19). PMN used for membrane isolation were prepared by
dextran sedimentation followed by centrifugation over Isolymph. The cells
were then disrupted by nitrogen cavitation, layered over discontinuous
Percoll gradients and centrifuged. Material co-sedimenting with
plasmalemmal markers (i.e., alkaline phosphatase and cell surface
glycoproteins) was isolated and twice washed (ultracentrifugation) in
Hanks' buffer before resuspending in Hanks' buffer at 1 mg protein/ml
(6,8)

Degranulation Studies: PMN (0.5 ml of 2.6 x 106 cell/ml) were equilibrated
with Hanks' buffer (1.4 mM CaCl2; 0.7 mM MgCl2) at 37°C for 20 min;
incubated with 2.5 ^g cytochalasin B for 2-4 min; exposed to a PG (PGE2,
PGD2 or PGF2„) for an additional min; and challenged with agonist (PAF or
LTB4) for a further 5 min. The cells were then placed on ice, centrifuged,
and the supernatant fluid assayed for lysozyme and ^-glucuronidase as
described (19).

Binding Studies with Intact PMN: Cells (1.5 x 107 cells/ml) suspended in
Hanks' buffer (1.4 mM CaCl2; 0.7 mM MgCl2) at 4°C for 20 min were layered
over 0.4 ml silicone oil in polyethylene microfuge tubes at 4°C. The cells
were then treated simultaneously with [3H]PG, + unlabeled PG. At the
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appropriate time, tubes were centrifuged (16,000g) for 1 min. Aliquots
(200 pi) of supernates were removed and placed in scintillation vials. The
remaining supernatant fluid and oil layers were removed by aspiration and
discarded. Cell pellets and supernatant samples were individually mixed
with methanol and scintillation cocktail (xlO min) before counting.

Binding Studies with Isolated Membranes: PMN membranes (100-130 pg
protein) were suspended in 1 ml Hanks' buffer (4°C; 1.4 mM CaCl2; 0.7 mM
MgCl2) and treated in the same manner as the intact cells. At indicated
times, reaction mixtures were decanted onto Whatman GF/C filters,
immediately siphoned through the filters, and washed 5 times with 1.5 ml
ice cold Hanks' buffer containing 0.5 mg BSA/ml. Radioactivity adherent
to the filters was counted by liquid scintillation.

Data Analysis: Non-specific binding was calculated by using the amount of
[3H]PG bound in the presence of excess (2000 nM) unlabelled PG. Specific
binding was determined by subtracting non-specific binding from total
binding. Analyses of raw binding data was performed as described (6,8).
Scatchard analyses, Rt quantitation, and Kd estimation were accomplished
with the LIGAND computer program (20).

RESULTS

Bloactions of PGs: Fig 1 shows the effect of varying concentrations of
PGE2, PGD2 and PGF2a on PAF (200 nM) - and LTB4 (100 nM)-induced release of
lysozyme. PGE2 and PGD2 inhibited degranulation in a concentration-
dependent manner. PGE2 was both more potent and more powerful than PGD2.
PGF2„ showed no effect in these assays. The PGs also inhibited degranula¬
tion responses to other concentrations (0.1-100 nM) of the agonists and
the PGs had identical influences on the release of a second granule bound
enzyme, /3-glucuronidase (data not shown). Optimally effective concen¬
trations of PGE2 and PGD2, when used in combination, failed to show any
further inhibition over that achieved by PGE2 alone (data not shown).

PG Binding to Intact PMN and Isolated PMN Membranes: Fig 2 illustrates the
course of [3H]PGE2 binding to human PMN in the presence and absence of
excess unlabeled PGE2 over 180 min at 4°C. Specific binding increased in
a time-dependent manner. Apparent equilibrium occurred between 90-120 min
after which maximal binding was maintained for at least a further 90 min.
Addition of 2000 nM unlabeled PGE2 at the 90 min time point displaced
prebound ligand by -90%. Similar time-dependent, specific and reversible
binding was observed with [3H]PGD2 (data not shown). [3H]PGE2 binding to
plasmalemma enriched membranes was also time-dependent. Apparent equili¬
brium occurred within 60 min with these preparations (data not shown).

Scatchard plots of [3H]PGE2 and [3H]PGD2 binding to whole cells at 4°C
for 120 min are given in Fig 3. Kd, Bmax and Rt values, as extrapolated
with the LIGAND computer program, are listed in Table 1. The plot for
[3H]PGE2 binding was curvilinear suggesting the presence of two binding
sites. Results from LIGAND analyses confirmed this (p <0.01 for a two
binding site versus a one binding site model) and indicated the presence
of 150 high (Kd - 1 nM) and 5800 low (Kj - 100 nM) affinity binding sites/
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Fig 1. Effect of PGs on agonist-induced lysozyme release. PMN (1.3
million in 0.5 ml Hanks' buffer) were treated at 37°C with cytochalasin
B (5 /jg/ml) for 2-4 min; incubated for 1 min with indicated concentrations
of PG; and then challenged with 200 nM PAF (upper panel) or with 100 nM
LTB4 (lower panel) for 5 min. Each point is the mean of 7-9 experiments.
The PGs similarly inhibited agonist-induced release of glucuronidase.
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PMN. Scatchard analysis of [3H]PGD2 binding, however, best fit a straight
line (correlation coefficient with linearity - 0.95). Thus, there appeared
to be only one de
(5100 sites/PMN).
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Fig 2. Time course and reversibility of [3H]PGE2 binding to PMN. Cells
(1.5 x 107/ml) were incubated at 4°C with [3H]PGE2 (lOOpM; -40,000 dpm) in
the absence (•) or in the presence of excess unlabeled PGE2 (2000 nM) (a).
To some reaction tubes PGE2 (2000 nM) was added after 90 min of incubation
(°). [3H]PGE2 binding was measured at the indicated time intervals. Each
point is the mean of 5-8 experiments. A similar time-course was observed
with [3H]PGD2 binding to PMN.
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Fig 3. Scatchard plots of [3H]PGE2 (upper panel) and [3H]PGD2 (lower panel)
binding. PMN (1.5 x lO'/inl) were incubated at 4°C for 120 min with the
indicated radiolabeled (20-200 pM; -8,000-100,000 dpm) plus increasing
concentrations of unlabeled PG. Each data point is the mean of 8-14
experiments.
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Table 1.

PROSTAGLANDIN BINDING DATA

Radiolabeled
PG

Kd
(nM)

Rt
PMN) (Binding site number/PMN)

[3H]PGE2 1 3.6 x 10"12 150

99 1.5 x 10"l° 5800

f 3H1 PGD-i 16 1.3 x IP'10 5100

Results were obtained from 8-14 experiments with increasing concentrations
of unlabelled PG in the presence of radiolabeled ligand (20-200 pM;
-8,000-100,000 dpm) and calculated using the LIGAND computer program.

Specificity of PG Binding: Selected unlabeled arachidonate metabolites
were tested for their ability to compete with the binding of the
radiolabeled PGs. PGEZ (IC50 - -2 nM) and PGD, (IC50 - -5000 nM)
concentration-dependently displaced the binding of [ H]PGEZ to intact cells
(Fig 4; upper panel) whereas 5(S)-HETE, 15(S)-HETE and PGFZa, at 2000 nM,
had no significant effect (Table 2). [3H]PGEZ binding to isolated membranes
was similarly reduced by PGEZ (IC50 =-0.1 nM) and PGDZ (IC50 = -18 nM) (Fig
5). PGDZ (IC50 = -5 nM) and PGEZ (IC50 = -1500) also competed for the
binding of [3H]PGDZ to intact cells. (Fig 4; lower panel). Neither 5(S)-
HETE nor 15(S)-HETE, at 2000 nM, influenced binding whereas PGFZa, at this
concentration, attenuated [3H]PGDZ binding by -80% (Table 2).
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Fig 4. Effect of unlabeled compounds on PG binding to intact PMN. Cells
(1.5 x 107 /nil) were incubated at 4°C for 120 min with radiolabeled PG
(20-200 pM) plus increasing concentrations of unlabeled compound. The
results are expressed as the percentage of control (specific binding of
the appropriate labeled PG). Each data point is the mean for >5
experiments.
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Fig 5. Effect of unlabeled compounds on [3H]PGE2 binding to PMN membranes.
Membranes (100-130 pg/ml) were incubated at 4°C for 60 min with [3H]PGE2
(6.32-200 pM; -3,000-100,000 dpm) plus the indicated concentrations of
unlabeled PGs. The results are expressed as the % of control (specific
binding of [3H]PGE2). Each data point is the mean of >5 experiments.

Table 2 EFFECT OF VARIOUS UNLABELED COMPOUNDS ON RADIOLABELED
PROSTAGLANDIN BINDING TO INTACT PMN1.

% Control
Compound (2000 nMI [3H1PGE7 (200 DM> r3HlPGD7 (200 oMl
None 100 100

PGD2 78.9 + 18.2 28.5 ± 8.1*
PCF^ 87.9 + 16.4 19.8 + 14.5*

5(S)-HETE 78.8 + 21.7 86.4 + 22.0
15(SI-HETE 80.5 + 19.2 85.9 + 30.6

3PMN (1.5 x 107 million) were incubated at 4°C for 120 min with
radiolabeled PG plus unlabeled compound. The results are expressed as the
percentage of control (specific binding of labeled PG). Each data point
is the mean, + SEM, of at least 5 experiments.
* p<0.01 (Students unpaired t test; two-tailed) compared to PMN incubated
without any competing compound.
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DISCUSSION

PGs exert their many bioactions by binding to N-protein-linked,
plasmalemmal receptors on various target cells including formed elements
of blood such as erythrocytes (21), platelets (22) , monocytes (23) and
lymphocytes (24). One key blood cell, PMN, however, has not been cited in
recent reviews of PG receptors (11,12). In preliminary experiments, we
found that PMN specifically bound relatively little or no [3H]PGE2 as
measured in our filtration assay. This radiolabel, as well as [3H]PGD2,
was -20% contaminated on TLC. However, PMN specifically bound small but
appreciable amounts of TLC-purified [3H]PG and this binding was further
increased by using the centrifugation through oil binding assay.
Evidently, radiolabeled contaminants interfered with [3H]PG binding
assessment and our filtration technique, which requires thorough washing
of ligand-bound cells, removed [3H]PG from its receptors (6,8). PMN binding
of PG, then, seems to require special precautions which, if not taken, can
produce erroneously negative results.

Using optimal techniques (purified radiolabel, centrifugation binding
assays, and [3H]PG concentrations of 20 pM), we observed that PMN
specifically bound up to 1.5% of [3H]PGE2 and [3H]PGD2. This binding was
time-dependent, saturable, and almost completely reversible (Fig 2). PGs
competed for binding homospecifically: PGE2 (IC50 - -2 nM) was much more
effective than PGD2 (IC50 5 000 nM) in reducing [3H]PGE2 binding and PGD2
(IC50 - -5 nM) was more potent than PGE2 (IC50 - -2 000 nM) in blocking
[3H]PGD2 binding (Fig 4). Other arachidonate metabolites showed minimal
competitive influence (Table 2) . Analyses of binding data with the LIGAND
computerized program indicated that each PMN contained 150 high (Kd - 1 nM)
and 5800 low (Kd - 100 nM) affinity PGE2 binding sites. For PGD2, data best
fit a single affinity binding site (Kd - 13 nM; 5100/cell). These last
results are not easily interpreted. Low affinity PGE2 binding may reflect
a) interactions with non-receptor elements; b) binding to PG receptors
other than those for PGE2; or c) binding to PGE2 receptors that are not
associated with affinity enhancing components such as N-proteins or
cytoskeleton. We emphasize that binding was conducted at 4°C which may
have "frozen" receptors in a particular configuration and that the
reversible binding studies given in Fig 2 do not necessarily indicate that
ligand was released from low affinity sites. On the other hand, we may
have missed a second specific binding site for PGD2. In particular, high
affinity PGD2 receptors, if few in number (e.g., <50/PMN), could have gone
undetected and their contribution to binding merged with low affinity
binding. We therefore believe that results on high versus low affinity
binding must be considered as principally operational. The data do
indicate, however, that PMN contain specific and distinctly different
receptors for PGE2 and PGD2.

Like intact PMN, isolated plasma membrane-enriched PMN membrane
preparations also bound [3H]PGE2. PGE2 was much more effective than PGD2
at inhibiting this binding (Fig 5). However, membrane studies were
necessarily conducted with the filtration binding assay. Results with this
latter assay are not similar to those obtained with centrifugation assays
(see above). We therefore cannot compare binding parameters in membranes
with those in whole PMN. Nevertheless, these results are compatible with
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the interpretation that PGE2 receptors on PMN are contained, at least in
part, on PMN plasmalemma. The intact cell and plasma membrane-associated
receptors for PGE2 appear to have similar ligand specificities.

PGs have been shown to block diverse PMN responses to chemotactic
peptides (14-16) and, more recently, to PAF (25). We confirmed this latter
effect and showed that PGE2 and PGD2 also inhibit PMN degranulation
responses to LTB4 (Fig 1). The PGs reduced PAF- and LTB,,-induced
degranulation by 30% at respective concentrations of 3 and 40 nM. PGE2,
in addition to being more potent, was also more powerful than PGD2: optimal
concentrations of PGE2 and PGD2 reduced the bioactivity of the two agonists
by -55 and -33%, respectively. At maximally effective concentrations, the
two PGs did not operate additively: PGD2 (500 nM) did not increase the
inhibition accomplished by PGE2 (500 nM). This may indicate that the two
PGs use a similar mechanism (e.g., cAMP generation [13] or interference
with the agonists' receptor interactions with N-proteins [26]). In any
event, we note that PAF, LTB,,, and PGs are co-products of phospholipid
turnover in stimulated PMN as well as other cell types (27) . Our results
therefore suggest that the PGs serve a moderating role in stimulus-
response coupling. That is, the PGs may be stop signals that limit the
effects of concurrently formed excitatory signals. Various agonists that
operate through these excitatory signals may thereby be inhibited, and PMN
functional responses may reflect a balance between the opposing effects
of these phospholipid derived mediators.
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Translocation of Protein Kinase C in Human Polymorphonuclear
Neutrophils
REGULATION BY CYTOSOLIC Ca2+-INDEPENDENT AND Ca2+-DEPENDENT MECHANISMS*
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[3H]Phorbol dibutyrate ([3H]PDB) rapidly and re-
versibly binds to human polymorphonuclear neutro¬
phils (PMN). Ca2+/diacylglycerol/phospholipid-de-
pendent protein kinase C appeared to be the receptor
for this binding because: a diacylglycerol, dioctanoyl-
glycerol, competed with [aH]PDB for PMN binding
sites; a blocker of protein kinase C-phospholipid inter¬
actions, sphinganine, inhibited PMN binding of [3H]
PDB; and changes in cytosolic Ca2+ apparently regu¬
lated PMN binding of the label. Relevant to the last
point, disrupted PMN contained 9 x 105 phorbol dies-
ter receptors/cell, whereas intact PMN had only 1.6 X
10® such receptors that were accessed by the ligand.
This number fell to 1.0 x 10® in Ca2+-depleted PMN
and rose to 2.5 x 10® in cells stimulated with the Ca2+
ionophore, ionomycin. This ionomycin effect lasted for
>16 min, correlated temporally with changes in cyto¬
solic Ca2+, did not occur in Caz+-depleted PMN, and
was blocked by sphinganine. A second ionophore,
A23187, likewise induced Ca2+-dependent rises in [3H]
PDB binding. These results fit the standard model,
wherein rises in cytosolic Ca2+ cause protein kinase C
to translocate from cytosol to plasmalemma and
thereby become more available to[3H]PDB. In contrast,
two humoral agonists, JV-formyl-Met-Leu-Phe (fMLP)
and leukotriene (LT)B4, had actions that did not fit this
model. They stimulated PMN to increase the availabil¬
ity of PDB binding sites by a sphinganine-sensitive
mechanism, but their actions differed from those of
ionophores. They induced biphasic (t = 15 and 60 s)
increases in [3H]PDB binding while eliciting mono-

phasic {t = 15s), short-lived (t < 1 min) rises in cyto¬
solic Ca2+. In Ca2+-depleted PMN, moreover, fMLP and
LTB4 stimulated slow (t > 30 s), monophasic, promi¬
nent rises in [3H]PDB binding and binding site number
without appreciably altering cytosolic Ca2+. We sug¬
gest, therefore, that fMLP and LTB4 translocate pro¬
tein kinase C using two sequential mechanisms. The
first involves Ca2+ transients and thus produces abrupt
(t = 15 s), rapidly reversing responses. The second
mechanism uses an unrelated signal to effect a more
slowly evolving (t = 60 s) movement of protein kinase
C to plasmalemma. Hence, the standardmodel does not
explain all instances of protein kinase C translocation,

* This work was supported by National Institutes of Health Grants
HL-27799 and HL-26257. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked "advertisement" in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

X To whom correspondence and reprint requests should be ad¬
dressed.

and a cytosolic Ca2+-independent signal contributes to
the regulation of protein kinase C as well as those
responses elicited by the effector enzyme.

Many cell types, when stimulated, execute a prepro¬
grammed series of responses and then enter a more quiescent
state of desensitization. Activation of protein kinase C ap¬
pears involved in mediating some of these effects (1). Hence,
the enzyme must be regulated by cell stimulation. In one in
vitro model for this, Ca2+, DG,1 and PL cooperate in convert¬
ing soluble protein kinase C to its functionalized, particulate
form (2-12). Ca2+ induces protein kinase C to adhere with PL
vesicles, while intravesicular DG binds and thereby activates
the adherent protein kinase C. Since stimulated cells mobilize
Ca2+ and produce plasmalemmal DG (1,13), the model readily
translates into stimulus-response coupling: elevated [Ca2+]*
signals cytosolic protein kinase C to associate with surface
membrane, bind DG, and thus assemble into a complex that
actively phosphorylates response-eliciting proteins.
The in vitro model has gained wide support in studies

showing that Ca2+-mobilizing agonists do indeed trigger pro¬
tein kinase C to move from cytosol to plasma membrane (14-
17). Ca2"1" ionophores (Le. ionomycin and A23187) and chem-
otactins (e.g. fMLP, LTB4, C5a, and platelet-activating fac¬
tor) have these effects on PMN (18-23). The chemotactic
factors, however, stimulate translocation only in cytochalasin
B-primed PMN, and ionophores act only at >0.5 pM. Thus,
protein kinase C may not be involved in responses occurring
under more physiological conditions of PMN challenge (20,
21) or, alternatively, protein kinase C movements may have
gone undetected in these cells (22). Relevant to the latter
possibility, established methods for assaying translocation use
lengthy procedures to quantitate protein kinase C in fractions
from cells disrupted with media containing Mg2+, ATP, and/
or EGTA (14-23). This processing inadvertently solubilizes
membranous protein kinase C (5-7,17, 22-26). Furthermore,
chemotactic factors have only short-lived influences on

[Ca2+], (27-31). Thus, protein kinase C translocation may
rapidly reverse, and conventional methods may miss or even

1 The abbreviations used are: DG, diacylglycerol; PDB and [3H]
PDB, phorbol 12,13-dibutyrate and its [20- 'H] analog; PMN, poly¬
morphonuclear neutrophil; fMLP, N-formyl-Met-Leu-Phe; CBZ-PN,
carbobenzoxy-Phe-Nle; LTB4, leukotriene B«; compounds I and II,
5S,12R- and 5S,12S-dihydroxyl-(.E,Z,Z,Z)-6,8,10,14-eicosatetraenoic
acids; diC8, 1,2-dioctanoyl-sn-glycerol; PL, phospholipid; [Ca2*]„ ion¬
ized cytosolic free Ca2+; EGTA, [ethylenebis(oxethylenenitrilo))tet-
raacetic acid; BSA, bovine serum albumin; ME2SO, dimethylsulfox-
ide; R„ receptor number per PMN; Kd, dissociation constant; PS,
phosphatidylserine; PA, phosphatidic acid.
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interfere with, the detection of such evanescent responses.
May et al. (32) and Dougherty and Niedel (33) applied a

different approach for examining cellular protein kinase C.
They showed that HL-GO cells specifically bound [3H]PDB,
and the amount of this binding rose in cells challenged with
A23187 or fMLP. The stimulated cells had increased their
affinity for the ligand by ~10-fold (32, 33). Since [3H]PDB
binds to protein kinase C, these results were interpreted as
indicating that stimulated myelocytic cells modulate protein
kinase C. It was not clear, however, that an actual transloca¬
tion reaction had occurred. Trilivas and Brown (34) provided
evidence for this in an astrocytoma line. Astrocytes had —22%
of their protein kinase C available to [3H]PDB; this percent¬
age doubled in cells challenged with ionomycin, carbachol, or
other hormones. Lastly, Badway et al. (35) found that A23187
and 5-hydroxyeicosatetraenoic acid increased human PMN
uptake of [3H]PDB. The authors did not report on Kd or Rt.
In the cited studies (32-35), all changes in cellular protein
kinase C were Ca2+ dependent. Thus, the stimuli's actions fit
the standard model, wherein elevated [Ca2+], modified protein
kinase C. In myelogenous tissues, Ca2+ may have acted on
resident plasmalemmal protein kinase C, but in astrocytes the
cation apparently triggered the enzyme to move from some
sequestered site in cytosol to a more PDB-accessible location
on the inner leaf of surface membrane.
We here evaluate [3H]PDB binding in human PMN. Our

studies provide further evidence indicating that the label
binds to protein kinase C and that ionophore-induced eleva¬
tions in [Ca2+], cause protein kinase C to translocate. Two
humoral agonists, fMLP and LTB4, also stimulated these

changes (no cytochalasin B). Surprisingly, however, they had
effects that were largely dissociable from any overt rises in
[Ca2+],. Thus, the standard model appears to be an incomplete
explanation for cellular protein kinase C translocation, and
at least one other signal, in addition to [Ca2+]„ regulates the
enzyme's movements.

MATERIALS AND METHODS

Reagents and Buffers—We biosynthesized LTB< and its analogs
(22) and purchased: [3H]PDB (19.1 Ci/mmol; Du Pont-New England
Nuclear); PDB, diC8, BSA, and racemic sphinganine (Sigma); fMLP
(Peninsula Labs, San Carlos, CA); CBZ-PN (Vega Labs, Tucson,
AZ); A23187 (Calbiochem); Fura II acetoxymethyl ester and penta-
potassium salt (Molecular Probes, Junction City, OR); PLs (Serdary
Research Labs, London, Ontario, Canada); ME2SO and EGTA
(Fisher); and silicone oil (GE Corp., Waterford, NY). Ionomycin was
a gift of E. R. Squibb and Sons, Inc., Princeton, NJ. [3H]PDB, PDB,
LTB4, and LTB4 isomers were dissolved in ethanol; A23187, iono¬
mycin, fMLP, and CBZ-PN were dissolved in ME2SO; and PLs were
suspended in buffer containing BSA (2.5 mg/ml). The final PMN
suspensions had SO.3% ME2SO, SO.3% ethanol, and BSA as indi¬
cated. We used a modified Hanks' buffer for all bioassays (19).
PHJPDB Binding—PMN were isolated from human blood (19)

and suspended (5-10 x 106 cells/ml) in buffer (1.4 mM Ca2+) at 37 °C
for 15 min. Suspensions (1 ml) were treated with 125 pM [3H]PDB
(—5,000 dpm) ± PDB, layered over 400 gl of silicone oil (Versilube
F-50; specific gravity [25 °C] = 1.050), and centrifuged (12,000 X g\ 1
min; 24 °C) to free cells from supernatant fluids. Both fractions were
counted for radioactivity (19). We defined specific binding as the
fraction of total label bound by cells incubated with 125 pM [3HJPDB
minus that bound by cells incubated with 125 pM [3H]PDB plus 10
/jM PDB. Scatchard analyses used LIGAND SCAPRE/SCAFIT pro¬
grams.

Cg2+ Transients—PMN in calcium-free buffer were incubated with
1 fiM Fura II acetoxymetbyl ester at 37 °C for 30 min, washed twice
in calcium-free buffer, resuspended (107 cells/ml) in buffer ± 1.4 mM
Ca2+, for 15 min, exposed to 125 pM PDB for 5 min, and stimulated
(37 °C). Cells were excited alternately at 340 and 380 nm while
emissions were monitored at 510 nm with an Aminco-Bowman spec-
trophotofluorometer (American Instrument, Silver Spring, MD).
[Ca2*], was quantitated as in Ref. 36.

Other Studies—PMN were depleted of storage Ca2* as in Ref. 36.
The reagents used here did not cause PMN to leak lactic acid
dehydrogenase (19) and thus were not overtly toxic.

RESULTS

PHJPDB Uptake—In previous studies assaying protein
kinase C in situ (32-35), cells were incubated with 20 nM [3H]
PDB for >5 min, challenged, trapped on filters, and washed
free of unbound label. This approach seemed inappropriate
here because phorbol diesters cause cells to down-regulate
their binding of stimuli. PMN treated with 20 nM PDB for 1
min would predictably show a >50% depletion of high affinity
fMLP and LTB4 receptors (37, 38). Moreover, fMLP and
LTB4 produce transient [Ca2+], elevations and thus might
alter PDB binding only momentarily. Finally, washing pro¬
cedures dissociate weakly bound (i.e. Kd > 1-10 nM) receptor-
ligand complexes (39). We therefore incubated PMN with 125
pM [3H]PDB for 5 s to 16.5 min and isolated cells by centrif-
ugation through silicone oil (no cell washing). Several obser¬
vations were pertinent to this technique. First, PMN treated
with 125 pM PDB for 5 min remained fully responsive to
fMLP and LTB4 in assays of Ca2+ transients (data not shown).
PDB, at this low concentration, then, did not apparently
down-regulate receptors for the two agonists. Second, [3H]
PDB uptake increased proportionately with PMN concentra¬
tions between 0.5 and 20 x 106/ml (not shown) and, under
varying conditions, reached apparent equilibrium in ~1 min
(Fig. 1). Ligand uptake therefore was cell-dependent and
measurable after brief incubations. Third, excess PDB (Fig.
1), diCg, (Table I), and sphinganine (Table I) interfered with
label uptake; and PMN treated with 125 pM [3H]PDB for 4
min and then exposed to 10 /rM PDB for 0, 5, 15, and 120 s

specifically bound the following fractions of label: 0.16 (S.E.
= 0.10; N = 6), 0.10 (0.01), 0.04 (0.01), and 0.01 (0.01),
respectively. The uptake of [3H]PDB by PMN, then, was
saturable, reversible, and inhibited by DG or, as shown by
Wilson et al. (40), sphinganine. Fourth, [3H]PDB bound to
—160,000 receptors/cell (Fig. 1, lower panel) although each
PMN, when disrupted, had—900,000 phorbol diester receptors
(see Refs. 19 and 41). Hence, the label tagged 18% of its
intracellular receptors, and the binding assay should detect
decreases as well as increases in PDB receptor availability.
Indeed, we found such changes in cells depleted of Ca2+. For
these studies, PMN were incubated in Ca2+-free buffer (1 pM
EGTA) for 30 min at 37 °C, washed, and resuspended in the
same buffer. After an additional 15-min incubation, the cells
had [Ca2+], of 11 nM (±2 nM) and PDB binding sites of 98,000
(±14,000) per PMN. The same cells, when incubated with 1.4
mM Ca2+ for 15 min, became Ca2+-repleted. They had [Ca2+],
of 45 (±6) nM and PDB binding sites of 160,000 (±18,000)/

FlG. 1. [3HJPDB binding to PMN. Cells (5 x 106/ml) were
incubated with [3H]PDB plus PDB for 5 s-60 min and analyzed for
the fraction of radiolabel bound (upper panel) or receptor numbers
(R,, x 105/PMN) and ligand affinity (Kd, in nM) (lower panel). All
data fit a single receptor model. Each point is the mean of >5
experiments.
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Table I

Effects of sphinganine and diCn on f'HJPDB binding to PMN
PMN were incubated with 125 pM [3H]PDB for 5 min, treated with BSA, 30 (iM sphinganine, or 1.0-100 pM

diCs and at the indicated time thereafter centrifuged through silicone oil.
Time

Inhibitor 0.5 min 1 min 2 min 8 min 16 min 32 min

BSA, 62.5 pg
Sphinganine, 30 pM'
diCg, 100 pM
diCg, 10 pM
diC8, 1 pM

15.4 (0.6)°
12.3 (1.0)'
10.2 (0.6)'
10.1 (0.1)'
12.8 (0.1)'

14.2 (2.3)
11.2 (0.6)'
6.2 (0.2)'
8.5 (0.8)'
11.0 (0.5)'

14.8 (1.4)
7.9 (0.2)'
4.4 (0.1)'
8.1 (0.3)'
10.2 (0.5)'

15.3 (0.9)
6.6 (0.4)'

13.5 (1.1)
6.3 (0.6)'

14.5 (0.5)
5.8 (0.6)'

° Percentage of total radiolabel specifically bound to 5 x 106 PMN. Values are the mean (± S.E.) for 4-12
separate experiments.
' Sphinganine was added to a 1.2 m excess of BSA in buffer, mixed at 37 °C for 60 min, and added to PMN so

that the final BSA was 62.5 pg/ml.
'Values that were significantly lower (p < 0.05, Students paired t test) than PMN incubated with the same

amount of BSA.
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Fig. 2. Effects of ionomycin on PMN binding of [3H]PDB
(upper panel) and [Ca2,j, (lower panel). 5 x 10s PMN/ml were
incubated with 125 pM [3H]PDB for 5 min and then challenged with
100 (dashed line), 10 (solid line), or 1 (dotted line) nM ionomycin for
5 s-8.5 min before assaying bound radiolabel (upper panel). Results
are expressed as the fraction of radiolabel bound (after correction for
the amount of label bound to cells treated with the ionomycin vehicle
[ME2SO, 3 pl/ml of cells]) at the indicated times. Alternatively, 1 x
107 PMN/ml were incubated with 125 pM PDB for 5 min, challenged
with ionomycin, and assayed for [Ca2+]i. These results are reported
as nanomolar concentrations of [Ca2+]i at the indicated time after
challenge. Each point is the mean of 25 experiments.

cell. Thus, [Ca2+], appeared to influence the availability of
PDB receptors. In cell-free systems, protein kinase C binds
[3H]PDB with a Kd similar to that seen here, ~20 nM (8, 11).
This binding is reversible (5, 7), inhibited by sphinganine and
diC8 (42-44), and varies with ambient Ca2+ (5, 7, 8). We
therefore conclude that our assay measures the availability of
intracellular protein kinase C to [3H]PDB.
Effects of Ionophores—To test the effects of high [Ca2+], on

[3H]PDB binding, PMN were equilibrated with 125 pM [3H]

PDB for 5 min and then challengedwith 1-100 nM ionomycin.
The cells had prolonged, dose-dependent increases in [3H]
PDB uptake (Fig. 2). In studies not shown, 1-100 nM iono¬
mycin failed to increase uptake of the label in PMN equili¬
brated with [3H]PDB plus a saturating (i.e. 10 pM) amount of
PDB, and PMN stimulated with 1-100 nM ionomycin for 4
min released virtually all specifically bound label within 30 s
of exposure to 10 pM PDB. Furthermore, sphinganine inhib¬
ited responses to ionomycin (Table II). Scatchard analyses
were done on cells challenged with ionomycin for 2 min and
then incubated with [3H]PDB plus PDB for 4 min. Results
indicated that the ionophore increased the number (1 nM
ionomycin), the affinity (100 nM ionomycin), or both the
number and affinity (10 nM ionomycin) of phorbol diester
binding sites (Fig. 3 and Table III). Finally, changes in [3H]
PDB binding followed [Ca2+], transients (Fig. 2) and failed to
develop in the absence of mobilizable Ca2+ (Fig. 4). Thus,
ionomycin-induced rises in [Ca2+], increased the availability
and/or affinity of protein kinase C.
Effects of fMLP and LTBt—fMLP and LTB4 increased

PMN uptake of [3H]PDB (Figs. 5 and 6). These responses,
like those to ionomycin, reversed by >90% within 15 s of
exposing PMN to 10 pM PDB (not shown), did not occur in
PMN previously equilibrated with 125 pM [3H]PDB plus 10
pM PDB (not shown), and were blocked with sphinganine
(Table II). However, unlike ionomycin, the humoral agonists
produced biphasic (t = 15 and 60 s) increases in [3H]PDB
binding while stimulating monophasic and short-lived Ca2+
transients (Fig. 7). (Our methods can detect biphasic rises in
[Ca2+]t: PMN stimulated with LTB4 at t = 0 and platelet-
activating factor at t > 15 s show two sequential Ca2+ tran¬
sients (37).) Furthermore, PMN stimulated with 100 nM

Table II

Effects of sphinganine on stimulus-induced changes in PMN binding of f3H]PUB
PMN (107/ml) were incubated with 20 pM sphinganine (in 1.2 molar excess BSA) or BSA for 30 min at 37 °C.

Cells were washed twice, resuspended (5 X 10e/ml) in buffer (37 °C) for 15 min, incubated with 125 pM [3H]PDB
for 5 min, and challenged with 100 nM concentration of the indicated stimulus.

Stimulus

BSA Sphinganine

0.5 min 1 min 2 min 0.5 min 1 min 2 min

lonomycin 7.6 (0.9)° 11.2 (1.8) 0.2 (0.3)' 0.6 (0.3)'
fMLP 3.4 (1.1) 3.4 (1.1) 0.8 (0.8)' 1.0 (0.6)'
LTB. 4.7 (1.2) 2.4 (0.5) ' 1.3 (0.7)' -0.2 (0.5)'

° Increase in percentage total [3H]PDB bound (± S.E.M.; n = 6-9) at the indicated time after challenge. Results
were corrected for the binding of ['H]PDB to PMN that were stimulated with ME2SO or ethanol (i.e. vehicle-
treated controls).

' Values that were significantly (p < 0.05, Students paired t test) below values for BSA-treated PMN.
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None 19 (3) 1.6 (0.2)
Ionomycin, 1 nM 22 (4) 2.3 (0.1)
Ionomycin, 10 nM 14 (1) 2.5 (0.3)
Ionomycin, 100 nM 6 (2) 1.5 (0.1)
fMLP, 100 nM 18 (2) 2.2 (0.2)
LTB4, 100 nM 17 (4) 2.3 (0.2)

Fig. 3. Ionomycin-induced changes in the receptor binding
of PDB. PMN (107/ml) were challenged with ionomycin, as indi¬
cated, for 2 min and then incubated with 125 pM [3H]PDB plus 0-10
jiM PDB for 4 min. Results are reported as the fraction of total label
bound at the indicated ligand concentrations (panels on left) or
Scatchard plots (panels on right; data corrected for nonspecific bind¬
ing). Note the different scales used for upper and lower panels. Each
point is the mean of 8 experiments. All Scatchard plots best fit a
single receptor model (p < 0.05, F test, compared to a two-binding
site model).

Table III

Effects of stimuli on f'HJPDB binding parameters in PMN
PMN (107/ml) were incubated in buffer (1.4 mM Ca2*) at

37 °C for 20 min, challenged with ionomycin for 2 min, and exposed
for 4 min to 125 pM (3H]PDB plus sufficient PDB to make the final
ligand concentration 0.25, 1, 4, 16, 64, 256, or 10,000 nM. Alternately,
PMN (5 X 106/ml) were simutaneously exposed to FMLP or LTB4
plus labeled and unlabeled ligand for 1 min.
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FiG. 4. Effects of Ca2* on the bioactions of ionomycin. PMN
were depleted of Ca2+ and suspended in Ca2+-free media containing 1
nM EGTA. Cells were incubated with 1.4 mM (solid lines) or 0 (dotted
lines) Ca2+ for 15 min, exposed to 125 pM [3H]PDB (upper panel) or
PDB (lower panel) for 5 min, and then challenged with 100 nM
ionomycin for 5 s-16.5 min as described in the legend to Fig. 2. Results
are reported as the fraction of total label bound (after correction for
the amount of label bound to cells treated with ME2SO) per 5 x 106
PMN or nanomolar concentrations of [Ca2+], in 107 PMN/ml ob¬
served at the indicated time after challenge. Each point is the mean
of 6 experiments.

° Mean ± S.E. (n = 7 or 8), dissociation constant (Kd), or receptor
numbers (/?,) as determined with the LIGAND program. All results
best fit a single receptor site model.

concentration of either agent raised the number of [3H]PDB
binding sites without changing Kd (Fig. 8, Table III). For these
experiments, PMN were exposed to agonist and [3H]PDB ±
PDB, for 1 min in order to capture short-lived responses while
avoiding PDB-induced receptor depletion (Ca2+ transients are
normal in PMN challenged simultaneously with phorbol dies-
ters and agonist, see Ref. 38). Finally, fMLP and LTB<, at
100 nM, raised [3H]PDB binding (Fig. 9, upper panel) and
PDB binding site numbers (Table IV) in Ca2+-depleted PMN.
These PMN showed little or no rise in [Ca2+], (Fig. 9, lower
panel). The agonists likewise increased [3H]PDB binding in
Ca27-depleted cells at concentrations of 1 and 10 nM (not
shown). Thus, the influences of fMLP and LTB4 on protein
kinase C were dissociable from changes in [Ca2+]i.
Effects of Stimulus Analogs—Like ionomycin, A23187 in¬

duced prolonged, calcium-dependent rises in [3H]PDB bind¬
ing, whereas two relatively bioinactive isomers of LTB4, com¬
pounds I and II, had no effects on this parameter (Table V).
A dipeptide fMLP antagonist, CBZ-PN, failed to stimulate
[3HJPDB binding. It did, however, block the actions of fMLP
without appreciably altering those of LTB4 (Table V). These
findings indicate that fMLP and LTB4 influenced protein
kinase C by structurally specific, receptor-mediated mecha¬
nisms.

h 10 nM

N-J
1 nM 0.1 nM

jA-4 , i
2.3 5.2

Fig. 5. Effects of fMLP on PMN binding of [3II]PDB. PMN
(5 x 106/ml) were incubated with 125 pM (3H]PDB for 5 min and
challenged for 0 to 8.5 min with the indicated concentration of fMLP.
Results are reported as the fraction of total label bound after correct¬
ing for the binding observed in PMN incubated with the fMLP vehicle
(ME2SO, 3 jd/ml). Each point is the mean of 9 experiments.
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Fig. 6. Effects of LTB4 on PMN binding of [3H1PDB. Studies
were done exactly as in Fig. 5 using LTB4 in place of fMLP and
ethanol instead of MEoSO. Each point is the mean of 8 experiments.
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Fig. 7. Effects of fMLP (upper panel) and LTB4 (lower
panel) on PMN [Ca2+],. Cells (107/ml) were incubated with 125 pM
PDB for 5 min and then challenged with 100 (dashed line), 10 (solid
line), 1 (dotted line), or 0.1 nM (dashed-dotted line) nM fMLP or
LTB,. Results are reported as nanomolar concentrations of [Ca2+],
observed at the indicated time after challenge. Eachpoint is the mean
of 5-6 experiments.
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Fig. 9. Effects of Ca2+ on ligand-induced changes in PMN
binding of [aH]PDB (upper panels) and [Ca2+], (lower panels).
PMN were depleted and repleted of Ca2+ as described in Fig. 4. Cells
(107/ml) were then challenged with 100 nM fMLP (panels on left) or
LTB, (panels on right). Results are reported as the fraction of total
[3H]PDB bound (after corrections for the binding of label by vehicle-
treated PMN) or nanomolar concentrations of [Ca2+]i observed at the
indicated time after challenge in Ca2+-depleted (dotted lines) or Ca2+-
repleted (solid lines) PMN. Each point is the mean of >8 experiments.

Table IV

Effects of fMLP and LTB, on fHJPDB binding parameters in Ca2+-
depleted and Cd2*-repleted PMN

PMN were incubated with 1 gM EGTA at 37 °C for 30 min before
twice washing and resuspending (5 x 10e/ml) in 1 /im EGTA buffer.
Cells were then incubated with 0 or 1.4 mM Ca2+ for 20 min and
challenged with the indicated agonist for 15 s. At this time, PMN
were exposed to 125 pM [3H]PDB plus sufficient PDB to make the
final ligand concentrations 0.25, 1, 4, 8, 16, 256, 1024, or 10,000 nM.
After 1 min, suspensions were centrifuged through silicone oil.

Agonist
Ca2+ = 0 mM Ca> = 1.4 mm

Kd R, Kd R,

nM x Iff/PMN nM XlCf/PMN
None 21 (3)° 1.0 (0.1) 18 (2) 1.6 (0.3)
fMLP, 100 nM 23 (4) 1.9 (0.2) 20 (3) 3.2 (0.2)
LTB4, 100 nM 21 (2) 2.2 (0.2) 19 (3) 2.9 (0.3)

Fig. 8. Agonist-induced changes in PMN receptor binding
of PDB. PMN (5 x 106/ml) were simultaneously challenged with
100 nM fMLP or LTB,, plus [3H]PDB ± 0-10 aM PDB, for 1 min.
Results are reported as the fraction of total label bound at the
indicated ligand concentration (panels on left) or Scatchard plots
(panels on right; data corrected for nonspecific binding). Each point
is the mean of >8 experiments. Note that Fig. 3 plots data for 107
PMN/ml whereas this figure plots data for 5 x 106 PMN/ml. All
Scatchard plots best fit a single receptor model (p < 0.05, F test,
compared to a two-binding site model).

Effects ofPLs—Since acidic PLs promote protein kinase C-
PL vesical adherence in vitro (2-6), we examined the effects
of PS, lyso-PS, PA, and lyso-PA on cellular protein kinase C.
For these experiments, PMN were incubated with 125 pM
[3H]PDB for 5 min and challenged with 0.1, 1, 10, or 100 pM
PL for 5 s-16 min as in, e.g.. Fig. 2 (n = 6 for each PL and
time point). None of the PLs inhibited or enhanced PMN
binding of the label (data not shown).

DISCUSSION

Previous studies have reported that [3H]PDB binds to
myelogenous and neuronal tissues. Binding was reversible,
saturable, and thus involved a receptor site which, based on
the known specificities of phorbol diesters, was presumed to
be protein kinase C (32-35). We show that PMN likewise

* Mean ± S.E. (n = 7 or 8); values determined with the LIGAND
program. All results best fit a single receptor site model.

bind [3H]PDB (Fig. 1) and also provide evidence on the target
receptor and mechanism for this. DiCg and sphinganine in¬
hibited binding of the label (Tables I and II). DiC8 is a
competitive analog of PDB (12), and sphinganine interferes
with the attachment of protein kinase C to micelles in vitro
(42). Hence, our data suggest that [3H]PDB binds to protein
kinase C by a process involving the adherence of protein
kinase C to PMN membranes. These conclusions were

strengthened by experiments showing that PMN express
Ca2+-PDB binding relationships analogous to those observed
in cell-free systems.
A23187, at >200 nM, stimulates HL-60 granulocytes (32)

and promyelocytes (33) to increase the affinity with which
they bind [3H]PDB. Since A23187 acted only in the presence
of ambient Ca2+, it appeared that elevated [Ca2+]; caused
myelogenous cells to increase the affinity, but not the avail¬
ability, of their protein kinase C. Such results might reflect,
for example, modulation of pre-existing plasmalemmal pro¬
tein kinase C. Using 100 nM ionomycin, we observed these
same changes in PMN (Fig. 3, Table III). Quite different
results occurred, however, under other conditions. We meas¬
ured [Ca2+], and PDB receptors in PMN that were: (o) de¬
pleted of Ca2+, (6) untreated, (c) challenged with 1 nM iono-
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Table V

Effect of selected stimulus analogs on PMN binding of f'HjPDB
PMN (5 x 106) were suspended in 1 ml ofHanks' buffer containing

1.4 mM or no Ca2+ for 15 min at 37 °C. Cells were treated with 125

pM [3H]PDB for 5 min and then challenged with 10 mM CBZ-PN (or
ME2SO) and 10 nM fMLP, 10 nM LTB4, 10 or 100 nM compound 1,
10 nM compound II, or 10 nM A23187.

Analog
Time

0.5 min 1.0 min 2.0 min

CBZ-PN, 10 nM -0.3 (0.5)" -0.1 (0.6)
fMLP, 10 nM 3.0 (0.8)6 2.4 (0.7)'
CBZ-PN + fMLP 0.9 (0.5)' -0.3 (0.7)
CBZ-PN + LTB, 1.6 (0.6) 2.0 (0.3)'
LTB4, 10 nM 1.9 (0.6)' 2.1 (0.5)'
Compound 1,10 nM 0.2 (0.6) -0.2 (0.7)
Compound 1,100 nM -0.7 (1.1) 0.0 (0.8)
Compound II, 10 nM 0.6 (0.5) -0.5 (0.6)
A23187,10 nM 7.1 (2.1)' 17.2 (1.6)'
A23187, no Ca2+ -0.1 (0.5) -0.7 (0.3)
" Percentage of total radiolabel associated with PMN (± S.E., n —

4-9 experiments) at the indicated time after challenge. All results are
corrected for the amount of label bound to vehicle-challenged cells.

' Indicates values significantly (p < 0.05, Students paired t test)
above vehicle-challenged PMN.

mycin, or (d) challenged with 10 nM ionomycin. The cells had
[Ca2+],-of 11, 45,120, and 225 nM, respectively, and accessible
PDB binding sites of 1.0, 1.6, 2.3, and 2.5 x 105 per PMN,
respectively. Apparently, then, 10-225 nM [Ca2+], increases the
fraction of receptors available to PDB while 400 nM [Ca2+],-
(as produced with 100 nM ionomycin) raises PDB receptor
affinity without influencing receptor availability. (Alterna¬
tively, 100 nM ionomycin may have triggered events, e.g.
excess DG production (29), that interfered with detection of
changes in receptor availability.) We further observed that
sphinganine blocked ionomycin's effects on [3H]PDB binding
(Table I); A23187 also increased PMN binding of the label
(Table V); and A23187 and ionomycin operated by a Caz+-
dependent mechanism (Fig. 3; Table V). As interpreted in the
standard model, then, our results indicate that elevations in
PMN [Ca2+], directly or indirectly cause cytosolic protein
kinase C to adhere with plasmalemma and thereby become
increasingly available to PDB. Nevertheless, experiments
using more physiological stimuli uncovered limitations to this
model.
fMLP and LTB„ stimulated increases in the saturable and

reversible binding of [3H)PDB (Figs. 5 and 6). Their actions
were sphinganine-sensitive (Table II) and involved increases
in R, but not Kd (Table III). A competitive antagonist, CBZ-
PN, selectively inhibited fMLP whereas two biologically im¬
potent isomers of LTB4 failed to alter [3H]PDB binding
(Table V). The data therefore suggested that the agonists
increased protein kinase C availability by a mechanism that
was receptor-mediated but otherwise similar to, e.g. 1 nM
ionomycin. However, fMLP and LTB4 differed from iono-
phores in several fundamental respects. They produced overt
biphasic rises in [3H]PDB binding and monophasic, short¬
lived rises in [Ca2+], (Figs. 5, 6, and 8). Only the initial peak
in binding overlapped Ca2+ transients. Furthermore, 100 pM
fMLP produced a slow (t > 15 s), monophasic rise in ligand
binding without appreciably changing [Ca2+], (Fig. 5, lower
right panel and Fig. 7, lowest curve in upper panel). Finally,
fMLP and LTB4 stimulated virtually no Ca2+ transients in
Ca2+-depleted PMN yet induced these cells to increase their
[3H]PDB binding (Fig. 9) and binding site numbers (Table
IV). The response of these cells, in comparison to Ca2*-
repleted PMN, was sluggish (t > 15 s). Accordingly, we suggest
that the chemotactins influence protein kinase C by two

sequentially operating mechanisms. The first involves Ca2+-
induced translocation of protein kinase C. Consequently, [3H]
PDB binding rises and falls in parallel with [Ca2+], as pre¬
dicted by the standard model. This is represented by the
initial peak in [3H]PDB binding observed with control PMN
(Figs. 5 and 6) or the early responses (t < 30 s) occurring in
Ca2+-repleted cells (Fig. 9). Ca2+-depleted cells, however, can¬
not employ the [Ca2+], signal and thus Bhow no early change
in binding of the label. The second mechanism uses an unre¬
lated event to elicit a more slowly evolving movement of
protein kinase C to surface membrane. This is seen as the
second peak of [3H]PDB binding in control PMN (Figs. 5 and
6); the latter portion (t > 30 s) of the responses in Ca2+-
repleted PMN (Fig. 9); and the entire response of Ca2+-
depleted cells (Fig. 9). We acknowledge that this interpreta¬
tion depends on small, sometimes inapparent dips in the early
binding of [3H]PDB. Moreover, [3H]PDB binding to resting
and ionomycin-stimulated cells showed subtle biphasic
changes (Figs. 2 and 4, upper panels). Humoral agonist-in¬
duced biphasic responses, then, may result from factors in¬
trinsic to the [3H]PDB-PMN interaction rather than from
two separate protein kinase C translocation events. Neverthe¬
less, it is clear that the influences of fMLP and LTB4 on PDB
receptor availability dissociate from overt rises in [Ca2+],.
Some signal other than [Ca2+],must be involved in the protein
kinase C translocation response to these stimuli.
We assayed PMN [Ca2+], with Fura II. The dye reports on

the average cytosolic concentration of Ca2+ but would likely
miss local changes in the cation (13). Thus, Ca2+-depleted
PMN, when stimulated, might alter, e.g. plasmalemmal or
subplasmalemmal Ca2+, without influencing [Ca2+], or, of
course, Fura II fluorescence. Such regional changes in Ca2+,
we presume, could translocate protein kinase C in PMN.
However, other candidate signals exist. Acidic PLs (9, 42-44),
low pH (45), long chain unsaturated fatty acids (46), and
cations like Zn2+ and Cd2* (47, 48) promote protein kinase C
adherence to vesicles and/or protein kinase C activation.
Since stimulated PMN refashion their PLs, release arachi-
donic acid, transiently acidify, and mightmobilize rare metals,
any of these agents could be involved in translocating protein
kinase C. We tested the acidic PL hypothesis with PS, PA,
lyso-PS, and lyso-PA but found none that, when added to
intact PMN, altered [3H]PDB binding (see "Results"). How¬
ever, this may merely indicate that the PL failed to enter
PMN, accumulated internally rather than in plasmalemma,
or did not duplicate the PL compositional changes occurring
in stimulated cells. Finally, protein kinase C in PMN is
comprised of a family of isozymes, some of which (e.g. Type
II) are relatively insensitive to Ca2+ (1, 48). The factors, if
any, involved in translocating Ca2+-insensitive protein kinase
C may pertain to the results presented here.
In conclusion, our data indicate that some [Ca2+],-inde¬

pendent signal translocates protein kinase C. This signal,
while not involved in the actions of ionophores, appears
responsible for much of the protein kinase C-translocating
effects of fMLP and LTB4. It thus may mediate these agonists'
bioactions. Indeed, the two chemotactic factors produce var¬
ious responses in Ca2+-depleted PMN (49, 50). Further study
of this signal, then, will likely contribute to our understanding
of Ca2+-independent stimulus-response coupling pathways
that excite and desensitize cells.
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iV-Formyl-methionyl-leucyl-phenylalanine (fMLP)
and leukotriene B4 stimulate human polymorphonu¬
clear neutrophils (PMN) to translocate protein kinase
C from the cytosol to plasmalemma as judged by their
abilities to increase PMN binding of and receptor num¬
bers for [3H]phorbol dibutyrate ([3H]PDB) (O'Flaherty,
J. T., Jacobson, D. P., Redman, J. F., and Rossi, A. G.
(1990) J. Biol. Chem. 265, 9146-9152). Platelet-ac¬
tivating factor (PAF) had these same effects. More¬
over, two potent PAF analogs (but not an inactive
analog) increased [3H]PDB binding; a PAF antagonist
blocked responses to PAF without altering those to
fMLP; aifd PMN treatedwith PAF became desensitized
to PAF while retaining sensitivity to fMLP. Indeed,
PMN incubated with 1—100 nM PAF for 5—40 min had
markedly enhanced [3H]PDB binding responses to
fMLP. PAF thus acted through its receptors to stimu¬
late and prime protein kinase C translocation. Its ef¬
fects, however, did not necessarily proceed by a stand¬
ard mechanism: Ca2+-depeleted PMN failed to raise
Fura-2-monitored cytosolic Ca2+ concentrations
((Ca2+],), yet increased [3H]PDB binding and receptor
numbers almost normally after PAF challenge. PAF
also primed Ca2+-depleted PMN to fMLP. Neverthe¬
less, [3H]PDB binding responses to PAF were blocked
in PMN loaded with Ca2+ chelators, viz. Quin 2, Fura-
2, or 5,5'-dimethyl-1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid (BAPTA). Exogenous Ca2+
reversed Quin 2 inhibition, and a weak chelator 4,4'-
difluoro-BAPTA, lacked inhibitory actions. The che¬
lators similarly influenced fMLP and leukotriene B4.
Thus, PMN can by-pass [Ca2+], to translocate protein
kinase C. They may achieve this using a regulatable
pool of Ca2+ that evades conventional [Ca2+], monitors
or a signal that needs cell Ca2+ to form and/or act. This
signal may mediate function in Ca2+-depleted cells, the
actions of [Ca2+],-independent stimuli, cell priming,
and protein kinase C movements that otherwise seem
[Ca2+],-induced.

Many agonists bind with receptors that trigger production
of inositol phosphates and diacylglycerol. Inositol phosphates

* This work was supported by National Institutes of Health Grants
HL-27799 and HL-26257. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked "advertisement" in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

J To whom correspondence should be addressed.

raise [Ca2*]*,1 thereby causing cytosolic protein kinase C to
adhere to the plasmalemma, bind membrane diacylglycerol,
and phosphorylate its substrates (1-4). Since activated pro¬
tein kinase C stimulates and primes cells, these events may
be central to stimulus transduction. Often, however, the
[Ca2*],/protein kinase C axis seems irrelevant to an agent's
actions. For example, PAF activates and primes PMN (5-15).
It uses receptors that couple to phosphatidylinositol turnover
(5, 6), [Ca2+],- transients (6, 7), and protein kinase C translo¬
cation (8-10). Hence, [Ca2+],-induced translocation of protein
kinase C may be critical for PMN responses to PAF (8, 9).
Other findings refute this, (a) [Ca2+]-depleted PMN do not
translocate the enzyme (9), yet are activated and primed by
PAF (12, 13); (6) PAF primes responses to fMLP in all
bioassays (11-14) but protein kinase C translocation (9); and
(c) PAF-induced protein kinase C translocation, unlike prim¬
ing and many functional responses (11, 12) occurs only in
PMN treated with cytochalasin B (8-10). [Ca2+], and protein
kinase C thus do not play conventional roles in PMN chal¬
lenged with PAF, or standard assays for these signals give
misleading results.

[Ca2+]i assays commonly use probes that monitor average
[Ca2+]„ Localized pockets of Ca2* may not contribute to this
reading (2, 3, 16, 17). Likewise, translocation assays often
quantitate protein kinase C in fractions from disrupted cells
(8-10). They rely on lengthy, harsh methods which may miss
or even reverse the enzyme's movement (18,19). These prob¬
lems are addressable. Many agents enter cells to chelate
[Ca2+]; as well as other calcium pools. Quin 2-loaded PMN,
for example, respond poorly not only to [Ca2+]-mobilizing
agents, but also to a [Ca2+],-independent agonist (16, 17).
Thus, some PMN responses, while not involving [Ca2+]„
depend upon an unspecified pool of cell Ca2+. Similarly,
protein kinase C can be tracked without disrupting cells (20-
22). [3H]PDB binds to —20% of the protein kinase C in resting
astrocytes. This percentage doubles in cells challenged with
Ca2+-mobilizing stimuli, but no such change occurs in astro¬
cytes depleted of Ca2+ (22). Evidently then, elevated [Ca2+],

1 The abbreviations used are: [Ca2]„ cytosolic Ca2+ concentra¬
tion^); PAF, platelet-activating factor (l-O-alkyl-2-acetyl-sn-glyc-
ero-3-phosphocholine); PMN, polymorphonuclear neutrophils; PDB,
phorbol dibutyrate; (3H]PDB, the 120-''H] analog of PDB; fMLP, N-
formyl-methionyl-leucyl-phenylalanine; l.TB,, leukotriene B4; BSA,
bovine serum albumin; MeiSO, dimethyl sulfoxide; AM, acetoxyme-
thyl ester; 18-2 PAF, rac-1-0-(Z,Z)-9,12-octadecadienoyl-2-acetyl-sn-
glycero-3-phosphocholine; CPAF, l-O-hexadecyl-2-AT-methylcarba-
myl-sn-glycero-3-phosphocholine; lyso-PAF, l-O-alkyl-2-lyso-sn-
glycero-3-phosphocholine; BAPTA, l,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid; EGTA, [ethylenebis(oxyethylenenitrilo))
tetraacetic acid.
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translocates cytosolic protein kinase C to the plasma mem¬
brane, where it increasingly binds [3H]PDB. Ca2+ ionophores
have the same Ca2+-dependent actions on PMN. fMLP and
LTB<, however, increase [3H]PDB binding and binding site
numbers even in PMN that are Ca2+-depleted and unable to
raise Pura-2-detected [Ca2+]; (23). PMN thus seem to regulate
protein kinase C movements with a signal that evades [Ca2+],-
reporters. This signal has obvious relevancy to [Ca2+],-inde¬
pendent responses as well as the contradictory actions of PAF
cited above. Accordingly, we here use [3H]PDB binding, Ca2+
chelators, PAF, and PMN to examine the role of Ca2+ in the
movements of protein kinase C.

MATERIALS AND METHODS AND RESULTS

RESULTS AND DISCUSSION2

See "Results" (in miniprint) for details of studies indicating
that [3H]PDB binds to a plasma membrane fraction of PMN
protein kinase C. Rises and falls in [Ca2+]; increase and
decrease this fraction, thereby causing corresponding changes
in [3H]PDB binding. The assay detected PAF bioactivity:
PMN equilibrated with 125 pM [3HJPDB for 5 min transiently
increased [3H]PDB binding in response to 0.1-100 nM PAF
(Fig. 1). No such response occurred in PMN preincubated
with 125 pM [3HJPDB plus 10 gM PDB (data not shown).
Moreover, PMN challenged with 100 nM PAF at t = 0 and 10
^M PDB at t = 15 8 had the following [3H]PDB binding
percentages at t = 0,15, 20, 30, 45, and 75 s: 19.1 ± 1.4 (S.E.,
n = 3), 27.6 ± 2.1, 18.9 ± 2.3, 12.2 ± 0.9, 7.2 ± 0.3, and 1.1 ±
0.4, respectively. PAF thus stimulated increases in the revers¬
ible and saturable binding of [3H]PDB. Two potent analogs,
18-2 PAF and CPAF, had PAF-like effects; but an inactive
analog, lyso-PAF, produced little change in [3H]PDB binding.
Furthermore, a PAF antagonist, WEB 2086, blocked re¬
sponses to PAF without altering those to fMLP (Table I).
Scatchard analyses revealed that PAF increased the number
of sites accessed by PDB (Fig. 2, left). This occurred at 1.5
(but not at 5) min after challenge (Table II). Experiments
(see "Results" and Figs. 3-5) show that PMN treated with 1-
100 nM PAF for 5-40 min had enhanced [3H]PDB binding
responses to fMLP. The same PMN were hyporesponsive or
desensitized to PAF. Thus, PAF operates through its recep¬
tors to stimulate and prime protein kinase C translocation.
To evaluate the role of [Ca2+], in translocation, we prepared

Ca2+-repleted and -depleted PMN. [Ca2+], for the preparations
were 44 ± 7 and 16 + 4 nM (S.E., n = 8; p < 0.01, Student's
paired t test); [3H]PDB binding percentages were 18.7 ± 0.7
and 14.4 ± 0.4 (n = 12; p < 0.05); and PDB receptor numbers
were 180,000 ± 12,000 and 140,000 ± 11,000 (n > 11; p <
0.05). After challenge with 100 nM PAF, Ca2+-repleted PMN
raised [Ca2+], and [3H]PDB binding (Fig. 6, left). Ca2+-de-
pleted cells, when similarly stimulated, exhibiting little or no
[Ca2+], rises, yet increased [3H)PDB binding almost normally
(Fig. 6, right). Further studies in Ca2+-depleted PMN showed
that 10 jiM PDB reversed [3H]PDB binding by >90% within
1 min of a 15-s challenge with 100 nM PAF; PAF failed to
raise [3H]PDB binding in cells pretreated with 10 /*M PDB
(data not shown); and PAF primed [3H]PDB binding re¬
sponses to fMLP (Fig. 7). Finally, PAF increased PDB bind¬
ing site numbers in Ca2+-depleted as well as Ca2+-repleted
PMN (Fig. 2 and Table II). Ca2+ ionophores likewise increase

2 Portions of this work (including "Materials and Methods," part
of "Results," Figs. 1-8, and Tables I-V) are presented in miniprint
at the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilm edition of the Journal that is available fromWaverly Press.

[3H]PDB binding, but their effects last for >16 min and
require Ca2+ (23). Ionophores thus seem to translocate protein
kinase C through a conventional [Ca2+], signal. fMLP and
LTBi, on the other hand, stimulate rapidly reversing trans¬
location responses in Ca2v-depleted as well as Ca2+-repleted
PMN. They induce biphasic [3H]PDB binding responses (Ref.
23 and Fig. 4), the first phase of which develops in parallel
with [Ca2+], transients and is missing from the responses of
Ca2+-depleted PMN (Ref. 23 and Fig. 7). These stimuli thus
appear to use [Ca2+], plus a [Ca2+], transient-independent
signal to effect respective early (t = 30 s) and late (t = 90 s)
movements of the enzyme. PAF, although also acting in the
absence of [Ca2+], transients, stimulated monophasic (rather
than biphasic) [3H]PDB binding responses in control, Ca2+-
repleted, and Ca2+-depleted PMN (Figs. 1 and 6). Responses
to PAF therefore may reflect a one-step movement of the
enzyme. However, Ca2+-depleted PMN had slow [3H]PDB
binding responses to PAF (Figs. 7 and 8), suggesting that
[Ca2+]i may act during the early portions of PAF-induced
responses.We emphasize nevertheless that biphasic [3H]PDB
binding may be artifactual (23). Accordingly, we interpret the
data conservatively. They clearly indicate that PAF, fMLP,
and LTB< can by-pass [Ca2+], to translocate protein kinase C.
[Ca2+]i rises, when present, may contribute to the actions of
all three agonists, particularly during the first 30 s of cell
stimulation.
In our final set of studies, Ca2+-depleted PMN were prein¬

cubatedwith 1, 3,10, 32, or 100 gM Quin 2. The cells exhibited
decreases in [3H]PDB binding responses to 100 nM PAF (Fig.
8). Several companion studies helped interpret these results.
First, Quin 2-loaded PMN were also hyporesponsive to fMLP
and LTB4 (Table III). Second, exogenously added Ca2+ re¬
versed the Quin 2 effect (Table III). Third, PMN loaded with
31.6 Fura-2/AM or 5,5'-dimethyl-BAPTA/AM were hy¬
poresponsive, whereas cells loaded with 4,4'-difluoro-
BAPTA/AM responded fully (Tables IV and V). Manufac¬
turer-reported Ca2+ affinities (Kd, 20 °C) for Quin 2, Fura-2,
5,5'-dimethyl-BAPTA, and 4,4'-difluoro-BAPTA are 130,
130, 40, and 2400 nM, respectively. Inhibition thus correlated
with each drug's capacity to chelate Ca2+. We conclude that
the humeral agonists require cell Ca2" to stimulate [3H]PDB
binding. Some Ca2+ pool other than fCa2+]i per se (e.g. plas-
malemmal) may regulate partitioning of the enzyme between
the cytosol and membranes, or, alternatively, a signal may
trigger translocation, but require cell Ca2+ to form and/or act.
Changes in plasmalemmal lipids, for instance, may promote
protein kinase C adherence, whereas Ca2+ permits membrane
remodeling to occur or serves to link the kinase with phos¬
pholipid polar head groups (24). Ca2+ chelators thus may
neutralize the signal itself, block signal formation, or interfere
with the signal's effects.
In cell-free systems, micromolar Ca2+ immediately induces

protein kinase C to adhere to membranes (18-20). PMN
translocation of the enzyme, however, occurs at 20-fold lower
[Ca2+]i and, moreover, often follows [Ca2+], peaks (Fig. 3, left).
The [Ca2+]i-independent signal detected in our studies seems
better able to explain these "[Ca2+]j-induced" translocations.
A similar conclusion pertains to the responses of Ca2+-de-
pleted cells, the actions of stimuli that do not raise
[Ca2+]i, and the primed state. This signal then may be a major
effector ofprotein kinase C movements undermost conditions
of cell stimulation.
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Supplementary Materiel to
Stimulation and Priming of Protein Kinase C Translocation by ■ Ca2* Transient-lndapendant Mechanism:
Studies tn Human Neutrophils Challenged with Platelet-Activating Factor and Other Receptor Agonists

by Joseph T. O'Fleherty, Jimmy F. Redman, David P. Jacobson, and Adrtano G. Rossi

MATERIALS AND MCTMOOS

■ and buffers We prepared PAF, PAF analogs, and LTB4 (7,25,26) and purchased f'HlPOB (19.1
Cl/mmoi; Oupont-New England Nuclear); PDB, dloctanoylglycsrol, dellpldsted BSA (Sigma); IMLP (Peninsula
Labs, Sen Carlos, Ca); intracellular Ca2* chelators (Molecular Probes, Eugene,OR); MSjSO and EOTA (Fisher);
and silicons oil (GE Corp., Waterford, NY). WEB 2086 was donated by Boshringer Ingeihetoi, Ridgeftsld CT.
PAF, Its analogs, LTB4, and fMLP were suspended In buffer containing 2.5 mg/ml BSA; fHlPOO and PDB ware
dissolved to sthanol; and chelators of Intracellular Ca** were taken up In Me2SO. Concentrations of BSA,
ethanoL and MSjSO with PMN were respectively 62.5 win*, 0.5*. and 4 0.6%. WEB 2066 was dissolved tn
water. Our buffer was s Mga*-frss Hanks' balanced salt solution containing 0-5 mM Ca2* (5).

Leukocyts preparations (> 95% PMN, < 8 platelets/100 PMN, end no erythrocytes) were
isolated from human blood (6) and suspended (2.5-5 x 10* cells/ml) In buffer (1.4 mM Ca2*) for 15 mln at 37
•C. The suspensions (1 ml) were treated with 125 pM ^HJPDB for 5 mln, stimulated for 5 e-16.8 mln, layered
over silicone oil (400 J), and centrifuged (12,000q; k 1 mln; 24 *C) to obtain supernatae and pellets which wars
separately counted for radtoeclMtv (23). Resutte are expressed as the Increase In the fraction or percentage
of total radio!sbeI bound by 5 x 10* PMN/ml, I.e., the amount of label bound by ngoniet-etimutsted PMN minus
that bound by tandemty studied, BSA-stlmuiated PMN. Binding was > 05% specific, aa lodged m companion
experiments Incubating PMN wtth 125 pM [TfJPDB plus 10 pM PDB. Sealchard analyses used the UGANO
program (23) on data from PMN Incubated with 0.25,1,4,15,64, 256, and 10,000 nM of labeled plus unlabeled
PDB in 1 ml of buffer.

PtrtiWOn qHMer 1-6 x 107 PMN/ml were incubated in buffer containing 1 uM EOTA at
37 -C for 30 mln; twice washed and euspmded (2.5-6 x 108/ml) In this buffer, end incubated for 20 min with 0
(Ca2 -depleted PMN) or 1.4 mM Ca2* (Ca2*-rep|etsd PMN). Quto 2 AM, Furo-2 AM, 5,5'-dknethyi BAPTA AM,
and 4,4'-dffluoro BAPTA AM were added at the beginning of 30 mln Incubations, ee Indicated. To quantitste
Intracellular Fura-2 and Qikn 2, cede were lysed with 0.2% Triton X-100 in Hanks' buffer (5 mM Ca2*) end the
lysatas' fluorescent sbeorbertcles (Qutn 2 excitation 339 nm, emission 492 nm; Fura-2 excitation 390 nm,
amission 510 nm) wars compared to standards of Quln 2 free add and Fura-2 pentapotassium sail taken up In
Hanks' buffer (5 mM Ca2*).

T'MW*glja PMN (10T/ml) were Incubated wtth 1 M Fura-2 AM In Ca2*-free buffer (1 J4 EGTA) for 30
mln at 37 •C, twlca washed In this buffer, Incubated (10f/ml) with 0 or 1.4 mM Ca2+ for 15 min, exposed to 125
pM PDB for 5 mto, and challenged (37 *C). The suspensions were monitored with an Amlnoo-eowman
apectrophotofluorometer; [Ca3 j( was quantlteted by comparison to Caa*-EOTA standard aolutlone (7).

QgM MbdteB We assayed lactic acid dehydrogenase and trypan blue dye exclusion (10). None of the
oTpMN^ cood",°h* "••d here caused PMN to release lactate dehydrogenase or take up trypan blue (< 2%

rSRPPB fltodm PMN Incubated wtth 128 pM ('HJPOB took up radtoiebel progressively fori mln, after which
apparent equMbrkim (percentage bound - 16.7 per 5 x 10* ceils; SEM * 0.7; N *12) occurred- Equilibrium
uptake reversed by > 95% within 2 mln of exposure to 10 pM PDB; was 0.5-5% In PMN preheated wtth 10 pM
PDB. 100 pM dkictanoytgfycsrof, or 30 pM sphfnganfne; rasa to 23.6% (t 2.1) after a 4 mln challenge PMN
with 1 nM ionomydn; and was 15.6% (t 1.1) In PMN depleted of Ca2* (23). Ugand bound to 160,000 (± 20,000;
N z 7), 120,000 (t 14,000), and 230,000 (i 12.000) eltaa/ceU, raapactfvsly, in control, Ca2*-depleted, and
lonomycto-treeted PMN whereea disrupted PMN had -900,000 phortool ttteeter bindtog shea (23). Thus,
fHlPOB binds rapidly, aaturabfy, end reveraibly to kf receptor, protein kinase C, In PMN. Binding Is eenattWe
to (Ce2*). end ephlngenlne. In cell-free systems, Ca2* and aphtogantoe promote and Inhibit, respectively, the
binding of protein kinase C to phoephokpkFlncorporaled PDB (4,16.19,27-30). Our results therefore suggest
that rHJPDB binds with a plaemalemma associated fraction of cellular protein kinase C. (Ca 1| Influences
binding by altering the fraction of membrane-adherent enzyme.

PAFPrtmkm We evaluated the priming actions of PAF by Incubating [^H]POB-equUBxated PMN wtth B8A or 100
nM PAF for 5 mm and then challenging the cells wtth BSA or a stimulus (100 nM). Cells treated wtth BSA
sequentially dW not alter pH]PDB binding whereas BSA-pretrsated PMN had normal responses to fMLP and
PAF (Flo 3, panels on left). Contrastingly, PAF-treated PMN doubled their response to fMLP (Fig 3, upper right
panel) but responded minimally to PAF (Fig 3, lower right panel). PAF thue enhanced the effects of fMLP while
desensitizing those of PAF. Enhanced responses occurred In PMN treated wtth 1-100 nM PAF for 5 mln (Fig
4) or with 1-100 nM PAF for 5-40 mln (Fig 5) end then challenged wtth 0.1-100 nM fMLP. tt also occurred in
Ce2+-dapiated PMN (Fig 7). Finally, PMN treated with 100 nM PAF for 5 min had PDB bindtog alts numbers
etoiler to control PMN. When the cells were exposed to 100 nM FMLP, PDB binding sites rose and this rise
exceeded that achieved by fMLP stimulation ol BSA-treeted PMN (Table II). These results parallel those
established for PAF-Induced priming of function. For example, PAF enhances fMLP-Induce superoxide anion
formation; the actions of fMLP are optimal to PMN treated wtth PAF for 5-10 mln but decline In ceils treated wtth
PAF for > 20 mln (11-14). Fig 6 shows similar relatione for enhancement of pflPOB binding. We qondude that
PAF primes PMN for protein kinase C translocation responses to fMLP; priming can occur by a Ca2* trsnaieot-
Ind^pandent mechanism; end these effects correlate wtth the priming of PMN function.
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1- Effects of PAF on PMN bindtog of [*H]POB. PMN (5 x 10*/ml) were Incubated with 125 pM [ H]PDB
j°r 5 fin and challenged with 0.1-100 nM PAF (solid lines) or BSA (Interrupted line). Results are the mean |iSEM; NtS) fraction of total label bound per 5 x 10* PMN.
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Figure 2. Effects of PAF on the receptor binding of f^JPDB to Ca2*-repleted and Ca2*-depleted. PMN (2.8
x 10°/mI) were treated with BSA (solid line#) or 100 nM PAF (Interrupted Hnee) for IS e end incubated wtth 0.23,
1, 4,16, 64, and 286 nM labeled plue unlabeled PDB for 76 a. Data were corrected for the amount of label
bound by kfenbcatty treated PMN Incubated with 10.000 nM POfl plue 125 pM f^POB for 78 a.
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Figures. Effecta of sequential stimulation on PMN blndfeg of f^tJPDB. PMN (2.5 x 10^/mi) were Incubated wth
128 pM rM]POe for 8 mla Alt - 0 min, the ceiie were chaMenged wtth BSA (leftpanda) or 10 nM PAF (rigW
penela) and at t - 8 min cheflenged with 100 nM fMLP (upper panels, solid Hnee), 100 nM PAF (tower panels,
solid Nnaa), or BSA (Interrupted Uraee). Data are the mean (« SEM; Nil) InoiaseM (compared to PMN treated
with buffer only) In the fraction of label bound by 6 x 106 PMN at the Indicated time after the InWal challenge.

♦.o a.9

Figure 4. Effects of PAF crabeatinent on f'HjPOB blndtog reepnneee to fMLP In PMN. PMN (2.6*10%*)"
Incubated with 128 pM [TflPDB for 8 min, treated wtth BSA (La., 0 nM PAF) or 1-100 nM PAF for 8 min; am
t ■ 0 challenged with 100 nM fMLP (solid " ~
Increaae (compared to PMN treated with
Indicated time after the fMLP challenge.

t ■ 0 challenged with 100 nM fMLP (eoHd lines) or B8A (Interrupted Hnee). Data are the maan (< SEM; N»7)
Increase (compared to PMN treated with buffer only) In the fraction of label bound by 5 x 10* PMN at the

Figure 5. Effecta of various PAF pretieateiei* Intervale on [^POB binding responses to 1MIP In PMN. PMN
GL5 x 10*/m0 were Incubated wtth 128 pM rH]PO0 for S into, treated wtth BSA (open bere) or 100 nM PAF
(ehacfed bare) for 8-40 min; and than challenged wtth 100 nM fMLP. Date are the awan (» MM; N * 10)
Increase (compared to PMN treated with buffer only) In the Paction of label bound by 8 x 1CT PMN M V»
IrxHcated time after the IMLF or BSA challenge.
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Figure 6. Effects of PAF on (^qpOB btndtog (upper panels) and [Cs2*), (lower pontes) In Ca2*.repleted (toft

te) and Ca2*-depleted (right panala) PMN. rH)POB btodng atudtea were conducted as In Fig 1 and are
reported ee (he Inneeae (compared to BSA stimulated control PMN) In the fraction of total label bound at Via
Indicated tens after ebmutetion wtth 100 nM PAF. For {Ca*+)( studies, PMN were loaded wtth 1 J* Fure-2 AM
In buffer containing 1 iM EOTA-waahed twtoe and suspandsd (10T ceite/ml) In thte buffer; Innhated wtth 1.4
mM (Ca2*-repteted) or no (Ca^-deptotad) Cs2* for 18 min; Incubated wtth 128 pM PDB tor 6 min; and
challenged wtth 100 nM PAF. Date are reported ee nM [Ce2*], at the Indicated time after challenge. AH iseulte
are the means (» SEM) for » 8 experiments.

EFFECT OF PAF PRETREATMENT ON [3H]PDB BINDING RESPONSES TO fULP
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Figure 7. Effects of PAF pretreatment on (*H]P0B binding responses to fMLP In Ca^-depleted FMfi Ca2*-
depleted PMN (2.8 x 10"/mf) were suspended In buffer with 1 uM EQTA for 16 min; Incubated wtth 128 pM
rH]PDB for 8 min; treated with BSA (Interrupted Hne) or 100 nM (eoltd line) PAF for 6 min; and at t - 0
challenged wtth 100 nM fMLP. Data are the mean (± SEM; N t 8) Increase (compared to PMN treated wtth
buffer only) In the fraction of label bound by 8 x 10* PMN at the Indicated time after fMLP challenge.

Figures. Effects of Quln 2 on PAF-lnduced [^HJPDB binding response*. PMN (107/mi) were incubated wtth the
Indicated amounts of Quln 2 AM or Mej80 (I.e., 0 Quln 2) for 30 min In buffer containing 1 /M EQTA; twice
washed and reeuapended (2.5 x 10®/ml) In EOTA-contalnlng buffer; Incubated with 128 pM [sN]P0B for 8 min;
and challenged with 100 nM PAF. ffeuulte are the mean (« SEM, N * 6) Increase (oompared to B8A-edmulated
PMN) In lha fraction of label bound by 8 x 10* PMN at 8w Indicated time after cheHenge. PMN Incubated with
1, 3,10, 32. and 100 mM Quln 2 contained 0.1 (8EM - 0.01, N»f), 0.4 (t 0.04), 1.1 (* 0.04), 2.7 (± 0.09), and
4.0 (± 0.8) rwtolas Quirt 2/107 PMN, respectively. Assuming the dye equfllbrstee In the 3.5 *2 of watec/107 PMN
(16), cytoeottc Ouln 2 ooncentrattone were 0.03, 0.1, 0.3, 0.6, and 1.1 mM.



Cell Ca2+ and Protein Kinase C Translocation 21623

TM*e 1

Effect* of PAF analog* and WEB 2099 on PNIN binding of [Hi]POB1
time (mln)

M 1 1.5

PAF 4.7 (1.5)2 73 (1.5) 73 (13)
PAF + WEB20MI Zt (1.2) Z0 (1.7) 3.7 (1.3)
IMLP 13(13) Z0 (1.8) 4.0 (1.4)
IMLP ♦ WEB 20119 Z1 (1.4) 2.9 (0.9) 3.9 (1.4)
19-2 PAF 7.9(1.7) 5.7(13) 4.4(1.5)
CPAF 93 (13) 4.0 (13) 23(1.5)
lyao-PAF 13(1.1) •0.1 (1.0) 3.1 (0.1)

123 x 10* PMN m 1 ml of buffer war* Incubated wtth 129 pM [HfJPOB tor 5 mki end then challenged with 100
nM of the Indteetsd stimulus. WEB 2099 (1 JA) wee added to PMN auepenaion* 20 mln before challenge. By
Iteelf. WEB 2086 dU not alter [Hf]POB binding.
Hltaen mtreses In the percentage of total rwflotebel bound (. 8EM; N »•) at the tndfcated tfcne after challenge
per 8 x 10® PMN. AH value* are corrected for the binding of label to PMN that were unetlmutated (I.e., B8A-
challenged) but otherwise identically treated.

Table IV

Effect* of Fure-2 on etlmulue-lnduced change* in [HflPDB binding to C#2*-depleted PMN1
fWP-Z AM iPOOCtffiflttW). ftltt (n*i)

2_uM LuM SULuM
iMa BxS i fiji 3 1

PAF 6J (0.6)2 5.8 (1.0) 7.1(1.1) 5.3 (0J) 3-1* (1.2) 3-2-(t.2)
LTB, 5.3(0.5) 4.7 (0.8) 5.2 (0.7) 4.4(13) 1.5* (1.0) Z2* (0.5)
IMLP 4.0(0.9) 43(1.0) 4.9(13) 4.0(0.9) 03" (0.9) 0.8* (1.5)

1PMN at 5 x 107/ml were Incubated with 0 or 31.6 JA Fura-2 AM In buffer (1 J* EOTA) for 30 mln (37 *C);
washed twice and reeuependad (5 x 10®/ml) In buffer (1 EQTA); Incubated for 15 mln (37 *C); treated with
125 pM rnjPDB for 5 mln; and challenged with 100 nM of the indicated stimulus. Alternatively, PMN were
suspended at 107/ml; Incubated with 10 uM Furs AM; and proceeead further as just Indicated. PMN Incubated
jrtthl and 31.6 Fura-2 AM contained 0.7 (* 0.05) and 43 (± 0.3) rvnolaa of Fura-2 per 10T cell#, respectively.
Hasan increase In the percentage of total radioiabei bound (. SEM; N x7) by 5 x 10 PMN at the Indicated time
after challenge. All value* were corrected for the binding of label to PMN that were unstimulated (1.*., B8A-
challenged) but otherwise Identically treated.
'Indicates values etgnfflcently lower (p<0.01, Students paired Meet) than corresponding values In cells not
Incubated with Fura-2 AM.

PDB racepior binding parameter* In variabty stimulated PMN1

R,txl0*l K,fxlO'M! KjhioHiO
BSA/B8A 190 (12) 9.0 (0.4) 1.7
BSA/PAF 280(39) 5.9 (0.4) 13

PAF/B8A 170 (32) 5.6 (1.0) 13

B8A/TMLP 230(25) 7.7 (13) 13

PAF/IVLP 290(24) 43 (0.7) Z1

123 x 10® PMN In 1 ml of buffer were Incubated with B8A or 100 nM PAF for 5 min; challenged with B8A, 100
nM PAF, or loo nMfMLP for 15 eec; end than treated wfth 125 pM [HflPOB plus PDB for 1V4 mln. Final labeled
oka* unlabeled POB utmost itiaUons were 035,1,4,18, 54, 245, and 10,000 nM.
rtecaptor numbers/PMN, association constants, and dissociation oonatants for >5expertmerte, as determined
with the UOANO program. Values In parenthsees are standard errors of the mean.

Effects of BAPTA analog* on ettmulua Induced changes In
[HflPDB binding to Ce2+-d*piet*d PMN1

4.4'-dWuoro BAPTA E.g'-fflfPfW BAPTA

PAF
LTB.
FMLP

4.7 (0.9)2
3.4 (0.7)
4.0 (13)

43(03)
3.7 (1.1)
33 (03)

03 (1.3)
•0.1 (03)
3.7 (1.4)

15 x 107 PMN/ml ware Incubated with Me^SO, 313 J* 4,4'-dMuoro BAPTA AM, or 31.6 iH 5,5'-<*m*thy1 BAPTA
AM plus 1 iU EOTA tor 30 min at 37 *C; washed twice and reeuspended (23 x 1<r/mt) In buffer (1 >J4 EQTA);
Incubated for 15 mln at 37 *C; treated with 125 pM (HqPOB lor 5 mln; end challanged wfth 100 nM of the
Indicated stimulus.
Hfleen Increase In the percentage of total redloiebei bound (± SEM; N »11) el 1 min after chartenoe per 6 * 10®
PMN. All values are corrected for the binding of label to PMN thatwere unallmulated (La., BSA-chelienged) but
otherwise Identically treated.

Effects of Quln 2 on the

Ca*»: stknutue 03

Cas+-dept#ted
PAF

Si
Ca2+-repi*ted
PAF

St

In 2 on the stimulus-induced
to Car -depleted and Ca2*-

Quln 2 (concentration) time after
.. .fltiM

In [*H]PDB MncSng

43 (0.7)2
4.1 (ao)
3.0 (1.1)

7.1 (13)
•3(13)
43 (1.5)

3.5(0.8)
Z9 (0.8)
33 (1.1)

33(13)
4-8 (1-1)
43(13)

2.8(1.1)
23(03)
1.9 (0.9)

8.1 (1.5)
33 (1.3)
33(1.7)

13(03)
-1.0(23)
-03(33)

13(1-0)
03(2.7)
03 (33)

1.9(0.9)
03(2.0)
33 (1.9)

4.7 (1.3) 63 (0.7) 73 (1.1)
33 (23) 43 (23) 43 (3.0)
83 (1.1) 83 (1.7) 1.7 (23)

123 x 10* PMN war* brcubatsd wfth 1 tM EQTA « 313 /M Quln 2 AM In Ca^-fre* buffer for 30 mln at 37 °C;
twice washed and reauapandad (2.8 x 10*/ml) In Ca**-free buffer oonfainlng 1 EQTA; Incubated with 0
(Ca2*-depleted) or 1.4 (Ca^-repleted) mM Ca2* for 15 rrtn at 37 *C; treated with 125 pM [*H]PDB for 5 mln;
end chaAenged with 100 nM of the mdkaled eOmulue.
Htean (± SEM; N *7) Increase In toe percentage of total radioiabei bound by 5 x 10* PMN at the Indfcated time
after challenge. AH values are corrected for the amount of radioiabei bound by PMN that ware unettmulated
(I.e., BSA-challenged) but otherwise Identically treated.
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Roles of Ca2+ in human neutrophil responses to receptor agonists
Joseph T. O'FLAHERTY,* Adriano G. ROSSI,f David P. JACOBSON and Jimmy F. REDMAN
Wake Forest University Medical Center, Department of Medicine, Section on Infectious Diseases, Winston-Salem,
NC 27103, U.S.A.

Previous studies have concluded that cytosolic Ca!+ ([Ca2+],) transients are essential for neutrophils (PMN) to degranulate
and make superoxide anion when challenged with the receptor agonists (V-formyl-methionyl-leucyl-phenylalanine,
platelet-activating factor and leukotriene B4. This view is based on the profound unresponsiveness ofPMN that have their
[Ca2+]j fixed at resting levels by removing storage Ca2+ and loading the cells with > 20 /tm of a Ca2+ chelator, quin2 AM.
We too observed this unresponsive state in PMN loaded with 10-32/tm-quin2 AM, fura-2 AM or l,2-bis-(2-
aminophenoxyJethane-AWW'-tetra-acetic acid (BAPTA). When loaded with < 1 /tm fura-2 AM, however, Ca2+-
depleted PMN failed to alter [Ca2+], appreciably, yet still had substantial degranulation and superoxide-anion-generating
responses to the receptor agonists. Function thus did not require [Ca2+], transients. Moreover, Ca2+-depleted PMN had
20-35% decreases in receptor numbers for each of the three agonists, and chelator loading of these cells decreased
receptor availability by 30-50%. All receptor losses were reversed by incubating PMN with Ca2+ at 37 °C, but not at 4 °C,
and agonist binding at 4 °C was not influenced by the presence or absence of extracellular Ca2+. Ca2+ thus caused PMN
to up-regulate their agonist receptors at 37 °C, and the effect persisted at 4 °C regardless of ambient Ca2+. We conclude
that Ca2+ acts in at least three ways to regulate responses to receptor agonists. First, some pool of (probably cellular) Ca2+
maintains receptor expression. Second, [Ca2+], transients potentiate, but are not required for, function. The [Ca2+], pool
may or may not be the same as that influencing receptors. Finally, another pool(s) of Ca2+ signals or permits responses.
This last pool, rather than [Ca2+], transients, appears essential for the bioactions of standard Ca2+-mobilizing stimuli.

INTRODUCTION

Calcium plays a poorly understood role in cellular responses
[1,2]. Studies with human polymorphonuclear neutrophils
(PMN) exemplify the current situation. PMN contribute to host
defences by releasing granule-bound microbiocidal enzymes and
superoxide anion (02~). Agents stimulating these responses
commonly cause PMN to mobilize storage Ca2+, take up
extracellular Ca2+, and thereby increase the concentration of
cytosolic Ca2+ ([Ca2+],) [3-23]. Moreover, PMN in which [Ca2+],
is driven to high levels by artificial means (e.g. with Ca2+
ionophores, or, in permeabilized cells, high levels of ambient
Ca2+) promptly degranulate and make 02 [3,12,13,15,24-27].
Finally, [Ca2+],-blocked PMN do not respond to Ca2+-mobilizing
agonists [3-7,9-15,17-24]. On the other hand, some agents
activate PMN without altering [Ca2+], [3,5,6,8,9,12,20,21,23];
some Ca2+-mobilizing agonists elicit function independently of
[Ca2+], in PMN primed with other stimuli [3,9,11,24]; and some
agents elevate [Ca2+]„ but do not further stimulate PMN [28,29].
The consensus is therefore that PMN have [Ca2+],-transient-
independent as well as [Ca2+],-transient-dependent response-
eliciting pathways, and [Ca2+], rises are necessary, although not
sufficient, for the degranulating and 02~-generating actions of
standard receptor agonists such as (V-formylmethionyl-leucyl-
phenylalanine (fMLP), platelet-activating factor (PAF) and
leukotriene B4 (LTB4) [3-12,14-23,25-29], However, this last
conclusion rests on the complete unresponsiveness of [Ca2+],-
blocked PMN, i.e. cells that are suspended in Ca2+-free media,
stripped ofcalcium by Ca2+ ionophores and/ormillimolar EGTA
treatments, and loaded with large amounts of Ca2+ chelators.
Such PMN may be deprived of other Ca2+ pools needed for

assembly ofcomplex responses. We show here that PMN depleted
of Ca2+ by gentler methods (e.g. incubation with 1 //m-EGTA)
and loaded with small amounts of a different intracellular
chelator, fura-2 AM, are unable to alter [Ca2+], appreciably, yet
mount prominent exocytotic and oxidative-metabolism responses
to fMLP, PAF and LTB4. Moreover, these PMN had decreased
numbers of receptors for each of the three agonists. Ca2+ thus
regulates receptor availability in PMN, and this effect may
contribute to depressing cell responses. In any event, Ca2+ acts at
various sites in the PMN response mechanism, and the unrespon¬
siveness of [Ca2+],-blocked PMN cannot be ascribed simply to
the absence of [Ca2+], transients.

EXPERIMENTAL

Materials

We prepared [3H]PAF (56 Ci/mol) and LTB4 [30,31], and
purchased the following: [3H]LTB4 (180Ci/mmol) and [3H]-
fMLP (53.6 Ci/mmol) (DuPont-New England Nuclear, Boston,
MA, U.S.A.); PAF (Bachem Biosciences, Philadelphia, PA,
U.S.A.); 1MLP (Peninsula Laboratories, San Carlos, CA,
U.S.A.); fura-2 AM, quin2 AM, l,2-bis-(2-aminophenoxy)-
ethane-VAW'W-tetra-acetic acid (BAPTA) and fura-2 and quin2
pentapotassium salts (Molecular Probes, Junction City, OR,
U.S.A.); fatty acid-free type II BSA, cytochalasin B (CB)
and type IV cytochrome c (Sigma Chemical Co., St. Louis, MO,
U.S.A.); superoxide dismutase (SOD) (Diagnostic Data, Moun¬
tain View, CA, U.S.A.); silicone oil (General Electric, Waterford,
NY, U.S.A.); and Ready Safe scintillation fluid (Beckman
Instruments, Fullerton, CA, U.S.A.). Ourmodified Hanks' buffer
contained 154mm-NaCl, 0.75 mm-Na2HP04, 5.4mm-KCl,

Abbreviations used: [Ca2+],, cytosol free Ca2+ concentration; PMN, polymorphonuclear neutrophilic leucocytes; fMLP, /V-formylmethionyl-leucyl-
phenylalanine; PAF, platelet-activating factor (1 -0-hexadecyl-2-acetyl-rn-glycero-3-phosphocholine); LTB4, leukotriene B4; BAPTA, l,2-bis-(2-
aminophenoxyJethane-JVAW'iV'-tetra-acetic acid; CB, cytochalasin B; 02~, superoxide anion; SOD, superoxide dismutase.
* To whom correspondence should be addressed.
t Present address: Department of Applied Pharmacology, University of London, National Heart and Lung Institute, Dovehouse Street, London

SW3 6LY, U.K.
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0.74 mM-KH2P04, 25 mM-Tris and 1 /tM-EGTA (pH 7.4). CaCl2
was added to this buffer where indicated. Agonists and 3H-
labelled ligands were taken up in Hanks' buffer supplemented
with BSA (2.5 mg/ml) and added to PMN suspensions so that
the final BSA concentration was 125 /rg/ml.

Methods

Normal human donor blood was drawn into syringes con¬
taining EDTA (10 mM) plus heparin (10 units/ml), diluted with
equal volumes of Ca2+-free normal saline, and centrifuged over
Ficoll/Hypaque discontinuous gradients [30]. The isolated gran¬
ulocyte layer was twice exposed to hypo-osmotic medium
(24 ml of 0.1 % NaCl; 25 s each; 4 °C) and washed in Ca2+-free
normal saline to obtain a final preparation of > 95 % PMN, < 5
platelets per 100 PMN, and no erythrocytes. Then 5 x 10' PMN
were incubated in our standard Ca2+-free EGTA (1 /^-con¬
taining Hanks' buffer at 37 °C for 30 min. Where indicated, fura-
2 AM, quin2 AM or BAPTA was added at the start of this
incubation. PMN were then washed twice in this buffer (4 °C)
and processed further as needed in each individual assay. As
determined with fura-2 (pentapotassium salt), our (1 /tM-EGTA-
containing) Hanks' solution had < 17 nM-Ca2'.

Bioassays
For degranulation, 1.3 x 10s PMN in 0.5 ml of Hanks' buffer

were incubated with 0 or 1.4mM-Ca2+ for 16-18 min (37 °C),
treated with 2.5 //g of CB for 2-4 min, challenged for 5 min,
placed on ice, and centrifuged (200g; 5 min; 4°C). Isolated
supernatants were assayed for lysozyme, /^-glucuronidase and
lactate dehydrogenase [30]. Results are reported as net enzyme
release, i.e. the percentage of total cellular enzyme released by
stimulated PMN minus that released by BSA-treated PMN.
None of the stimuli or chelators caused net release of the cytosol
marker, lactate dehydrogenase. Net lysozyme and ^-glucur¬
onidase release therefore represented degranulation rather than
cell lysis.
For 02~, 107 PMN in 1 ml of buffer were incubated with 0 or

1.4 mM-Ca2+ for 16-18 min (37 °C), treated with 5 fig of CB for
2-4 min, and challenged for 10 min in the presence of 50 nmol of
cytochrome c with or without 50 /tg of SOD. Differences in A6t0
between stimulated PMN suspensions containing 0 or 50 /tg of
SOD were monitored with a split-beam U 2000 Hitachi spectro¬
photometer. Results are given as the maximal rate (nmol/min) of
SOD-inhibitable 02 formation after challenge, assuming amolar
absorption coefficient of 21000 for the difference between
oxidized and reduced cytochrome c.
For Ca2+ transients, fura-2 AM-preloaded PMN (107) in 1 ml

of buffer were incubated with 0 or 1.4 mM-Ca2+ for 16-18 min
(37 °C), treated with 5 /tg of CB for 2-4 min, and challenged for
2.5 min. Suspensions were alternatively excited at 340 and 380 nm
and monitored at 510 nm [30], [Ca2+], was estimated by com¬
parisons with standard Ca2+/EGTA/fura-2 (pentapotassium
salt) solutions. To determine cell content of fura-2 and quin2,
chelator-loaded PMN suspensions were treated with 0.1 % Triton
X-100 plus 5 mM-Ca2+ and assayed for intensity of fluorescence
(fura-2 : 340 nm excitation, 510 nm emission; quin2: 339 nm
excitation, 492 nm emission). Results were compared with stan¬
dard solutions of fura-2 and quin2 pentapotassium salts in
Hanks' buffer (5 mM-Ca2+).

Ligand binding
For this, 107 PMN in 1 ml of buffer were incubated with 0 or

1.4 mMrCa2* for 20 min, diluted with 8 vol. of 4 °C buffer (Ca2+
concn. as in the original incubation), centrifuged (400 g; 4 min;
4 °C); and resuspended in 4 °C buffer (Ca2+ as in the original
incubation). All binding was done at 4 °C. Either 2.5 x 10" (for

LTB4) or 5 x 106 PMN (for PAF or fMLP) were incubated for
40 min (for LTB4) or 60 min (for PAF or FMLP) in 1 ml of
buffer containing 10 pM-[3H]LTB4 with or without 100 nM-LTB4,
10 pM-[3H]PAF with or without 100 nM-PAF, or 63.2 pM-[3H]-
fMLP with or without 6.32 /tM-fMLP. Suspensions were centri¬
fuged (12000 g; 1 min; 4 °C) through 400 /tl of silicone oil and
separated into pelleted material and supernatant fluids. Pellets
and 200 /tl samples of supernates were incubated with 0.5 ml of
methanol for 10 min, mixed with 2 ml of Ready Safe scintillant,
and counted for 3H radioactivity. LTB4 and PAF specific binding
under these conditions had reached equilibrium, and was fully
reversible and readily saturated [30,31]. We found that the
binding of 63.2 pM-[3H]fMLP reached apparent equilibrium
within 60 min. Equilibrium binding was proportional to PMN
cell counts between 10* and 4 x 107 cells/ml, reversed by > 95%
within 90 min of adding 6.32 /tM-fMLP, and saturated with
increasing amounts of fMLP. Scatchard analyses used the
LIGAND program and data from PMN incubated with |-log
incrementally increasing concentrations of [3H]fMLP + fMLP
(63.2 pM-6.32 fiM), [3H]PAF+ PAF (10 pM-100 nM plus 200 nM),
and [3H]LTB4 + LTB4 (10pM-l /tM).

RESULTS

Ca2+ transients

PMN were loaded with 1 /tM-fura-2 AM in our Ca2+-free
medium ([EGTA] = 1 /<m), washed twice and resuspended in this

1 /iM -fura-2
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Fig. L |Ca2+|, in agonist-stimulated PMN
Cells were loaded with 1 /tM (left panels) or 0.1 /tM (right panels)
fura-2 AM in Ca2+-free buffer, washed twice and resuspended (107
cells/ml) in this buffer, incubated with 0 (broken lines) or 1.4 mm-
(continuous lines) Ca2* for 16-18 min, treated with 5 /tg of CB/ml
for 2-4 min, and challenged with 1 /rM-fMLP, -PAF or -LTB4. Note
the different ordinate scale for the upper right panel. Data are means
(±s.e.m. where included) for 5-7 experiments.
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Fig. 2. Effects on Ca2+ of PMN degranulation (lysozyme release, left

panels; /^-glucuronidase release, right panels) responses
Cells were loaded with 0 or 32 /tM-quin2AM (final concn. 2 nmol/107
PMN) in Ca2+-free buffer, washed twice and resuspended (2.5 x 10"
cells/ml) in this buffer, incubated with 0 (Ca2+-depleted or quin2-
loaded) or 1.4 mM- (Ca2+-repleted) Ca2+ for 16-18 min, treated with
5 /tg of CB/ml for 2-4 min, and challenged with the indicated
stimuli. The responses of quin2-loaded PMN were fully restored to
levels of Ca2+-repleted PMN by a 20 min incubation with 1.4 mM-
Ca2+ (results not shown). Note the different ordinate scale for each
panel. Data aremeans (± s.e.m. where included) for 7-9 experiments.
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Concn. (nM)

100

Fig. 3. Effects of Ca2+ on PMN Ot -generation responses

Ca*+-repleted, Ca!+-depleted and quin2-loaded PMN were prepared
as described in Fig. 2 legend. Cells were incubated with 5 /tg of
CB/ml for 2-4 min and challenged with the indicated stimuli. The
responses of quin2-loaded Ca2+-depleted PMN were fully restored
to the levels of Ca,+-repleted PMN by a 20 min incubation with
1.4mm-Ca2+ (results not shown). Data are means (± s.e.m. where
included) for 7-10 experiments.

Table 1. Effects of Ca24 on 02 release by stimulated PMN

PMN were loaded with 32/tM-quin2 AM, 32/tM-fura-2 AM or
10 /iM-BAPTA, washed twice, incubated with 0 or 1.4 mM-Ca2+ for
16-18 min, treated with CB for 2-4 min, and challenged with 1 /»M-
fMLP, 1 /tM-PAF or 100 nM-LTB4. Results are given as the maximal
rate (nmol/min per 10' PMN) of 02 release, as means±s.E.M. for
3 4 experiments.

Chelator

Stimulus, Ca2+ None Quin2 Fura-2 BAPTA

fMLP, +Ca2+ 22.4 ±4.8 22.4 + 6.8 18.6 + 3.7 26.6+2.1
fMLP, —Ca2+ 7.7±1.9 0 0.3 ±0.2 0
PAF, + Ca2+ 22.7 + 7.3 15.3 ± 5.7 14.4+ 6.6 24.6+ 2.9
PAF, —Ca2+ 12.6+ 3.1 0 0 0

LTB4, +Ca2+ 7.0 ±2.2 6.1 ±0.9 7.4+ 2.1 6.8+1.3

LTB„ —Ca2+ 1.8 ±0.9 0 0 0

Table 2. Effects of Ca2+ on lysozyme release by stimulated PMN

PMN were loaded with 32 /tM-quin2 AM, 32 /tM-fura-2 AM or
10 /iM-BAPTA, washed twice, incubated with 0 or 1.4 mM-Ca2+ for
16-18 min, treated with CB for 2-4 min, and challenged with 316 nM-
fMLP, 200 nM-PAF or 100 nM-LTB4. Results are given as net
lysozyme release (%), as means±s.E.M. for 3-8 experiments. Net /?-
glucuronidase release was similarly effected by Ca2+ and the
chelators.

Chelator

Stimulus, Ca2+ None Quin2 Fura-2 BAPTA

fMLP, + Ca2+
fMLP, —Ca2+
PAF, +Ca2+
PAF, — Ca2+
LTB„ +Ca2+
LTB„ —Cat+

49.8 ±8.1
25.5 ±3.2
43.9±4.3
15.7± 5.5
21.6± 1.9
9.2 ±1.8

55.6 ±8.1
0.0 ±0.8
4I.0±9.6
3.3 ±2.1
17.2 ±2.0
-0.7 ±1.9

64.3 ±6.7
9.2±3.4
43.2±6.3
4.9±1.9
32.2±2.6
1.6± 1.1

65.8 ±4.8
4.0 ±2.3
46.5±4.8
2.6 ±2.2
24.4 ±2.1
2.4 ±1.1

1000

medium, and incubated for 20 min at 37 °C. After this, 107 cells
contained 700 pmol of fura-2 and had a baseline [Ca2+], of
23 ±5 nM (mean± s.e.m.). [Ca2+], rose minimally (to < 35 nM) in
response to 100 pM-1 /tM of fMLP, PAF or LTB4 (Fig. 1, left-
hand panels, broken lines). Hence these PMN were Ca2+-
depleted. Contrastingly, the same PMN, when incubated for
20 min with 1.4 mM-Ca2+ (37 °C), were Ca2+-repleted; their
resting [Ca2+], was 69± 15 nM, and this rose to > 425 nM within
15 s of challenge with 1 /tM of the receptor agonists (Fig. 1, left-
hand panels, continuous lines). Ca2+-repleted PMN showed
essentially normal dose-response curves over an agonist range of
0.3 nM-1 /tM [32]. The same general results occurred in PMN
loaded with 0.1 /tM-fura-2 AM (80 pmol/107 PMN), except that:
(a) fura-2 fluorescence was difficult to detect and more variable;
(b) [Ca2+], rose to ~ 40-50 nM following stimulation of Ca2+-
depleted PMN with 1 /tM of the agonists; and (c) the responses
of Ca2+-repleted PMN developed somewhat more slowly and
were more sustained (Fig. 1, right-hand panels). Evidently, then,
fura-2 tends to buffer [Ca2+], changes and thereby may help to fix
[Ca2+], at or near to baseline values (see [10]). In any case, Ca2+-
depleted PMN loaded with 3= 0.1 /tM-fura-2 AM exhibit little or
no change in [Ca2+], after fMLP, PAF or LTB4 challenge.

Ca2*-repleted

Ca2*-depleted

A

quin 2-loaded

1000
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0.03 32 0 0.03 1 32 0 0.03

[fura-2] 0*M)

Fig. 4. Effects of fura-2 on PMN degradation (lysozyme release, continuous
lines in upper panels; ^-glucuronidase release, broken lines) and 02
generation (lower panels) responses

PMN were loaded with 0-32/*M-fura-2 AM in Ca2+-free buffer,
washed twice and resuspended (2.6 x 10" cells/ml for degranulation;
10' cells/ml for O," generation) in this buffer, and challenged with
1 /tM-fMLP, -PAF or -LTB,. All responses were restored to the
levels of Ca2f-repleted PMN by a 20 min incubation with 1.4 ibm-
Ca2+ (results not shown). Data are means ±s.e.m. for 5-11 experi¬
ments.

Table 3. Effects of Ca2+ on the specific binding of receptor agonists to
PMN

PMN were loaded (37 °C) with no chelator, 32 /tM-quin2 AM,
32 /iM-fura-2 AM or 10 /iM-BAPTA for 30 min, washed twice (4 °C),
incubated (37 °C) with 0 or 1.4 mM-Ca2+ for 20 min, resuspended in
4 °C buffer containing Ca2' as in the original incubation, and
assayed (4 °C) for the specific binding of the indicated agonist.
Results are given as the percentage of recovered radiolabel specifi¬
cally bound per 5x 10" PMN (means+ s.e.M.; n > 10): "indicates
P < 0.05 compared with the corresponding values for PMN incu¬
bated with no chelator and 1.4mM-Ca2t; ** indicates P < 0.05
compared with the corresponding values for PMN incubated with
no chelator and 0 mM-Ca2+. Statistical significance of differences
was analysed by Student's paired t test.

Agonist

Chelator, Ca2+ fMLP PAF LTB.

None, +Ca2+
None, — Ca2+
Quin2, +Ca2t
Quin2, — Ca2+
Fura-2, +Ca2+
Fura-2, -Ca2+
BAPTA, +Ca2+
BAPTA, — Ca2+

0.55 + 0.05
0.41+0.03*
0.71+0.18
0.40+ 0.04*
0.62+0.06
0.38+ 0.02*
0.48 + 0.06
0.28 + 0.04**

4.8 + 0.5
3.6+ 0.7*
5.1 + 0.7
3.0+ 0.4*
4.4+ 0.6
3.2 + 0.7*
4.9 + 0.4
2.8 + 0.6**

25.0+1.4
20.2+1.1*
26.5 + 1.1
17.1 + 1.5**
26.3+4.8
17.5 + 2.8**
23.3 + 1.6
17.6+1.1**

0.30

-0.15

0.30

0.15

0 0.1 10 1000 0 100 200

Concn. added (nM) Bound (fmol/ml)

Fig. 5. Effects of Ca2+ on PMN binding of LTB,
Cells were loaded with 0 (upper panels) or 10 fiM- (lower panels)
BAPTA in Ca2+-free buffer, resuspended (5 x 10" cells/ml) in this
same buffer, incubated at 37 °C with 1.4 mM- (continuous lines) or
0 (broken lines) Ca2+ for 20 min, centrifuged (400g; 4 min; 4 °C),
resuspended in 4 °C buffer containing 1.4 mM- or 0 Ca2+ as in the
original incubation, and assayed for [2H]LTB, binding (4 °C). Panels
on the left give displacement curves for the binding of 10 pM-1 fiM-
[3H]LTB, plus LTB, (means+ s.e.M.). Panels on the right give
Scatchard plots for high-affinity binding and use data corrected for
non-specific and low-affinity binding with the LIGAND program.
Low-affinity binding parameters did not vary significantly between
the treatment groups. Data are means for 11 experiments.

Functional responses

Relative to Ca2+-repleted PMN, Ca2+-depleted PMN had
30-75% decreases in agonist-induced degranulation and de¬
generation responses. After loading with 32 /iM-fura-2 AM,
32 /tM-quin2 AM or 10 /tM-BAPTA, Ca2+-depleted PMN were
virtually unresponsive to fMLP, PAF and LTB, (Figs. 2 and 3).
Ca2+-repletion of the latter cells reversed all inhibition (Tables 1
and 2). These results agree with studies showing that Ca2+-
depleted chelator-loaded PMN are unresponsive to receptor
agonists [3-24], In further study of this inhibition, however, we
found that Ca2+-depleted PMN loaded with sg 1 /iM-fura-2 AM
had little loss in responsiveness beyond that achieved with Ca2+-
depletion alone (Fig. 4). In particular, Ca2+-depleted PMN loaded
with 0.1-1 /tM-fura-2 AM did not raise [Ca2+], appreciably (Fig.
1), yet released substantial amounts of lysozyme, /^-glucuronidase
and 02~ after treatment with 1 /tM (Fig. 4) or 10—100 nM (results
not shown) of fMLP, PAF and LTB,. The profoundly un¬
responsive state produced by high concentrations of intracellular
Ca2+ chelators thus cannot be fully explained by the blockage
of Ca2+ transients.

Agonist binding
Ca2+-depleted PMN had 20-35% decreases in their specific

binding capacities for [3H]fMLP, [3H]PAF and [3H]LTB,; chel-
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Table 4. Effects of Ca2+ on PAF and LTB4 high-affinity binding to PMN

PMN were Ca2'-depleted and chelator-loaded, washed twice, in¬
cubated with 0 or 1.4 mM-Ca2+ at 37 °C for 20 min, resuspended in
the same buffer at 4 °C, and incubated (4 °C) with various concen¬
trations of the indicated agonist. Results are given as receptor
numbers per cell (RJ and association constants (KJ (+ s.e.M.;
n > 10), as determined by the LIGAND program. LIGAND indi¬
cated that each agonist bound to high- and low-affinity sites under
all conditions (P < 0.05, f-distribution). Results are for high-affinity
binding sites only. Low-affinity binding parameters showed no
significant differences between the treatment groups.

I0"4 x Rt
(receptors/PMN) 10"'xf, (m)

Agonist, chelator + Ca2+ — Ca2+ + Ca2+ 1 Opa
to+

PAF, quin2 0.23 + 0.05 0.13 + 0.03 2.5 + 0.8 3.3 + 1.6

ltb4, none 4.9 + 0.4 4.0 + 0.4 1.8 + 0.3 1.7 + 0.2

ltb4, quin2 5.2 + 0.2 3.8 + 0.6 1.9 + 0.1 1.5 + 0.3
ltb4, fura-2 5.4+ 0.4 3.5 + 0.5 2.0 + 0.2 2.2 + 0.3

ltb4, bapta 5.0+ 0.4 3.8 + 0.6 1.7 + 0.2 1.5 + 0.3

ator loading of these PMN further decreased binding; and
exogenously added Ca2+ reversed all binding defects (Table 3).
Scatchard analyses of binding data for LTB4 (Fig. 5) revealed
that Ca2+-depleted PMN (with or without chelator loading) had
20-50 % fewer high-affinity binding sites than did Ca2+-repleted
PMN (Table 4). The KB for these sites (Table 4) as well as the /?,
and AT, for low-affinity binding (results not shown) did not
exhibit significant differences among the variably processed cells.
Similar changes in high-affinity binding occurred with PAF
(Table 4). Again, low-affinity PAF binding was not altered by
these treatments (results not shown). With fMLP, in contrast,
Ca2+-depletion (with or without chelator loading) produced up
to 50% decreases in the /J, of both high- and low-affinity binding
sites (Table 5). High-affinity fMLP binding, however, was
exceedingly small, highly variable, and therefore not significantly
different in Ca2+-depleted and Ca2+-repleted cells. We conclude
that the depletion of cell Ca2+ or, alternatively, the lack of
extracellular Ca2+ (Ca2+-depleted PMN were necessarily sus¬
pended in Ca2+-free buffer) decreased the number of receptors
available to fMLP, PAF and LTB4.

Temperature-dependency of the Ca2+ effect
For this, 107 PMN (with or without chelator loading) were

incubated at 37 °C for 20 min in 1 ml of buffer containing 1.4 mM
or no Ca2+, then diluted with 8 vol. of4 °C buffer which contained
0 or 1.4 mM-Ca2+ (as in the initial incubation), washed twice and
suspended in 4 °C Ca2+-free buffer; then incubated at 4 °C with

Table 6. Temperature-dependency of the Ca2' effect of agonist binding

PMN were loaded with no chelator, 32 /tM-quin2 AM, 32 /tM-fura-
2 AM or 10 /(M-BAPTA in Ca2+-free buffer and washed twice and
resuspended (107/ml) in this buffer. For fMLP and PAF, PMN were
incubated at 37 °C with 1.4 mM (+ ) or 0 ( —) Ca2+ for 20 min,
transferred to 8 vol. of 4 °C buffer (Ca2+ as per initial incubation),
washed twice in 4 °CCa24~-free buffer ([EGTA] = 1 /im), resuspended
(5 x 106/ml) in the latter buffer (4 °C), incubated (4 °C) with 1.4 mM
(-t-)orO(-) Ca2+ for 10 min, and assayed for specific binding. For
LTB4, PMN were processed through the 20 min 37 °C incubation
just described, centrifuged, resuspended (5 x 106/ml) in 4 °C buffer,
and incubated (4 °C) with 1.4 mM-Ca2+ (+ ) or 5 mM-EGTA ( —) for
10 min before assaying LTB4 binding. Results are the mean per¬
centage of ligand specifically bound, + s.e.M. for > 10 experiments:
* indicates P > 0.05 (Student's paired t test) compared with values
for PMN loaded with the same chelator and incubated with 1.4 mM-
Ca2+ during the 37 °C and 4 °C incubations.

Ca2+ presence during the 37 °C
and 4 °C incubations

Ligand, chelator + / + + /- -/ + -/-

fMLP, no chelator 2.0+0.2 1.9 + 0.2 1.5 + 0.2* 1.5 + 0.2*
fMLP, quin2 AM 1.9+0.2 2.3+0.3 1.5 + 0.2 1.4 + 0.2*
fMLP, fura-2 AM 1.9+0.3 2.9+ 0.4 1.4+ 0.3* 1.3 + 0.3*
fMLP, BAPTA 2.0 + 0.3 1.9 + 0.3 1.4+ 0.3* 1.4 + 0.3*
PAF, no chelator 4.6 + 0.4 4.9 + 0.4 3.7 + 0.3* 3.8 + 0.4*
PAF, quin2 AM 5.6 + 0.5 5.2 + 0.6 3.4+ 0.5* 3.6 + 0.8*
PAF, fura-2 AM 4.8 + 0.4 6.0 + 0.7 3.6+ 0.6* 3.4 + 0.7*
PAF, BAPTA 4.9 + 0.5 4.9 + 0.4 3.6+ 0.4* 4.0+ 0.4*

LTB4, no chelator 45.1 + 1.7 43.7 + 1.7 36.7+ 3.2* 36.9 + 1.8*

LTB4, quin2 AM 43.4+1.5 41.6+1.5 30.3 + 2.2* 34.8 + 1.3*

LTB4, fura-2 AM 43.8 + 2.9 44.3 + 1.5 32.8 + 2.3* 33.8 + 2.9*

LTB4, BAPTA 40.5 + 2.9 41.8 + 1.4 33.7+1.2* 33.1+2.7*

1.4 mM or no Ca2+ for 10 min, and finally assayed for the specific
binding of [3H]agonist. The protocol yielded PMN that had been
incubated with 1.4 mM (+ ) or no (—) Ca2+ at 37 °C and then
with 1.4 mM (+ ) or no (— )Ca2+at4°C, i.e. + / + , +/—, — / +
and — /— preparations. Results with fMLP and PAF were
unequivocal. Only PMN exposed to Ca2+ at 37 °C ( + / + and
+ / —) bound the ligands normally (Table 6). LTB4 binding to
these PMN, perhaps because of the extensive cell-processing
procedures, was erratic regardless of the treatment regimen.
Accordingly, we used a second protocol. In this, 107 PMN (with
or without chelator loading) were incubated in 1 ml of buffer
containing 1.4 mM or no Ca2+ at 37 °C for 20 min, resuspended
(2.5 x 10" cells/ml) in 4 °C buffer, incubated with 1.4 mM-Ca2+ or
5 mM-EGTA at 4°C for 10 min, and assayed for the specific
binding of [3H]LTB4. This defined PMN on the basis of their
37 °C exposure to 1.4 mM ( + ) or no (—) Ca2+ and 4 °C exposure

Table 5. Effects of Ca2+ on IMLP-binding parameters in PMN

PMN were prepared as indicated in Table 4. Rt and Aa ( + s.e.m.; n > 11) were determined by the LIGAND program. LIGAND indicated that
fMLP bound to high- and low-affinity sites (P < 0.05, F-distribution) under all conditions.

Low affinity High affinity

Rx (receptors/PMN) 10 4 x Kt (m) Rt (receptors/PMN) 10 • x K% (m)

Ca2+-repleted 38000+ 2000 1.8 + 0.4 100+ 40 3.9 + 0.8
Ca2+-depleted 21000+ 3000 1.8 + 0.4 70+ 40 8.8 + 0.7
Ca2+-depleted, +quin2 20000+1000 2.0 + 0.2 70+ 20 9.2+ 0.9
Ca2+-repleted, +quin2 43000 + 600 2.0 + 0.4 120+ 60 4.4 + 0.5
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to 1.4 mM-Ca2+ ( + ) or 5 mM-EGTA (—) as + / + , +/—, — / +
and — /—. Again, the 4 °C incubation did not alter results, and
only PMN treated with Ca2+ at 37 °C ( + / + , + /—) showed
normal LTB4 binding (Table 6). Extracellular Ca2+ itself thus
does not promote agonist binding, and the Ca2+ effect appears to
be due to receptor changes that occur at 37 °C and persist at
4 °C.

DISCUSSION

Stimulated PMN issue numerous excitatory signals, among
which elevated [Ca2+], is regarded as essential for the degranu-
lating, 02~-generating and many other bioactions of standard
receptor agonists. PMN loaded with either > 25 /tM-quin2 AM
[6,7,9,11,12,14,17-2 l]or > 10 fiu of a BAPTA analogue, MAPT
AM [15,22], and then suspended in medium containing excess
EGTA do not raise [Ca2+],, release granule enzymes or generate
Oz" when challenged with diverse Ca2+-mobilizing humoral
stimuli. We observed the same unresponsiveness in PMN loaded
with 32/tM-fura-2 AM, 32 /rM-quin2 AM or 10/tM-BAPTA
(Figs. 2 and 3, Tables 1 and 2). However, functional losses did not
correlate with the blockage of Ca2+ transients: PMN depleted of
Ca2+ and loaded with 0.1-1 /iM-fura-2 AM were unable to raise
[Ca2+], (Fig. 1), yet released appreciable amounts of lysozyme, ji-
glucuronidase and 02~ (Fig. 4). Our data therefore disagree with
quin2 and MAPT AM studies [6,7,9,11,12,14,15,17-22] which
conclude, for example, that the release of granule enzymes
and/or 02~ by PMN require [Ca2+], levels to rise above 100 nM
for fMLP [12], 200 nM for C5a [18] and 300 nM for LTB4 [12].
They are much more in accord with the results of Grinstein &
Furuya [13], who found that electropermeabilized PMN re¬
sponded to fMLP even when [Ca2+], was fixed at 100 nM by an
EGTA-based buffer system. Discrepancies between our findings
and other studies on intact PMN probably reflect procedural
differences. We incubated PMN with 1 /tM-EGTA for 30 min to
remove mobilizable Ca2+ pools, whereas previous studies used
Ca2+ ionophores and/or millimolar EGTA to accomplish this.
Furthermore, we assayed [Ca2+], with fura-2, whereas the cited
studies used quin2. Fura-2 has much better intrinsic fluorescence
properties, and therefore is used at 10-30-fold lower levels than
quin2. The relatively harsh Ca2+-stripping methods and/or high
quin2 levels (quin2 and fura-2 have similar Ca2+ affinities) may
have displaced Ca2+ from pools other than those contributing to
[Ca2+], or, alternatively, produced less specific inhibitory effects.
In any case, it seems clear that PMN can mount exocytotic and
02 -generation responses to the receptor agonists in the absence
of appreciable Ca2+ transients.
Ambient Ca2+ promotes fMLP, PAF and LTB4 binding in

various systems [33-38]. We found the cation to have similar
influences on PMN-specific binding of each agonist (Table 3),
and moreover to exert its effects temperature-dependently. Thus
Ca2+-depeleted PMN (with or without chelator loading) lost
agonist-specific binding capacity; this was reversed by incubating
PMN with Ca2+ at 37 °C, but not at 4°C; and Ca2+-repleted
PMN bound agonists at 4 °C irrespective of ambient Ca2+ (Table
6). Since extracellular Ca2+ equilibrates with PMN at 37 °C, but
not at 4 °C [10,39], our results strongly implicate intracellular
Ca2+ in agonist binding. Nevertheless, the data of Table 6 cannot
exclude a possibility that Ca2+ worked outside of the cell. Any
such effect, however, would have to occur only at 37 °C and
effect changes that persisted at 4 °C independently ofextracellular
Ca2+: the cation could not act merely by bridging polar areas of
ligand/receptor complexes, altering ligand confirmation or state
of aggregation, or inducing other changes that require its
continuing presence and are so strictly temperature-dependent.
Moreover, intracellular Ca2+ chelators enhanced the effects of

Ca2+-depletion (Table 5). The data suggest, then, that Ca2+ acts
at some intracellular site to up-regulate agonist receptor numbers
(Fig. 5, Tables 4 and 5). This may occur by one of three
mechanisms. First, receptors commonly move between internal
and surface sites [40]. PMN contain granule-associated fMLP
receptors, which shuttle to the plasmalemma [41,42]. Cell Ca2+
might promote these receptor dynamics [33] to cause a net
accumulation of cell-surface receptors. On the other hand, PMN
do not appear to have internal receptors for PAF and LTB4
[43,44], and the effect of Ca2+ on PAF and LTB4 binding occurs
with cell-free membrane preparations [35—39]. Ca2+-induced
mobilization of spare receptors does not seem capable of
explaining all ofour results. Second, bivalent cations promote N-
protein/receptor interactions [45-47]. Such interactions convert
low-affinity (or non-binding) fMLP, PAF and LTB4 receptors
into higher-affinity (or binding) states [48-50]. Ca2+-depleted
PMN may have fewer receptors configured with N-proteins and
therefore lower numbers of detectable agonist-binding sites.
Third, protein kinase C appears to augment LTB4-receptor
expression in resting PMN (51]. Cellular Ca2+ helps to activate
this enzyme [1,2], and thereby might exert a tonic effect on
receptor expression. This or other Ca2+-sensitive elements could
act analogously on PAF and fMLP receptors. Regardless of its
exact mechanism, however, we note that Ca2+ promotes the
expression of the same high- (for PAF, LTB4), and low- (for
fMLP) affinity receptors that are involved in PMN activation
[43,44,52]. Hence the decreased responsiveness of Ca2+-depleted
PMN may reflect in part these receptor losses. Since LTB4 and
PAF form during PMN stimulation and may then proceed to
mediate function, LTB4- and PAF-receptor losses may act
collaterally to decrease PMN responses to other agonists besides
LTB4 and PAF. Nevertheless, losses of receptors for the primary
stimulus or secondary mediators probably cannot explain all of
the Ca2+ influence on function: loading Ca2+-depleted PMN with
high levels of fura-2 AM, quin2 AM or BAPTA caused profound
losses of responsiveness, but only relatively small decreases in
receptor numbers (Fig. 4, Tables 4 and 5). Ca2+ therefore seems
necessary not only for receptor expression but also for post-
receptor events involved in agonist-induced exocytosis and
oxidative metabolism.
In conclusion, our data indicate three roles for Ca2+ in stimulus

transduction. First, Ca2+ maintains the full expression of agonist
receptors. This Ca2+ is readily removed at 37 °C, but not at 4 °C,
is influenced by fura-2 AM, and thereby is distinguishable from
extracellular Ca2+ itself. Second, [Ca2+], transients enhance func¬
tion, perhaps by potentiating the effects ofother, more important,
response-eliciting signals. The sources of this Ca2+ are sensitive to
gentle depletion methods as well as to low levels of fura-2. The
relationship of this Ca2+ pool to that regulating receptor ex¬
pression is uncertain. Finally, a pool of intracellular Ca2+ either
triggers or permits function. This pool is relatively insensitive to
all but the highest levels of intracellular Ca2+ chelators, and it,
rather than rises in [Ca2+],, appears essential for cell responses to
fMLP, PAF, LTB4 and probably other similarly acting receptor
agonists.
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Summary

5(5)-hydroxy-eicosatetraenoate (5(S)-HETE) enhanced the ability of platelet-
activating factor (PAF) to stimulate neutrophil inositol phospholipid turnover,
Ca2+ transients, superoxide anion generation, and degranulation. It did not alter
responses to leukotriene B4, iV-formyl-mcthionylleucylphenylalanine, or iono-
mycin. Moreover, 5(R)- and 15(5)-HETE had little effect on PAF. 5(S)-HETE
thus acted stereospecifically and stimulus-selectively to potentiate early occurring
transductional events as well as later occurring functional responses to PAF. The
HETE may influence the actions of PAF by up-regulating PAF receptors and/or
these receptors' linkages with the G-protein/phospholipase C axis.

Abbreviations: PMN, polymorphonuclear neutrophil; 5(S)-HETE, 5(S)-hydroxy-6,8,ll,14-E,Z,Z,Z-
eicosatetraenoate; 5(7?)-HETE, 5(/?)-hydroxy-6,8,ll,14-£,Z,Z,Z-eicosatetraenoate; 15(S)-HETE,
15(S)-hydroxy-5,8,ll,13-Z,Z,Z,£-eicosatetraenoate; GPC, in-glycero-3-phosphocholine; PAF, platelet-
activating factor or l-O-hexadecyl-2-acetyl-GPC; CPAF, rac-l-0-hexadecyI-2-7/-methylcarbamyl-GPC;
[3H]PAF, l-O-[3H-9,10]-hexadecyl-2-acetyl-GPC; LT, leukotriene; FMLP, TV-formyl-methionylleu-
cylphenylalanine; [Ca2 + li, cytosolic free calcium concentration; DAG, diacylglycerol; PIP2, phos-
phatidylinositol 4,5-bisphosphate; InsP3, inositol triphosphate; lnsP2, inositol bisphosphate; InsPj,
inositol monophosphate; InsP, inositol phosphate; PKC, protein kinase C; OJ superoxide anion;
Me2SO, dimethylsulfoxide.
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1. Introduction

Many polymorphonuclear neutrophil (PMN) receptors, when Iigand bound,
induce G-proteins to activate phospholipase C. The enzyme then hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) at the sn-3 position to form inositol
trisphosphate (InsP3) and diacylglycerol (DAG). InsP3 raises cytosolic free Ca2+
concentration ([Ca2+],) whereas DAG activates protein kinase C (PKC) by a
Ca2+-enhanced reaction. The Ca2+/DAG-mediated activation of PKC is a central
event in stimulus-response coupling (Nishizuka, 1986; Snyderman et al., 1986;
Berridge, 1987; Omann et al., 1987). However, stimulated PMN also hydrolyze
their resident phospholipids at sn-2 to form, among other products, l-O-alkyl-2-
lyso-GPC and arachidonate (Irvine, 1982; O'Flaherty, 1987). The cells acetylate the
lyso lipid to produce platelet-activating factor (PAF) (Wykle et al., 1986) and
oxygenate free arachidonate to form leukotrienes (LTs) (e.g., LTB4) and hydroxy-
eicosatetraenoates (HETEs) (e.g., 5(S)-HETE) (Johnson et al., 1983; Samuelsson
et al., 1987). These products also may be involved in mediating function: PAF
stimulates PMN degranulation (O'Flaherty et al., 1981; Shaw et al., 1981;
O'Flaherty, 1985) and 5(5)-HETE, while lacking appreciable intrinsic degranula¬
tion activity, increases the degranulating potency of PAF by as much as 100-1000
fold (O'Flaherty et al., 1983; O'Flaherty et al., 1986; Rossi et al., 1988). Unlike the
Ca2+/DAG interaction, however, the PAF/5(5')-HETE interaction is not under¬
stood. Accordingly, we here investigate mechanisms involved in the potentiating
actions of 5(5)-HETE on PAF. We find evidence for a novel type of mediator-
mediator interaction wherein 5(S)-HETE influences PAF-induced bioactivity at a

very early step in the PAF transductional process.

2. Materials and Methods

2.1 Reagents and buffers
We prepared PAF, [3H]PAF (56 Ci/mmol), CPAF, LTB4, 5(5')-HETE, 5(R)-

HETE, and 15(S)-HETE (O'Flaherty et al., 1981, 1987; Rossi et al., 1988) and
purchased the following: cytochrome C, superoxide dismutase, FMLP, BSA, am¬
monium formate, sodium tetraborate, sodium formate, freon (1,1,2-trichlorotrifluo-
roethane), and tri-n-octylamine (Sigma Chemical Corp., St. Louis, MO); myo-
[3H]inositoI (20 Ci/mmol), [3H]Ins 1 P (5 Ci/mmol), [3H]InsP2 (4.5 Ci/mmol),
and [3H]InsP3 (17 Ci/mmol) (New England Nuclear, Boston, MA); ionomycin
(Calbiochem Corp., La Jolla, CA); Me2SO and formic acid (Fisher Scientific, Fair
Lawn, NJ); fura-2 acetoxymethyl ester and its pentapotassium salt (Molecular
Probes, Junction City, OR); AG1 X8 (200-400 mesh; formate form) and Poly Prep
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chromatography columns (BioRad Labs., Richmond, CA); Ready Safe scintillation
fluid (Beckman Instrument Inc., Fullerton, CA). 5(S)-HETE, 5(/0-IIETE, 15(5)-
HETE, PAF, [3H]PAF, CPAF, and LTB4 were dissolved in a modified Hanks'
buffer (O'Flaherty, 1985) containing 2.5 mg/ml BSA. Stock FMLP and ionomycin
were dissolved in Me2SO and diluted in Hanks' BSA buffer or Me2SO, respec¬
tively. The final PMN suspensions had <62.5 /ug/ml BSA and/or <5 /H/ml
Me2SO.

2.2 Degranulation
Human PMN (> 96% PMN, < 3% monocytes, < 5 platelets per 100 PMN, and

no erythrocytes) were isolated from whole blood and resuspended in Hanks' buffer
(Ca2 f = 1.4 mM). PMN (1.3 X 106) were incubated for 15 min at 37°C, treated with
5 /u-g/ml cytochalasin B for 2-4 min, and challenged with the appropriate stimuli
for an additional 5 min. The cells were then placed on ice and centrifuged
(400 Xg; 5 min) to obtain supernatant fluid which was assayed for ^-glucuronidase
and lysozyme (O'Flaherty, 1985). Results are reported as net enzyme release (i.e.,
percentage of total cellular enzyme released by stimulated PMN minus that
released by vehicle-treated control PMN).

2.3 Superoxide anion release
02 release was monitored by assaying the superoxide dismutase-inhibitable

reduction of cytochrome C. Absorbance was continuously monitored at 550 nm for
10 min using Hitachi U-2000 (37°C) or Hitachi 220A (23°C) spectrophotometers.
Results are expressed as the maximal rate of OF release in nmoles/min/5 X 106
PMN assuming an extinction coefficient of 21,000 cm2/M for the difference in
absorbancy between reduced and oxidized cytochrome C (O'Flaherty and Nishi-
hira, 1987).

2.4 Ca2+ transients
PMN suspended (107 cells/ml) in Ca2 + and Mg2+ free Hanks' buffer were

incubated with 1 ,u.M fura-2 acetoxymethyl ester at 37°C for 40 min. The cells were
then washed twice and resuspended (107 cell/ml) in buffer containing 1.4 mM
CaCl2 for 20 min before challenge (37 °C). Changes in [Ca2 + ]j were monitored
and quantitated as described (O'Flaherty and Nishihira, 1987).

2.5 Inositol phosphate studies
PMN were suspended (7.5 X 106 cells/ml) in inositol free RPMI medium

containing 10 mM HEPES, 5 mM NaHC03, 2.5% fetal bovine serum, and 1
/xCi/ml myo-[3H]inositol in standard polystyrene Petri dishes. The cells were
incubated at 37°C in an IR Autoflow water-jacketed COz incubator (Model
NU-2500, NuAire, Inc., Plymouth, MN) for 15-18 h. The incubation medium was
replaced once during the incubation period. The PMN were washed and resus¬

pended (7.5 X 106 cells/ml) in RPMI medium containing 5% fetal bovine serum;
incubated at 37°C for 1 h; washed twice with Hanks' buffer; and their viability
(always > 98%) assessed by trypan blue dye exclusion (Di Virgilio et al., 1985).
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EFFECT OF 5(S)-HETE ON PMN RESPONSES TO CPAF AND PAF
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Fig. 1. Effect of 5(5)-HETE on PMN responses to CPAF and PAF. PMN (1.3X106/ml) were
suspended in buffer (37 ° C) containing 1.4 mM CaCl2 for 15 min, incubated with 5 /xg/ral cytochalasin
B for 2-4 min, and simultaneously challenged with the indicated stimuli for 5 min. Results are

expressed as the net /3-glucuronidase release (left panel). The HETE similarly influenced CPAF-in-
duced release of lysozyme. 5(5)-HETE, at the above concentrations, failed to induce significant enzyme
release. Alternatively, PMN (5xl06/ml) were suspended in buffer (23 °C) containing 1.4 mM CaCl2
for 15 min, incubated with 5 /iig/ml cytochalasin B for 2-4 min, simultaneously challenged with the
indicated stimuli for 5 min, and assayed for OJ release. Results are expressed as the maximal rate of
02 release in nmoles/min/5x 106 cells (right panel). Each point is the mean, ±SEM, of 4-8
experiments. Note that these studies of OJ release were done at 23 °C and, under all conditions,

5(5)-HETE by itself did not stimulate function.

The cells were then resuspended (1.25 X 10s cells/ml) in buffer containing 1.4 mM
CaCl2 at 37°C for 15 min before challenge. Reactions (0.4 ml) were terminated
and the water soluble components extracted (Downes et al., 1986). Tritiated
compounds were separated on anion-exchange columns containing 1 ml AG1 X8
(200-400 mesh; formate form) as described (Berridge et a., 1983; Batty et al.,
1985). Elution profiles were verified with authentic standards. Fractions (2 ml)
were collected in glass vials, diluted with 16 ml of scintillation fluid, and counted
for radioactivity.

3. Results and Discussion

In addition to enhancing PMN degranulation response to PAF (13-15), 5(5)-
HETE also enhanced CPAF-induced degranulation and PAF-induced OJ genera¬
tion (Fig. 1). Several points merit emphasis. First, 5(5)-HETE, by itself, did not
appreciably stimulate these responses. The HETE's effects accordingly represent
potentiation. Second, CPAF is a non-metabolizable analog of PAF (O'Flaherty et
al., 1987). Thus, potentiation was not simply due to inhibition of PAF metabolism.
Third, 5(/?)-and 15(5)-HETE exhibited respectively little and no potentiation
actions in assays of oxidative metabolism (Table 1) or degranulation (O'Flaherty et
al., 1983; O'Flaherty et al., 1986; Rossi et al., 1988). (Our 5(R)-HETE preparation
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TABLE 1

EFFECT OF VARIOUS HETES ON AGONIST-INDUCED 02~ RELEASE a

Agonist HETE

BSA 5(S)-HETE,
500 nM

5(R)-HETE,
500 nM

15(S)-HETE,
5/xM

PAF, 20 nM 6.1 ± 1.0 b 27.2 ±2.9 * 7.5 ±2.2 2.6± 1.4
LTB4, 100 nM 2.9 ±0.9 5.8± 1.4 ND ND

FMLP, 31.6 nM 12.6 ±2.8 15.8±2.5 ND ND

a PMN (5 X106 cells/ml) were suspended (37°C) in buffer containing 1.4 mM CaCl2 for IS min,
incubated with 5 fig/ml cytochalasin B for 2-4 min, and challenged.

b Results are expressed as the maximal rate of O^" release in nmoles/min/5 X106 cells, ±SEM, for
7-9 experiments. Results are corrected for OJ release produced by BSA and, where appropriate, hy
5(S)-HETE, 5(R)-HETE, or 15(S)-HETE. Note that responses here were greater than those in Fig. 1
(right panel) because of differences in assay temperatures.

* Indicate values that are significantly (P < 0.05;two-tailed, unpaired r-test) above stimulus-treated
PMN. ND, not determined.

has 3-5% 5(S)-HETE (Rossi et al, 1988); its activity may reflect, in part, this
contamination). 5(5)-HETE thus operates by a structurally specific and stereospe-
cific mechanism. Finally, 5(S)-HETE did not enhance LTB4- or FMLP-induced
degranulation (O'Flaherty et al., 1983; O'Flaherty et al., 1986; Rossi et al., 1988) or
OJ generation (Table 1). We conclude that 5(5)-HETE has a broader spectrum of
effects on PAF than previously suggested (O'Flaherty et al., 1983): it potentiates
PAF-induced 02 generation as well as degranulation. In achieving potentiation,
5(5)-HETE acts stimulus-selectively and therefore does not produce a generalized
state of hyperresponsiveness.

PAF elicits degranulation and generation by binding with receptors that
promote hydrolysis of PIP2 into InsP3 and DAG. InsP3 raises [Ca2 + ]j and DAG
activates PKC. Presumably, activated PKC and elevated [Ca2 + ]; proceed to elicit
function. We accordingly examined potentiation with respect to these events. Since
5(5)-HETE (> 15.8 nM) stimulates PMN Ca2+ transients (O'Flaherty and Nishi-
hira, 1987; O'Flaherty et al., 1988; Rossi et al., 1988), we used sub-stimulatory
5(5)-HETE concentrations. By itself, 15.8 nM 5(5)-HETE had minimal influences
on [Ca2+]; (Fig. 3, lower right panel). It did, however, increase the Ca2+ transients
elicited by 200 and 60 pM PAF (Figs. 2 and 3, upper left panels). 15(S)-HETE had
no such effect (data not shown) and 5(R)-HETE, at this low concentration, was
also completely inactive (Fig. 2, upper right panels). The HETEs thus demon¬
strated structural dependency and stereospecificity similar to that observed in
functional assays. Moreover, 5(5)-HETE did not influence the Ca2'-mobilizing
actions of LTB4, FMLP, or ionomycin (Fig. 2). It seems unlikely therefore that
5(5)-HETE operated by retarding Ca2+ extrusion from cytosol or other mecha¬
nisms that influence [Ca2 + ], per se.

We next examined PIP2 hydrolysis. PAF and LTB4 caused (cultured) PMN to
cleave prelabeled PIP2 and form InsP3. The response peaked in 5-10 s after which
product InsP3 was dephosphorylated, as judged by the decreases in InsP3 and rises
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TABLE 2

EFFECT OF 5-HETE ON AGONIST-INDUCED FORMATION OF InsP3 a

Agonist HETE

BSA 5(5)-HETE, 500 nM 5(R)-HETE, 500 nM

PAF, 20 nM 93±13(A=8)b 162+18 (A = 8) * 118 + 17 (A = 4)
LTB4 31.6 nM 60 + 25 (A = 4) 35 + 20 (A-4) ND

a [3H]Inositol labeled PMN (1.25X 10s cells/ml) were incubated in buffer containing 1.4 mM CaCl2 at
37 ° C for 15 min and challenged for 5 s.

b Values are expressed as increases in InsP3 (dpm, + SEM) for 3-5 experiments and were corrected for
InsP3 formation produced by BSA or, where appropriate, by 5(5)-HETE or 5(R)-HETE.

* Indicates values that are significantly (P < 0.05; two-tailed, paired /-lest) above stimulus-treated
PMN. ND, not determined.

in InsP2 and InsP! that occurred thereafter (Fig. 3). 5(S)-HETE promoted PAF-in-
duced PIP2 hydrolysis (Fig. 3 lower panels) without comparably influencing LTB4
(Table 2). Again, 5(.R)-HETE had little influence on PAF (Table 2). We therefore
conclude that potentiation occurs before cleavage of PIP, and may involve changes
in PAF receptors, G-proteins, and/or phospholipase C. However, 5(,S')-HETE
enhances PAF-induced phospholipid deacylation at sn-2 (Tessner et a]., 1989) and
therefore seems able to potentiate the effects of PAF on phospholipase A2. These
considerations suggest that potentiation precedes the major bifurcation in stimulus
transduction, vis., at or before G-protein activation of phospholipases. We there¬
fore examined the effect of 5(S)-HETE on the earliest step in transduction, vis.,
agonist binding. Our approach involved pretreating the cells with 500 nM HETE
for 15, 30, or 75 s at 37 ° C; rapidly washing and suspending the cells in 4° C buffer;
and incubating 5 X 106 PMN/ml with 10 pM [3H]PAF for 60 min at 4°C. Cells
were then separated from their suspending medium by centrifugation through
silicone oil (O'Flaherty et al., 1990). Under these conditions, PMN did not
metabolize [3H]PAF and released > 80% of bound radioactivity within 40 min of
exposure to 200 nM PAF (O'Flaherty et al., 1988). Unfortunately, we could not
reproducibly detect any SfSO-HETE-induced changes in [3H]PAF specific binding
or PAF receptor parameters (e.g., receptor numbers and dissociation constants).
The HETE thus did not influence PAF receptors per se or, alternatively, our assay
procedures (e.g., 4°C, etc.) reversed these influences.

In conclusion, our studies indicate that 5(S)-HETE enhances not only the
functional responses (e.g., degranulation and oxidative metabolism) but also the
earlier occurring (e.g., PIP2 turnover and [Ca2+]j elevation) transductional events

Fig. 2. Effect of 5(5)- and 5(R)-HETE on PMN [Ca2+]j. Fura-2 labeled PMN (107/ml) were
simultaneously challenged with the indicated agonists. Open bars show agonist alone and filled bars
show agonist plus either 5(5)-HETE (15.8 nM) or 5(R)-HETE (15.8 nM). Lower right panel shows the
effect of 5(5)-HETE (15.8 nM; open bars) and 5(R)-HETE (15.8 nM; filled bars). Results are presented
as nM of [Caz+)i observed at the indicated time after challenge. Each point is the mean, + SEM, of

4-12 experiments.
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stimulated by PAF in PMN. The HETE operated stimulus-selectively and there¬
fore potentiated some unique element(s) associated with PAF activation of PMN:
it may influence PAF receptors per se, the interaction of these receptors with
G-protcins, or these G-protcins' interactions with phospholipases. In this respect,
studies have shown that the G-proteins linked with PAF receptors differ in various
ways from other G-proteins (Naccache et al., 1986). Finally, we note that PAF and
5(5)-HETE commonly form together in, and may mediate the responses of, PMN
stimulated by other agents. Thus, our studies provide an intriguing mechanism by
which co-produced mediators promote function. [Ca2+]; and DAG act synergisti-
cally to elicit cellular responses by cooperatively mobilizing PK.C. The synergism
between PAF and 5(S)-HETE seen here is an even more fundamental type of
interaction wherein one product up-regulates responses to its co-product by
augmenting events occurring several steps before PKC mobilization.
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TUMOR NECROSIS FACTOR-a REGULATES EXPRESSION OF RECEPTORS FOR
FORMYL-METHIONYL-LEUCYL-PHENYLALANINE, LEUKOTRIENE B4, AND

PLATELET-ACTIVATING FACTOR

Dissociation from Priming in Human Polymorphonuclear Neutrophils1
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TNF-a enhances polymorphonuclear responses to
many stimuli, including chemotactic peptide FMLP.
It also promotes expression of FMLP receptors and
thus may prime polymorphonuclear neutrophils to
this and other agonists by up-regulating signal rec¬
ognition molecules. However, we find that the cy¬
tokine's actions on FMLP receptors lagged priming
of FMLP-induced degranulation. Moreover, TNF-a
enhanced degranulation responses to leukotriene
B4 and platelet-activating factor but paradoxically
down-regulated leukotriene B4 receptors and only
transiently up-regulated platelet-activating factor
receptors. Hence, TNF-a has pleiotropic effects on
receptor expression; these effects diverge from
priming; and a large part of the primed state must
reflect enhancement of post-receptor events.

TNF-a Is a 17-kDa macrophage secretory product (1)
that was first observed in sera from rodents inoculated
with bacterial adjuvants (2, 3). Besides lyslng tumorous
tissues and provoking in vivo toxic reactions, TNF-a and
its lymphocyte-secreted homologue, TNF-/3, stimulate and
prime diverse cell types (4-30). Thus, TNF-a weakly stim¬
ulates PMN3 in suspension to make toxic O2 species (e.g.,
Oj) and release granule-bound enzymes (6-17). It is a
more powerful stimulator of these responses in PMN that
are made surface-adherent (20) and of responses that
involve adherence reactions, e.g., chemotaxts (10, 13,
21), surface attachment (18, 19, 22), phagocytosis (6, 13,
16, 17, 24), and killing of antibody-coated cells (24, 25).
TNF-a also has great potency in priming PMN responses
to opsonized particles and chemotactic peptide FMLP (2-
15, 22, 24-28). Because TNF-a causes PMN to up-regu-
late CR-1 (11), CR-3 (11, 16, 22), FcR for monomeric IgG
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(25), MO-1 (22), and FMLP receptors (27-29), the cyto¬
kine's priming and direct, adherence-dependent bioac-
tions may be due to its effects on surface membrane
recognition molecules. Detailed studies support such a
causal relationship for TNF-a-lnduced up-regulation of
complement receptors and priming of functional re¬
sponses to complement-opsonized particles (11,16). With
respect to humoral agonists, however, studies are much
more limited; they show that PMN treated with a single,
selected concentration of TNF-a for one set time interval
either increase (27, 29) or at least alter (28) receptors for
FMLP. These changes may (28, 29) or may not (27) con¬
tribute importantly to priming. More extensive analyses
into the influences of TNF-a on FMLP and, perhaps, other
similarly acting stimuli might clarify the role of receptor
up-regulation in priming. We show here that TNF-a
primes PMN degranulation responses to FMLP, LTB4, and
PAF. It also altered the expression of receptors for the
three agonists. However, the three receptor systems were
influenced differently. Overall, receptor up-regulation
clearly diverged from priming.

MATERIALS AND METHODS

Reagents and buffers. We prepared [3H)PAF (56 Ci/mmol) (31)
and LTB4 (32) and purchased [3H)LTB4 (180 Cl/mmol) and (3H]FMLP
(53.6 Cl/mmol) from DuPont-New England Nuclear. Boston. MA:
TNF-a, Genzyme, Boston, MA; PAF, Bachem Biosciences, Inc., Phil¬
adelphia, PA; FMLP, Peninsula Labs. San Carlos. CA; lo. Calblochem,
San Diego, CA; dellpldated type II BSA, PMA, CB, and type IV cyto¬
chrome c, Sigma Chemical Co., St. Louis, MO; SOD, Diagnostic Data.
Inc., Mountain View, CA; silicone oil. General Electric, Waterford,
NY; and Ready Safe Scintillation fluid, Beckman Instruments, Inc.,
Fullerton, CA. PMN were suspended In a modified HBSS (Ca2*, 1.4
mM; Mg2+, 0; pH, 7.4). TNF-a was diluted in buffer containing 1 mg/
ml BSA; labeled and unlabeled FMLP, PAF. and LTB4 were diluted
In buffer with BSA at 2.5 mg/ml. The llgands were added to PMN
suspensions so that the final BSA was always 62.5 ng/ml. PMA and
lo were diluted In DMSO and added to PMN so that DMSO was <1%.
Binding assays. Leukocytes (>95% PMN; <5 platelets/100 PMN;

no erythrocytes) were Isolated from normal human donor blood (32),
tncubated (I07/mI| In buffer at 37°C for 20 mln, treated with BSA or
TNF-a for 1.75-60 mln (37°C), diluted with 8 vol of Ice-cold buffer,
centrlfuged (400 x g, 4 mln, 4°C), and assayed for ligand binding at
4°C. FMLP and PAF binding were conducted over 60 mln on 5 x 10e
PMN/ml of buffer; LTB4 binding was conducted over 40 mln on 2.5
x 106 PMN/ml buffer. Incubations were terminated by centrlfuglng
(12,000 X g, 1 mln, 4°C) cell suspensions through 400 til silicone oil.
Cell pellets and 200 ^1 samples of supernatants were Isolated, mixed
with 0.5 ml methanol for 10 min, taken up In 2 ml of scintillation
fluid, and counted for tritium (32). Specific binding was defined as
the percentage of total recovered tritium associated with PMN Iso¬
lated from suspensions Incubated with 63.2 pM |3H)FMLP, 10 pM
[3H]LTB4. or 10 pM (3H|PAF minus that from suspensions Incubated

3842
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TABLE I

Net lysozyme release Induced by TNF-a"

TNF-a (U/ml)
Time (mln)

7.5 15 30 60

1000 (+CB) 1.8(0.8)' 7.9(3.4)" 11.8(2.1)" 9.9(2.5)"
100 (+CB) 1.4(0.4)" 4.4(0.9)" 4.8(1.2)" 5.9(1.8)"
10 (+CB) 1.3(1.1) 3.5(1.9)" 4.5(1.2)" 4.2(1.8)"

1000 (-CB) 2.1(0.7)" 4.1(0.7)" 6.3(1.8)" 9.2(4.0)"
100 (-CB) 0.9(1.3) 3.3(1.9)" 5.6(1.9)" 6.3(1.4)"
10 (—CB) 1.3(2.7) 2.5(3.1) 2.5(2.1) 2.8(1.4)

"PMN were treated with 5 or 0 ag/ml CB for 2 to 4 mtn. challenged
with 10 to 1000 U TNF-a for 15 to 60 mln, and assayed for lysozyme
release.
'Net lysozyme release (±SEM: n = 5). I.e.. percentage of enzyme re¬

leased by TNF-a minus that released by BSA. Lysozyme release In PMN
challenged with BSA was 6.3 ± 0.5 for CB-treated PMN and 3.4 ± 0.3 for
CB-untreated PMN at t = 60 mln.
"Values significantly higher (p < 0.05, Student's paired t test) than

BSA-treated control PMN.

DEGRANULATION RESPONSES TO fMLP IN TNF-a TREATED PMN

Stimulus
Time (mtn)

0 7.5 15 30 60

LTB„ 100 nM
PAF, 200 nM
PMA. 10 nM
Io, 3.2 fiM

0.5(0.3)'
1.1(0.4)

25.6(2.9)
46.4(7.1)

2.6(0.8)"
3.3(0.8)"

26.0(2.9)
37.4(6.2)

2.0(0.9)" 1.0(1.8) -0.8(0.7)
3.9(0.7)" 5.0(1.7)" 1.3(1.6)

24.5(1.9) 25.9(3.8) 21.8(2.3)
39.0(5.8) 42.3(7.1) 37.3(7.5)

DEGRANULATION RESPONSES TO fMLP IN TNF-a TREATED PMN
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Figure 1. CB-lndependent release of lysozyme (top) and ((-glucuroni¬

dase (bottom) stimulated by FMLP In TNF-a-treated PMN. PMN were
Incubated with BSA (TNF-a = 0) or 10 to 1000 U/ml TNF-a for 7.5 to 60
mln and then challenged with 10 to 1000 nM FMLP for 15 min. Results
are the mean (n = 5) net enzyme released by FMLP + TNF-a minus that
released by TNF-a alone. Values for PMN treated with >10 U/ml TNF-a
were significantly greater (p < 0.05, Student's paired f test) than BSA-
treated PMN at all time points.

TABLE II

Net lysozyme release Induced by stimuli In TNF-a treated PMN"

"PMN were Incubated (no CB) for 60 mln In HBSS. At 0 (I.e.. not
exposed to TNF-a), 7.5, 15, 30, or 60 mln before the end of this Interval,
PMN were treated with 1000 U/ml TNF-a. At the 60 min time period, 0.5-
m! samples (1.3 X 10B PMN) of these suspensions in 0.5 ml buffer were
added to the Indicated stimulus. Incubated for 15 mln. and assayed for
extracellular lysozyme.
'Net lysozyme release (+SEM; n = 8), I.e., stimulus-induced lysozyme

release minus that released by cells Incubated with TNF-a for the Indi¬
cated time and then challenged with BSA for 15 mln.
"Values significantly (p < 0.05, Student's paired t test) greater than

those found In PMN Incubated with TNF-a for the indicated time and
then challenged with BSA for 15 mln.

Figure 2. CB-dependent lysozyme release stimulated by Increasing
concentrations (0.1, 1, 10, and 100 nM) of FMLP in PMN pretreated with
BSA (solid lines) or 1 to 1000 U/ml TNF-a (dotted lines). PMN were
Incubated with BSA or TNF for 1.9 to 60 mln and then challenged with
FMLP for 5 mln. Results are the mean (n = 2-8) lysozyme released by
FMLP + TNF-a minus that produced by TNF-a alone. Release of B-
glucuronldase was similarly Influenced by TNF-a. 100 U/ml TNF-a sig¬
nificantly Increased (p < 0.05, Student's paired t test) PMN responses to
10 nM FMLP at 3.8 to 60 mln; to 100 nM FMLP at 3.8, 7.5, and 30 min;
and to 1 nM FMLP at 3.8, 7.5, 15, and 60 mln.

with radlolabel plus 6.32 pM FMLP, 100 nM LTB„. or 100 nM PAF,
respectively. Control experiments indicated that recovered radioac¬
tivity was always close to 100% of that added to suspensions. The
silicone oil and cell containers had little (<0.1%) or no radioactivity.
Scatchard analysis used the LIGAND program and data from PMN
suspensions Incubated with Increasing concentrations of llgands.
For FMLP, PMN were Incubated with 63.2 pM (3H]FMLP plus suffi¬
cient unlabeled FMLP to make the following final llgand concentra¬
tions: 0.06, 0.2, 0.63, 2, 6.32, 20, 63.2, 200. 632, 2000, and 6320
nM. For LTB4, PMN were incubated with 10 pM [3H)LTB4 plus suffi¬
cient unlabeled LTB4 to make final ligand concentrations 0.01, 0.03,
0.1, 0.32. 1. 3.16, 10, 31.6, 100, 316, and 1000 nM. For [3H)PAF,
PMN were incubated with 10 pM (3H)PAF plus sufficient unlabeled
PAF to make final ligand concentrations of 0.01, 0.03, 0.1, 0.32, 1,
3.16, 10, 31.6, 100, and 150 nM.
Btoassays. For degranulation, PMN (2.6 x 106/ml) were Incubated

(37°C) for 20 mln, treated with BSA or TNF-a for 1.75 to 60 min,
added to test stimuli, incubated for 15 mln, placed on Ice, and
centrlfuged (400 x g, 4 min, 4°C) to obtain supernatants that were
assayed for lysozyme. (l-glucuronldase, and lactate dehydrogenase
(32). Results are reported as net enzyme release, i.e., the percentage
of total cellular enzyme released by stimulated PMN minus that
released by PMN treated with BSA or DMSO in place of a stimulus.
In priming experiments, the latter control PMN were treated with
TNF-a In addition to BSA or DMSO. Where indicated, CB (5 ag/ml)
was added to PMN 3 min before challenge with FMLP, LTB4, or PAF.
and challenge was conducted for 5 rather than 15 min. For assay of
OJ, PMN (107/ml) were incubated with 50 nmol cytochrome c ± 50
jig SOD, for 20 min; treated with BSA or TNF-a for 30 min; and
challenged for 10 mln (37°C). Suspensions were centrlfuged (400 x
g, 4 mln, 4°C) to obtain supernatant fluid, which was measured for
OD at 550 nm. Results are reported as the nmol of SOD-inhibltable
O-I formed, assuming a molar extinction coefficient of 21.000 for the
difference between oxidized and reduced cytochrome c (32).
Statistics. Data were compared for statistical significance using

two-tailed Student's paired and unpaired t tests or the F distribution.
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DEGRANULATION RESPONSES TO LTB4 IN TNF-a TREATED PMN fMLP BINDING TO TNF-a TREATED PMN
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Figure 3. CB-dependent lysozyme release stimulated by Increasing

concentrations (0.1, 1, 10. and 100 nM) of LTB. In PMN pretreated with
BSA (solid lines) or 1 to 1000 U/ml TNF-a (dotted lines). Studies were
conducted as shown in Figure 2; /3-glucuronidase release was similarly
influenced by TNF-a. In separate experiments. PMN treated with 100 U/
ml TNF-«for3.8 to 30 mln had significantly greater [p < 0.05. Student's
paired t test) responses to 1 to 100 nM PAF than BSA-treated PMN.

DEGRANULATION RESPONSES TO PAF IN TNF-a TREATED PMN
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Figure 4. CB-dependent lysozyme release stimulated by increasing

concentrations (0.2. 2. 20, and 200 nM) of PAF in PMN pretreated with
BSA (solid lines) or 1 to 1000 U/ml TNF-a (dotted lines). Studies were
conducted as shown in Figure 2; /9-glucuronldase release was similarly
influenced by TNF-a. PMN treated with 100 U/ml TNF-a for 3.8 to 60 mln
had significantly greater (p < 0.05, Student's paired t test; n = 4) re¬
sponses to 2-200 nM FMLP than BSA-treated PMN.
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Figure 5. FMLP binding to TNF-a pretreated PMN. PMN were incu¬

bated with 1 to 1000 U/ml TNF-a for 0 to 60 min; diluted with 8 vol of
4°C buffer; centrifuged (4°C); resuspended at 5 x 106 PMN/ml; and
assayed for (3H]FMLP binding. Results are the mean (n - 8) percentage
of recovered radiolabel specifically bound by 5 x 106 PMN. FMLP binding
to PMN treated with BSA for 0 to 60 min was constant at 2.3 ± 0.4. Note
the truncated Y axes. Values for PMN treated with >10 U/ml TNF-a for
15. 30. and 60 min were significantly greater (p < 0.05. Student's paired
t test) than BSA-treated PMN.

RESULTS AND DISCUSSION

TNF-a stimulated and primed PMN to form 02. Cells
challenged with 100 U/ml TNF-a, for example, produced
2.0 ± 0.3 nmol Oj. BSA-treated PMN made 0.2 ± 0.6 nmol
of the anion (±SEM; n = 4; p < 0.05, Student's paired t
test). Furthermore, PMN challenged with 200 nM FMLP
generated 6.8 ± 0.4 nmol OJ; this value rose to 27.8 ±
2.9 in cells prelncubated with 100 U/ml TNF-a (In place
of BSA) for 30 min. TNF-a likewise promoted oxidative
metabolism responses to 10 to 100 nM FMLP but had no
effect on sub-threshold FMLP concentrations (<1 nM).
Finally, TNF-a induced lysozyme (Table 1) and /3-glucu-
ronidase (data not shown) release. These responses at¬
tained near-maximal levels by 15 min. were relatively
insensitive to CB, and never exceeded 14% (Table I). By
contrast, FMLP, LTB4, and PAF caused s3% net enzyme
release in the absence of CB but elicited large (>35%)
responses in CB-pretreated PMN. These results agree
with earlier reports (12-15, 25-28) and establish that
our TNF-a preparation and protocols produce typical PMN
stimulation and priming.
Based on the above observations, we examined priming

of exocytosis in both the absence and presence of CB.
Without CB. >10 U TNF-a/ml enhanced FMLP-induced
release of lysozyme and //-glucuronidase (Fig. 1) as well
as lysozyme release elicited by LTB4 and PAF (Table 11).
It did not alter //-glucuronidase release produced by the
latter agonists (data not shown) or degranulatlon elicited
by PMA and lo (Table II). In CB-treated PMN. TNF-a had
more potent (>1 U/ml) and powerful effects in enhancing
the lysozyme (Figs. 2-434) and //-glucuronidase (data not
shown) release elicited by FMLP, LTB4, and PAF. Several
aspects of these findings merit emphasis. First, degran-
ulation produced by TNF-a itself was always subtracted
from the data on priming. Results in Figures 1 to 4 and
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PAF AND LTB4 BINDING TO TNF-a TREATED PMN
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Figure 6. PAF [lejt) and LTB„ (right) binding to TNF-a treated PMN.
PMN were Incubated with BSA (TNF-a = 0) or 1 to 1000 U/ml TNF-a for
1.9 to 60 mln; diluted with 4°C buffer: centrlfuged: suspended at 5 x 10"
PMN/ml (for PAF) or 2.5 X 10" PMN/ml (for LTB«); and assayed for (3H)
PAF and |3H)LTB< binding. Results are the mean (n = 8-11) percentage
of recovered radfolabel specifically bound by 5 x 10" (for PAF) or 2.5 x
10" (for LTB«) PMN. Note that Y axes have different scales and are
truncated. PAF binding was significantly greater (p < 0.05, Student's
unpaired t test) In PMN treated with a 10 U/ml TNF-a for 15 mln than In
BSA-treated control cells: It was significantly below control binding In
PMN treated with >10 U/ml TNF-a for 1.9 mln. LTB, binding was signif¬
icantly below BSA-treated PMN In cells treated with > 10 U TNF-a for > 15
mln.

Table II, then, report only on the enhancing effects of
TNF-a. Second, PMN did not release cytosolic lactate
dehydrogenase in the various protocals. Hence, lysozyme
and /(-glucuronidase discharge represented degranula-
tlon, not cytolysls. Third, TNF-a enhanced each agonist's
degranulating actions optimally when prelncubated with
PMN for 7.5 to 15 mln. Cells treated with TNF-a for
shorter or longer times were less primed to FMLP, LTB4,
or PAF. Fourth, TNF-a, in the presence of CB, shifted the
dose-response curves of LTB4 and PAF to ~50-fold lower
agonist concentrations but shifted FMLP potency by<10-
fold. Taken together, the results indicate that TNF-a
primes PMN exocytosls to receptor agonist; the cytokine's
effects on PAF and LTB4 are more prominent than on
FMLP; and TNF-a does not have comparable actions on
responses to stimuli (e.g., PMA and Io) that bypass stand¬
ard plasmalemmal receptor systems.
To evaluate changes in receptor binding, PMN were

treated with TNF-a at 37°C, immediately diluted with ice-
cold buffer, and assayed for specific binding at 4°C. TNF-
a (no CB) time- and dose-dependently did the following:
a) increased FMLP binding (Fig. 5); b) decreased LTB4
binding (Fig. 6, left}-, and c) produced successive falls (t =
1.75 mln), rises (t = 15 min), and then declines (t > 30
min) in PAF binding (Fig. 6, right). The same responses
occurred in CB-treated cells (Fig. 7). Scatchard analyses
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Figure 7. FMLP. LTB4, and PAF binding to TNF-a treated PMN preln¬

cubated with CB. Studies were done as shown In Figures 5 and 6. except
that PMN were incubated with 5 /ig/ml CB for 3 min before dilution with
4°C buffer. Data are the mean of two to six experiments. Note that
truncated Y axes have different scales. For FMLP, values were signifi¬
cantly greater (p< 0.05, Student's unpaired t test) than BSA-treated cells
In PMN that were challenged with >10 U/ml TNF-a for 15 to 60 mln. For
LTB„, 100 and 1000 U/ml TNF-a lower binding significantly at 15 to 60
mln. For PAF. 1000 U/ml TNF-a raised binding significantly at 15 and
30 mln and lowered binding significantly at 1.9 and 3.8 mln, whereas
100 U/ml TNF-a raised binding significantly at 15 mln and lowered
binding significantly at 1.9 and 3.8 mln.

of selected binding data (Fig. 8 and Table III) revealed
that TNF-a a) at 15 min, increased high-affinity PAF
receptor numbers without changing high-affinity Ka or
the parameters of low-affinity binding; b) at 60 mln,
increased the Rt for low-affinity FMLP receptors; and c)
at 60 min, decreased high-affinity LTB4 receptor num¬
bers but had no effect on high-affinity receptor Ka or low-
affinity receptor Rt and Ka values. In a final set of exper¬
iments, PMN were incubated for 4.5 min with 100 U/ml
TNF-a and then treated for 3 mln with CB before meas¬

uring receptors. PMN handled in this way were near
maximally primed to FMLP, LTB4, and PAF (Figs. 2-4).
The cells had increased low-affinity FMLP receptor num¬
bers, decreased high-affinity LTB4 receptor numbers, and
unchanged PAF binding parameters (Table IV). We con¬
clude that rises and falls in specific binding reflect cor¬
responding changes in the number of high- or low-affin¬
ity receptors that are available to their ligands.
Our FMLP results are similar to those of Tennenberg

and Solomkin (29) and Berkow et al. (27) but not to
Adelaide et al. (28) who reported that PMN primed with
TNF-a for 60 mln replaced their high- and low-affinity
FMLP receptors with an intermediate-affinity receptor
type. Although we cannot explain these discrepencies,
we note that the displacement and Scatchard plots of
Figure 8 clearly show that TNF-a expands two FMLP
receptor types. Ligand analyses likewise defined unam-
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EFFECTS OF TNF-a TREATMENT ON PMN RECEPTOR BINDING

0.02

TABLE IV

Effects of TNF-a on the receptor binding of FMLP, LTB4, and PAF to
CB-treated PMN°

0.04

0.03 3.2 316
CONCENTRATION (nM)

2500 5000
(MOLE BOUND

Treatment. Itgand
High Affinity Low Affinity

K.(xl0'M) R,(xl03) K„(X106) R,(xio')
BSA, FMLP 60 ± 50" 2 ± 2' 37 ± 20 2 ± 0.4
TNF-a, FMLP 20 ± 10 12 ± 8 12 ± 10 6 ± 1.0C
BSA, LTB, 290 ± 20 86 ± 5 2 ± 1 10 ± 5
TNF-a, LTB, 230 ± 60 62 ± 7" 4 ± 3 10 ± 3
BSA. PAF 6 ± 1 20 ± 3 2 ± 1 170 ± 400
TNF-a. PAF 6 ± 1 28 ±4C 2 ± 1 290 ± 500

Treatment, Ligand
High Affinity Low Affinity

K,(X107M) Rt(xl03) K.fXlO6) R,(X104)
BSA, FMLP 50 ± 20' 3 ± 1" 30 20 2.1 ± 0.3
TNF-a, FMLP 50 ± 50 2 ± 2 40 ± 10 3.2 ± 0.3C
BSA. LTB, 240 ± 6 83 ± 3 3 ± 4 9 ± 4
TNF-a. LTB, 220 + 12 74 ± 3" 4 ± 3 11 ±6
BSA. PAF 5 ± 2 20 ± 10 3 ± 6 190 ± 240
TNF-a, PAF 4 ± 4 20 10 4 8 210 ± 130

Figure 8. Displacement curves [left) and Scatchard plots [right) for
FMLP. LTB4. and PAF binding to PMN pretreated with BSA [solid Unes)
or 100 U/ml TNF-a (dotted lines). PMN were incubated with BSA or TNF-
a for 15 min (PAF) or 60 mln (FMLP and LTB4); diluted with 4°C buffer;
centrifuged; suspended at 5 X 10® (FMLP and PAF) or 2.5 x 10® (LTB4)
PMN/ml; and assayed for the binding of increasing ligand concentrations.
Results are the mean (n = 9-12) fraction bound or bound/free ratio for 5
x 10® (FMLP and PAF) or 2.5 x 10® (LTB4) PMN.

TABLE III

Effects of TNF-a on PMN receptor binding of FMLP. LTB4f and PAFa

"PMN were incubated with 100 U/ml TNF-a for 15 min (for PAF
studies) or 60 min (for FMLP and LTB4 studies), diluted with 4C buffer,
and further processed for ligand binding (4C).

b Binding affinities (Ka) and binding site numbers/PMN (Rt), ±SEM, as
determined from LIGAND analyses of binding data shown in Figure 8 (n
= 9-12). LIGAND indicated that PMN had two affinity states for each
agonist (p < 0.05, F distribution).

c Indicates values significantly greater (p < 0.05, Student s unpaired t
test) than BSA-treated control PMN.
''Indicates values significantly lower (p < 0.05, Student's unpaired t

test) than BSA-treated control PMN.

btguously (p < 0.05, F distribution) the presence of high-
and low-affinity receptor types in control and TNF-a-
treated PMN. Moreover, PMN posses granule-associated
FMLP receptors that become expressed at the cell surface
during degranulation responses (33-35). TNF-a-induced
rises in FMLP-specific binding (Fig. 5; Fig. 7, top) roughly
paralleled TNF-a-induced degranulation. Thus, up-regu-
lation of FMLP receptor numbers may. at least in part,
result from the translocation of granule FMLP receptors.
On the other hand. PMN receptors for LTB4 and PAF
localize exclusively to plasmalemma (31, 32) and TNF-a

" PMN were incubated with 100 U/ml TNF-a for 4.5 mln, treated with
CB as in degranulatlon assays for 3 mln. diluted with 4°C buffer, and
further processed for ligand binding (4°C).

° Binding affinities (K„) and binding site numbers/PMN (R,), ±SEM, as
determined from LIGAND analyses of binding data from 6 to 8 studies.
LiGAND indicated that PMN had two affinity states for each agonist (p <
0.05, F distribution).

" Indicates values significantly greater (p < 0.05, Student's unpaired t
test) than BSA-treated control PMN.

" Indicates values significantly lower (p < 0.05, Student's unpaired t
test) than BSA-treated control PMN.

acted to decrease LTB4 binding and raised PAF binding
only transiently (Figs. 7 and 8). Simple translocation of
cryptic granule receptors cannot explain these changes.
In plasma membrane preparations, high-affinity recep¬
tors for LTB4 and PAF can convert to low-affinity or non-
binding states (33-35). Similar events might occur in
whole cells and underlie the changes in LTB4 and PAF
receptors observed here. Alternatively, decreased LTB4 (t
> 3.5 min) and PAF (t = 1.75-3.5 min) receptor binding
could result from TNF-a-induced synthesis of LTB4 and
PAF. Although reports indicate that TNF-a does not stim¬
ulate human PMN to produce appreciable amounts of
LTB4 (36, 37) or PAF (38, 39), synthesis of even 10 fmol/
107 PMN of these llgands would interferewith our binding
measurements. Thus, the diverse actions of TNF-a on

bindingmay be due to variable combinations of opposing
events including receptor translocation, interconversion
between high- and low-affinity (or nonbinding) states,
internalization, and occupancy by endogenous product.
Regardless of Its mechanisms, however, our data clearly
show that TNF-a altered exression of three receptor sys¬
tems In PMN, but this effect diverged from priming. In
particular, TNF-a primed PMN to FMLP, LTB„, and PAF
optimally by 7.5 min. At this time, the cells expressed
elevated numbers of low-affinity FMLP receptors, de¬
pressed numbers of high-affinity LTB4 receptors, and
normal numbers of PAF receptors. Similarly, TNF-a
raised FMLP receptor numbers more at 60 than 7 .5 min;
priming was maximal at 7.5 to 15 min and waned there¬
after. TNF-a priming, therefore, must involve post-recep¬
tor mechanisms that override the cytokine's receptor-
directed actions.
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SUMMARY

We have recently reported that guinea-pig eosinophil chemotactic factor ofanaphylaxis (ECF-A), an
activity present in diffusates from antigen-challenged sensitized lung, is largely accounted for by
leukotriene B4 (LTB4) and to a lesser extent 8(S)15(S)-dihyroxy 5,9,11,13 (Z,E,Z,E) eicosatetraenoic
acid. We characterized cell surface receptors for LTB4 on guinea-pig eosinophils in order to
demonstrate an association between receptor occupancy and eosinophiliotactic activity ofguinea-pig
ECF-A. Equilibrium binding studies showed that peritoneal eosinophils bound [3H]LTB4 in a cell
concentration and time-dependent fashion. The binding was saturable and specific for LTB4 as other
eosinophil chemoattractants, i.e. platelet-activating factor (PAF) and 8(S)15(S)-diHETE, were
unable to displace significant amounts of [3H]LTB4. In addition the binding was readily reversed by
the LTB4 receptor antagonist LY 255283 (K, 4-30 nM). Scatchard plot analysis revealed two discrete
populations of binding sites, high affinity (KA] =0-30 nM; Bmax = 900 sites/cell) and low-affinity sites
(Ad2=140 nM; Smax = 60,000 sites/cell). The major migratory component of LTB4-stimulated
eosinophil locomotion was chemotaxis, optimal at 1 x 10~7m(P< 0-01)with ECso value of 3 x 10"'m.
A comparison of the profile of arachidonic acid metabolism by RP-HPLC analysis showed that
following stimulation with calcium ionophore (A23187) guinea-pig eosinophils preferentially
synthesized LTB4 (10 ng/106 cells) while in contrast human eosinophils synthesized LTC4 (10 ng/106
cells). Therefore our data show that guinea-pig eosinophils express both high- and low-affinity
receptors for LTB4 and that the chemotactic response to thismediatormay be mediated by ligation of
the high-affinity binding site. Furthermore guinea-pig peritoneal eosinophils can synthesize LTB4, a
mediator which constitutes > 60% of guinea-pig ECF-A.

INTRODUCTION

A preponderance of eosinophils at the site of inflammation is a
hallmark of IgE-associated allergic disease.1 Through their
ability to release granule-associated basic proteins and mem¬
brane-derived mediators, eosinophils have been implicated as
the prime effector cells of epithelial damage and airway hyper¬
reactivity, which are characteristic features of the pathology of
asthma.2-3 However despite the putative importance of eosino¬
phils in the pathogenesis of bronchial asthma, mediators
responsible for the preferential accumulation of eosinophils at
the site of inflammation have not been characterized with

certainty.
Using an in vitro model of immediate type hypersensitivity,

Kay et al.4~6 described a chemotactic activity present in diffu-
sates from pre-sensitized guinea-pig or human lung fragments
challenged with specific antigen, which appeared to be selective

Correspondence: Dr O. Cromwell, Dept. of Allergy and Clinical
Immunology, National Heart and Lung Institute, Dovehouse St,
London SW3 6LY, U.K.

for eosinophils in mixed leucocyte populations. This activity
was designated eosinophil chemotactic factor of anaphylaxis
(ECF-A). A part of the activity associated with human ECF-A
was attributed to a family of tetrapeptides namely Valine- and
Alanine-Glycine-Serine-Glutamic acid.7 However, by compari¬
son with more recently described lipid mediators such as
platelet-activating factor (PAF) and leukotriene B4 (LTB4)
neither of these tetrapeptides has significant chemotactic acti¬
vity for either human or guinea-pig eosinophils.8-' We have
recently characterized guinea-pig ECF-A and identified its
principal components as LTB4 and 8(S) 15(S)-dihyroxy 5,9,11,13
(Z,E,Z,E) eicosatetraenoic acid [8(S)15(S)-diHETE],' which
account for >60% and >20% of the activity, respectively.
LTB4 was a strong chemoattractant for guinea-pig eosinophils,
whereas PAF, a documented chemoattractant for human
eosinophils,8 histamine and human ECF-A tetrapeptides had
negligible effects.

The aim of the present study was to characterize and
quantify LTB4 receptors on guinea-pig eosinophils and establish
their association with chemotactic responsiveness. In addition,
we investigated the pathway ofarachidonic acid metabolism by
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guinea-pig eosinophils to determine whether they have the
potential to function in an autocrine capacity, promoting their
own migrational response through the generation of LTB4.

MATERIALS AND METHODS

Materials
The following reagents were purchased as indicated: ovalbumin
(OVA) (grade VI) and bovine serum albumin (BSA) [radioim¬
munoassay, (RIA) grade] from Sigma Chemical Co. (Poole,
Dorset, U.K.); horse serum, Hanks' balanced salt solution
(HBSS) and medium 199 from Gibco (Paisley, Renfrewshire,
U.K.); Percoll and Optiphase 'High safe 3' scintillant cocktail
from Pharmacia (Milton Keynes, Bucks, U.K.); silicone oil
from General Electric Co. (Waterford, NY); trypan blue, light
green, saponin, haematoxylin and chromotrope 2R from BDH
Ltd (Dagenham, Essex, U.K.); HPLC standards: LTB4,6-trans-
LTB4, 12-epi-6-trans LTB4, 20-OH-LTB4, 8(S)15(S)-diHETE
from Cascade Biochem Ltd (Reading, Berks, U.K.); methanol
[high-performance liquid chromatography (HLPC) grade] and
water (HPLC grade) from Rathburn Chemicals Ltd (Walker-
burn, U.K.); tritiated leukotriene B4 [14,15,—3H(N)] (in etha-
nol, specific activity 32-8 Ci/mmol) stored at — 20° from NEN/
Dupont (Stevenage, U.K.); LY 255283 (l-(5-ethyl-2-hydroxy-
4-(6-methyl-6-(lH-tetrazol-5-yl)-heptyloxy)-phenyl)ethanone)
was a gift from Lilly Research Laboratories (Indianapolis, IN).

Recruitment and purification of eosinophils
Eosinophils were obtained from the peritoneal lavage of
Dunkin Hartley guinea-pigs (> 600 g) repeatedly sensitized with
horse serum and purified on 6-step Percoll discontinuous
gradients, as described previously.9 Normal density eosinophils
were recovered from the 1-090/1-095/1-100 g/ml interfaces,
washed once with HBSS (without calcium or magnesium) to
remove all traces of Percoll and exposed to hypotonic medium
for 20 seconds (ice-cold water) to lyse residual erythrocytes. The
cells were then washed twice in the buffer appropriate for the
subsequent assay to be performed. The purity of the eosinophil
population was 92 ±3% (n= 12) with typical yields of 3-4 x 107
eosinophils/animal, as determined by toluidine blue/light green
staining.10 Macrophages were the main contaminating cell type.

Human eosinophils from normal donors were purified on
Percoll discontinuous gradients, by a modification of the
method of Gartner," as previously described by us.12 In brief,
leucocyte-rich plasma was recovered from heparinized (20 U/
ml) venous blood (100 ml) using dextran sedimentation (4 parts
blood: 1 part dextran) for 30 min at room temperature and
washed twice with RPMI-1640 supplemented with HEPES (30
mM). The cells were then resuspended in Percoll (1-080 g/ml
density) containing 2-5 mg/ml BSA at 5-10 x 107 cells/ml and
overlayered (2 ml/gradient) onto 5-step discontinuous Percoll
gradients composed of 1 ml of 1-120 g/ml, 3 ml of 1-100, 1-095
and 1 -090 g/ml and 2ml of 1 -085 g/ml, and centrifuged at 1500 g
for 20 min at 20°. The purity of normal density eosinophils
recovered from the 1-095/1-100/1-120 g/ml interfaces was
greatly enhanced by adjusting the osmolality of the 90% Percoll
(9 parts 100% Percoll: 1 part x 10 HBSS) used to make the
various density fractions to 313-315 mOsm/kg H20. The cells
were then treated in the same way as described above for guinea-
pig eosinophils.

Binding assay for [3H]LTB4
All binding assays were performed on ice since previous studies
have indicated that granulocytes quantitatively metabolize
LTB4 at room temperature ( > 23°), but not at 4°13 and > 97% of
[3H]LTB4 is recoverable from cells incubated with label at 4°
(our findings, data not shown). In addition this minimized the
reduction in cell-associated binding of [3H]LTB4 as a result of
oxidation of the tritiated label. Cells at 1 x 107 cells/ml (unless
otherwise stated) were suspended in Hanks' buffer solution
(containing 1 -0 mM CaCl2; 0-7 mM MgCl2) at 4° for 20 min prior
to the assay. The cell suspension (950 p\) was then overlayered
onto 400 p\ silicone oil previously added to 1-5 ml polypropylene
microfuge tubes and placed on ice. The cells were then treated
simultaneously with 50 pi of [3H]LTB4 (31-6 pM) in the presence
or absence of unlabelled LTB4 or other competing ligands.
Stock solutions of labelled and unlabelled ligands were stored in
methanol at — 20° and were evaporated to dryness over nitrogen
and redissolved in HBSS (with CaCl2 and MgCl2) plus 2-5mg/ml
BSA immediately before use. Following an appropriate incuba¬
tion period the cells were pelleted by centrifugation for 2 min
in a Beckman model 152 microfuge (Beckman Instruments,
Fullerton, CA). This method achieved rapid separation of cells
and bound [3H]LTB4 with minimal contamination of the cell
pellet by free [3H]LTB4 (<0-5% of the total counts was
recovered from the bottom of the microfuge tubes in control
experiments without cells). An aliquot (200 p\) of the super-
natants was collected and placed in scintillation vials and the
remaining supernatant fluid and oil layers removed by aspi¬
ration and discarded. Eosinophil-bound radioactivity was
measured in the cell pellets, obtained by clipping the tip of the
microfuge tubes. The cell pellets and supernatant samples were
individually mixed with 500 p\ methanol for 10 min and 4 ml of
scintillation cocktail and the radioactivity (d.p.m.) counted in a

^-scintillation counter.

Data analysis
Non-specific binding was determined by measuring the amount
of [3H]LTB4 bound to the intact eosinophils in the presence of
excess (100 nM) unlabelled LTB4. Specific binding was deter¬
mined by subtracting non-specific binding from total binding.
Scatchard analysis plotted fmol bound/fmol free ratios versus
fmol bound to the cells using 31 -6 pM [3H]LTB4 and increasing
concentrations of unlabelled LTB4. Data from Scatchard plot
analysis were compatible with a two-receptor model.1314 The
low-affinity binding site was a straight line (coefficient of
linearity >0-85) as determined by the method of least squares
using data obtained at high concentrations of LTB4 (10-100
nM). The amount of LTB4 bound to the high-affinity receptors
was estimated by subtracting low-affinity binding from total
binding observed at each (low) concentration of LTB4 (i.e.
0-068-3-16 nM). The resulting values were used to construct a
straight line for high-affinity sites by the method of least squares
and the correlation coefficient for linearity was >0-92. The
quantitation of the total number of binding sites (Umax) and
estimation of equilibrium dissociation constant (Ad) were
calculated from the Scatchard plot. Confirmation of the binding
parameters was obtained by the ligand computerized program
analysis.15 In addition, the significance of fitting the data into a
two-binding site versus a single-binding site model was tested by
this program.
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Eosinophil chemotaxis assay
Cell migrational responses were assessed using 48-well micro-
chemotaxis chambers (Neuro Probe, Inc., Cabin John, MD) as
previously described.9 In brief, 50 p\ of the cell suspension
resuspended at4x 106/ml in medium 199plus4mg/mlOVA was
added to the upper well and separated from 29 p\ of chemo-
attractant in the lower well by an 8-/tm pore size nitrocellulose
filter (Sartorius, Gottingen, Germany). Synthetic LTB4 was
stored at — 80° in solution with methanol and was evaporated to
dryness over nitrogen and redissolved in medium 199 plus 2-5
mg/ml BSA (pH 7-4) immediately before use. The microwell
chambers were incubated for 90 min at 37° after which the filters
were washed, fixed and stained with haematoxylin/chromotrope
2R.16 Chromotrope 2R stain was used to distinguish eosinophils
from other contaminating cell types. The migrational response
of the cells was assessed as the number of cells in random high-
power fields ( x 400) that had migrated through to the underside
of the filter.

Arachidonic acid metabolism by eosinophils
Eosinophils (4 x 106 cells/ml) were equilibrated in HBSS con¬
taining 1 mM CaCh and 0-7 mM MgCl2 for 5 min at 37° prior to
stimulation with calcium ionophore A23187 (5 ^m), for 15 min
at 37°. The reaction was stopped by placing the cells on ice for 15
min, centrifuging at 1500 g for 5 min. The cell supernatant was
recovered and added to an equal volume ofmethanol and stored
overnight at —80° in 1-5 ml polypropylene tubes. The mixture
was then centrifuged at 1500 g for 5 min in order to pellet the
precipitated protein and the resultant supernatant collected,
dried in a vacuum concentrator (Speedvac; Savant Inc., Hicks-
ville, NY), and reconstituted in HPLC running solvent.

HPLC analysis
Lipoxygenase products were analysed by RP-HPLC performed
isocratically on a 5-pm Nucleosil C-18 (Microsorb) column
(125x4-6 mm) (Ranin, Woburn, MA) eluting at 0-5 ml/min
with methanol/water/acetic acid (70:30:0 07) running buffer,
adjusted to pH 5-4 with ammonia. Lipoxygenase products were
identified on the basis of their co-migration with synthetic
standards and UV absorbance at either 270 or 280 nm. The limit
ofdetection was 0-5 ng for LTB4,1 ngforLTC4/D4/E4and 10 ng
for the HETE. Quantitation was performed by comparison of
peak height of product with that of known amounts of the
corresponding synthetic standard after correction for the recov¬

ery of internal standard. The recovery of [3H]LTB4 was

consistently >85% and >75% for [3H]LTC4.

Statistical analysis
Experimental results are summarized as mean ± sem. Data for
the chemotaxis assay were analysed for statistical significance by
a two-way analysis of variance test.

RESULTS

The binding of [3H]LTB4 to intact eosinophils recovered from
guinea-pig peritoneal cavity showed that both total and specific
binding of the label increased with cell concentration, in a linear
fashion (Fig. 1). This demonstrated that specific binding was

directly proportional to the number of cells present. Thus, cell
concentrations of 5-10 x 106/ml, which bound between 4 and
7% of the total ligand (31-6 pM), were routinely used in all

Cell concentration (x 10®/ml)

Figure 1. Cell concentration dependent binding of [3H]LTB4 to guinea-
pig peritoneal eosinophils. A range ofconcentrationsofeosinophils was
incubated with 31-6 pM [3H]LTB4 for 40 min at 4°, in the presence (a) or
absence (•) of 100 nM LTB4. Specific binding (O) was determined by
subtracting non-specific binding from total binding. Values represent
the mean + SEM of three separate experiments, and the average purity
of eosinophils was 91 +2%.

Time (minutes)

Figure 2. Time-course and reversibility of [3H]LTB4 binding to guinea-
pig eosinophils. Cells (5 x 106/ml) were incubated with 31-6 pM[3H]LTB4
at 4° in the presence (a) or absence (•) of excess unlabelled LTB4 (100
nM). To some reaction tubes either unlabelled LTB4 (100 nM) (O) or
8(S)15(S) diHETE (100 nM) (O)or PAF (100 nM) (♦), were added after
60 min of incubation. Each data point represents mean + SEM of five
separate experiments for LTB4, and two separate experiments for
8(S)15(S) diHETE and PAF, respectively. The purity of eosinophil
preparations use was 93 + 2%.

subsequent experiments. Label that remained cell associated in
the presence of 3000-fold excess unlabelled LTB4 (100 nM)
represented non-specific binding and accounted for < 14% of
the total [3H]LTB4 bound (Fig. 1).

Incubation of 5 x 106/ml eosinophils with [3H]LTB4 (31-6
pM) at 4° produced a time-dependent increase in the total
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Log [competitor] M

Figure 3. Competitive displacement of [3H]LTB4 by a specific LTB4
receptor antagonist LY 255283. Intact eosinophils (1 x 107/ml) were
incubated with [3H]LTB4 (31-6 pM) for 60 min at 4° in the presence of
increasing concentrations of LY 255283 yielding a K\ value of 4-30 nM.
Each data point represents the mean + SEM of three separate experi¬
ments. The purity of eosinophils used was 94±2%.

Bound (fmol/ml)

Figure 4. Scatchard plot analysis of [3H]LTB4 binding to guinea-pig
eosinophils performed at equilibrium (60 min at 4°). Cells (1 x I07 cell/
ml) were incubated with [3H]LTB4 (31 -6 pM) and increasing concentra¬
tions of LTB4 (68-4 pM-1000 nM). Bound [3H]LTB4 represents the
concentration of specifically bound [3H]LTB4. Data represent the;mean
of six separate experiments, and the purity of eosinophils used was
93 ± 2%. The solid curve is a computerized best fit for a two-site model
and two binding components are indicated by the straight lines.

binding. The amount of [3H]LTB4 bound to eosinophils
increased rapidly within the first 5 min, and more gradually for
the next 15 min. Apparent equilibrium occurred between 20 and
40 min and maximal binding was maintained for a further 80
min (Fig. 2). As depicted in Fig. 2, the addition of a large excess
(100 nM) of unlabelled LTB4 at 60 min displaced ~ 70% of
specifically bound ligand within the first 10 min. Non-specific

binding at equilibrium represented < 20% of the total [3H]LTB4
bound (Fig. 2).

[3H]LTB4 bound to eosinophils was not displaced by other
chemically characterized eosinophil chemoattractants, includ¬
ing 8(S)15(S)-diHETE (100 nM) or PAF 100 nM) (Fig. 2). To
demonstrate that these binding sites represented the specific
LTB4 receptors, competitive displacement assays were per¬
formed with a selective LTB4 receptor antagonist, LY
255283.1718 As illustrated in Fig. 3, LY 255283 inhibited the
binding of [3H]LTB4 in a dose-dependent manner, yielding a K,
of 4-30 nM.

The equilibrium binding parameters of LTB4 to peritoneal
eosinophils were determined by incubating 107 cells/ml for 60
min at 4° with 31 -6 pM [3H]LTB4 and increasing concentrations
of LTB4 ranging from 68-4 pM to 1000 nM. Scatchard plots
derived from these displacement assays, performed at equilib¬
rium, consistently yielded a curvilinear binding curve indicating
the existence of two classes of binding sites for LTB4 (Fig. 4).
Results from ligand analysis confirmed this (P<005, for a
two-binding site versus a one-binding site model) and indicated
the presence of 900 high-affinity (A"d = 0'30 nM) and 60,000 low-
affinity (Ki— 140 nM) binding sites/cell (Fig. 4).

Using a modified Boyden microchemotaxis assay, we con¬
firmed that LTB4 was a highly effective chemoattractant for
guinea-pig eosinophils, producing an optimal response at 10 ~7 m
(.P<001) (Table I). We compared the relative contributions of
chemotaxis and chemokinesis to LTB4-induced eosinophil
locomotion. Equal concentrations of LTB4 above and below the
filter (when any migration observed will be due to chemokine¬
sis), were compared with locomotion observed with LTB4 only
in the lower well (where migration will be a combination of
chemokinesis and chemotaxis) (Table 1). A significant differ¬
ence between the migrational response due to chemotaxis plus
chemokinesis and chemokinesis alone was observed at 1 x 10 ~8-
1 x 10 6 m, PcO-01). These data suggest that the major
component of the overall migratory response exerted by LTB4
was chemotaxis, and the EC50 value for this response was
3 x 10~9 m (Table 1).

Representative profiles of lipoxygenase products obtained
by RP-HPLC analysis of incubation media from guinea-pig and
human eosinophils stimulated with A23187 (5 /iM) are shown in
Fig. 5. Guinea-pig eosinophils (98% pure) stimulated with
A23187 (5 /im) produced LTB4 (10 ng/106 cells) and the 6-trans
and 6 trans-12-epi isomers of LTB4. Sulphido-peptide leuko-
trienes, LTC4/D4/E4 were not detected in any of the samples
tested (Fig. 5a). Greater amounts of 5-lipoxygenase products
were not produced by guinea-pig eosinophils following stimula¬
tion in the presence of both A23187 (5 fiM) and arachidonic acid
(20 hm) (data not shown). By comparison human eosinophils
(98% pure) stimulated with ionophore (5 /jm) produced predom¬
inantly LTC4 (10 ng/106 cells) but no detectable amounts of
LTB4 (Fig. 5b).

DISCUSSION

In the present study we have used direct binding assays to
establish the existence of specific binding sites for LTB4 on
guinea-pig peritoneal eosinophils. In addition, we have assessed
the relationship between receptor occupancy and eosinophil
migrational responses to LTB4, in vitro. Under conditions where
no metabolism of the ligand occurred, binding of [3H]LTB4 to



LTB4 receptors, on guinea-pig peritoneal eosinophils

Table 1. Checkerboard analysis of LTB4 induced eosinophil locomotion

133

Eosinophil migration with LTB4 above the filter
(cells/10 hpf)

LTB4 below
filter Diluent lO"10!* 10"'m 10"8 m 10~7 m 10"'!

Diluent 24 + 6 49+4 51+23 53 + 10 44+19 46+ 5
10-'°M 64+12 92+ 53 62 + 23 45 + 7 36+ 6 39+10
10"'M 70+13 91+40 59+13 40 + 8 41+3 43 + 3
10-8 M 140+ 32* 201+57 162 + 42 86+13 55+ 27 60+ 29
10"7M 238 + 39* 223 + 35 218 + 87 169+49 71+4 43+15
10~6 M 157+13* 179+17 180 + 30 145 + 69 156+ 45 68 + 2

Results represent eosinophil migration to varying concentrations of LTB4
above and/or below the filter in modified chambers. A significant difference
was observed between chemotaxis plus chemokinesis and chemokinesis at
10~8-10~6 m; * PcOOl. Values are expressed as mean + SEM (n = 4).

Time (mini

Figure 5. The profile on RP-HPLC of the methanol extracts of supernatants from the incubation of (a) guinea-pig eosinophils
(>96%), (b) human eosinophils (>98% pure) (4x 106 cells/ml) with calcium ionophore A23187 (5 fiM) compared with the
retention time of synthetic markers determined at 270 and 280 nm, respectively. Identity of the peaks was also determined by co-
elution with radioactive standards (a) [3H]LTB4 (10,000 d.p.m.) or (b) [3H]LTC4 (10,000 d.p.m.).

eosinophils was saturable and readily reversed by the addition
of excess unlabelled ligand (100 nM LTB4) (Fig. 2). The rapid
association and dissociation of specifically bound [3H]LTB4
(Fig. 2) indicated that the system was at equilibrium in the
binding studies and that equilibrium parameters could therefore
be derived accurately. Scatchard analysis of saturation binding

studies showed that guinea-pig eosinophils expressed two
discrete populations of binding sites for LTB4, high-affinity (Xd
0-30 nM; 1900 sites/cell) and low-affinity binding sites (Ki 140
nM; Bmax 60,000 sites/cell) (Fig. 4). Estimates of the binding
parameters and statistical significance of the goodness of fit ofa
two-site model versus a single-site model were confirmed by the
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ligand computerized program.15 The specificity of binding was
determined using LY 255283, a specific LTB4 receptor antago¬
nist.1718 LY 255283 competitively displaced [3H]LTB4 binding in
a dose-dependent fashion yielding a K, of 4-30 nM which was

comparable with the Kd value calculated for the high-affinity
binding site. As shown in Fig. 3, LY 255283 did not displace
more than 85% of specifically bound [3H]LTB4 at concentra¬
tions up to 10~6 m. It is possible that if higher concentrations of
the antagonist had been used (i.e. > 10~5 m), a K, value for the
low-affinity binding site would have been obtained, however this
was precluded by the limited solubility of LY 255283.

The identification of two distinct classes of plasma mem¬
brane-associated receptors for LTB4 on guinea-pig peritoneal
eosinophils is compatible with the findings reported for human
neutrophils,131419 myeloid differentiated HL-60 cells20 and gui¬
nea-pig alveolar eosinophils.21 This suggests that a high degree
of conservation is maintained in the expression of LTB4 binding
sites on different cell types isolated from various animal species.
Our data however are not in agreement with a recent study
which reported that both intact eosinophils and cell membrane
preparations express a single high-affinity binding site.22 The Kd
values on intact cells and membrane preparations were
2-8 ± 0-96 nM and 1 -4 ± 0-2 nM, respectively, and the correspond¬
ing flmax values were 40,000 + 6000 receptors/cell and 1-6 ±0-4
pmol/mg ofmembrane protein. The reason for this discrepancy
is not clear, but may be attributable to the limited concentration
range of (3H]LTB4 (up to 6 nM) used by these workers in the
Scatchard binding assay.22 Our data showed that the Kd value
for the low-affinity binding site was 140 nM. Therefore it is
unlikely that at concentrations as low as 6 nM of [3H]LTB4
significant binding to the low-affinity receptors would have been
detected. The existence of a low-affinity binding site on guinea-
pig peritoneal eosinophils is supported by the findings of Rabe
et alP who reported that the ECso value for superoxide
generation from guinea-pig peritoneal eosinophils was
60-2 + 17-3 nM, which is comparable with a Kd value for the low-
affinity site, estimated from the present study.

LTB4 is a potent activator of leucocyte function and it has
been preposed that the two classes of LTB4 receptors on human
neutrophils are associated with different biological responses.19
The occupancy of high-affinity receptors transduces the che-
mokinetic and chemotactic stimuli, whereas binding of the low-
affinity receptor triggers enzyme release and respiratory burst
activity. In the present study we found that LTB4 stimulated
eosinophil locomotion (chemotaxis plus chemokinesis) in a
dose-dependent fashion, optimal at 1 x 10 7 m (PcO-Ol). By
checkerboard analysis, the major migratory component of
LTB4 was chemotaxis, with an ECso value of 3 x 10~9 m. This
value was comparable with the KA for high-affinity binding sites
(0-3 x 10"' m), indicating that occupancy of the high-affinity
receptor may be involved in mediating eosinophil directional
migrational responses towards LTB4. Functional responses
mediated by occupancy of the low-affinity binding sites for
LTB4 were not investigated in the present study. However, data
from other studies using guinea-pig alveolar and peritoneal
eosinophils have shown that occupancy of low-affinity binding
sites may be associated with superoxide production and throm¬
boxane A2 generation.21

Although the preferential synthesis of LTB4 by guinea-pig
alveolar eosinophils has previously been reported,24 it was not
clear whether the observation was attributable to the local

environment of the lung or a species-specific phenomenon.
Therefore, we investigated the metabolism of arachidonic acid
by purified guinea-pig peritoneal eosinophils. Our results, in
agreement with observations of other workers,25 clearly indi¬
cated that following stimulation with ionophore, LTB4 (10 ng/
106 cells) was the major leukotriene elaborated. In contrast,
human eosinophils generated LTC4 (10 ng/106 cells) almost
exclusively. The inability of guinea-pig eosinophils to release
peptido-leukotrienes is attributed to the lack of a glutathione
transferase activity.24 Since guinea-pig eosinophils have the
capacity to synthesize LTB4, it is plausible that the guinea-pig
eosinophils function in an autocrine capacity to promote their
own migrational responses during allergic inflammation. It is
also noteworthy that while human eosinophils have a strong 15-
lipoxygenase activity in the presence of exogenous arachidonic
acid,26 we found no evidence of this in the guinea-pig eosinophil
preparations.

There is mounting evidence to suggest that LTB4 plays an

important role in the recruitment, activation and subsequent
degranulation ofeosinophils in the bronchopulmonary tissue in
guinea-pig models of antigen-induced airway hyper-reacti¬
vity.27 29 However the relevance of these findings to human
airways diseasemust be interpretedwith caution as considerable
evidence exists showing marked species differences between
guinea-pig and human eosinophils. In addition to the difference
in the profile of arachidonic acid metabolism, guinea-pig
eosinophils respond to chemotaxis to LTB4, both in vitro and in
vivo, but not to PAF, which is a potent chemoattractant for
human eosinophils.9-30
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Stimulation of human polymorphonuclear leukocytes by
leukotriene B4 and platelet-activating factor: an ultrastructural
and pharmacological study
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Abstract: Human polymorphonuclear leukocytes
(PMNs) stimulated by N-formylmethionyHeucyl-
phenylalanine (fMLP), leukotriene B4 (LTB4) and
platelet-activating factor (PAF) showed a "imilar sequence
of ultrastructural changes. Exposure of unstirred PMNs
to these soluble stimuli induced a rapid (within 10 s) plas¬
ma membrane ruffling followed by polarization of cells
associated with formation of broad agranular lamel-
lipodia (maximal by SO s). Similar changes were observed
in stirred PMN suspensions except that the polarized
cells formed multicellular aggregates with the agranular
lamellipodia extending outward from the dumps. In ad¬
dition, these receptor-directed agonists induced con¬
centration-dependent PMN aggregation that was rapid
and reversible, and in cells pretreated with cytochalasin B
the agonists induced a degranulatory response. The cal¬
cium ionophore ionomydn also activated PMNs but, in
contrast to the other stimuli, ionomydn produced irre¬
versible aggregation and evoked enzyme release in the ab¬
sence of cytochalasin B. Ionomycin stimulated LTB4
release, whereas the response induced by PAF or fMLP
was barely detectable. The possible role of LTB4 and
PAF in mediating responses to other agonists was inves¬
tigated pharmacologically using the Shpoxygenase in¬
hibitor PF 5901 and a specific PAF antagonist, kad-
surenone. PF 5901 blocked ionomycin-induced LTB4
release but did not inhibit aggregation or degranulation
induced by ionomycin, PAF, fMLP, or LTB4. Kad-
surenone blocked PAF-induced aggregation and
degranulation but not responses to LTB4, ionomycin, or
fMLP. We condude that LTB( and PAF are potent ac¬
tivators of human PMNs that act independently of one
another and that these lipids appear not to be involved in
the responses to the other agonists studied. J. Leukoc.
Biol. 55: 117-125; 1995.

Key Words: leukotriene flj • platelet-activating factor •
human polymorphonuclear leukocytes

INTRODUCTION

Polymorphonuclear leukocytes (PMNs) can be activated
by a variety of soluble stimuli, including chemotactic
agents (e.g., N-formylmethionyl-leucyl-phenylalanine,
fMLP) and calcium ionophores (e.g., ionomycin). These
agents evoke a series of PMN responses that include ag¬
gregation, degranulation, and generation of toxic oxygen

metabolites [1,2]. PMN activation is also accompanied by
induction of phospholipid metabolism via activation of
specific phospholipases. Phospholipase C cleaves phos¬
phatidyl 4,5-bisphosphate into the second messenger
molecules inositol 1,4,5-trisphosphate and 1,2-diacyl-
glycerol. Phospholipase A2 liberates arachidonate, which
is metabolized in PMNs primarily to leukotriene B4
(LTB4) via the 5-lipoxygenase pathway. Hydrolysis of
ether phospholipids by phospholipase A2 yields platelet-
activating factor (PAF) following acetylation of the inter¬
mediate lyso-PAF [3].
LTB4 and PAF, in addition to being generated by ac¬

tivated PMNs, can stimulate PMN activation [4, 5]. High-
affinity binding sites for LTB4 [6, 7] and PAF [8, 9] have
been identified in human PMNs which are distinct from
the well-characterized formyl peptide receptor. Thus
both lipids have the potential to act as endogenous me¬
diators or amplifiers of PMN responses. Attempts by
several groups to evaluate pharmacologically the role of
LTB4 as a mediator of PMN activation have yielded con¬
flicting data. Certain lipoxygenase inhibitors have been
shown to block PMN responses to fMLP, whereas other
inhibitors are ineffective [10,-12]. No specific inhibitors
of PAF biosynthesis are available, but indirect evidence of
a possible role for PAF is provided by the inhibitory ef¬
fects of phospholipase A2 inhibitors on PMN responses to
fMLP [13].
Previous pharmacological studies are difficult to inter¬

pret because of the lack of specificity of the inhibitors
employed. The objective of this study was to clarify the
roles of LTB4 and PAF with those induced by fMLP and
ionomycin. We compared the ultrastructural changes and
functional responses of human PMNs to LTB4 and PAF
with those induced by fMLP and ionomycin. We then in-

Abbreviations: ETYA, 5,8,11,14-eicosatetraenoic acid; fMLP, AHormyL
methionyl-leucyl-phenylalanine; LTB4, leukotriene B4; NAG, fLN-
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vestigated the respective roles of LTB4 and PAF as
mediators of PMN responses to the other agonists by
employing a selective 5-lipoxygenase inhibitor, PF 5901,
and a specific PAF receptor antagonist, kadsurenone.
Our data indicate that LTB4 and PAF are potent, inde¬
pendent activators of human PMNs but neither lipid is
likely to mediate responses to the other agonists.

MATERIAL AND METHODS

Materials

I.TB4 was synthesized by Dr. Y.K. Yee (Stuart Phar¬
maceuticals, Division of ICI Americas, Wilmington, DE).
PAF was purchased from Bachem, Babbendorf, Switzer¬
land. fMLP and cytochalasin B were obtained from Sigma
Chemical Company, Poole, England; ionomycin from
Calbiochem, UK; kadsurenone [2-(3,4-dimeth-
oxyphenol)-2,3-dihydro-3»-methoxy-3-methyl-5-(ally)-6-2/f
oxobenzofuran] from Merck, Sharp & Dohme, Rahway,
NJ; and PF 5901 [a-pentyl-3-(2-quinolinylmethoxy)-ben-
zene-methanol] from the Purdue Frederick Company,
Norwalk, CT.

Preparation of human PMNs
Blood was obtained by antecubital venipuncture from
healthy adult volunteers, immediately mixed with 0.1
volume 3.8% trisodium citrate, and then centrifuged
(850g, 5 min, room temperature) in a bench minor
centrifuge. The platelet-rich plasma was discarded and
the erythrocyte/leukocyte ("buffer coat") layer was mixed
with 1 to 2 volumes of gelatin solution (2.5% gelatin in
154 mM saline) and incubated at 37°C for 30-45 min.
The supernatant was removed and centrifuged (lOOOg; 5
min, room temperature) and the resultant cell pellet was
resuspended in lysis buffer (NH4CI, 150 mM; KHCO3, 10
mM; EDTA, 1 mM) to remove contaminating
erythrocytes [14, 15]. This cell suspension was then
centrifuged (850g, 3 min, room temperature) and the
resultant cell pellet resuspended in Hanks' balanced salt
solution. This procedure was repeated and the cells were
finally resuspended in buffer (NaCl, 124 mM; KC1, 4 mM;
NaH4P02, 0.64 mM; K2HP04, 0.66 mM; NaHCOs, 5.2
mM; HEPES, 10 mM; glucose, 5.6 mM; CaCl2, 1.6 mM,
MgCl2, 1 mM; pH 7.4) at the desired PMN concentration.
The PMNs were counted and their viability assessed by

trypan blue exclusion using a standard hemocytometer
under a Leitz labovert light microscope. The cell suspen¬
sion contained more than 90% PMNs with no visible
PMN aggregates.

Electron microscopy studies
PMNs were dispersed into aliquots of 0.5 ml (containing
107 cells) and challenged with an agonist. At a desired
time the reaction was stopped and fixed by addition of
0.5-ml aliquots of prewarmed 2.5% glutaraldehyde (0.25
ml) and 0.1 M sodium cacodylate buffer (0.25 ml), pH
7.4, which were mixed together immediately before use
to give a final glutaraldehyde concentration of 1.25%.
The cells were allowed to fix in suspension for 60 min at
room temperature and then centrifuged and embedded
in serum according to the method of Payne and Satter-

field [16]. Pellets were subsequently processed for
electron microscopy, embedded in Taab resin, and
ultrathin sections were examined in a Phillips 301
electron microscope.

Aggregation
PMN aggregation was measured photometrically in a
standard Malin clinical aggregometer. To a cuvette con¬
taining a Teflon-coated stirring bar revolving at 600 rpm
was added 0.6 ml of PMN suspension (2.5 x 107 cells/ml).
After a 2-min delay to allow warming of cells to 37°C, the
cells were challenged with an agonist and the resultant
changes in light transmission recorded on a Linseis re¬
corder [15],

Degranulation
PMN suspensions (0.6 ml of 107 cells/ml), with or
without preincubation with cytochalasin B (5 pg/ml; 10
min), were challenged with an agonist for 10 min at
37°C. The reactions were terminated by centrifugation
(9000g, 20 s). The supernatant was removed and stored
at -20°C.

fWYAcetylglucosaminidase (NAG) activity was
measured fluorometrically as the formation of 4-
methylumbelliferone by a modification of the technique
of Gordon [17]. The reaction mixture contained 100 pi
of cell supernatant or cell pellet, 100 pi of 0.3 M citrate
buffer (pH 4.8), and 100 pi of 4-methylumbelliferyl-AA
acetyl-P-D-glucosaminide (3 mM). The reaction mixture
was incubated for 60 min at 37°C and then stopped by
boiling for 2-3 min. The mixture was then diluted with
0.7 ml of glass-distilled water and centrifuged (9000g, 20
s) to remove any remaining cell fragments. An aliquot
(100 pi) was added to 1.9 ml of glycine-NaOH buffer (50
mM glycine in 39 mM NaOH, pH 10.4). Fluorescence was
monitored in a Perkin-Elmer LS5 fluorescence spectro¬
meter using excitation and emission wavelengths of 370
and 450 nm, respectively.
Lysozyme was determined as the rate of lysis of the bac¬

terium Micrococcus lysodeikticus. An aliquot (20 pi) of
sample was added to 1 ml of bacterial suspension and the
decrease in absorbance at 450 nm was determined be¬
tween 1 and 3 min of the reaction at a constant tempera¬
ture of 25°C.
Release of each enzyme was expressed as a percentage

of the total cellular enzyme activity, which was assessed
after digestion of cells with 0.2% (w/v) Triton X-100
[15].

LTB4 measurement

PMN suspensions (1 ml of 107 cells/ml), in the presence
of cytochalasin B (5 pg/ml, 10 min), were challenged
with agonist for 10 min. The reaction was terminated by
addition of 0.1 volume of a stopping "cocktail" (BW755C,
1 mM; indomethacin, 1 mM; EGTA, 100 mM; sodium
azide, 1% (w/v); pH 7.4) and immediate centrifugation
(9000g; 2 min) to remove any cell fragments [18]. The
samples were stored at -20°C prior to assay for LTB4 by
specific radioimmunoassay essentially as described by
Carey and Forder [19]. Authentication of the LTB4
generated was confirmed by reverse-phase high-perfor¬
mance liquid chromatography.
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RESULTS

Typical ultrastructural changes induced by exposure of
human PMNs to LTB4 are shown in Figure 1. In control
preparations most of the cells were rounded in ap¬
pearance with the occasional extrusion of fine projec¬
tions (Fig. 1A). Within 10 s, unstirred PMNs exposed to
LTB4 exhibited marked plasma membrane ruffling,
which, unlike that seen in control preparations, affected
the whole cell surface and produced a strongly crenated
or stellate profile (Fig. IB). By 30 s, PMNs had become
polarized with the formation of large broad lamellipodia
that contained no granules (Fig. 1C). The polarized cells
showed random orientation. Ultrastructural changes in¬
duced in stirred PMN suspensions were generally similar
to those described above except that by 25-30 s the cells
had aggregated into small clumps. In all cases individual
cells could be distinguished: cell fusion had not occurred.

Many of the cells within the aggregate were polarized
with large agranular lamellipodia extending outward
from the clump (Fig. ID). Plasma membranes were often
closely aligned and bands of microfilaments could be
seen parallel to and just subjacent to the cell surface,
especially where the contours were smooth and round
(Fig. ID). Incubation of PMNs with other receptor-
directed agonists, PAF and fMLP, produced similar
ultrastructural changes with early generalized membrane
ruffling (Fig. 2A and C) and later polarization with for¬
mation of lamellipodia (Fig. 2B and D).
Aggregation responses induced by LTB4, PAF, fMLP,

and ionomycin are shown in Figure 3A. The receptor-
directed agonists all caused responses that were rapid in
onset, maximal within 2 min of agonist addition, and re¬
versible. LTB4 was the least efficacious of the stimuli
tested. In contrast to responses to other agonists, those
induced by the calcium ionophore ionomycin were irre-

Fig. 1. Ultrastructural changes in PMNs induced by LTB4. (A) Control PMNs in an unstirred suspension (x2850). (B) Unstirred PMNs exposed
to LTB4 (SO rtM) for 10 s (XS800). (C) Unstirred PMNs exposed to LTB4 (SO nM) for SO s. Arrows indicate broad well-developed lamellipodia
(X2850). (D) Aggregated PMN after 25 s exposure to LTB4 (30 nM) in stirred suspension. Well developed lamellipodia are evident and arrows
indicate sub-plasmalamellar microfilaments (x8750).
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Fig. 2. Ultrastructural changes in PMNs induced by PAF and fMLP. (A) Unstirred PMNs exposed to PAF (180 nM) for 10 s (x4S75). (B)
Unstirred PMNs exposed to PAF (180 nM) for 30 s (x6125). (C) Unstirred PMNs exposed to fMLP (100 nM) for 10 s (X4375). (D) Unstirred
PMNs exposed to fMLP (100 nM) for 30 s (X6125).

versible up to at least 10 min and longer times were re¬
quired to achieve maximal aggregation onset, especially
with lower concentrations. Figure SB shows the cumu¬
lated concentration-response curves for the various
agonists. fMLP and LTB4 induced aggregation in the con¬
centration range of 1 nM to 1 (J.M and were virtually equi¬
pment with EC50 values (i.e., concentrations producing
50% of the maximum response) of approximately 30 nM.
PAF and ionomycin were less potent with EC50 values of
approximately 1 pM. A consistent observation was that
the concentration-response curves for ionomycin were
steeper than those of the receptor-directed agonists.
Each agonist induced concentration-dependent release

of the azurophil granule marker NAG (Fig. 4A) and the
azurophil and specific granule enzyme lysozyme (Fig. 4B)
in the concentration range 10 nM to 1 pM. Degranula-
tion induced by the receptor-mediated agonists required
pretreatment of PMNs with cytochalasin B. In contrast,
ionomycin, the most efficacious agonist, elicited
degranulation in the absence of this fungal metabolite.
Ionomycin induced concentration-dependent release

of LTB4 with an EC50 value of approximately 30 nM. Max¬

imum levels of LTB4 were produced at ionomycin con¬
centrations above 100 nM and reached values of 50-70
ng/107 cells. fMLP and PAF were much less efficacious.
Maximal levels of 3.5 ng of LTB4/IO7 cells were released
at very high concentrations of fMLP (1-10 |xM), whereas
PAF (18 pM) released barely detectable levels of at most
1 ng LTB4/IO7 cells (Fig. 5). In the experiment il¬
lustrated in Figure 5 PMNs were pretreated with
cytochalasin B, but results of other experiments indicated
that this was not required for LTB4 release (data not
shown).
Figure 6 illustrates the effect of PF 5901 on agonist-in¬

duced PMN responses. PF 5901 inhibited LTB4 formation
with an IC50 value (i.e., concentration required to
produce 50% inhibition) of 2 pM (Fig. 6A). In contrast,
PF 5901, at concentrations up to 100 pM, produced no
significant inhibition of aggregation or enzyme release in¬
duced by ionomycin, fMLP, LTB4 or PAF (Fig. 6B-D).
Figure 7 shows the effect of kadsurenone on agonist-in¬

duced PMN activation. Kadsurenone inhibited PAF-in-
duced aggregation (A), NAG release (B), and lysozyme
release (C) with IC50 values of approximately 800, 40, and
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Fig. 3. Agonist-induced aggregation of human PMNs. (A) Aggregation
traces. PMNs (2.5 x 107 cells/ml) were exposed to the agonists at the
concentrations (M) shown and changes in light transmission were
recorded. (B) Cumulated concentration-response curves for ionomycin
(O), fMLP (▲), PAF (0), and LTBs (■). Results are expressed as a
percentage of the maximal response to each agonist and are mean
values ± SEM for three to six experiments.

10 nM, respectively. PMN responses induced by LTB4 or
fMLP were virtually unaffected by kadsurenone at con¬
centrations up to 10 |iM.

DISCUSSION

LTB4 and PAF are potent lipid activators of human PMNs
and produce a series of cellular responses similar, but not
identical, to those produced by the chemotactic tripep-
tide fMLP and the calcium ionophore ionomycin. With
the notable exception of ionomycin, these agents exert
their effects by interacting with specific membrane recep¬
tors. The results of this study extend previous reports on
the actions of LTB4 and PAF and indicate that these
lipids are potent independent PMN stimuli but are un¬
likely to mediate directly responses to other agonists.
There have been several previous reports on ultrastruc-

tural changes induced by fMLP in human PMNs, but we
are not aware of comparative studies involving LTB4 and
PAF. The ultrastructural changes evoked by LTB4 are

Fig. 4. Agonist-induced enzyme release from human PMNs. PMNs (10
cells/ml) were pretreated with cytochalasin B (5 pg/ml, 10 min) and
then challenged for 10 min with ionomycin (O), fMLP (▲), PAF (0),
or LTBs (■) at the concentrations indicated. Releases of NAG (A) and
lysozyme (B), after subtraction of basal levels, are expressed as percent¬
ages of total enzyme content. Results are mean values ± SEM for three
to six experiments.

broadly similar to those produced by fMLP, with an initial
period of general membrane ruffling followed by
polarization and lamellipodia formation. In accord with
previous observations with fMLP, these lamellipodia con¬
tained fine subplasmalamellal bands of microfilaments
[20-23] but microtubules were not evident [24, 25]. The
polarization seen in response to LTB4, PAF, and fMLP is
characteristic ofmigrating cells, and since the PMNs were
randomly orientated and the cells were not in a
chemotactic gradient, the ultrastructural changes ob¬
served in unstirred samples are probably associated with
chemokinesis. A similar pattern of morphologic changes
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Fig. 5. Agonist-induced release of LTB4 from human PMNs. PMNs (10
cells/ml) were preincubated with cytochalasin B (5 pg/ml, 10 min) for
10 min and then challenged for 10 min with ionomycin (O), fMLP
(▲), or PAF (0) at the concentrations indicated. Release of LTBc was
determined by radioimmunoassay. Basal levels of LTB4 are subtracted
and results represent mean values ± SEM for three to five experiments.
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Fig. 6. Effect of PF 5901 on agonist-induced
PMN responses. PMNs were preincubated
with PF 5901 for 15 min and then stimulated
with 1 pM ionomycin (O), 1 pM fMLP (A),
1.8 pM PAF (•), or 1.5 pM LTRt (■). LTBt
release (A), aggregation (B), NAG release
(C), and lysozyme release (D) are expressed
as percentages of vehicle control responses.
Results are mean values ± SEM for three or

four experiments. Error bars are omitted in
B, C, and D for clarity, SEMs were always
within 11.4% of the control.

B

Log [PF 5901 ]M

50

was seen in stirred suspensions of activated PMNs except
that small clumps containing aggregated PMNs were evi¬
dent. The clumps contained polarized cells with large
agranular lamellipodia generally extending outward from
the aggregate. Hoffstein et al. [26] reported similar
ultrastructural changes with fMLP-induced aggregation of
human PMNs. The remarkable similarity of the responses
in unstirred PMNs suggests that chemokinesis and ag¬
gregation may be mediated by the same contractile
mechanism (s).
All three receptor-directed agonists induced rapid, re¬

versible PMN aggregation and, in cells pretreated with
cytochalasin B, each induced the release of NAG and
lysozyme. The responses to these agonists differed from
those to the divalent cation ionophore ionomycin, which
always produced irreversible aggregation and evoked en¬
zyme release in the absence of cytochalasin B. In addition
to the stimulatory effects observed with LTB4 and PAF,
these lipids are produced by activated PMNs. Thus, both
lipids have the potential to mediate or amplify responses
to other agonists. However, in the case of LTB4 the very
low levels produced in response to physiological stimuli
may not be sufficient to support a mediator role. In this
study we have shown that fMLP and PAF evoke release of
only a fraction of the LTB4 produced by ionomycin.
Similar observations with fMLP, C5a, and zymosan have
been reported, and potentiation of LTB4 release by some
of these agonists by simultaneous addition of
arachidonate at concentrations that activate protein
kinase C has been reported [10, 27, 28]. In pathological
conditions it remains possible that multiple factors, in ad¬
dition to agonist-receptor binding, may regulate LTB4
release. Alternatively, LTB4 produced by receptor-
mediated agonists may be retained intracellularly as
reported by Williams et al. [29] for zymosan-activated
PMNs.
In order to elucidate the role of LTB4 in mediating

responses to other agonists, we investigated the effect of

blocking its synthesis with a selective 5-lipoxygenase in¬
hibitor, PF 5901 [30], Previous pharmacological studies
have yielded conflicting data on the role of 5-
lipoxygenase metabolites in PMNs. Two lipoxygenase in¬
hibitors, 5,8,11,14-eicosatetraenoic acid (ETYA) and
nordihydroguaiaretic acid (NDGA), blocked responses to
fMLP and other agonists, but other inhibitors including
BW755C and AA861 were much less effective [10,11, 31].
In each case much higher concentrations of inhibitors
were required to inhibit functional responses than were
required to suppress LTB4 synthesis [11]. The inhibitors
used in these studies were relatively nonspecific and may
have influenced PMN reactivity by mechanisms that were
independent of leukotriene synthesis. Thus ETYA has
been shown to reduce formyl peptide receptor numbers
on PMNs [32] and the nonselectivity of NDGA is indi¬
cated by our observation that the concentrations of the
compound required to inhibit responses to fMLP also in¬
hibit aggregation and degranulation induced by LTB4
[33],
PF 5901 is a much more selective inhibitor of 5-lipoxy¬

genase with no inhibitory effects on cyclooxygenase, and
studies with the compound are not complicated by the
potential antioxidant properties associated with other in¬
hibitors [30]. PF 5901 abolished ionomycin-induced
LTB4 synthesis but did not significantly inhibit aggrega¬
tion or degranulation induced by ionomycin, fMLP, or
PAF. PF 5901 was also ineffective against responses in¬
duced by LTB4, which demonstrates that although the
compound is reported to antagonize peptidyl leukotriene
receptors [34] it does not block LTB4 receptors on
human PMNs. Our results for PF 5901, taken together
with those of previous studies using other inhibitors,
demonstrate that LTB4 is not a major mediator of func¬
tional responses to fMLP, PAF, or ionomycin. However, it
is possible that LTB4 contributes to responses of other
agonists, notably phagocytic stimuli, since another
lipoxygenase inhibitor, piriprost (U60257), blocks
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« of kadsurenone on responses to PAF, aggregation and
degranulation induced by LTB4, fMLP, and ionomycin
were not significandy inhibited. We conclude that PAF,
like LTB4, does not act as an amplifier of PMN responses,
at least for the agonists used in this study.
The data reported here indicate that LTB4 and PAF

are potent, independent activators of human PMNs but
neither lipid direcdy mediates responses to the other
agonists studied. Our results are in contrast to those of
previous pharmacological studies, which suggested a role
for the lipids in mediating responses to other stimuli.
This discrepancy is probably attributable to the non-

B specific nature of the inhibitors used in previous studies.
Although our data demonstrate that neither LTB4 nor
PAF is an endogenous amplifier of PMN responses in
vitro, it remains possible that local synthesis of the lipids
at sites of inflammation could amplify PMN-dependent
inflammatory reactions. Furthermore, PAF, LTB4, or
other lipids such as the hydroxyeicosatetraenoates may be
involved in priming of PMNs, since prior exposure to
these lipids makes the cells hyperresponsive to stimula¬
tion with a second agonist [37-43]. They may also
mediate priming observed when cells are exposed to
cytokines such as tumor necrosis factor [44-46], inter-

" leukin-1 [47, 48], or granulocyte-macrophage colony-
stimulating factor [49-51] or to the bacterial product
endotoxin [52-54]. The mechanisms underlying this
priming phenomenon are undergoing intense investiga¬
tion, the outcome of which should shed some light on
whether these lipids are indeed implicated in this
process.
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Hg. 7- Effect of kadsurenone on agonist-induced PMN responses.
PMNs were preincubated with kadsurenone for 10 min and then stimu¬
lated with 1.8 |iM PAF (•), 1 (iM fMLP (▲), or 1.5 pM LTB4 (■).
Aggregation (A), NAG release (B), and lysozyme release (C) are ex¬
pressed as percentages of vehicle control responses and represent
mean values ± SEM for three experiments.

degranulation induced by aggregated immunoglobulin G
[12] but has virtually no effect on responses to soluble
stimuli [31].
In this study we have not attempted to monitor PAF

biosynthesis. Instead, the role of the ether lipid in
mediating PMN responses has been evaluated using a
specific PAF receptor antagonist, kadsurenone [35]. This
compound produced concentration-dependent inhibi¬
tion of PMN responses induced by PAF. Kadsurenone was
20-40 times more potent at inhibiting PAF-induced
degranulation than aggregation, which suggests that the
two responses may be mediated by different PAF recep¬
tors. Similar observations have been reported by
Lambrecht and Parnham [36], who showed that kad¬
surenone discriminates between the PAF receptors that
mediate PMN aggregation and macrophage chemi-
luminescence. In contrast to the potent inhibitory effects
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We examined how 5-hydroxyicosatetraenoate (5-
HETE) activates human neutrophils (PMN). 5-HETE
stimulates PMN tomobilize Ca2+ but has little effect on
degranulation or superoxide anion production. It none¬
theless stereospecifically induced these responses in
cells primed with tumor necrosis factor-a and likewise
induced PMN plasma membranes to bind 35S-labeled
guanosine S'-O-(thiotriphosphate) (GTPyS) and phos-
phohydrolyze [y-asP]GTP. Pertussis toxin blocked
GTPyS binding responses. Scatchard analyses of
GTPyS binding data indicated that 5-HETE raised the
K„ of high affinity GTPyS binding sites without alter¬
ing these sites' numbers or the parameters of low affin¬
ity GTP-yS binding. Since iV-formyl-Met-Leu-Phe,
platelet-activating factor, and leukotriene (LT) B,
have these same bioactions, receptors for the latter
agents might mediate responses to 5-HETE. However,
5-HETE desensitized degranulation responses to itself
but not to the receptor agonists, the receptor agonists
desensitized to themselves but not 5-HETE, and a LTB4
antagonist inhibited LTB4 but not 5-HETE in all as¬
says. Finally, PMN and their membranes took up [3H]
5-HETE at 4 or 37 °C but, at both temperatures, also
acylated the radiolabel into glycerolipids. Acylation
nullified assessment of 5-HETE binding and questions
reports that measure the cell binding, but not metabo¬
lism, of various HETEs. Our studies thus indicate 5-
HETE acts by a down-regulatable, G protein-linked
mechanism and represent the best available evidence
that 5-HETE does not operate through, for example,
LTB4 receptors.

Cells regulate their function and communicate with each
other using arachidonic acid metabolites. Most of these mes¬
senger eicosanoids, e.g. the leukotrienes (LTs),1 lipoxins,

* This work was supported by National Institutes ofHealth Grants
HL 27799 and HL-26257. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked "advertisement" in accordance with 18
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1 The abbreviations used are: LTB4, leukotriene B, or 5(S),12(fi)-
dihydroxy-6,8,10,14-Z,E,E,Z-eicosatetraenoate; HETE, hydroxyicos-
atetraenoate; 5-HETE, 5-hydroxy-6,8,ll,14-E,Z,Z,Z-eicosatetraenoic
acid; 5(S)-HETE and 5(R)-HETE, the natural and unnatural
stereoisomers, respectively, of 5-HETE; 5,20-diHETE, 5(S),20-dih-
ydroxy-6,8,11,14,-E,Z,Z,Z-eicosatetraenoate; fMLP, N-formyl-Met-
Leu-Phe; PAF, platelet-activating factor or l-O-hexadecyl-2-acetyl-
sn-glycero-3-phosphocholine; TNF-a, tumor necrosis factor-a; G pro¬
tein, receptor guanine nucleotide-binding protein; GTPyS, guanosine
5'-0-(thiotriphosphate); PMN, polymorphonuclear neutrophil; BSA,
bovine serum albumin; OL superoxide anion; [Ca2+]j, cytosolic Ca2+
concentration.

thromboxanes, and prostaglandins, operate by well defined
mechanisms; they bind to their respective, G protein-linked
receptors that, in turn, initiate reactions leading to cell func¬
tion (1, 2). The actions ofhydroxyicosatetraenoates (HETEs),
in contrast, have evaded such simple classification. HETEs
stimulate (3-16) and bind to (17-30) diverse cell types. They
too, then, may act via receptors. These receptors need not be
HETE receptors: HETEs bind with LTB4 receptors on dermal
cells (20, 21, 25, 27) or thromboxane receptors on platelets
(28) and blood vessels (29, 30). Moreover, HETEs bind to
cytosolic carrier proteins (31) and cells have an enormous
capacity to store HETEs in their glycerolipids (3-9, 17, 32-
34). The latter effects can mimic receptor binding, particularly
in studies (17-21, 23, 24, 29) done at 37 °C. Finally, HETEs
often influence cells only at >10 pM. Micromoiar HETEs
alter plasma membrane fluidity (5-7, 9, 18), activate protein
kinase C (13, 35), inhibit diacylglycerol kinase (36), regulate
arachidonate-metabolizing enzymes (10, 11, 37-41), and ini¬
tiate toxic peroxidizing reactions (42). Such effects, rather
than receptor activation, may mediate responses to HETEs.
In view of these considerations, the case for unique HETE
receptors remains open.
Human polymorphonuclear neutrophils (PMN) respond to

HETEs (15, 43-47). They also store HETEs in glycerolipids
(41, 48-51), w-oxidize and dehydrogenate 5-HETE and 12-
HETE (51-56), and convert 15-HETE to lipoxins (41, 54).
These transformations (41, 48-51) or, alternatively, interac¬
tions with LTB4 receptors (57-59) or effector enzymes (37-
39, 41) may underlie HETE-induced responses, particularly
those requiring micromoiar levels of the eicosanoid. Some
HETE actions, in contrast, seem unexplained by these mech¬
anisms. 5-HETE induces PMN to raise cytosolic Ca2+
([Ca2+],j but has little intrinsic ability to stimulate functional
{e.g. degranulation) responses. The eicosanoid nevertheless
markedly increases the ability of platelet-activating factor
(PAF) and direct protein kinase C activators to stimulate
function (59-61). Hence, 5-HETE is a partial PMN agonist
with actions that are most clearly expressed in conjunction
with certain other, more completely acting, stimuli. In elicit¬
ing [Ca2+], rises, 5-HETE demonstrates nanomolar potency,
structural dependence, stereospecificity, ability to desensitize
to itself, and sensitivity to pertussis toxin (59). The HETE
thus raises PMN [Ca2+]; by a sensitive, structurally selective,
down-regulatable, G protein-dependent, and possibly recep¬
tor-mediated recognition system. On the other hand, PMN
metabolism of 5-HETE has structural and stereospecificity
requirements quite similar to those needed for 5-HETE bioac-
tivity (51, 54, 55). Furthermore, 5-HETE and LTB4 weakly
cross-desensitize PMN [Ca2+], responses to each other. 5-
HETE, while not reducing prostaglandin E2, prostaglandin
Dz, or PAF binding, weakly suppresses PMN binding of LTB4.
The [Ca2+],-raising actions of 5-HETE and LTB4 are equally
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sensitive to pertussis toxin (59, 64). Here as elsewhere, evi¬
dence that a HETE operates via unique receptors, rather than
by, e.g., acting as a weak LTB4 receptor agonist or stimulator
of effector enzymes, is inconclusive. This report expands the
scope of 5-HETE's actions on PMN and provides evidence
that the HETE does not operate through receptors involved
in transmitting PMN responses to LTB4, PAF, or N-formyl-
Met-Leu-Phe.

MATERIALS AND METHODS

Reagents and Buffers—5(S)-HETE and 5( ft)-HETE were synthe¬
sized from arachidonate (63). 5(S)-HETE, 5(S ),20-dihydroxy-
6,8,11,14-E, Z,Z,Z-eicosatetraenoate (5,20-diHETE), and LTB, were
biosynthesized (59, 62). ("SlGTPyS (1120 Ci/mol), [y-32P]GTP
(5000 Ci/mol), and [3H]5(S)-HETE (191 Ci/mmol) were from Amer-
sham Corp.; fMLP was from Calbiochem (LaJolla, CA); GF/C filters
were from Whatman, Ltd. (Maidstone, England); cytochalasin B,
NAD*, creatine phosphate, creatine kinase, Trizma (Tris) base, bo¬
vine serum albumin (BSA), and Noritt charcoal were from Sigma;
pertussis toxin was from List Biological Laboratories (Campbell, CA);
PAF and nucleoside phosphates were from Bachem (Philadelphia,
PA); tumor necrosis factor-a (TNF-a) was from Genzyme (Boston,
MA). LY 255283 was a gift from Lilly Research Laboratories (Indi¬
anapolis, IN). PMN were suspended in modified Hanks' balanced
salt solution (1.4 mM Ca2*) (59) or potassium-enriched relaxation
buffer (65). GTPyS binding buffer contained 50 mM triethanolamine,
1 mM dithiothrietol, 5 mM MgCl2, 1 mM EGTA, and 150 mM NaCl
(pH 7.4); washing buffer had 50 mM triethanolamine and 4 mM MgCl2
(pH 7.4); hydrolysis buffer had 50 mM triethanolamine, 1 mM di¬
thiothrietol, 5 mM MgCl2, 100 mM NaCl, 100 pM ATP, 5 mM creatine
phosphate, and 4 mg/ml creatine kinase (pH 7.2).
Preparation of PMN and Membranes—Leukocytes (>95% PMN,

<5 platelets/100 PMN, no erythrocytes) were isolated form normal
human donor blood (59). Plasma membranes were prepared at 4 "C
by suspending PMN in relaxation buffer, nitrogen-cavitating cells,
removing unbroken cells and nuclear debris, and fractionating cavi-
tates on Percoll discontinuous density gradients (65). Material sedi-
menting with plasmalemma markers was isolated, washed in binding,
hydrolysis, or Hanks' buffer, and resuspended in the same buffer.
Final isolates had —75, 25, <10, <3, <1, and <1% of gradient plas¬
malemma, Golgi, endoplasmic reticulum, cytosol, primary granule,
and secondary granule markers, respectively (65).
PMN Bioassays—For degTanulation, 2.6 X 106 PMN/ml of Hanks'

buffer were incubated at 37 C for 15 min, exposed to TNF-a or equal
amount of BSA for 0.75-57 min, treated with cytochalasin B (5 pg/
ml) for 3 min, challenged for 5 min, placed on ice, and centrifuged
(11,000 x g, 15 s, 4 °C) to obtain supernatants, which were assayed
for lysozyme and /^-glucuronidase (66). Results are reported as the
percentage of total cellular enzyme released. For superoxide anion
(Oj), 10' PMN/ml of Hanks' buffer were incubated with 50 nM
cytochrome c ± 50 pg of superoxide dismutase at 37 °C for 15 min,
treated with TNF-a or BSA for 12 min, exposed to 5 pg/ml cytochal¬
asin B for 3 min, and challenged (66). Results are reported as the
maximal rate of superoxide dismutase-inhibitable 02 formed/min/
10' PMN based on a molar extinction coefficient of 21,000 for the
difference between oxidized and reduced cytochrome c. For [Ca2*],,
PMN were loaded with Fura-2, suspended (107 PMN/ml) in Hanks'
buffer, incubated at 37 °C for 20 min, and challenged for 5 min while
being exited alternately at 340 and 380 nm and monitored at 510 nm
with a 8pectrophotofluorometer. Results are reported as the nano¬
molar rise in [Ca2*];, as extrapolated from emission curves for Ca2*/
EDTA standards (59).

G Proteins—We assayed G proteins by the methods of Shepers et
al. (67). PMN plasma membranes (100 ng of protein, measured with
Bradford reagent using BSA standards) in 80 pi of binding buffer
were incubated at 30 °C for 20 min, treated with 20 pi of binding
buffer (containing [^SJGTPyS ± excess unlabeled GTPyS, 32 pmol
of GDP, 12.5 pg of BSA, and test stimuli), incubated for 1.25-150
min (30 °C), diluted with 1 ml of 4 °C washing buffer, and suctioned
through GF/C filters. Filters were washed four times with 1 ml of
4 °C washing buffer, air-dried, mixed with Budget Solve scintillation
fluid, and counted for radioactivity. Results are reported as specific
binding, i.e. the fraction of added radioactivity that was bound by
membranes incubated with 50 pM [36S)GTPyS minus that bound by
membranes incubated with 50 pM [35S]GTP7S plus 100 pM GTP7S.
The latter values were <0.1% of added radioactivity. As found else¬

where (67), reactions omitting membranes or Mg2* did not bind
GTPyS, and GTP-yS binding was not stimulated when reactions
lacked GDP. For Scatchard analyses, membranes were incubated
with 3 pM to 3 pM (0.5 log increasing increments) of labeled and
unlabeled GTP7S for 120 min. Data were analyzed with LIGAND
SCAPRE and SCAFIT programs. For GTP hydrolysis, membranes
(200 ng of protein) were incubated in 80 pi of hydrolysis buffer at
30 °C for 20 min, treated with 20 pi of hydrolysis buffer (containing
3.7 fmol of [y-32P]GTP, 10 or 5000 pmol of GTP, 12.5 pg of BSA,
and test stimuli), incubated for 1.25-10 min, diluted with 700 pi of
4 °C buffer (pH 2) containing 10 mM NaH2P04 and 35 mg charcoal,
and centrifuged (11,000 X g, 30 min, 4 °C) to obtain 400 pi of
supernatant, which was mixed with scintillation fluid and counted
for radioactivity. Results are reported as low Km hydrolysis, i.e. the
radioactivity liberated from reactions incubated with 10 pmol (100
nM) GTP minus that of reactions incubated with 5000 pmol (50 pM)
GTP. The latter, high Km values were <8% of low Km and did not
change during membrane stimulation.
5-HETE Uptake and Metabolism—10' PMN or 5 pg of membrane

protein were incubated in 1 ml of Hanks' buffer at 37 or 4 "C for 20
min, exposed to 100 pM [3H)5-HETE ± 5 pM 5-HETE, and incubated
for 5-80 min at 4 °C. For uptake, reactions were passed through GF/
C filters. Filters were washed with five volumes of 4 °C Hanks' buffer,
air-dried, incubated in 0.5 ml of methanol for 10 min, mixed with
scintillation fluid, and counted for radioactivity (65). Results are
reported as the fraction of added label trapped by filters loaded with
test reactions minus that trapped by filters loaded with reactions
containing all reagents except PMN or membranes. For metabolic
studies, reactions were placed on ice, centrifuged (11,000 X g, 5 s,
4 °C), and quickly washed four times with 1 ml of 4 °C Hanks' buffer.
Cells and pooled supernatants were extracted separately by an acidic
Bligh and Dyer method and analyzed on TLC (pre-activated (180 °C
for 3 h) silica gel plates developed to 15 cm with ethyl ether/hexane/
glacial acetic acid (60:40:1, v/v/v). Zones (0.5 cm) were scraped from
the plates, incubated with 0.5 ml of methanol for 10 min, mixed with
scintillation fluid, and counted for radioactivity. In selected experi¬
ments, identity of isolated material was verified by its elution with 5-
HETE or 5,20-diHETE on reverse-phase HPLC or, alternatively,
sensitivity to phospholipase A2, lipase, and saponification (51). The
latter three reactions converted 90% of label migrating with glycero-
lipids to label migrating with 5-HETE on TLC. Membrane metabolic
studies stopped reactions with acidic Bligh and Dyer extraction
solvents and analyzed radiolabel as in cellular studies.
Pertussis Toxin Treatment—Pertussis toxin (8 pg) was activated

at 30 °C by incubation with 160 pi of buffer (pH 8) containing 40 mM
dithiothrietol, 100 mM triethanolamine, and 160 pg of BSA. After 30
min, reactions were diluted with 160 pi of the same buffer containing
4 pg of membrane protein and 15 mM NAD*. After 30 min, 20-pl
membrane samples were added to 80 pi of binding buffer containing
(final amounts) 50 pM [3SS]GTP7S ± 100 pM GTPyS, 320 nM GTP,
12.5 pg of BSA, and test stimuli to assay for GTPyS-specific binding.
Results are compared to membranes that were identically treated
except for being incubated with 8 pg of BSA in place of pertussis
toxin.

RESULTS

Ca2* Transients—LTB4, 5(S)-HETE, and fMLP stimu¬
lated PMN to raise [Ca2*],. Each stimulus induced responses
that peaked at —15 s and then completely reversed over the
ensuing 1-2 min. LY 255283, an LTB4 competitive antagonist
(68), reduced the Ca2*-mobilizing actions of all three stimuli
but had much greater effects on LTB4. Fig. 1 exemplifies these
results by giving the [Ca2*], rise found 15 s after stimulation
of PMN treatedwith 0,1, or 3 pM LY 255283. The antagonist
reduced the amplitude ofCa2* transient responses but did not
alter the kinetics of these responses and, by itself, did not
influence [Ca2*];. Thus, LY 255283 lacked intrinsic Ca2*-
mobilizing effects and showed some nonspecific ability to
suppress [Ca2*], rises. Nevertheless, it discriminated the
[Ca2*],-raising actions of LTB4 from those of 5(S)-HETE and
fMLP.
Degranulation and Oj Production—5(S)-HETE failed to

degranulate PMN (first dose-response curve in each panel of
Fig. 2), whereas TNF-a caused small amounts of lysozyme to
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Stimulus Concentration (nM, log scale)
Fig. 1. Effects of LY 255283 on PMN Ca2+ transient re¬

sponses. Fura-2-preIoaded PMN were incubated with 0 (solid lines),
I (dashed lines), or 3 (dotted lines) pM LY 255283 for 3 min and then
challenged with varying concentrations of the indicated stimuli. Data
are mean nanomolar rises in [Ca2+], found 15 s after challenge for 6-
II experiments ± S.E.

0 3.2 32 320 3200 0 3.2 32 320 3200
TOF-a (U/ml)

Fig. 2. Lysozyme release induced by combinations of 5(5)-
HETE and TNF-a. PMN were preincubated with 0-3,200 units/ml
TNF-a for indicated times (which include a 3-min exposure to 5 pgf
ml cytochalasin B) and then challenged with 0-5000 nM 5(S)-HETE.
Each curve gives the responses of PMN preincubated with the indi¬
cated TNF-a concentration and challenged with 0, 5, 50, 500, or 5000
nM 5(S)-HETE. Datapoints are the mean percentages of total cellular
lysozyme released for 5-8 experiments ± S.E.

be released (first data point for each curve of Fig. 2). In
combination, in contrast, the two agents proved capable of
releasing remarkably large amounts of lysozyme. Responses
increasedwith TNF-a (3-3200 units/ml) and 5(S)-HETE (5-
5000 nM) concentrations. For all stimuli combinations, how¬
ever, PMN incubated with TNF-a for 7.5-15 min were more
responsive to 5(S)-HETE than cells treated with TNF-a for
22.5 or 30 min (Fig. 2), whereas PMN exposed to TNF-a for
3.75 or 60 min had minimal responses to 5-HETE (not
shown). Companion experiments helped interpret these re¬
sults. First, TNF-a and 5(S)-HETE also cooperated to release
/3-glucuronidase (Fig. 3, right panel) and triggerO J production
(Table I). The TNF-a/5(S)-HETE interaction therefore is
not limited to secondary granule enzyme (lysozyme) release
but also includes release of a primary granule enzyme (/8-
glucuronidase) as well as stimulation of the oxidative burst.
Second, 5(R)-HETE was much weaker that 5(S)-HETE in
triggering TNF-a-pretreated PMN to degranulate and pro¬
duce O2 (Fig. 3 and Table I). 6(S)-HETE thus operated
stereospecifically to activate TNF-a-primed PMN. Third,
cytokine-primed PMN, when pretreated with 5(S)-HETE,
degranulatedminimally when re-challenged with 5(S)-HETE
but responded fully to LTB4, fMLP, and PAF. Conversely,
the latter agents desensitized PMN to themselves but not to
each other or to 5(S)-HETE (Table II). All four agents, then,

HETE (nM, Log Scale)

Fig. 3. Stereospecificity of degranulation responses in¬
duced by 5-HETEs in TNF-a primed PMN. PMN were prein¬
cubated with 3,200 units/ml TNF-a for 12 min, exposed to 5 pg/ml
cytochalasin B for 3 min, and challenged with the indicated amounts
of 5(5) or 5(5)-HETE. Data are the mean amounts of net enzyme
release (i.e. corrected for the release induced by TNF-a alone) for 6
experiments ± S.E. Note the different scales for lysozyme (left panel)
and /S-glucuronidase (right panel).

Table I

Of production induced by 5-HETEs in TNF-a-primed PMN
PMN (107/ml) were incubated with BSA ± 1000 units/ml TNF-a

for 12 min, exposed to 5 /ig/ml cytochalasin /3 for 3 min, and chal¬
lenged with 500 nM of the indicated HETE.

Priming agent
Stimulus

BSA TNF-a

5(S)-HETE 0.001 ± 0.001° 0.940 ± 0.018'
5(R)-HETE 0 ± 0 0.070 ± 0.003'

"Mean ± S.E. (n = 3-5) maximal rates of O2 release in nmol/
min/107 PMN. All values were corrected for the Of release that was
not inhibited by superoxide dismutase.
' Values were significantly (p < 0.05, Student's paired t test) above

unstimulated PMN. By itself, TNF-a induced minimal (< 0.001
nmol/min/107 PMN) O2 release.

Table II
Desensitization of degranulation responses in TNF-a-primed PMN
PMN were pre-incubated with 320 units/ml TNF-a plus 1.58 pM

5(S)-HETE, 1 nM LTB,, 1 nM PAF, or 1 nM fMLP for 4.5 min,
exposed to 5 pg/ml cytochalasin B for 3 min, and challenged with
these same concentrations of stimuli for 5 min.

Desensitizer
Stimulus

BSA 5(S)-HETE LTB, PAF fMLP

5(5)-HETE 9.5 ± 1.4° 1.0 ± 1.2* 8.1 ± 1.0 18.2 ± 1.3 11.1 ± 2.4
LTB< 10.8 ± 2.4 13.3 ± 3.5 1.7 ± 0.9614.5 ± 1.1 7.9 ± 1.3
PAF 9.9 ± 3.7 11.0 ± 2.4 12.0 ± 0.9 2.9 ± l.l6 11.6 ± 2.4
fMLP 5.6 ± 1.8 5.0 ± 2.2 4.8 ± 2.5 8.2 ± 2.9 0.8 ± 1.8'

"Percentage of total cell lysozyme released ± S.E. for 7 experi¬
ments. AH data were corrected for the release induced by TNF-a
alone. Experiments using various other concentrationsof the agonists
as desensitizers and stimuli yielded similar results. /^-Glucuronidase
release was similarly effected by the desensitizing protocol.
' Values were significantly lower (p < 0.01, Student's paired t test)

than those for PMN not exposed to a desensitizing stimulus.

activate cytokine-primed cells by mutually independent
mechanisms. Fourth, LY 255283 blocked LTB4, but not 5-
HETE, in stimulating TNF-a-primed PMN to release lyso¬
zyme and ^-glucuronidase (Table III). The antagonist by itself
failed to elicit degranulation and, in contrast to results in
[Ca2+], assays, did not suppress 5(S)-HETE-induced degran¬
ulation. This finding further differentiates the PMN-stimu-
lating actions of 5(S)-HETE from LTB4. Finally, PMN did
not release the cytosolic enzyme, lactic acid dehydrogenase,
in any of the assays. Degranulation, therefore, was not due to
PMN cytolysis. We conclude that 5(S)-HETE acts by a
stereospecific, selectively desensitizable mechanism to stim-
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Table III

Effect of LY 255283 on PMN degranulation responses
PMN were incubated at 37 °C with BSA or 1000 units/ml TNF-a

for 10 min, exposed to 0 or 1 LY 255283 for 2.5 min, treated with
cytochalsin B for 2.5 min, and challenged for 5 min with 500 nM
5(S)-HETE or 3 nM LTB4.

Stimulus
Lysozyme /^-Glucuronidase

BSA TNF-a BSA TNF-a

5(S)-HETE -0.8 ± 0.9° 14.2 ± 1.8 0.8 ± 0.4 13.4 ± 2.6
5(S)-HETE + LY 2.0 ± 1.4 18.6 ± 2.6 1.1 ± 0.7 16.1 ± 1.5
255283

LTB4 8.8 + 0.9 29.6 ±4.2 8.6 ± 1.9 25.3 ± 4.4
LTB4 + LY 255283 4.4 ± l.C 19.0 + 4.1' 4.2 ± 1.3' 15.4 ± 3.8'
° Percentage of total cell enzyme released ± S.E. for 6 experiments.

All data are corrected for release induced by BSA or TNF-a alone.
'Values were significantly (p < 0.005, Student's paired t test)

lower than those induced by the same stimulus in the absence of LY
255283.
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Fig. 4. Stereospecificity of 5-HETEs in activating PMN
G proteins. For GTPyS binding (upper panels), plasmalemma (100
ng of protein) was incubated with 5000 amol of ["SjGTPyS, 320 nM
GDP, and 0 (shaded bars) or 5, 50, 500, or 5000 (successive open bars)
nM 5(S)- or 5(fi)-HETE for 30-120 min. Data are the mean amol of
radiolabel specifically bound/100 ng of membrane protein for 17
experiments ± S.E. Note the truncated y axis. For GTP hydrolysis
(lower panels), plasmalemma (200 ng of protein) was incubated with
3.7 fmol of [y-32P)GTP, 10 pmol of GTP, and 0 (shaded), 5, 50, 500,
or 5000 nM (successive open bars) 5(S)- or 5(/?)-HETE for 1.25-10
min. Results are the mean fmol of 32P liberated for 9 experiments (±
S.E.), per 200 ng ofmembrane protein after correction for the amount
of label released in experiments incubating membranes with 5000,
rather than 10, pmol of GTP. Data are thus low Km hydrolysis values.
Asterisks indicated those values significantly greater (p < 0.05,
Student's paired t test) than unstimulated membranes.

ulate TNF-a-primed PMN. Pathways transducing functional
responses to 5(S)-HETE must diverge from those for LTB4,
fMLP, and PAF at one or more points.
G Protein Activities—PMN plasma membranes incubated

with [35S]GTPyS bound radiolabel increasingly over 120 min
after which apparent equilibrium occurred. 5(S)-HETE stim¬
ulated GTPyS binding at late (t > 30 min; Fig. 4, upper left
panel) as well as early time intervals. Relative to the last
point, control membranes (studies done as in Fig. 4) specifi¬
cally bound 0.22 ± 0.06, 0.38 ± 0.08, 0.63 + 0.07, 1.36 ± 0.11,
and 2.40 ± 0.22% of [^SJGTPyS after 1-, 2-, 4-, 8-, and 16-
min incubations. In membranes treated with 500 nM 5(S)-
HETE, these respective values were 0.30 ± 0.04, 0.50 ± 0.07,
0.78 ± 0.08, 1.61 ± 0.14, and 2.96 ± 0.21 (mean + S.E. for 11

experiments). (Based upon Student's paired t tests, GTPyS
binding to membranes stimulated with 5(S)-HETE for 1-16
min was significantly greater (p < 0.05) than control mem¬
branes at all time points.) In this assay, 5(R)-HETE was
~100-fold weaker than 5(S)-HETE (Fig. 4, upper rightpanel);
LY 255283 blocked LTB4 but not 5(S)-HETE (Fig. 5), and
LY 255283 lacked intrinsic effects (not shown). 5(S)-HETE
also stimulated membranes to phosphohydrolyze [y-32P]GTP.
Again, 5(R)-HETE was ~100-fold weaker than 5(S)-HETE
(Fig. 4, lower panels). 5(S)-HETE thus activated G proteins
by a stereospecific mechanism differing from that used by
LTB4. To define those G protein changes responsible for
increased GTP binding and hydrolysis, we analyzed GTPyS
binding data by the method of Scatchard. As with HL-60
membranes (67), resting PMN plasmalemma membranes pos¬
sessed high and low affinity GTPyS binding sites. 5(S)-
HETE increased the Ka for high affinity binding sites but did
not change these sites' numbers or the Ka and for low
affinity binding (Table IV). LTB4, fMLP, and PAF likewise
promote GTPyS binding (Fig. 6), increase GTP hydrolysis
rates (data not shown), and selectively raise high affinity
GTP-yS binding site Ka without influencing other parameters
of GTPyS binding (Table IV). In each of these assays, how¬
ever, the latter agonists have not only much greater potency
but also induce larger optimal responses than 5(S)-HETE.
Nevertheless, pertussis toxin reduced GTPyS binding re¬
sponses to all four agents (Table V). Evidently, then, 5(S)-
HETE is less potent and powerful than LTB4, fMLP, or PAF
in activating G proteins. However, it resembles the latter
agonists in targeting pertussis toxin-sensitive G proteins and
selectively increasing the affinity of high affinity guanine
nucleotide binding.
PH]5(S)-HETE Binding andMetabolism—PMN incubated

with 100 pM [3H]5(S)-HETE ± 5 5(S)-HETE at 37 "C
take up radioactivity progressively over 40 min to equilibrium
levels of ~0.60 (fraction of added label specifically taken up)
(59). At 4 °C, PMN likewise incorporated label increasingly
for 40-80 min to reach steady state levels, although specific

900

5{S)-HETE (nM)
0.1 1 JO

lt04 (nM)
Fig. 5. Specificity of LY 256283 in blocking PMN mem¬

brane GTPyS binding responses. PMN plasma membranes (100
ng of protein) were incubated with LY 255283 for 5 min and then
exposed to 50 pM ("SJGTPyS ± 100 i*M GTPyS, 320 nM GDP, and
5(S)-HETE (Leftpanels) or LTB4 (right panels) for 30 (upperpanels)
or 60 (lower panels) min. Data are the mean rises in fractional [30S]
GTPyS specific binding (per 100 ng ofmembrane protein) above that
found in unstimulated but otherwise identically treated membranes
for 7 experiments ± S.E. LY 255283 by itself did not alter binding
but, as indicated by asterisks, significantly reduced (p < 0.05, Stu¬
dent's paired t test) the membrane binding response to LTB4. Note
the differences in y axes.
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Table IV

Effects of various stimuli on the parameters of GTPyS binding to
PMNplasma membranes

PMN plasma membranes were incubated (2 h, 30 °C) with 3 pM to
3 nM [3'S]GTPyS plus GTPyS, 320 mm GDP, 4 mm free Mg27, and
125 Mg/ml BSA ± the indicated stimulus. Reactions were filtered,
counted for radiolabel binding, and evaluated for binding sites using
LIGAND. In all cases, LIGAND indicated the presence of two binding
sites (p < 0.02, F-distribution).

Treatment
High affinity" Low affinity"

K„ K

BSA
5 pM 5(S)-HETE
100 nM PAF
100 nM fMLP
100 nM LTB4

1.3 ± 0.14
1.8 ± 0.17"
2.2 ± 0.26"
2.7 ± 0.31'
3.7 ± 0.48'

8.0 ± 0.86
8.3 ± 1.30
6.7 ± 0.77
6.1 ± 0.54
5.4 ± 1.13

0.05 ± 0.01
0.06 ± 0.03
0.05 ± 0.01
0.06 ± 0.01
0.07 ± 0.03

14 ± 1.2
15 ± 1.7
15 ± 1.1
16 + 1.0
17 ± 1.2

° Ka (10® liter/mol) and (fmol/50 pg of membrane protein) ±
S.E. for 8-11 experiments.
' Values were significantly greater (p < 0.05, Student's unpaired t

test) than BSA-treated membranes.

LT8<
CP
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'■6 0.12
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m
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0 0.1 10 1000
Concentration (nM. log scale)

FlG. 6. GTPyS binding responses. PMN plasma membranes
(50 or 100 ng) were incubated with 50 pM [''SjGTPyS ± 100 pM
GTP, 320 nM GDP, and the indicated stimuli for 120 min. Results
are the rise in the fractional specific binding of radiolabel above
unstimulated membranes per 100 ng of membrane protein for 7-17
experiments and generally had S.E. of <15% of reported mean values.

Table V

Effects ofpertussis toxin on the GTPyS binding responses of
PMN membranes

PMN plasma membrane isolates (4 pg of protein) were incubated
with 0 or 8 pg/ml pertussis toxin in a final reaction volume of 320 pi
for 30 min and then diluted into a final reaction (100 pi) containing
50 pM [MS]GTPyS ± 100 pM GTPyS plus 320 nM GDP, and 12.5 pg
of BSA ± a test stimulus. After 15- or 30-min incubations, reactions
were assayed for label binding.

Incubation time (pertussis toxin concentration)

Stimulus 15 min 30 min

0 25 pg/ml 0 25 fAglvrh

5(S)-HETE (500 nM)
PAF (3 nM)
LTB, (3 nM)
fMLP (10 nM)

1.7 ±0.3° 0.3 ±0.6'
3.2 ± 0.2 0.7 ± 0.3'
7.3 ± 0.6 3.7 ± 0.5'
3.7 ± 0.5 1.4 ± 0.4'

3.3 + 0.6 0.9 ±0.3'
4.4 + 0.5 1.9 ±0.5'
9.3 ± 0.4 6.1 ± 0.9'
4.3 ±0.7 1.6 ±0.4'

2
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Fig. 7. PMN binding of 5(S)-HETE. PMN (10' in 1 ml of

buffer) were incubated at 4 °C for 5-80 min with 100 pM [3H]5(S)-
HETE (solid line) or 100 pM (3H]5(S)-HETE plus 5 pM 5(S)-HETE
(clotted line). Data are the fractions of ambient radiolabel bound/107
PMN for 5 experiments + S.E.

• Percentage of ambient radioactivity specifically bound ± S.E. per
250 ng of membrane protein for 4 experiments.
' Values were significantly lower (p < 0.05, Student's paired t test)

than membranes incubated with no pertussis toxin.

uptake peaked at ~0.12 (Fig. 7). While such results might
reflect receptor binding, PMN are known to process 5-HETE
at 37 °C. For example, PMN suspensions exposed to 100 pM
[3H)5(S)-HETE ± 5 pM 5(S)-HETE at 37 °C for 5-80 min
contain labels that migrate with triglyceride, phospholipid,
5(S),20-diHETE, and 5(S)-HETE on TLC. Labels migrating
with 5,20-diHETE and 5(S)-HETE occur only in extracellu¬
lar fluid, whereas cell-associated labels migrate with triglyc¬
eride and phospholipid (51). PMN incubated with 100 pM

2* 0 8
Fraction number

Fig. 8. PMN metabolism of 5(S)-HETE. PMN (107 in 1 ml of
buffer) were incubated at 4 "C for 80 min with 100 pM (3H]5(S)-
HETE (upper panels) or 100 pM [3H]5(S)-HETE plus 5 pM 5(S)-
HETE (lower panels) and separated into supernatant fluid (left
panels) and cells (right panels). The supematants and cells were
extracted, extracts were chromatogTaphed on TLC, and 5-mm zones
were scraped from the TLC plates and counted for radioactivity. Data
are the mass ofmaterial recovered per fraction based upon the specific
activity of added label (>94% recovery of starting radioactivity).
Results are representative of 4 experiments. Note that the y axes for
supernatants (left panels) are magnified 5-fold compared to cells
(right panels). Migration of 5-HETE, 5,20-diHETE, phospholipid,
and triglyceride standards are indicated.

[3H]5-HETE at 4 °C for 80 min contained extracellular radi¬
olabel that migrated with 5(S)-HETE but not 5,20-diHETE
(Fig. 8, upper left panel). The lower temperature thus blocks
co-oxidation not only of LTB« (65) but also of 5(S)-HETE.
Unexpectedly, however, cellular radioactivity in these exper¬
iments migrated exclusively with triglyceride and phospho¬
lipid (Fig. 8, upper right panel). Addition of 5 pM 5(S)-HETE
to the PMN reduced label uptake without changing the gen¬
eral pattern of results (Fig. 8, lower panels). Similar findings
occurred with PMN incubated for 40 min at 4 °C (data not
shown). Indeed, plasmalemma exposed to 100 pM [3H]5-
HETE at 37 or 4 °C for 40 min formed triglyceride- and
phospholipid-co-migrating radioactivity. In the presence of 5
piA 5(S)-HETE, the membranes converted lower although
still measurable percentages of the label to the latter species
(data not shown). Further studies found that: (a) radioactivity
in the supernatants of whole cell (4 °C) incubations migrated
(>90%) with 5(S)-HETE but not 5,20-diHETE on HPLC;
(6) lipase treatment or saponification of cell or membrane
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labels that migrated with triglyceride on TLC (from 37 or
4 °C incubates) yielded label (>98%) movingwith 5(S)-HETE
on TLC; and (c) phospholipase A2 treatment or saponification
of labels that migrated with phospholipid on TLC (from 37
or 4 °C incubates) also yielded label moving (>98%) with
5(S)-HETE on TLC (not shown). Thus, PMN take up and
acylate 5(S)-HETE into triglycerides and phospholipids at 4
as well as 37 °C. Acylation reactions keep pace with ligand
uptake to effect virtually complete removal of intact 5(S)-
HETE from PMN. Membranes similarly acylate 5(S)-HETE
at both temperatures. In all cases, then, 5(S)-HETE uptake
and metabolism occur more or less concomitantly.

DISCUSSION

5(S)-HETE has limited actions on PMN. It induces Ca2+
transients but has little or no ability to stimulate degranula-
tion or oxidative metabolism. We broadened the biological
spectrum of 5(S)-HETE using TNF-a, a cytokine that primes
PMN to LTB«, PAF, and fMLP (66). TNF-a, in effect,
converted the HETE from an incomplete agonist to one fully
capable of eliciting exocytotic and 0-7 production responses
(Fig. 2, Table I). 5(S)-HETE furthermore desensitized TNF-
a-primed PMN to itself (Table II), stimulated PMN plasma-
lemma isolates to hydrolyze [7-32P]GTP and bind [36S]
GTP7S (Fig. 4), and worked by a stereospecific (Figs. 3 and
4), pertussis toxin-sensitive (Table V) mechanism. LTB4,
PAF, and fMLP had these same actions in stimulating primed
PMN (66) (Table II) and PMN membranes (Fig. 6, Tables
IV and V) allowing the possibility that 5(S)-HETE operated
through one or more receptors for these agonists. However,
5(S)-HETE did not cross-desensitize with the agonists in
assays of PMN degranulation (Table II), did not block PMN
binding of [3H]fMLP2 or [3H]PAF (59), and was insensitive
to a LTB< antagonist (Figs. 1 and 5 and Table III). Evidently,
then, responses to 5(S)-HETE do not require PAF, fMLP, or
LTB« receptors.
The above results prompted a search for 5(S)-HETE bind¬

ing sites. Since PMN oi-oxidize, dehydrogenate, and acylate
5(S)-HETE at 37 °C (33, 34, 35, 61), experiments were done
at 4 °C. The lower temperature blocked w-oxidation (dehydro-
genation products are not detected by our methods) but
acylation reactions persisted (Fig. 8). Plasmalemma also failed
to oi-oxidize [3H]5(S)-HETE (our incubates omitted exoge¬
nous NADPH+, a co-factor for C-20 hydroxylation) but still
incorporated radiolabel into glycerolipids even at 4 °C (Figs.
8 and 9). We in fact never detected unmetabolized 5(S)-
HETE in PMN. Moreover, PMN membranes (5 pg ofprotein)
incubated with 100 pM [:iH]5(5)-HETE for 40 min at 4 °C
incorporated 3.4% of added label. Incorporation fell to 1.2%
in reactions containing 5 pM 5(S)-HETE. Metabolic experi¬
ments done under identical conditions indicated that the
membranes had deposited 3 or 1%, respectively, of label in
glycerolipids after incubations with 100 pM [3H]5(S)-HETE
or 100 pM [aH(5(5)-HETE plus 5 pM 5(S)-HETE. Thus, the
uptake of 5(S)-HETE by PMN or their membranes reflects
principally, if not exclusively, glycerolipid deposition. This
occurrence voids any assessment of PMN 5(S)-HETE recep¬
tors and challenges observations on HETE binding whether
done at 37 °C (18-21, 23, 24, 29) or 4 °C (22, 25-28, 30).
Earlier work may have included a saturable, temperature-
insensitive acylation or other metabolic reaction in measure¬
ments of ligand specific binding.
Our functional studies indicate that 5(S)-HETE acts by a

down-regulatable, G protein-linked mechanism that does not

2 J. T. O'Flaherty and A. G. Rossi, unpublished observations.

involve receptors for three typical agonists. Obviously, PMN
receptors for other agonists, e.g. lipoxin At (69), prostaglandin
E2, prostaglandin D2 (64), or ATP (70), could be 5(S)-HETE
targets. However, prostaglandins E2 and D2 block, rather than
enhance, PMN function, and excess 5(S)-HETE does not
interfere with PMN binding of these prostanoids (64). Like¬
wise, lipoxin A» and B4, at 0.02-2 pM, do not mimic 5(S)-
HETE in promoting PMN responses to PAF, and various
nucleotides including ATP, while enhancing PAF-induced
responses, do not cross-desensitize with 5(S)-HETE in assays
of degranulation.2 Indeed, 5(S)-HETE is peculiar among
Ca2+-mobilizing, pertussis toxin-sensitive stimuli in that it
elicits functions like 02 production only when PMN are co-
challenged with protein kinase C activators (60), PAF (61),
or TNF-a (Figs. 2 and 3; Table I). We are not aware of any
other PMN receptor agonist with these particular bioactions
and therefore suspect that 5(S)-HETE bypasses all known
receptors to stimulate PMN.
Although the data presented here are fully compatible with

the notion that 5(S)-HETE acts through receptors, they do
not exclude alternate PMN-stimulating mechanisms, e.g. di¬
rect G-protein activation. It is nevertheless interesting to
speculate on putative 5(S)-HETE receptors. Such receptors
would be directed toward cooperating with certain stimuli to
elicit PMN function. We note that other PMN eicosanoid
receptors localize to plasma membrane and associate with
either G. (prostaglandins E2 and D2 receptors) or G; (LTB<
and lipoxin A4 receptors) proteins (64, 65, 69). Our GTP
binding and hydrolysis studies suggest that 5(S)-HETE
receptors, if existing in PMN, are also plasmalemmal-bound
and Gi protein-linked. As a first impression, then, the known
PMN eicosanoid receptors may belong to the rhodopsin su-
perfamily of cell surface recognition molecules and relate to
each other in a manner formally analogous to, e.g., adrenergic
rhodopsin superfamily receptors (71). Adrenergic receptors
fall into different classes based in part on their affinities for
a series of analogs. Eicosanoid receptors might also be prof¬
itable classified into, e.g., stimulatory Ei (LTB4, lipoxin A4,
putative 5(S)-HETE) and inhibitory E2 (prostaglandins E2
and D2) receptors. Here, as in the adrenergic system, receptors
within a single class may differ. LTB4 receptors elicit a large
array of functions; lipoxin A4 receptors cause a different and
often inhibitory set of responses; and putative 5(S)-HETE
receptors stimulate function only in PMN co-challenged with
certain other stimuli. Relevant to the last point, it seems at
least possible that the latter stimuli up-regulate 5(S)-HETE
receptors. TNF-a induces PMN to increase their expression
of fMLP and PAF receptors (66) and conceivably might have
the same effects on putative 5(S)-HETE receptors. In any
event, recent studies indicate that PMN synthesize various
oxo analogs of arachidonic acid metabolites (55, 56). Our
studies recommend these and other novel analogs be tested
for interaction with the full range of Ei receptors. Possibly,
an eicosanoid analog will be found to interact with multiple
Ej receptor types and thereby indicate a close relationship
between these fascinating receptor systems.
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Characterization of eosinophil homotypic aggregation
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Department of Applied Pharmacology, National Heart & Lung Institute, London, UK

Abstract: Guinea pig peritoneal eosinophils stimulated
by platelet-activating factor (PAF), leukotriene B(
(LTB4), and human recombinant C5a (C5a) undergo a
rapid concentration-dependent and partially reversible
homotypic aggregation as assessed by changes in light
transmission. The phorbol ester phorbol myristate ace¬
tate similarly induces a concentration-dependent aggre¬
gation, which is, however, slower in onset, takes longer to
reach maximal aggregation, and is irreversible. In addi¬
tion, we confirmed, using light microscopy, that these
agonist-induced changes in light transmission do indeed
represent true homotypic aggregation. We further charac¬
terized the aggregation response and showed that there is
homologous but little heterologous desensitization when
PAF and LTB, are used as stimuli. A requirement for
both Ca2* and Mg2* for full manifestation of agonist-
induced aggregation was observed. LTB4- and PAF-
induced superoxide anion generation is enhanced by the
diacylglycerol kinase inhibitor R59022, whereas aggrega¬
tion induced by LTB4, but not PAF, is augmented. Lastly,
we show that eosinophil aggregation is partially depen¬
dent on the adhesion glycoprotein CD18. In summary,
therefore, we believe that eosinophil aggregation provides
a useful and reliable measure of eosinophil activation.
J. Leukoc. Biol. 57: 226-234; 1995.

Key Words: eosinophil • aggregation • leukotriene Bt ' platelet-
activating factor • phorbol myristate acetate • C5a

INTRODUCTION

It is well established that platelet aggregation plays an essen¬
tial role in the hemostatic process [1] and that homotypic
neutrophil aggregation also occurs in vivo [2-10]. For exam¬
ple, neutrophils accumulating at sites of inflammation ad¬
here to endothelial cells lining postcapillary venules as well
as sticking to one another [11, 12]. Intravascular neutrophil
aggregation has been shown to occur in pathological situa¬
tions such as adult respiratory distress syndrome [13], post¬
ishemic reperfusion in cardiac tissue [4], septic shock [5, 6],
and models of disseminated intravascular coagulation [3],
Agonist-induced platelet and neutrophil homotypic aggrega¬
tion has also been extensively studied, quantified, and char¬
acterized using different in vitro techniques [14-33], Aggre¬
gation has therefore been, and still is, invaluable for
pharmacological and mechanistic investigation of the adhe¬
sive properties of these blood elements.
The situation regarding the eosinophil is less clear even

though eosinophil-eosinophil aggregation has been observed
in vivo [34]. Eosinophils are thought to play an important
functional role in the control of parasitic infection and in al¬
lergic diseases such as asthma, dermatitis, and conjunctivitis
(see ref. 35 for a review). Eosinophils when exposed to spe¬
cific inflammatory stimuli such as C5a, platelet-activating
factor (PAF), and interleukin-8 (IL-8) may undergo a num¬
ber of processes including shape change, chemotaxis, uptake

of deoxyglucose, release of granule-stored cationic proteins
including major basic protein and eosinophil-derived neuro¬
toxin, generation of toxic oxygen metabolites, and synthesis
of lipid-derived mediators such as prostaglandins, leuko¬
triene B4 (LTB4), and PAF [36-38], Recruitment of leuko¬
cytes, including the eosinophil, is mediated in part by adhe¬
sive molecules located on both the leukocyte (e.g., CD11/
CD18 complex) and endothelial cells (e.g., ICAM-1 and
ICAM-2) lining blood vessel walls [11, 39], It has been
reported that human eosinophils when activated also un¬
dergo homotypic aggregation in vitro [40]. These authors,
using a double color fluorescence-activated cell sorter,
showed for the first time that human eosinophils are capable
of forming stable, CDllb/CD18-dependent aggregates in the
presence of phorbol myristate acetate (PMA) and that PAF
markedly enhanced the response induced by opsonized par¬
ticles. We have reported that guinea pig eosinophils, when
activated by LTB4 and by the novel chemokine eotaxin, were
also capable of homotypic aggregation as determined by
changes in light transmission [41]. In the present study, using
a standard platelet aggregometer, we have further inves¬
tigated the aggregatory response induced by a number of im¬
portant inflammatory mediators. We confirm, using light
microscopy, that the recorded changes in light transmission
do indeed represent true aggregation. Furthermore, we show
homologous desensitization and a role for Ca2* and Mg2* in
a CD18-dependent aggregatory response. In addition, we
show that LTB4- and PAF-induced superoxide anion (O2")
release from guinea pig eosinophils is markedly enhanced by
the diacylglycerol (DAG) kinase inhibitor R59022 [42, 43],
whereas aggregation induced by LTB4, but not PAF, is
potentiated by the compound. Thus we conclude that eosino¬
phils, like neutrophils, aggregate and that changes in light
transmission are a reliable measure of eosinophil activation.

MATERIALS AND METHODS

Materials

The following reagents were purchased from Sigma Chemical
Company (Poole, England): A23187, casein, cytochrome c,
glutaraldehyde solution, PMA, superoxide dismutase. Horse
serum and Hanks' balanced salt solution (HBSS) were pur¬
chased from Life Technologies Ltd (Paisley, Scotland). Percoll
was from Pharmacia (Milton Keynes, England). C16 PAF was
from Bachem (Saffron Walden, England). LTB4 was from Cas¬
cade Biochem Ltd (Reading, England). R59022 (6-[2-[4-
[(4-fluorophenyl)-phenymethylenene]-l-piperidinyl]ethyl]-7-

Abbreviations: DAG, diacylglycerol; HBSS, Hanks' balanced salt solu¬
tion; IL-8, interleukin-8; mAb, monoclonal antibody; PAF, platelet-
activating factor; PKC, protein kinase C; PMA, phorbol myristate acetate;
LTB«, leukotriene B4.
Reprint requests: Adriano G. Rossi, Department of Applied Pharmacol¬

ogy, National Heart & Lung Institute, London SW3 6LV, UK.
Received August 8, 1994; accepted September 26, 1994.
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methyl-5//-thiazolo[3,2-a]pyridin-5-one) was from Janssen
Life Sciences (supplied by Amersham International, Amer-
sham, England). Recombinant human C5a was from J. van
Ossterum, Ciba Geigy (Summit, NJ). The anti-CD18 mono¬
clonal antibody (mAb; immunoglobulin Gl), a gift from
Celltech Ltd (Slough, England), was generated from a
mouse immunized with human B lymphoblastoid cell line
JY. 6.5E blocks CD18 function on human [44], rabbit [45],
and guinea pig [39] leukocytes. The mouse myeloma protein
MOPC21 (IgGl, Celltech Ltd) was used as a control
antibody.

Induction and purification of guinea pig eosinophils
Guinea pig eosinophils were induced and prepared as previ¬
ously described [46, 47]. Briefly, Dunkin-Hartley ex-breeder
guinea pigs were injected intraperitoneally with 1-ml ali-
quots of neat horse serum every second day for 2 weeks. Two
days after the last injection the animals were killed by C02
asphyxia and the cells were collected by peritoneal lavage
with 30 ml of heparinized saline (10 U/ml). The peritoneal
cells were centrifuged and resuspended in 2 ml of calcium-
and magnesium-free HBSS. The cell suspension was then
layered over a discontinuous Percoll-HBSS gradient (1.070,
1.080, 1.085, 1.090, 1.095, and 1.100 g/ml) and centrifuged
(1500,g, 25 min at 20°C). Eosinophils (>95% pure, >98%
viable) were collected from the 1.090/1.095 and 1.095/
1.100 g/ml interfaces. The eosinophils were centrifuged
(250g 7 min, 20°C) and resuspended at the appropriate cell
concentration in assay buffer (138 mM NaCl; 2.7 mM KC1;
8.1 mM Na2HP04; 1.5 mM KH2P04; 10 mM glucose;
10 mM HEPES) and kept on ice until use. Twenty minutes
before use, the cells were warmed to 37°C and CaCl2 and
MgCl2 (final concentrations 1.0 mM and 0.7 mM, respec¬
tively) were added.

Aggregation
Guinea pig eosinophils were resuspended (1 x 107 cell/ml) in
the assay buffer and aliquots (300 /il) of cells were dispensed
into a siliconized cuvette in a dual channel platelet aggre-
gometer (Chronolog 440 VS) linked to a dual pen recorder
(Chronolog 707). The cells were incubated for 5 min at 37°C
with continuous stirring at 700 rpm and then stimulated
with the indicated agonist. The reference cuvette contained
buffer alone. Responses were allowed to develop for at least
5 min and the results expressed as the percentage ofmaximal
aggregation induced by 10"6 M PMA or depicted as typical
aggregation traces on an arbitrary scale.

Microscopy studies
During some aggregation experiments, 300 pi of a 2.5%
glutaraladehyde solution was added to the aggregation
cuvette at the peak of the aggregation responses. A 20-pl ali¬
quot of the cell suspension was then added to 80 pi of
Kimura's stain [48]. Samples were viewed in a hemo-
cytometer under a light microscope and photographed.

Superoxide anion generation
02~ production was determined by assaying the superoxide
dismutase-inhibitable reduction of cytochrome c as previ¬
ously described for rabbit neutrophils [49]. Each well of a
flat-bottomed 96-well microtiter plate received 50 pi of 5 mg
ml"' cytochrome c, 25 pi of an agonist (e.g., C5a) and 25 pi
of R59022 (10~5 M) or assay buffer. Reactions were started
by dispensing 100-pl aliquots of eosinophils (2 x 106

cells/ml) into the wells. For calculation of superoxide dis¬
mutase-inhibitable 02" generation some wells received cells,
cytochrome c, and superoxide dismutase (50 pi of0.4 mg/ml).
The plates were incubated at 37°C and after 10 and 40 min
the absorbance at 550 nm was read. The results are ex¬

pressed as the amount ofOj" produced in nmol per 2 x 105
cells using an extinction coefficient of 21.1 x 10s. All tests
were carried out in quadruplicate.

Statistical analysis
Data were analyzed using Student's /-test or one-way analysis
of variance (P value assigned using Bonferroni's posttest)
where appropriate. Results were considered significant when
P < .05 and data are shown as the mean ± SEM of n ex¬

periments.

RESULTS

Agonist-induced aggregation
When eosinophils are stirred in the presence of an agonist,
changes in light transmission can be recorded. Typical
concentration-dependent aggregation traces induced by
PMA, C5a, PAF, and LTB4 are depicted in Figure 1. The
responses induced by PAF, LTB4, and C5a were rapid in on¬
set, usually maximal within 2 min, and partially reversible.
The response induced by PMA, on the other hand, was
slower in onset and maximal aggregation took longer to oc¬
cur, especially when lower concentrations of PMA were
used. In contrast to the other agonists, the response induced
by PMA was irreversible (for at least 10 min, data not
shown). At 10"6 M, PMA induced maximal aggregation,
which was confirmed by light microscopy. The response in¬
duced by 10"6 M PMA was used as a reference and responses
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Fig. 1. Typical agonist-induced concentration-dependent aggregation
traces. Aliquots (300 /il) of eosinophils (107/ml) were placed in a cuvette and
continuously stirred using a magnetic stirrer. The cells were stimulated by
the indicated agonist concentrations and changes in light transmission
recorded.
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induced by other agonists were expressed as percentages of
maximal aggregation (i.e., the response induced by 10"6 M
PMA). The calcium ionophore A23187 also caused a con¬
centration-dependent aggregatory response, which, like that
induced by PMA, was slower in onset, took longer for max¬
imal aggregation to occur than with the receptor-directed
agonists, and was irreversible (data not shown). For example,
the response induced by 10~7 M A23187 induced 40 ± 13%
(n - 3) of maximal aggregation. Cumulated concentration-
response curves for the different agonists are depicted in
Figure 2. LTB4 and PAF induced aggregation in the concen¬
tration range 10"10 to 10"7 M and were virtually equipotent
with EC50 values (i.e., concentrations producing 50% of the
maximal response induced by each respective agonist) of ap¬
proximately 2 x 10"® M. PMA and C5a were less potent
than the lipid mediators with EC50 values of approximately
5 x 10"® and 5 x 10"8 M, respectively. Maximal aggregation
was induced by 10"6 M PMA, whereas C5a, LTB4, and PAF-
induced 50%, 44%, and 35% of maximal aggregation, re¬

Log [AgonistlM

Log [AgonistlM
Fig. 2. Cumulated concentration-response curves for PMA (•), C5a (■),
PAF (A), and LTB, (4). Results are expressed as the percentage maximal
aggregation induced by PMA (10"* M) and each point is the mean t sem
for three to six experiments.

spectively. Aggregation was confirmed by fixing samples at
the peak of the aggregation response and examining them
under the microscope. As can be seen from Figure 3a, the
control stirred sample contained distinct single eosinophils.
When PMA was added to the eosinophil sample and allowed
to stir for 5 min the eosinophils clumped together, each
clump containing between 5 and 20 individual eosinophils
(Fig. 3b). At this time point few individual eosinophils could
be seen, suggesting that most of the cells had indeed ag¬
gregated. The situation for samples taken from cells exposed
to PAF (Fig. 3), LTB4 (Fig. 3), and C5a (Fig. 3c and d) was
somewhat different in that there were distinct eosinophil ag¬
gregates consisting of 2 to 10 eosinophils with a few in¬
dividual eosinophils not associated with any clumps. This
presumably reflects the dynamic situation between cells that
have not aggregated at all, cells in aggregation clumps, and
cells that have disaggregated.
In order to investigate the receptor dependence of the

response we performed some preliminary desensitization ex¬
periments. The representative traces in Figure 4 show that
PAF (10"B M) induces a rapid and partially reversible ag¬
gregatory response. When a second PAF challenge is given
1 min after maximal aggregation, no further aggregation is
observed. However, if the cells are challenged with LTB4
(10"8 M) they respond by exhibiting an aggregation response.
A similar finding is made when the sequence of agonist addi¬
tion is reversed (i.e., LTB4, then more LTB4 followed by PAF)
(Fig. 4). These results show that there appears to be homolo¬
gous desensitization and that there are probably distinct
receptors for the two agonists on eosinophils. It is difficult to
conclude if there is any heterologous desensitization because
when the second agonist is added (i.e., the third challenge)
the baseline has changed. However, if there is some degree
of heterologous desensitization it is not dramatic.

Role of Ca2* and Mg2*
We next examined the influence of the divalent cations Ca2*
and Mg2* in the medium on the aggregation response. For
this we compared agonist-induced aggregation responses in
the absence (control samples) and in the presence of the Ca2*
ion chelator EGTA (3 x 10"® M) (Table 1). Responses in¬
duced by PAF (10"7 M), PMA (10"« M), and A23187 (10"7 M)
were reduced by 92.5%, 94.2%, and 96.5%, respectively, in
the presence of EGTA. When cells were suspended in buffer
containing no Mg2* the responses induced by PAF (10"7 M)
and PMA (10"6 M) were reduced by 62.1% and 63.3%,
respectively (Table 2). Microscopy confirmed that the
residual changes in light transmission were due to actual
aggregation (data not shown). These observations suggest
that optimal aggregation requires the presence of both Ca2*
and Mg2* in the buffer.

Effect of a DAG kinase inhibitor

For this we investigated the effect of the DAG kinase inhibi¬
tor R59022 on agonist-induced 02" release and aggregation.
As with aggregation, PMA is an effective stimulator of 02"
release, suggesting that activation of protein kinase C (PKC)
results in triggering of the two responses. C5a also elicited
concentration-dependent 02" release. On the other hand,
unlike PMA and C5a, LTB4 and PAF are relatively weak at
eliciting the release of the toxic oxygen metabolite (Fig. 5).
When the cells are preincubated with R59022 for 2 min the
lipid mediators produce marked 02" release (Fig. 5). The
response to C5a is also enhanced after preincubation with
R59022 (Fig. 5). The situation regarding aggregation is
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Fig. 3. Light microscopy of eosinophil aggregation, (a) Stirred unstimulated eosinophils, (b) Stirred eosinophils after exposure to PMA (10"# M). (c) Stirred
eosinophils after exposure to hrC5a (10"8 M). (d) Stirred eosinophils after exposure to hrC5a (10~7 M). (e) Stirred eosinophils after exposure to PAF (10~7 M).
(f) Stirred eosinophils after exposure to LTB4 (10"7 M). Samples were taken for microscopy at the peak of the aggregation response (x 100).

different: when the cells were pretreated with R59022 for
2 min, the response to a submaximal concentration of LTB4
(10"® M) was also potentiated, whereas PAF-induced aggre¬
gation was partially, but not significantly, inhibited by the
drug (Fig. 6).

Role of the adhesion glycoprotein CD18
When the anti-CD18 mAb 6.5E, final concentrations of 30
and 150 /tg/ml, was added to stirred cells there was no effect

on basal light transmission. After a further 2 min of incuba¬
tion, when PAF and LTB were added, the mAb caused sig¬
nificant inhibition of aggregation responses (Fig. 7). For ex¬
ample, the responses to PAF (10"7 M) and LTB» (10'7 M) in
the presence of 150 /(g/ml 6.5E were reduced by 51.5% and
56.2%, respectively. In contrast, the control antibody
MOPC21 had no effect on agonist-induced aggregation
when used in doses up to 150 /(g/ml. For example, in a typi¬
cal experiment, the buffer control LTB4 (10"7 M)- and PAF
(10~7 M)-induced responses were 43% and 33%, respectively;
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TABLE 2. Eosinophil Aggregation in the Presence and
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Fig. 4. Aggregation traces showing homologous desensitization. Aliquots
(300 ftl) of eosinophils (107/ml) were placed in a cuvette and continuously
stirred using a magnetic stirrer. The cells were consecutively challenged with
the indicated agonist concentrations and changes in light transmission
recorded. The trace represents a typical experiment; similar experiments
were performed at least four times.

the responses in the presence of MOPC21 (150 /ig/ml) were
40% and 34%, respectively. 6.5E (150 fig/ml) inhibited
PMA (10~6 M)-induced aggregation by 69 ± 10% (n = 4).
Microscopy confirmed that the residual changes in light
transmission were due to actual aggregation (data not
shown).

DISCUSSION

The eosinophil, like the neutrophil, has the capacity to ac¬
cumulate at sites of inflammation. Eosinophils particularly
accumulate in large numbers at sites of parasitic infection
and in allergic diseases such as asthma, dermatitis, and con¬
junctivitis [36, 37, 50). Once recruited at these sites
eosinophils become activated and in order to deal, for exam¬
ple, with an invading parasite liberate toxic oxygen metabo¬
lites, destructive enzymes, and other proinflammatory medi¬
ators [51]. Paradoxically, if there is exaggerated eosinophil
influx and activation there may be damage to the host's own
tissues [36, 38]. Thus, agents that damp eosinophil activa¬
tion may limit or perhaps even prevent damage in chronic

TABLE 1. Eosinophil Aggregation in the Absence and
Presence of EGTA"

Agonist Control EGTA (3 x 10-' M)

PAF (10"' M)(n - 4)
PMA (10"' M) (tt - 4)
A231B7 (10"' M) (n - 2)

40.0 ± 5.5
100
44.0

3.0 ± 1.1*
5.8 ± 3.0*
1.5

Agonist Control No Mg7*

PAF (10"7 M) (a - 3)
PMA (10"' M) (tt - 3)

34.3 ± 3.4
100

13.0 ± 1.7*
36.7 ± 2.04

"Results are expressed as the percentage ofmaximal aggregation induced
by 10"» M PMA.

P < .01 compared with control values.

diseases such as asthma where eosinophils play an important
role [52]. Therefore good markers of eosinophil activation
are essential for the study of these cells. It has been demon¬
strated that intradermal injection of the C-C chemokine
RANTES in dogs results in a marked accumulation of
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Fig. 5. Effect of the DAG kinase inhibitor R59022 on agonist-induced 02"
release from eosinophils. Aliquots (100 fd) of eosinophils (2 x 106 cells/ml)
were incubated for 2 min with saline control (open symbols) or R59022
(10~5 M; filled symbols), then challenged with the indicated concentrations
of PMA (•), C5a (B), PAF (A), and LTB4 (♦), and 02~ release was deter¬
mined as described in the methods section. Results are expressed as 02~
release (nmoles/2 x 105 cells) and each point is the mean ± SEM for five to
seven experiments. *P < .05 compared with control values.
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eosinophils [34]. There was good supportive histological evi¬
dence demonstrating intravascular activation of eosinophils
by 4 h after the intradermal injection. Interestingly, as well
as eosinophil adherence to postcapillary venular endothelial
cells, there was intravascular homotypic aggregation of
eosinophils [34]. Therefore, in analogy with the neutrophil,
there appears to be a distinct eosinophil-eosinophil interac¬
tion when these cells accumulate to an appropriate stimulus.
In this study we have investigated eosinophil homotypic
aggregation in vitro using a well-established technique for
platelet [14-16] and neutrophil [18] aggregation; namely
monitoring changes in light transmission using a standard
platelet aggregometer. In addition, we verified that these
changes in light transmission represent aggregation by ob¬
serving eosinophil-eosinophil interactions under the light
microscope.
Previous studies have shown that the complement-derived

chemotactic peptide C5a and the lipid derived mediators
LTB4 and PAF are potent eosinophil stimuli that exert their
activity by interacting with distinct cell surface receptors [36,
38]. In vitro, eosinophils, upon exposure to such stimuli,
may undergo chemotaxis, adherence to cultured endothelial
cells as well as various protein-coated surfaces, uptake of
deoxyglucose, release of granule-bound enzymes (e.g.,
eosinophil peroxidase, major basic protein, eosinophil
cationic protein, eosinophil-derived protein X), a respiratory
burst with the production of toxic oxygen metabolites (e.g.,
(V, HjOj), and release of other mediators such as cyclo-
oxygenase products (e.g., prostaglandins Ei and E2), lipoxy¬
genase products [e.g., 5(5)-HETE and LTB4], either lipids
(e.g., PAF), and cytokines (e.g., IL-8 and IL-5) [38, 53].
In this study we show that eosinophils when exposed to ap¬

propriate stimuli also undergo homotypic aggregation. The
receptor-directed agonists PAF, LTB4, and C5a cause a rapid
and partially reversible, concentration-dependent eosinophil
aggregation. On the other hand, the phorbol ester PMA,
which mimics phospholipid-derived DAG to activate PKC,
causes a slower and irreversible aggregation. PMA, unlike
DAG, is not readily metabolized and therefore is believed to
activate PKC persistently, resulting in an irreversible
response [54]. The receptor-mediated agonists and the phor-
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Fig. 6. Effect of the DAG kinase inhibitor R59022 on PAF- and LTB,-
induced aggregation of eosinophils. Aliquots (300 /d) of eosinophils (lO'/ml)
were placed in a cuvette and continuously stirred using a magnetic stirrer.
The cells were incubated for 2 min with saline control (open bars) or
R59022 (10"s M; filled bars), then challenged with PAF (10"» M) or LTB,
(10"* M), and changes in light transmission were recorded. Results are ex¬
pressed as the percentage maximal aggregation induced by PMA (10"' M)
and each point is the mean ± SEM for five experiments. *P < .05 com¬
pared with control values.
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Fig. 7. Effect of an anti-CD18 mAb, 6.5E, on PAF- and LTB,-induced
aggregation of eosinophils. Aliquots (300 /si) of eosinophils (107/ml) were
placed in a cuvette and continuously stirred using a magnetic stirrer. The
cells were incubated for 2 min with saline control (open bars), 6.5E
(30 fig/ml; hatched bars), or 6.5E (150 pg/ml; filled bars), then challenged
with PAF (10"' M) or LTB, (10~7 M), and changes in light transmission were
recorded. Results are expressed as the percentage maximal aggregation in¬
duced by PMA (10-* M) and each point is the mean ± SEM for three ex¬
periments. *P < .05 compared with control values.

bol ester have been shown to produce similar neutrophil
aggregation profiles [30, 31], Koenderman et al. [40] ele¬
gantly demonstrated, using a double-color fluorescence-
activated cell analysis technique, homotypic aggregation of
human eosinophils. PMA (10~7 M) caused moderate aggre¬
gation and serum-treated zymosan and iC3b-coated latex
particles caused small aggregation responses, whereas PAF
(l0"6 M) did not induce aggregation. PMA in our study
caused maximal aggregation (note that maximal light trans¬
mission was not achieved because large eosinophil clumps
did not setde due to the stirring action of the magnet), and
PAF, LTB4, C5a, and A23187 caused marked aggregation.
We previously reported that LTB4 and the novel C-C
chemokine eotaxin are potent eosinophil-aggregating agents
[41]. The differences between our studies and the study by
Koenderman et al. [40] may reflect the use of two very differ¬
ent techniques or differences between the two cell prepara¬
tions. Because the cells used in our studies are elicited

peritoneal eosinophils, they may be primed and therefore
more susceptible to produce an aggregation response. Inter¬
estingly, Koenderman et al. [40] showed that human
peripheral blood eosinophils, when exposed to PAF, were
primed for their aggregatory response to opsonized particles
but not PMA. We are therefore currently investigating
whether peritoneal guinea pig eosinophils are indeed primed
to induce a greater aggregation response. In addition, we felt
it necessary to confirm that changes in light transmission did
indeed reflect aggregation because results obtained using
light transmission techniques have been questioned by some
investigators [20, 55, 56]. We therefore removed samples at
different time points from the aggregation cuvettes and
examined them microscopically. We observed large clumps
of eosinophils on challenge with PMA, with few single
eosinophils remaining in suspension. The other agonists in¬
duced smaller eosinophil aggregates, consisting of 2 to 10
eosinophils per clump, perhaps reflecting the dynamics of
aggregation and disaggregation as well as the fact that these
agonists are less efficacious than PMA. Our desensitization
experiments provide useful, albeit circumstantial, evidence
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that PAF and LTB, act on distinct receptor types to induce
an aggregadon response. Peritonea] guinea pig eosinophils
have previously been shown to possess LTB4 [57] and PAF
receptors [58].
The role of the cations Ca2* and Mg2* in the activation of

eosinophil was also studied. O'Flaherty et al. [26, 59],
demonstrated that human neutrophil aggregation is
markedly inhibited when Mg2* and Ca2* are separately re¬
moved from the bathing buffer. Similar removal of these
cations in our studies greatly reduced the response induced
by the different mediators, suggesting a requirement for
these cations. It is not clear from our studies whether the

aggregation response per se or eosinophil activation requires
the presence of the cations. We believe a combination of both
possibilities is likely because (1) other studies have shown a
role for extracellular Ca2* in agonist-induced eosinophil
responses [35, 60-62] and (2) PMA-induced aggregation was
inhibited in the absence of the cations; PMA can elicit acti¬
vation of leukocytes in the absence of external Ca2* presuma¬
bly by directly activating PKC [54]. This observation sug¬
gests that the aggregation response per se may require the
presence of Ca2*. Similarly, it appears that Mg2* is required
for a full aggregation response; its precise role is, however,
unknown.
The specific DAG inhibitor R59022 has been shown to en¬

hance markedly guinea pig eosinophil 02~ production in
response to PAF [43]. We have confirmed this observation
and shown a similar enhancement of the response after LTB4
and C5a challenge. Exposure of cells to appropriate stimuli
often results in phospholipid turnover leading to the genera¬
tion of the second messenger molecule DAG. This molecule
in turn activates PKC, resulting in cellular activation, and/or
is rapidly metabolized by the concerted action of DAG
kinase and DAG lipase. Therefore, the action of DAG is
regulated by its rapid metabolism. However, in the presence
of the DAG kinase inhibitor the rate of DAG metabolism is

presumably greatly reduced, hence more DAG will be avail¬
able to activate PKC. This may explain our enhancement of
the PAF-, LTB4-, and C5a-induced respiratory burst. Be¬
cause PMA bypasses conventional receptor mechanisms,
probably acts independently of DAG generation, and persis¬
tently activates PKC, it was not surprising that R59022 did
not enhance 02~ generation induced by the phorbol ester.
Although there was a significant enhancement of LTB4-
induced aggregation, we did not see a similar enhancement
of PAF-induced aggregation. The reason for the lack of effect
of R59022 on PAF-induced aggregation is not known. It is
possible, however, that PAF-induced aggregation and 02~
generation are mediated by different PAF receptor subtypes
[58, 63-65], a possibility that requires further investigation.
Recently, we reported that the murine mAb 6.5E blocks

CD18-dependent adhesion of both guinea pig neutrophils
and eosinophils to serum-coated plastic [39]. In addition, we
showed that intravenous administration of the mAb blocked
accumulation of both leukocytes in response to intradermal
injection of inflammatory stimuli in guinea pig skin. We now
show that 6.5E, but not a control antibody, partially in¬
hibited agonist-induced homotypic aggregation of guinea
pig eosinophils, indicating that the jS2 integrin plays an im¬
portant role in this adherence-dependent phenomenon. At the
lower concentration of 6.5E used in this study (30 /tg/ml), the
mAb totally suppressed adhesion of eosinophils to serum-
coated plastic, indicating that the concentration was maximal
to inhibit CD18-dependent binding. Furthermore, a concen¬
tration of 6.5E five times higher (150 /tg/ml) had little further
inhibitory effect on PAF- or LTB4-induced aggregation. These
data suggest that other adhesion pathways may be involved in

mediating eosinophil homotypic aggregation. Using specific
mAbs, Koenderman et al. [40] demonstrated that PMA-
induced human eosinophil aggregation was dependent on
CDllb but not on CDlla or CDllc. Therefore it appears that
CDllb/CD18 is important for eosinophil homotypic aggrega¬
tion. The counterligand for CDllb/CD18 on the eosinophil
is at present unknown; however, there is evidence from studies
investigating human neutrophil aggregation that a counter¬
ligand may be L-selectin [17, 25]. Further study is therefore
necessary to elucidate the role of L-selectin, carbohydrate
ligands for selectins, and other adhesion molecules (e.g.,
VLA-4) in eosinophil homotypic aggregation.
In summary, we have shown that guinea pig eosinophils

when exposed to different agonists undergo concentration-,
Ca2* and Mg2*-, and CD18-dependent homotypic aggrega¬
tion. We suggest that eosinophil aggregation is a reliable
marker of eosinophil activation and should prove a useful
technique for mechanistic and pharmacological investigation
of eosinophil responsiveness.
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Adhesion mechanisms involved in C5a-induced eosinophil
homotypic aggregation
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Abstract: During the process of migration into tis¬
sues, leukocytes interact primarily with vascular en¬
dothelial cells but they have also been shown to
interactwith each other. In this studywe investigated
the adhesion mechanisms involved in guinea pig
eosinophil homotypic aggregation as assessed by
changes in light transmission. The anti-CD18 mono¬
clonal antibody (mAb) 6.5E, at concentrations in
excess of those previously shown to abrogate CD18-
dependent eosinophil adherence to serum-coated
plastic, inhibited C5a-induced eosinophil aggrega¬
tion to a maximnm of 49-68%. In contrast, the
anti-intercellular adhesion molecule-1 (ICAM-1)
mAb RR1/1, which binds to guinea pig eosinophils
and has been shown to block guinea pig ICAM-1
function, had no effect on C5a-induced responses.
Similarly, two functionally active anti-very late anti-
gen-4 (VLA-4) mAbs had no effect on eosinophil
aggregation and did not affect the CD18-inde-
pendent component of the aggregation response. The
role of L-selectin in eosinophil aggregation was in¬
vestigated by using heparin, the selectin-binding
polysaccharide fucoidin, and the anti-L-selectinmAb
MEL-14. Heparin concentration-dependently inhib¬
ited C5a- and platelet- activating factor- (PAF) in¬
duced aggregation but C5a-induced responses were
inhibited more potently. Fucoidin, but not the car¬
bohydrate dermatan sulphate, effectively inhibited
C5a-induced eosinophil aggregation. PMA- and PAF•
induced responses were also inhibited by fucoidin.
Moreover, fucoidin and 6.5E were additive in their
ability to inhibit C5a-induced aggregation. Similarly,
MEL-14 effectively inhibited C5a-induced eosino¬
phil aggregation. In conclusion, we have demon¬
strated that guinea pig eosinophil homotypic
aggregation is mostly dependent on CD11/CD18 and
L-selectin present on the eosinophil surface. In ad¬
dition, VLA-4 plays no role in mediating this aggre¬
gation response. J. Leukoc. Biol. 59: 389-396;
1996.

Key Words: CD18 • very late antigen-4 • L-selectin

INTRODUCTION

In order to reach extravascular sites of inflammation, leu¬
kocytes interact with and migrate across endothelial cells.

The initial process of leukocyte-endothelial cell interaction
(rolling) involves a family of cell adhesion molecules
(CAMs) collectively known as selectins [1]. Recent evi¬
dence has suggested that leukocytes may roll on other
leukocytes prior to migration into the tissue and this is
L-selectin dependent [2]. Drugs that bind to selectins
[3-6] or monoclonal antibodies (mAbs), which inhibit se-
lectin function [7,8], have been shown to inhibit leukocyte
rolling and accumulation in vivo demonstrating the impor¬
tance of these molecules in the inflammatory process. In
addition, mAbs (e.g., DREG 200) against L-selectin, which
is expressed constitutively on the surface of blood leuko¬
cytes, have been shown to inhibit neutrophil homotypic
aggregation [9, 10]. Similarly, negativ.ely charged polysac¬
charides that bind to and inactivate selectin function (e.g.,
fucoidin) also inhibit neutrophil homotypic aggregation
[Hi-
Leukocytes that are rolling on endothelial cells may be

further activated by cytokines or other inflammatory me¬
diators [1, 12]. This leukocyte activation results in firm
adherence to the underlying endothelial cell, a process
mediated by integrins present on the leukocyte surface and
by immunoglobulin superfamily members (e.g., ICAM-1
and VCAM-1) present on the endothelial cell [1]. For ex¬
ample, the complement fragment C5a effectively activates
eosinophils in vitro [13] and induces their accumulation in
vivo [14, 15]. mAbs that block integrin and ICAM-1 func¬
tion also inhibit leukocyte accumulation in vivo [16]. De¬
spite the increasing knowledge of how neutrophils interact
with each other and with endothelial cells (see ref. 1 for
review), much less is known about eosinophils. Further
understanding of these mechanisms may help in the devel¬
opment of therapies for diseases such as asthma, in which
these cells are thought to play an important role.
Although the exact pathophysiological role of eosinophil

aggregation is not known, eosinophil homotypic aggrega-

Abbreviations: CAMs, cell adhesion molecules; FACS, fluorescent activated
cell sorter, ICAM-1, intercellular adhesion molecule-1; mAb, monoclonal anti¬
body; PAF, platelet-activating factor, PMA, phorbol myristate acetate; VLA-4, very
late antigen-4; VCAM-1, vascular cell adhesion molecule-1 ;FITC, fluorescein
isothiocyanate.
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tion has been observed in vivo after injection of the cytok¬
ine RANTES in dog skin [17] and it also occurs in tissue
surrounding the migrating larvae of Schistosoma mansoni
[18]. In addition, eosinophils are capable of secreting sev¬
eral eosinophil-active cytokines (e.g., granulocyte-macro¬
phage colony-stimulating factor) [19], which could
enhance the survival and activation of these cells, espe¬
cially when eosinophils are in close contact. Moreover,
recent evidence suggests that a leukocyte homotypic inter¬
action supports rolling in vivo and this process may be
important for subsequent migration into tissues [2], We
have recently demonstrated that guinea pig peritoneal eos¬
inophils aggregate in vitro after stimulation with a range of
different known mediators of the inflammatory process [20,
21], Mediator-induced eosinophil aggregation was partially
reversible and it was dependent on both calcium and mag¬
nesium ions. In addition, an anti-CD18 mAb partially in¬
hibited aggregation induced by platelet-activating factor
(PAF) and phorbol myristate acetate (PMA, a protein ki¬
nase C activator) [21], Although the eosinophils used here
were obtained from the peritoneal cavity of guinea pigs and
have thus undergone one cycle of migration, eosinophils
are mainly tissue- dwelling cells [22] and are likely to
exert their pathophysiological functions more akin to mi¬
grated cells than cells obtained from the blood. In this
study we have further investigated which of the known

C5a + 8.5£

SOtig/ml

adhesion molecules present on the eosinophil surface me¬
diate C5a-induced guinea pig peritoneal eosinophil homo¬
typic aggregation, as assessed by changes in light
transmission.

MATERIALS AND METHODS

Materials

The following reagents were purchased from Sigma Chemical Co. (Poole,
England): A23187, bovine serum albumin, formic acid, fucoidin, D-glu-
cose, PMA, goat anti-mouse and goat anti-rat immunoglobulin C (IgG)
flourescein isothiocyanate (FITC) conjugates, rat IgG. Intestinal porcine
heparin was purchased from C.P. Pharmaceuticals. Horse serum, phos¬
phate-buffered saline (PBS, calcium- and magnesium-free, pH 7.4), and
Hanks' balanced saline solution (HBSS) were hum Life Technologies
Ltd. (Paisley, Scotland). Percoll was from Pharmacia (Milton Keynes,
England). C16 PAF was from Bachem (Saffron Walden, England). Re¬
combinant human C5a was a gift from J. van Ossterum, Ciba Geigy. The
anti-CD18 mAb (6.5E, mouse IgGl) and control myeloma IgGl
(M0PC21) were gifts from Dr. M. Robinson, Celltech Ltd. (Slough,
England). The anti-VLA-4 mAb 2B4 (mouse IgGl) was a gift from Dr.
R. Pigott, British Biotechnology (Oxford, England); and the anti-VLA-4
antibody HP 1/2 (mouse IgGl) was from Dr. R. Lobb, Biogen Inc.
(Cambridge, MA). The anti-ICAM-1 mAb RR1/1 (mouse IgGl) was a
gift from Dr. R. Rothlein, Boehringer Ingelheim (Ridgefield, CT). The
recombinant Hep II/IO CS fragment of fibronectin (called H/120 [23])
was a gift from Dr. M. Humphries, University of Manchester, England.
RAMOS cells (human Burkitt lymphoma) were obtained from the Euro-

Rg-1 . Effect of an anti-CD18 mAb on C5a-induced eosinophil homo¬
typic aggregation. (A) Eosinophils were incubated with saline control
or the anti-CD18 mAb 6.5E (80 pg/ml) for 2 min, then challenged with
C5a (10" M) and changes in light transmission assessed. Results are
expressed as percentage maximal aggregation induced by PMA (10"*
M) and each bar shows the mean ± SE for 6 experiments. *P < 0.01
compared with control values. (B and C) Lightmicroscopyofeosinophil
aggregation. (B) Stirred eosinophils at the peak of the aggregation
response after exposure to 10" M C5a. (C) Stirred eosinophils after
incubation for 2 minwith the anti-CD18 mAb 6.5E (80 flg/ml) and then
exposure to 10"7 M C5a (X 100).
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Control + 2B4 Control + HP1/2
100 pp/ml 100 HQ/ml

Kg. 2. Effect ofanti-VLA-4 mAbs on C5a-induced eosinophil homotypic
aggregation. Eosinophils were incubated with saline control (open bare)
or with the anti-VLA-4 mAbs HP1/2 (100 pg/ml) or 2B4 (100 )Ig/ml)
(filled bare) for 2 min, then challenged with CSa (10'7 M) and changes in
light transmission assessed. Results are expressed as percentagemaximal
aggregation induced by PMA (10"6 M) and each bar shows the mean ± SE
for 3—5 experiments.

pean Collection of Animal Cultures (Porton, England). MEL-14 (pur¬
chased from ATCC, Rockville, MD) is a rat IgC2a that recognizes mouse
L-selectin. The hybridoma was grown in a hollow fiber bioreaclor and
mAb purified by ammonium sulphate precipitation. The final MEL-14
concentration was 3 mg/ml and the endotoxin concentration <
0.06EU/mg (QCL, BioWhittaker Inc., Walkereville, MD).

Induction and purification of guinea pig eosinophils
Cuinea pig eosinophils were prepared as previously described [14,15].
Briefly, eosinophils were induced in the peritoneal cavity of horse se-
rum-lreated guinea pigs and purified on a discontinuous Percoll gradi¬
ent. Preparations that were >95% pure were used for the experiments
described herein. Purified eosinophils were then washed twice in PBS
(calcium- and magnesium-free, pH 7.4) containing glucose (10 mM);
CaCI2, and MgC12 (final concentrations 1.0 and 0.7 mM, respectively)
were added, and the cells kept on ice. Ten minutes before use, the cells
were warmed to 37°C. For the adhesion experiments, purified eosino¬
phils were labeled with lllln as previously described [15].

Aggregation
Aggregation experiments were carried out as previously described [21].
Briefly, guinea pig eosinophils were resuspended (1 x 107 cells/ml) in
the above assay buffer and aliquots (300 )il) of cells were dispensed into
siliconized cuvettes that were placed into a dual-channel platelet aggre-
gometer (Chronolog 440 VS) linked to a dual pen recorder (Chronolog
707). The cells were incubated for 5 min at 37°C with continuous
stirring at 700 rpm and then stimulated with the indicated agonist. The
reference cuvette contained buffer alone. Responses were allowed to
develop for at least 5 min and the results expressed as the percentage
of maximal aggregation induced by 10-6 M PMA.

Microscopy Studies
In some aggregation experiments, 300 )tl of glutaraldehyde (1.5% final
concentration) was added to the aggregation cuvettes at the at the peak
of the aggregation response. Aliquots (20 pi) were removed and gently
added to 80 pi Kimura stain [24]. Samples were viewed under a light
microscope and photographed.

FACS analysis
Purified eosinophils (5 X 104 cells in 0.5 ml PBS, calcium and magne¬
sium-free) were incubated with the anti-CAM mAbs (50 pg/ml final
concentration) for 15 min at 4°C. The cells were then washed twice with
PBS, goat anti-mouse IgC antibody conjugated with FTTC was added (10
|ll in 0.5 ml of cell suspension), and the cells were incubated for 15 min
at 4°C. The preparations were washed twice and analysed in a Beeton
and Dickinson FACS analyzer (Oxford, England). The myeloma IgCl
M0PC21 was used as control. MEL-14 was used up to 100 pg/ml and
goat anti-rat IgC antibody conjugated with FTTC was used as the secon¬
dary antibody. Rat IgC (Sigma) was used as control.

Eosinophil adhesion to H/120-coated plates
Plates were coated overnight with 100 pi of a 1 pg/ml solution of the
fibronectin fragment H/120. At this concentration, H/120 significantly
enhanced the adhesion of RAMOS cells in a a4-integrin-dependenl
manner (data not shown). The plates were then washed twice with PBS
(pH 7.4, 0.25% bovine serum albumin) and blocked for 2 h with heat-
treated (10 min, 80°C) bovine serum albumin (10 rag/ml) in calcium-
and magnesium-free PBS. The plates were washed twice and cells,
stimulus (PMA, 10-8 M), and mAbs (HP 1/2 up to 100 pg/ml, 2B4 up
to 100 pg/ml, MOPC21 up to 100 pg/ml) were added. After a further 30
min, the nonadherent cells were removed by washing with PBS. Adher¬
ent cells were lysed with formic acid (200 pi) and 100-pl aliquots
assessed for lllln-counta in a gamma-counter (Canberra-Packard,
Pangbourne, England). Results are presented as the percentage of total
cells that adhered.

Statistical analysis
Data were analyzed using Student's t-test or analysis of variance (P
value assigned using Newman Keuls' post test) using the statistical
program Insist (CraphPad Software V2.03) where appropriate. Results
were considered significant when P< 0.05 and data are shown as the
mean ± SE of n experiments.

RESULTS

Role of CD18

Guinea pig eosinophils were labeled with the mouse anti-
human CD18 mAb, 6.5E (saturating concentrations of 50
jlg/ml). Using the F/P ratio of the secondary antibody, we
calculated there to be approximately 300,000 antibody
binding sites in unstimulated cells and this number more
than doubled 15 min after stimulation with PMA 10-8 M
(data not shown). We have previously shown that stimu¬
lated adhesion of guinea pig eosinophils to protein-coated
plastic was completely inhibited by 6.5E at a concentration
of 10 |ig/ml [25]. At the concentration of 80 jlg/ml, 6.5E
inhibited C5a-induced homotypic aggregation in these ex¬
periments by 68% (Fig. 1A). Increasing the concentration
of 6.5E produced no further inhibition of eosinophil aggre¬
gation (data not shown), consistent with our previous find¬
ings [21]. In order to ascertain whether the residual
response observed after 6.5E pretreatment represented
true aggregation, samples were fixed, stained, and viewed
under light microscopy (see MATERIALS AND METH¬
ODS). As shown in Figure 1, B and C, there were substan¬
tially fewer aggregates in 6.5E- and C5a-treated samples
than in samples treated with C5a alone. However, the
small aggregates observed in the mAb-treated sample sug-
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gest that the residual change in light transmission observed
after 6.5E pretreatment did indeed represent true aggrega¬
tion (Fig. 1C).
ICAM-1 present on endothelial cells and leukocytes is

widely recognized as a receptor for the f)2-integrins CDlla
and CDllb [1]. In order to assess whether CD11/CD18
mediates guinea pig eosinophil homotypic aggregation by
binding to ICAM-1 of other eosinophils, we investigated
the effects of the anti-ICAM-1 mAb RR1/1 on C5a-induced
aggregation. RR1/1 has been previously shown to inhibit
neutrophil-mediated injury to guinea pig lung in vitro [26];
binding to guinea pig eosinophils was confirmed by FACS
analysis (data not shown). Over a range of concentrations
(up to 170 pg/ml) RR1/1 did not induce aggregation alone
(data not shown) and had no significant effect on C5a-in-
duced eosinophil homotypic aggregation (C5a alone, 34.7
± 3.6%;C5a + RR1/1 170 (tg/ml, 28.7 ± 5.1% maximal
aggregation; n = 6).

Role of VLA-4

Two mAbs that have been raised against human VLA-4,
HP 1/2 and 2B4, were used to assess the role of VLA-4 in
mediating C5a-induced eosinophil homotypic aggregation.
HP 1/2 has been previously shown to bind to guinea pig
eosinophils in vitro and to inhibit eosinophil accumulation
in vivo [27,28]. In our hands, HP 1/2 labeled 9222 ± 1183
sites on guinea pig eosinophils (n = 3) and this was not
significantly affected by stimulation of eosinophils with
PMA (10-8 M), i.e., 9144 ± 1262 binding sites. At concen¬
trations up to 100 flg/ml, HP 1/2 had no effect on C5a-in-
duced eosinophil aggregation; the effect of 100 |ig/ml
HP1/2 is shown in Figure 2.
The anti-VLA-4 mAb 2B4 [29] labeled 7727 ± 1052

sites on guinea pig eosinophils (n = 3) and this was not
significantly affected by PMA (6248 ± 492 binding sites).
2B4 (up to 100 fig/ml) also had no significant effect on
eosinophil aggregation (Fig. 2). The blocking activity of
2B4 on guinea pig eosinophil VLA-4 was determined by
measuring adhesion to H/120. PMA-induced adhesion was
inhibited by 55% by 2B4 (100 flg/ml) and not affected by
a control mAb.

Role of L-selectin

L-selectin is a glycoprotein present on the surface of leu¬
kocytes that has been shown to have an important role in
mediating leukocyte rolling on endothelial cells [7] and
neutrophil homotypic aggregation [10]. We have investi¬
gated the role of L-selectin in mediating C5a-induced eos¬
inophil homotypic aggregation using heparin and fucoidin,
two negatively charged molecules that bind to L-selectin
and inhibit its function [5, 30], and the anti-L-selectin
mAb MEL-14.

Heparin (30-900 iu/ml) inhibited C5a-induced eosino¬
phil homotypic aggregation in a concentration-dependent
manner (Fig. 3A). At the concentration of 900 iu/ml,
heparin almost completely inhibited C5a-induced aggrega¬
tion. In contrast, PAF-induced eosinophil aggregation was

only partially inhibited by this concentration of heparin,
whereas lower concentrations had no effect (Fig. 3B).
Heparin (900 iu/ml) had no effect on eosinophil aggrega¬
tion induced by PMA (Fig. 3C).
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Fig. 3. Effect of heparin on eosinophil homotypic aggregation induced
by C5a, PAF, and PMA. Eosinophils were incubated with saline control
(shown as CSa, PAF,orPMA) orwith increasing concentrations ofheparin
(30-900 iu/ml) for2 min, then challenged with (A) C5a (10*7 M) (B) PAF
(10~®M), or (C) PMA (10"6M) and changes in light transmission assessed.
Results are expressed as percentage maximal aggregation induced by
PMA (10"6 M) and each bar shows the mean ± SE for 4—5 experiments.
*P< 0.05 and **P< 0.01 compared with control.
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M) and each bar shows the mean ± SE for 4 or 5 experiments. *P< 0.05
and **P< 0.01 compared with control.

The algal polysaccharide fucoidin (40-1200 (lg/ml) con-
centration-dependently inhibited C5a-induced eosinophil
aggregation (Fig. 4A). At the top concentration used
(1200 pg/ml), aggregation was inhibited by >90%. In ad¬
dition, fucoidin (400 pg/ml) inhibited both PAF- and
PMA-induced homotypic aggregation (PAF 10-7 M, 41.6 ±
3.9%; PAF + fucoidin, 24.6 ± 3.9%; PMA 10-7 M, 96.0
± 3.6%; PMA + fucoidin, 64.6 ± 5.4% maximal aggrega¬
tion; n = 6, P< 0.01). In order to control for any charge
effects of fucoidin on eosinophil aggregation, we used the
negatively charged carbohydrate dermatan sulphate, which
has been previously shown not to affect neutrophil homo¬
typic aggregation [11]. At concentrations up to 1200 |ig/ml
(which is approximately three times the molar concentra¬
tion of fucoidin), dermatan sulphate failed to alter signifi¬
cantly the eosinophil aggregation induced by C5a (C5a
10-7 M, 32.8 ± 4.7% maximal aggregation; C5a + der¬
matan sulphate 1200 (Ig/ml, 30.7 ± 3.9%; n = 4).
Figure 5A shows the binding of MEL-14 (300 fig/ml)

to purified guinea pig eosinophils as assessed by using flow

cytometry. At this concentration, there was relative satura¬
tion of MEL-14-binding sites on guinea pig eosinophils
(Fig. 5B). The effects of the anti-L-selectin mAb MEL-14
on eosinophil aggregation induced by C5a is shown in Fig.
4B. AtMfte concentration of 100 fig/ml, MEL-14 inhibited
C5a-induced responses by —50%. When the concentration
of the mAb was increased to 300 |Xg/ml, the aggregation
response induced by C5a was virtually abolished (Fig. 4B).
In contrast, the control mAb M0PC21 used in same con¬

centrations (100 and 300 flg/ml) had no effect on C5a-in-
duced eosinophil aggregation (Fig. 4B).

Effect of combination treatments

In experiments analyzing the effects of combined treatment
with various adhesion molecule blockers, pretreatment
with 6.5E (80 flg/ml) significantly inhibited C5a-induced
eosinophil aggregation by 59%. When 2B4 (100 fig/ml)
was used concomitanly, there was no further inhibitory
effect on the aggregation responses measured (C5a, 34.9 i
9.8%; C5a + 6.5E, 14.2 ± 4.1%; C5a + 2B4, 27.9 ±
5.3%; C5a + both, 14.2 ± 3.6% maximal aggregation, n —

4). In contrast, when 6.5E (80 flg/ml) was used in conjuc-
tion with fucoidin (400 pg/ml), there was a significant
further inhibition of C5a-induced eosinophil aggregation
(Fig. 6A). In these experiments, 6.5E inhibited C5a-in-
duced responses by 49%, fucoidin (400 pg/ml) by 43%,
and the combination of both agents by 76% (Fig. 6A).
Similarly, pretreatment with 6.5E and MEL-14 (100
pg/ml) led to a greater inhibition of C5a-induced eosino¬
phil aggregation than when either of the two mAbs was
used alone (Fig. 6B).

DISCUSSION

Eosinophils are inflammatory cells thought to play a major
role in pathophysiology of various allergic diseases such as
asthma and rhinitis [19]. Although the importance of eosi¬
nophil homotypic aggregation for these diseases is un¬
known, eosinophil aggregation has been observed in vivo
at sites of chemokine injection [17] and may play an im¬
portant role in the in vivo killing of parasites [18]. In
addition, knowledge of the mechanisms of eosinophil-eos¬
inophil interaction may shed light on the ways in which
eosinophils interact with other cells.
We have recently shown that the anti-CD18 mAb 6.5E

effectively inhibited PMA-induced eosinophil adhesion to
serum-coated plastic [25]. We also showed that eosinophil
accumulation in vivo was effectively inhibited by this mAb
[21]. Here we show that 6.5E inhibited C5a-induced eosi¬
nophil homotypic aggregation by —50-70%. Furthermore
the residual changes in light transmission observed corre¬
lated well with residual eosinophil aggregation as assessed
by light microscopy. These findings are consistent with
those of Simon et al. [10] and Koenderman et al. [31] who
showed, respectively, that both human blood neutrophil
and eosinophil homotypic aggregation are dependent on
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CD11/CD18. In human eosinophils, mAbs against CDllb,
but not against CDlla or CDllc, inhibited homotypic ag¬
gregation although aggregation was not completely inhib¬
ited by the anti-CDllb mAb [31]. In contrast, human
neutrophil aggregation was completely inhibited by anti¬
bodies against CD18 [9]. The reasons for these discrepan¬
cies are not apparent but may underlie different
mechanisms used by these cells to undergo aggregation.
The ligands that bind to CD11/CD18 to mediate homo¬

typic aggregation remain to be determined. ICAM-1 is a
well-recognized receptor for CD11/CD18 [1, 12] and is
expressed on many cell types, particularly endothelial and
epithelial cells [1], Leukocytes also express ICAM-1 on
their surface. In this regard, ICAM-1 has been described
on the surface of eosinophils purified from the sputum,
bronchoalveolar lavage, and nasal polyps but not from
blood of normal subjects [32]. On guinea pig eosinophils,
we found a significant number of RR1/1 (anti-ICAM-1)
binding sites. RR1/1 has been previously found to effec¬
tively inhibit leukocyte-dependent lung injury in the
guinea pig, suggesting that it is also a functional blocker in
this species [26]. However, RR1/1 failed to inhibit C5a-in-
duced homotypic aggregation. This is in aggreement with
Kuijpers et al. [33] who reported that RR1/1 and WEHI-
CAM-1 (another anti-ICAM-1 mAb) had no effect on hu¬
man neutrophil homotypic aggregation. Taken together, the
results above Buggest that ICAM-1 is not a major ligand for
CD11/CD18 in the mediation of eosinophil aggregation.
ICAM-3 is expressed at high levels by all resting leuko¬

cyte populations [34] and is a receptor for CDlla/CD18
[1]. Although no report to date has investigated ICAM-3
expression on eosinophils, it is possible that it may be a
counter-receptor for CD18-dependent eosinophil aggrega¬
tion. However, studies with human eosinophils suggest that
only mAbs against CDllb, but not CDlla or CDllc, in¬
hibit aggregation [31]. Whether ICAM-3 is present on
guinea pig eosinophils after they migrated to the peritoneal
cavity (neutrophils undergo a rapid down-regulation of
ICAM-3 upon activation [35]) and whether ICAM-3 is im¬
portant for homotypic aggregation awaits further investiga¬
tion with appropriate tools.
Eosinophils, but not neutrophils, possess the Pl-integrin

VLA-4 (0C4fLl) [36]. The importance of VLA-4 for eosino¬
phil interaction in vivo is highlighted by the presence of
these cells, but not of neutrophils, in the tissue of patients
suffering from leukocyte adhesion deficiency I [37]. Anti¬
bodies that recognize VLA-4 block eosinophil adhesion in
vitro [38] and migration in vivo [27]. We used two antibod¬
ies, HP 1/2 and 2B4, to assess the role of VLA-4 in medi¬
ating C5a-induced eosinophil homotypic aggregation. HP
1/2 has been previously shown to bind to guinea pig eosi¬
nophils and to block eosinophil accumulation in guinea pig
skin [27] and lung [28]. However, HP 1/2 had no effect on
C5a-induced eosinophil aggregation. Similarly, the mAb
2B4 failed to alter significantly eosinophil aggregation
either alone or in the presence of an anti-CD18 mAb. Like
HP 1/2, 2B4 also bound to guinea pig eosinophils. In order
to assess whether 2B4 was a functional blocker of guinea

pig eosinophil VLA-4, we investigated the effect of 2B4 on
eosinophil adhesion to plates coated with H/120, a fi-
bronectin fragment containing the VLA-4 binding site [23].
2B4 inhibited eosinophil adhesion to H/120 by 55%.
These results suggest that VLA-4 does not support eosino¬
phil aggregation in vitro.
Using neutrophils depleted of L-selectin, Simon et al.

[10] demonstrated that both the f)2-integrin and L-selectin
were obligatory for neutrophil aggregation. Loss of L-se-
iectin induced by lipopolysaccharide correlated well with
the inability of neutrophils to aggregate [10]. In addition,
the use of fucoidin and other carbohydrates that suppress
lectin-like interactions effectively inhibited aggregation
[11]. These results suggest a central role for L-selectin and
a proposed interaction with carbohydrates anchored on the
p2-integrins in the mediation of neutrophil aggregation. In
our experiments, fucoidin, at concentrations previously
shown to inhibit neutrophil aggregation [11], and the anti-
L-selectin mAb MEL-14 effectively and concentration-de-
pendently inhibited C5a-induced eosinophil aggregation.
These results are surprising inasmuch as the cells used in
this study were obtained from the peritoneal cavity of the
guinea pig. Both neutrophils and eosinophils that have
migrated into tissue have been shown to express low levels
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Fig. 5. Binding of the anti-L-selectin mAb MEL-14 to guinea pig
eosinophils. (A) Eosinophils were incubated with MEL-14 (300 (tg/ml);
the cells were washed and then incubated with a goat-anti-rat conjugated
with FTTC. Relative fluorescence in rat IgC- and MEL-14-treated cells
is shown. (B) Mean fluorescence intensity (MFI) of eosinophils in the
presenceof increasing concentrations (1-300(tg/ml) ofMEL-14. Dashed
line represents binding in the presence of rat IgC. Results are repre¬
sentative of two similar experiments.
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Fig. 6. Effect of an anti-CD18 mAb either alone or in combination with
(A) fucoidin or (B) the anti-L-selectin mAb MEL-14 on C5a-induced
eosinophil homotypic aggregation. Eosinophils were incubated with sa¬
line control or the anti-CD18 mAb 6.5E (80 |ig/ml) with or without
fucoidin (Fuc, 400 (Ig/ml) or MEL-14 (MEL- 100 |Ig/ml) for 2 min. The
cells were then challenged with C5a (10" M) and changes in light
transmission assessed. Results are expressed as percentage maximal
aggregation induced by PMA (10"6 M) and each bar shows the mean ±
SE for 4 6 experiments. **P< 0.01 compared with control values;
##P< 0.01 when compared with fucoidin/MEL-14- or 6.5E-treated
samples.

of L-selectin [39, 40]. However, MEL-14 significantly
bound to guinea pig eosinophils, demonstrating that these
cells do possess L-selectin on their surface. Moreover, fu¬
coidin also effectively inhibited eosinophil accumulation at
sites of cutaneous inflammation in guinea pig (M. M.
Teixeira and P. G. Hellewell, unpublished results). Pre-
treatment of eosinophils with both fucoidin and 6.5E or
with MEL-14 and 6.5E was more effective at inhibiting
C5a-induced eosinophil aggregation than either of the
agents when used alone (see Fig. 6). In addition, when
given alone, a maximal effective concentration of fucoidin
(1200 ftg/ml) had greater inhibitory effect on C5a- (Fig. 4)
or PMA- (data not shown) induced eosinophil aggregation
than a maximal effective dose of 6.5E (80 flg/ml). Simi¬
larly, a maximally effective concentration of the anti-L-se¬
lectin mAb MEL-14 (300 (Ig/ml) inhibited C5a-induced

eosinophil aggregation to a greater extent than 6.5E. These
data suggest that carbohydrates anchored on CD11/CD18
are not the only counter-receptore for L-selectin in mediat¬
ing eosinophil aggregation, as has been suggested for hu¬
man neutrophils [10,11]. It is possible that the aggregation
process relies initially on L-selectin-dependent interac¬
tions and then on further cellular interactions mediated by
CD11/CD18, in a manner analogous to neutrophil-endo¬
thelial cell interactions. However, one might expect com¬
plete inhibition of aggregation when either of these
sequential interactions was inhibited. Alternatively, these
interactions (L-selectin-dependenl and CDll/CD18-de-
pendent) may occur in parallell such that both are impor¬
tant for eosinophil homotypic aggregation and, possibly, for
eosinophil interactions with other cell types. This could
include recognition of epitopes on CD11/CD18 by L-se¬
lectin and recognition of an unknown component by
CD11/CD18.
Heparin (which also inhibits selectin function) concen-

tration-dependently inhibited C5a-induced aggregation.
However, heparin only inhibited PAF at the highest con¬
centration used (900 iu/ml) and had no effect on PMA-in-
duced aggregation. Although heparin may inhibit selectin
[5] and neutrophil function in vitro [41, 42], heparin may
also bind to and inactivate several cationic mediators of
inflammation [43]. It is possible that heparin, besides hav¬
ing some inhibitory activity on eosinophil L-selectin, binds
to C5a and at higher concentrations to PAF, thus neutral¬
izing their activity. The lack of effect of heparin on PMA-
induced responses supports this possibility.
In conclusion, we demonstrated that guinea pig eosino¬

phil homotypic aggregation is mostly dependent on
CD11/CD18 and L-selectin present on the eosinophil sur¬
face. Furthermore, although VLA-4 may mediate eosino¬
phil adhesion to fibronectin in vitro and eosinophil
accumulation in vivo [36], it does not appear to be impor¬
tant for eosinophil homotypic aggregation. Further studies
are necessary to identify the ligands for CD11/CD18 and
L-selectin that mediate eosinophil homotypic aggregation.

Acknowledgments

We are grateful to the National Asthma Campaign and the
Wellcome Trust for support. M. Teixeira is supported by
Sandoz, Switzerland.

REFERENCES

1. Springer, T.A. (1994) Traffic signal* for lymphocyte recirculation and leu¬
kocyte emigration: the multistep paradigm. Cell 76,301-314.

2. Bargatze, R.F., Kurfc, S., Butcher, E.C., Jutila, M.A. (1994) Neutrophils roll
on adherent neutrophils bound to cytokine-induced endothelial cells via
L-selectin in the rolling cells./. Exp. Med. 180,1785-1792.

3. Ley, K., Cerrito, M„ Arfors, K-E. (1991) Sulfated polysaccharides inhibit
leukocyte rolling in rabbit mesentery venules. Am. J. Physiol. 260,
H1667-H1673.

4. Ley, K., Linnemann, G., Meinen, M., Stoolman, L.M., Gaehtgens, P. (1993)
Fucoidin, but not yeast polyphoaphomannan PPME, inhibits leukocyte roll¬
ing in venules of the rat mesentery. Blood 81, 177-185.

Teixeira et al. CAM, and eosinophil homotypic aggregation 395



5. Nelson, R.M., Cecconi, 0., Roberts, W.C., Arufio, A., Linhaidt, RJ., 26.
Bevilacqua, M.P. (1993) Heparin oligosaccharides bind L- and P-selectin
and inhibit scute inflammation. Blood 82,3253-3258.

6. Granert, C., Raud, J., Xie, X., Lindquist, L, Lindbom, L (1994) Inhibition 27.
of leukocyte rolling with polysaccharide fucoidin prevents pleocytosis in
experimental meningitis in the rabbit. J. Clin. Invest. 93,929-936.

7. Lev, K., Tedder, T.F., Kansas,GS. (1993) L-selectin can mediate leukocyte 28.
rolling in untreated mesenteric venules in vivo independent of E- or P-se-
lectin. Blood 82,1632-1638.

8. Ley, K., Gaehtgens, P., Fennie, C., Singer, M.S., Lasky, LA., Rosen, S.D.
(1991) Lectin-like cell adhesion molecule 1 mediates leukocyte rolling in «q
mesenteric venules in vivo. Blood 77,2553-2555.

9. Simon, S.L, Chambers, J.D., Butcher, E., Sldar, LA. (1992) Neutrophil
aggregation is fS2-integrin- and L-selectin-dependent in blood and isolated
cells. J. Immunol. 149,2765-2771.

10. Simon,S.L, Rochon, Y.P., Lynara, E.B., Smith, C.W., Anderson, D.C., Sklar,
LA. (1993) f)2-integrin and L-selectin are obligatory receptors in neutrophil
aggregation. Blood o2,1097-1106. 31.

11. Rochon, Y.P., Simon, S.L, Lynam, E.B., Sklar, LA. (1993) A role for lectin
interactions during human neutrophil aggregation. J. Immunol. 152,
1385-1393

12. Hellewell, P.G. (1993) Cell adhesion molecules and potential for phaima- 32.
cological intervention in lung inflammation. Pulm. Pharmacol. 6,109-118.

13. Sun, F.F., Crittenden, NJ., Csuk, C.L, Taylor, B.M., Stout, B.K., Johnson,
H.G. (1991) Biochemical and functional differences between eosinophils
from animal species and man. J. Leukoc. Biol. 50,140-150. 33.

14. Faccioli, LH., Nourshargh, S., Moqbel, R., Williams, F.M., Sehmi, R., Kay,
A.B.,Williams, TJ. (1991) The accumulation of 11 lln-eosinophils induced
by inflammatory mediators in vivo. Immunology 73,222-227.

15. Teixeira, M.M.,Williams,TJ., HelleweU, P.G. (1993) E-type prostaglandins 34.
enhance local oedema formation and neutrophil accumulation but suppress
eosinophil accumulation in guinea pig skin. Br. J. Pharmacol. 110,
416-422.

16. Rossi, A.G„ Hellewell, P.G. (1994) Mechanisms of neutrophil accumulation 35in tissues. In Immunopharmacology ofNeutrophils (Hellewell, P.G., Wil¬
liams,TJ., eds.), London, Academic Press, p. 223-243.

17. Meuier, R., van Riper, G., Feeney, W., Cunningham, P., Horn, D., Springer,
M.S., Maclntyre, D.E., Rosen, H. (1993) Formation of eosinophilic and 35.
monocytic intradermal inflammatory sites in the dog by injection of human
RANTES but not human monocyte chemoattractant protein 1, humanmacro- 07phage inflammatory protein la, or human interleukin 8. J. Exp. Med. 178,
1913-1921.

18. McLaren, DJ. (1960)ScAusotsomamansoni: the Parasite Surface in Relation
to Host Immunity, Chichester, UK, Research Studies Press, p. 1-229. 38.

19. Weller, P.F. (1991) The immunobiology of eosinophils. N. EngL J. Med.
324,1110-1118.

20. Griffiths-Johnson, DA, Collins, P.D., Rossi, A.G., Jose, PJ.,Williams,TJ.
(1993) The chemokine, Eotaxin, activates guinea-pig eosinophils in vitro, 39.
and causes their accumulation into the lung in vivo. Biochem. Biophys. Res.
Common. 197,1167-1172.

21. Teixeira,M.M., Williams,TJ., Au, B-T.. HelleweU, P.C., Rossi, A.C. (1995)
Characterisation of eosinophil homotypic aggregation. J. Leukoc. BioL 57, 40
226-234.

22. Spry, CJ.F. (1988) Eosinophils. A Comprehensive Review, and Guide to the
Scientific and Medical Literature, New York, Oxford University Press.

23. Mould, A.P., Askari, J.A., Garrett, A.N„ Clements, J., Humphries, MJ. ^
(1994) Integrin a4§l-mediated melanoma ceU adhesion and migration on
vascular cell adhesion molecule-1 (VCAM-1) and the alternatively spliced
IOCS region of fibronectin. J. BioL Chem. 269,27224-27230.

24. Kimura, L, Moritani, Y., Tanizaki, Y. (1973) Basophils in bronchial asthma
with reference to reagjn-type aUergy. Clin. Allergy 3,195-202.

25. Teixeira, M.M., Reynia, S., Robinson, M., Shock, A., Williams, TJ., Wil¬
liams, F.M., Rossi, A.G., HeUeweU, P.G. (1994) Role of CD18 in the
accumulation of eosinophils and neutrophils and local oedema formation in 43.
inflammatory reactions in guinea pig skin. Br. J. Pharmacol 111,811-818.

Lo, S.K., Everitt, J., Cu, J., Malik, A.B. (1992) Tumor necrosis factor
mediates experimental pulmonary edema by ICAM-1 and CD18-dependent
mechanisms. J. Clin. Invest. 89,961-988.
Weg, V.B., Williams, TJ., Lobb, R.R., Nourshargh, S. (1993) A monoclonal
antibody recognising very late activation antigen-4 (VLA-4) inhibits eosino¬
phil accumulation in vivo. J. Exp. Med. 177,561-566.
Pretolani, M., Ruflie, C., LapseSilva,J.R.,Joseph,D., Lobb, R.IL,Vargaftig,
B.B. (1994) Antibody to very late antigen 4 prevents antigen-induced bron¬
chial hyperreactivity and cellular infiltration in the guinea pig airways. /.
Exp. Med. 180,795-805.
Needham, LA., Van Dijk, S., Pigott, S., Edwards, R.M., Shepherd, M.,
Hemingway, L, Jack, L, Clements, J.M. (1994) Activation dependent and
independent VLA-4 binding sites on vascularoeU adhesion molecule-1. Cell
Adhesion Common. 2,87-99.
Varki, A. (1994) Selectin Uganda. Proc. Natl. Acad. Sci. USA 91,
7390-7397.

Koenderman, L, Kuijpers, T.W., Blom, M., Tool, A.TJ„ Root, D., Verho-
even, AJ. (1991) Characteristics of CR3-mediated aggregation in human
eosinophils: effect of printing by platelet-activating factor. J. Allergy Clin.
Immunol 87,947-954.
Hansel, T.T., Jolanda, L, De Vries, M., CaibaUido, J.M., Bonn, R.IL,
Carhallido-Perrig, N., Rihs, S., Blaser, IL, Walker, C. (1992) Induction and
function of eosinophil intercellular adhesion molecule-1 and HLA-DR. J.
Immunol 149,2130-2136.
Kuijpers, T.W., Koenderman, L, Weening, RS„ Verhoeven, AJ., Roos, D.
(1990) Continuous cell activation is necessary Cor stable interaction of
complement receptor type 3 with its counter-structure in the aggregation
response of human neutrophils. Eur. J. Immunol 20,501-508.
Fawoett, J., Holnese,C.LL, Needham, LA^Tuiley, H., Gatter, K.C., Mason,
D.Y., Simmons, D.L (1992) Molecular cloningof ICAM-3, a third ligsnd for
LFA-1, constitutively expressed on resting leukocytes. Nature 360,
481-484.
del Paso, M.A., Pulido, R., Munox,C., Alvares, V., Humbria, A., Campanero,
M.R., Sanchez-Madrid, F. (1994) Regulation of ICAM-3 (CD50) membrane
expression on human neutrophils through a proteolytic sheddingmechanism.
Eur. J. Immunol 24.2586-2594.
Lobb, R.R., Hemler, M.E. (1994) The pathophysiologic role ofa4 integrins
in vivo.J. Clin. Invest. 94,1722-1728.
Hawkins, H.K., Heffdfinger, S.C., Anderson, D.C (1992) Leukocyte adhe¬
sion deficiency: clinical and postmortem observations. Pediatr. Pathol 12,
119-130.

Weller. PJ\, Rand, T.H., Goelx, S.E, Chi-Rosso, G„ Lobb, R.R. (1991)
Human eosinophil adherence to vascular endothelium mediated by binding
to vascular cell adhesion molecule 1 and endothelial leukocyte adhesion
molecule 1. Proc. Natl Acad. Scl USA 88,7430-7433.
Mengelers, HJJ., Maikoe, T., Hooibrink, B., Kuypers, T.W., Kreukniet, J.,
Lammeis, J-WJ., Koendevman, L (1993) Down regulation of L-selectin
expression on eosinophils recovered from bronchoalveolar lavage fluid after
allergen provocation. Clin. Exp. Allergy 23,196-204.
Georas, S.N., Liu, M.Cm Newman, W., Beall, LD., Stealey, BA, Bochner,
BS. (1992) Altered adhesion molecule expression and cell
activation accompany the recruitment ofhuman granulocytes to the lungafter
segmental antigen challenge. Am. J. Respir. CellMol BioL 7,261-269.
Basaoni, G., Nunez, A.B., Mascellani, G., Bianchini, P., Dejana, E., Del
Maschio, A. (1993) Effect ofheparin, dermatan sulfate, and related oligo-de-
rivatives on human polymorphonuclear leukocyte function.J. Lab. Clin. Med.
121,268-275.
Matzner, Y., Marx, G., Drexler, R., Eldor, A. (1984) The inhibitory effect of
heparin and related glycosaminoglycans on neutrophil chemotaxis. Thromb.
Haemostasis 52.134-137.
Jaques, LB. (1980) Heparins— anionic polyelectrolyte drugs. Pharmacol
Rev. 31,99-166.

396 Journal of Leukocyte Biology Volume 59, March 1996



British Journal of Pharmacology (1996) 117, 979-985

Publication 14

© 1996 Stockton Press All rights reserved 0007 -1188/96 $12.00

Characterization of inositol hexakisphosphate (InsP6Vmediated
priming in human neutrophils: lack of extracellular [ H]-InsP6
receptors
E. Kitchen, A.M. Condliffe, A.G. Rossi, C. Haslett & 'E.R. Chilvers

Respiratory Medicine Unit, Department of Medicine (RIE), Rayne Laboratory, University of Edinburgh, Medical School, Teviot
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1 Inositol hexakisphosphate (InsP6) is a ubiquitous and abundant cytosolic inositol phosphate that has
been reported to prime human neutrophils for enhanced agonist-stimulated superoxide anion generation.
This led to the proposal that the release of InsP6 from necrotic cells may augment the functional
responsiveness of neutrophils at an inflammatory focus. The aim of this study was to examine whether
the functional effects of InsP6 in neutrophils are receptor-mediated and establish the magnitude of this
priming effect relative to other better characterized priming agents.
2 Analysis of [3H]-InsP6 binding to human neutrophil membranes in 20 mM Tris, 20 mM NaCl,
100 mM KC1, 5 mM EDTA (pH 7.7) buffer using 0.1 mg ml"' membrane protein and 2.5 nM [3H]-InsP6
(90 min, 4°C), demonstrated specific low affinity [3H]-InsP6 binding that was non-saturable up to a
radioligand concentration of 10 nM.
3 [3H]-InsP6 displacement by InsP6 gave a Hill coefficient of 0.55 and best fitted a two-site logistic
model (53% KD 150 nM, 47% Ka 5 pM). [3H]-InsP6 binding also displayed low (3 fold) selectivity for
InsP6 over Ins(l,3,4,5,6)P5.
4 The specific [3H]-InsP6 binding displayed a pH optimum of 8, was abolished by pre-boiling the
membranes, and was enhanced by Ca2+, Mg2+ and Na+.
5 In incubations with intact neutrophils, where high levels of specific [3H]-LTB4 binding was observed,
no [3H]-InsP6 binding could be identified.
6 Preincubation of neutrophils with 100 /iM InsP6 had no effect on resting cell morphology, but caused
a minor and transient (maximal at 30 s) enhancement of (0.1 nM) fMLP-induced shape change (% cells
shape changed: fMLP 53±3%, fMLP + InsP6 66+4%). Similarly, InsPg (100 fiM, 30 s) had no effect on
basal superoxide anion generation and, compared to lipopolysaccharide (LPS, lOOngml"', 60 min),
tumour necrosis factor-a (TNFa, 200 u ml"1, 30 min) or platelet-activating factor (PAF, 100 nM, 5 min)
caused only a small enhancement of 100 nM fMLP-stimulated superoxide anion generation (fold-increase
in superoxide anion generation over fMLP alone: InsP6 1.8 + 0.3, LPS 6.8 + 0.6, TNFa 5.2±0.7, PAF
5.8 + 0.6).
7 While these data support the presence of a specific, albeit low affinity, [3H]-InsP6 binding site in
human neutrophil membrane preparations, the lack of binding to intact cells implies that the functional
effects of InsP6 (ie. enhanced fMLP-stimulated superoxide anion generation and shape change) are not
receptor-mediated.

Keywords: Inflammation; neutrophil priming; inositol hexakisphosphate; superoxide anions; neutrophil shape-change

Introduction

Inositol hexakisphosphate (InsP6) is the most abundant in¬
ositol phosphate found in nature (Cosgrove, 1980), being
present in mammalian cells at concentrations between 10 /jm
and 1 mm (Szwergold et al., 1987). It is an intriguing molecule,
whose true physiological role has yet to be revealed. In-
tracellularly, InsP6 has been proposed to function as a general
antioxidant (Graf & Eaton, 1990), Ca2+ chelator (Luttrell,
1993), inhibitor of iron-catalysed hydroxyl radical formation
(Hawkins et al., 1993) and phosphate store (Berridge & Irvine,
1989). It is also a specific inhibitor of a number of the enzymes
involved in inositol polyphosphate metabolism, for example
the Ins(l,3,4,5)P4 3-phosphatase (Hughes & Shears, 1990;
Hoer & Oberdisse, 1991), and can itself be metabolized into a
series of more polar inositol polyphosphates termed pyr¬
ophosphates (Mennite et al., 1993; Stephens 1993). Investiga¬
tions into the effects of calcium-mobilizing agonists on cellular
InsP6 levels have demonstrated either no effect (Glennon &
Shears, 1993), or a rapid, transient increase that parallels
Ins(l,4,5)P3 accumulation (Sasakawa et al., 1993). In addition,
quite marked changes in the concentrations of both InsP5 and

' Author for correspondence.

InsP6 can be seen with progression through the cell cycle or
changes in cell phenotype (e.g. during neutrophilic differ¬
entiation of HL-60 cells) (French et al., 1991; Guse et al.,
1993).
There is growing evidence that InsP6 may also have a

number of extracellular actions. Initial interest focused on its
ability to suppress the development of colonic cancer in animal
models, probably by chelating metal ions and thereby limiting
mitogenic iron-catalysed redox reactions (Graf & Eaton,
1993). It has also been shown to lower blood pressure and
heart rate in a reversible manner when infused into specific
regions of the rat brainstem (Vallejo et al., 1987). At a cellular
level, InsP6 has been shown to elicit Ca2+ influx and catecho¬
lamine release in bovine adrenal chromaffin cells (Regunathan
et al., 1992) and to enhance Ca2+ influx in cultured neuronal
cells (Nicoletti et al., 1989). However, the powerful Ca2 +
chelation (Cosgrove, 1980) and autofluorescence properties of
InsP6 complicate the interpretation of such studies (Sun et al.,
1992).
It has recently been reported that InsP6 may also function as

a neutrophil priming agent and hence have a pro-inflammatory
role (Eggleton et al., 1991). Preincubation of neutrophils with
10-250 pM InsP6 was shown to enhance subsequent agonist-
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induced superoxide anion generation and result in a rapid and
sustained assembly of F-actin (Crawford & Eggleton, 1992).
This led to the proposal that release of InsP6 from necrotic cells
at an inflammatory focus may upregulate, or prime, the
functional responsiveness of adjacent neutrophils to secreta-
gogue agonists. Since priming has been shown to be a pre¬
requisite for neutrophil-mediated tissue injury, this event could
play a vital role in modulating the extent of inflammation-
induced organ damage (Smedley et al., 1986).
In view of recent reports identifying the presence of specific,

high affinity [3H]-InsP6 receptors in the rat brain (Hawkins et
al., 1990), and their subsequent characterization as the a-sub-
units of the clathrin assembly protein AP-2 (Volgmaier et al.,
1992), we have examined whether the reported functional ef¬
fects of InsP6 in human neutrophils are mediated by similar
receptors. Our findings indicate that while specific [3H]-InsP6
binding sites are present on neutrophil membranes, they do not
display the characteristic high affinity and selective InsP6
binding properties reported in other cell types, and more im¬
portantly, are not present on intact cells: hence it is unlikely
that the functional effects of InsP6 are receptor-mediated. A
more complete re-evaluation of the functional effects of InsP6
demonstrates that this molecule has only very modest and
transient effects on human neutrophil function compared to
more established priming agents.

Methods

Neutrophil preparation

Blood was taken from healthy adult volunteers, anticoagulated
with 4 ml 3.8% sodium citrate 40 ml"1 blood, and centrifuged
(300 g) for 20 min. Neutrophils were isolated as detailed by
Haslett et al. (1985) using dextran sedimentation and dis¬
continuous plasma-Percoll gradients. The purified neutrophils
were washed sequentially in platelet-poor plasma, PBS with¬
out, and then PBS with Ca2+ and Mg2"1". All procedures were
conducted at 25°C. Cell purity and viability (assessed by try¬
pan blue exclusion), were routinely >95% (<0.5% monocyte
contamination) and >99.5% respectively.

[3H]-lnsP6 binding to neutrophil membranes

Membranes were prepared as detailed by Hawkins et al.
(1990). In brief, neutrophils were resuspended at 15 x 106 cells
ml""1 in 20 mM Tris (pH 7.7), 20 mM NaCl, 100 mM KC1 and
5 mM EDTA (4°C), homogenized (Polytron), centrifuged
(35,000 g, 30 min), and the resulting membranes washed twice
before use. Membrane protein concentrations were determined
by the Pierce-BCA protein assay with BSA as standard.

[3H]-InsP6 binding was performed according to the method
of Hawkins et al. (1990). Freshly prepared membranes
(0.1 mg ml-1) were incubated at 4°C in 20 mM Tris (pH 7.7),
20 mM NaCl, 100 mM KC1 and 5 mM EDTA with 2.5 nM
(90,000 d.p.m.) [3H]-InsP6, in a final volume of 1 ml. Separation
of bound from free radioligand was achieved by centrifugation
(13,000 g, 6 min, 4°C), with non-specific binding (NSB) de¬
termined in the presence of 100 fiM InsP6. Pellets were dissolved
overnight in Soluene and their radioactivity determined by li¬
quid scintillation counting. In preliminary experiments, [3H]-
InsP6 binding was found to be linear up to a protein con¬
centration of 0.2 mg ml-1 with equilibrium between free and
bound [3H]-InsP6 achieved by 90 min (data not shown).

To assess whether there was any metabolism of [3H]-InsP6
during these assays, pre- and post-incubation supernatants
were analysed by anion exchange h.p.l.c., using a Partisphere
5-SAX column (250 x 4.6 mm) fitted with a Whatman SAX
guard cartridge eluted (flow rate 1.25 ml min-1, 0.3 min
fractions) with the following gradient: A (H20), B (3.5 M
ammonium formate, pH adjusted to 3.7 with orthophosphoric
acid): 0-5 min0% B; 10-12 min 21.4% B; 18-23 min 28.5%
B; 30 min 40.0% B; 40 min 42.0% B; 60-65 min 100% B.

In competition assays, displacing agents (InsP6, 0.1 nM-
0.1 mM; Ins(l,3,4,5,6)P5, 10nM-0.1mM and Ins(l,4,5)P3,
10 nM-0.1 mM) were added in 100 /d (10 x final concentra¬
tions) aliquots. The pH-dependency of [3H]-InsP6 binding was
examined by resuspending the neutrophil membranes in
20 mM Tris, 20 mM NaCl, 100 mM K.C1, 5 mM EDTA buffered
over an appropriate pH range with Trizma maleate-HCl (pH
5.5-7.0) or Trizma base-HCl (7.5-9.0). The effect of the ca¬
tions Mg2+ and Ca2+ on [3H]-InsP6 binding was investigated
using predetermined EDTA, EGTA and MgCl2 additions to
the above buffer, as detailed in the results section. The effect of
protein denaturation on [3H]-InsP6 binding was assessed by
heating the membranes to 100°C for 90 min prior to use.

To examine whether the [3H]-InsP6 binding observed was to
an intra- or extracellular site, assays were performed with in¬
tact, freshly prepared neutrophils (3 x 106 ml-1, equivalent to
0.1 mg ml-1 protein) incubated at 4°C in either PBS contain¬
ing 25 mM HEPES (pH 7.4) or 20 mM Tris (pH 7.5), 20 mM
NaCl, 100 mM KC1 and 5 mM EDTA. Cells were layered over
0.4 ml silicone oil, incubated for 90 min on ice and then cen¬

trifuged (15,000 g, 1 min). Aliquots (200 fit) of the super¬
natants were removed and transferred to scintillation vials.
The remaining supernatant and oil layers were aspirated and
discarded, and the cell pellets dissolved in methanol and
radioactivity determined. Parallel incubations were performed
to assess [3H]-InsP6 binding to neutrophil membranes prepared
from the same batch of cells and [3H]-LTB4 binding to intact
cells, as detailed previously (O'Flaherty et al., 1986; 1991).

Neutrophil shape change assay

The effect of InsP6 on fMLP-induced shape-change was as¬
sessed by incubating 3 x 106 neutrophils in 500 p\ PBS con¬
taining 1 mM MgCl2, 1 mM CaCl2 and 25 mM HEPES (pH
7.3) at 37°C, with a pre-determined optimal concentration of
InsP6 (100 /jM), for 0.5-30 min prior to addition of 0.1 nM
fMLP for 5 min. Preliminary concentration-response studies
had identified this as the fMLP concentration required to in¬
duce submaximal (approx. 50%) shape change (data not
shown). Incubations were terminated by the addition of 500 /j1
2.5% gluteraldehyde and shape-change was quantified by
phase contrast light microscopy as the percentage of neu¬
trophils extruding more than one pseudopodium. Identical
incubations were performed with LPS (100 ng ml-1, 60 min),
TNFa (200 u ml-1, 30 min) and PAF (100 nM, 5 min).

Superoxide anion generation

Neutrophils were resuspended at 1 x 106 cells ml-1 in PBS
containing 1 mM CaCl2, 1 mM MgCl2 and 25 mM HEPES (pH
7.3) and preincubated at 37°C with buffer, InsP6 (100 fiM,
30 s), LPS (100 ng ml-1, 60 min), TNFa (200 u ml-1, 30 min)
or PAF (100 nM, 5 min) in a final volume of 100 p\. These
pretreatment periods and agonist concentrations were estab¬
lished in preliminary experiments designed to ascertain optimal
priming conditions for each agent. The cells were then stimu¬
lated with fMLP (100 nM, 15 min) in the presence of 80 /jm
cytochrome C, with superoxide dismutase (375 u) added to one
tube in each set of quadruplicate incubations. Reactions were
terminated by placing the cells on ice followed by centrifuga¬
tion (15,000 g, 5 min, 4°C). The superoxide-dismutase-in-
hibitable reduction of cytochrome C was determined in each
supernatant by measurement of the peak absorbance between
535-565 nm, with a Pye-Unicam scanning spectro¬
photometer, and expressed as nmol superoxide anion gener¬
ated per 106 cells.

Drugs and chemicals

Inositol hexakisphosphate (InsP«, di-potassium salt), N-for-
myl-methionyl-leucyl-phenylalanine (fMLP), superoxide dis¬
mutase, cytochrome C, platelet-activating factor (PAF),
lipopolysaccharide (LPS, E. coli 0111:B4), phosphate-buffered
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saline (PBS, with or without CaCl2 and MgCl2), dextran-500
and Percoll were all purchased from Sigma (Poole). Tumour
necrosis factor-a (TNFa) was obtained from Genzyme (Cam¬
bridge, MA, U.S.A.). Inositol pentakisphosphate
(Ins(l,3,4,5,6)P5) was purchased from Calbiochem (Notting¬
ham) and inositol 1,4,5-trisphosphate (Ins(l,4,5)P3) from RBI
(St Albans). [3H]-inositol hexakisphosphate (specific activity
15-24 Ci mmol-1) was obtained from DuPont-New England
Nuclear (Stevenage, Herts.). Silicone oil F-50 was obtained
from Croylek Ltd. (Surrey). All other reagents and chemicals
were purchased from Life Technologies (Paisley), BDH
(Poole), Phoenix Pharmaceuticals Ltd. (Gloucester) or Pack¬
ard (Pangbourne, Berks.) and were of the highest grade
available.

Statistics

All values are expressed as means± s.e.mean of (n) separate
experiments. Values, where applicable, were compared by
ANOVA or Student's t test for paired data, with P<0.05
considered to be significant. Significant differences between
groups were determined by the Newman-Keuls procedure.

Results

[3H]-InsP,5 binding sites in human neutrophil membranes
Under the assay conditions defined (2.5 nM [3H]-InsP6, 0.1 mg
membrane protein, 90 min incubations on ice), total and non¬
specific [3H]-InsP6 binding represented approximately 3,000
(approximately 200 fmol mg~1 protein) and 300 d.p.m. re¬
spectively. Analysis of [3H)-InsP6 displacement by InsP6 (Figure
la) gave a Hill coefficient of0.55 and a curvilinear bound versus
bound x inhibitor plot (Figure lb), indicating the presence ofat
least two binding sites. The curve was best-fitted to a two-site
logistic model, where 53% ofthe InsP6 bound to a site with a KD
of 150 nM and the remainder to a 5 pM KD site. As predicted
from these values, [3H]-InsP6 binding failed to saturate fully up
to a radioligand concentration of 10 nM and kinetic experiments
demonstrated incomplete displacement of steady-state [3H]-
InsP6 binding following addition of 100 pM unlabelled InsP6
(60% displacement at 45 min, data not shown). Ins(l,3,4,5,6)P5
and Ins(l ,4,5)P3 displaced [3H]-InsP6 binding with IC50 values of
430 nM and 30 pM respectively (n = 8) (Figure la). In the ab¬
sence of membranes, total [3H]-InsP6 binding was equal to the
non-specific binding determined in the presence ofmembranes.
Incubations with pre-boiled membranes reduced specific [3H]-
InsP6 binding by > 90% (n — 8, data not shown).

The possibility that the multi-site, low affinity [3H]-InsP6
binding observed was due to metabolism of the radioligand
was investigated by h.p.l.c. analysis of the post-incubation
supernatants, by a method designed to detect inositol hexaki¬
sphosphate metabolites ([3H]-InsPi.5) (Hawkins et al., 1990).
These experiments demonstrated a start radioligand purity of
> 99.9% and no detectable [3H]-InsP6 metabolism during the
90 min incubation period (data not shown).

Effect ofpH on [3H]-InsP6 binding in human neutrophil
membranes

Specific [3H]-InsP6 binding was markedly enhanced under al¬
kaline conditions, with maximum binding at pH 8.0
(750 fmol mg~' protein) (Figure 2). Non-specific binding was
similar at all pH values studied (313 ±24 d.p.m.).

Modulation of [3H]-InsP6 binding in human neutrophil
membranes by mono- and divalent cations

In view of the suggestion that [3H]-InsP6 may associate with
membranes through non-protein interactions, in a manner
dependent upon trace metals (Poyner et al., 1993), we ex¬
amined the ability of various mono- and divalent cations to

a

b

% [3H]-lnsP8 bound x [inhibitor (piM)l

Figure 1 (a) Displacement of [3H]-InsP6 binding to human
neutrophil membranes by InsP6, Ins(l,3,4,5,6)P5 and Ins (1,4,5)P3;
(b) bound versus bound x inhibitor plot for competition of [ Hj-
InsP6 binding by InsP6. Assays were performed with 2.5 nM [3H]-
InsP6, 0.1 mg of human neutrophil membrane fraction and increasing
concentrations of InsP6, (•), Ins(l,3,4,5,6)P5 (□) and Ins(l,4,5)P3
(O) in 20mM Tris/HCl/20mM NaCl/100mM KCl/5mM EDTA
buffer, pH 7.7 (final volume 1 ml). Incubations were performed for
90min at 4°C, with separation of bound from free radioligand by
centrifugation. Non-specific binding was determined in the presence
of 100 pM unlabelled InsP6. Values represent mean + s.e.mean for 8
experiments each performed in duplicate.

influence total [3H]-InsP6 binding to neutrophil membranes.
For each buffer condition, [3H]-InsP6 binding was compared to
that obtained in 20 mM Tris (pH 7.7), 20 mM NaCl, 100 mM
K.C1 and 5 mM EDTA, with this value referred to as 100%
binding (Figure 3). Omission of 5 mM EDTA increased total
binding by 158 ±20%. Replacement of the EDTA with 5 mM
EGTA caused a 76 ±25% increase in binding, with the further
addition of 1 mM Mg2 f augmenting the binding by an addi¬
tional 89±3%. [3H]-InsP6 binding was also influenced by
manipulating the concentration of Na+ and K+ present, with
an increase in binding of 79 ±18% seen in the absence of KC1
and a decrease of 61 ± 6% seen with NaCl exclusion. Thus, the
presence of Ca2+, Mg2* and Na+ all appear to enhance,
whereas K+ inhibits, [3H]-InsP6 binding to human neutrophil
membranes. Non-specific binding, determined in the presence
of 100 pM InsP6, was similar under all conditions studied
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Figure 2 pH-dependence of specific [3H]-InsP6 binding to human
neutrophil membranes. [3H]-InsP6 binding to human neutrophil
membranes was determined using 2.5 nM [3H]-InsP6 and 0.1 mg
membrane protein (as detailed in the legend to Figure 1) in a range
of 25mM Tris (pH 7.5-9) and Tris-maleate (pH 5.5-7) buffers (see
Methods). Incubations were performed at 4°C for 90min and non¬
specific binding determined in the presence of 100 |iM unlabelled
InsP6- Values represent mean± s.e.mean of maximal specific [3H]-
InsP6 binding (13,355± 743 d.p.m.) for 6 determinations in two
separate experiments.

300

= 250

Buffer contents

Figure 3 Effects of Mg2+, Ca2+, Na+ and K+ on [3H]-InsP6
binding to human neutrophil membranes. Assays were performed as
outlined in the legend to Figure 1 except that following isolation,
neutrophils were resuspended in a series of 20mM Tris/HCl buffers
(pH 7.7) with varying amounts of EDTA/EGTA/KCl/NaCl/MgCI2
as detailed below. The cells were then homogenized, pelleted and
resuspended in the same series of buffers at 0.1 mg protein ml-1 and
[3H]-InsP6 binding (hatched columns) determined using 2.5 nM [3H]-
InsP6 and an incubation period on ice of 90min. Non-specific
binding (solid columns) was determined in the presence of 100 /rM
unlabelled InsP6. The buffers used were: Column (1), 5mM EDTA,
100mM KC1, 20mM NaCl; Column (2), 5mM EDTA, 20mM NaCl;
Column (3), 5mM EDTA, 100mM KC1; Column (4), SmM EDTA;
Column (5), 100mM KC1, 20mM NaCl; Column (6), 5mM EGTA,
100mM KC1, 20mM NaCl; Column (7), 5mM EGTA, 100mM KC1,
20mM NaCl, ImM MgG2. Values represent mean± s.e.mean of 3
experiments each performed in duplicate. (Where not shown,
s.e.means were <2% of means and fall within symbols). 100%
binding represents 4,958 ± 197 d.p.m. Non-specific binding in buffer 7
was >70% total [3H]-InsP6 added (see Results).

5 10 15 20 25

lnsPe preincubation time (min)

log [fMLP (m)]

Figure 4 (a) Effect of InsP6 preincubation time on fMLP-induced
neutrophil shape change. Purified human neutrophils (3x 106ml~')
were preincubated for various periods (0.5-30min) with either InsP6
(100/iM, closed symbols) or 20mM HEPES PBS buffer (pH 7.3)
(open symbols) prior to 5 min treatment with fMLP (0.1 nM, circles)
or buffer (squares). Reactions were terminated, and shape change
assessed as detailed in the Methods section. Values represent
mean± s.e.mean of 3 experiments, each performed in duplicate.
*P<0.05, significantly different from fMLP alone (ANOVA). (b)
Effect of InsP6 on fMLP concentration-response curve for neutrophil
shape change. Neutrophils were preincubated for 30 s with either
InsP6 (100/tm, closed symbols) or buffer (open symbols), prior to a
5min treatment with fMLP. Values represent mean ± s.e.mean of
triplicate determinations from a single experiment, with similar
results obtained in a further 4 experiments.

(7.3 ±0.8% of total binding) except that in the presence of
5 mM EGTA plus 1 mM MgCl2 there was a dramatic increase
in membrane pellet associated pHJ-InsPe (52,014±
4,362 d.p.m. ie. approximately 70% of the total [3H]-InsP6
added), suggesting precipitation of an InsP6-Mg2+ complex
similar to that observed with Fe3+ concentrations > 10 nM
(Poyner el al., 1993).

[3H]-InsP6 binding to intact human neutrophils

A number of methods were used to assess whether the [3H]-
InsP6 binding observed in neutrophil membranes represented
binding to an intra- or extracellular recognition site. Incuba¬
tion of freshly prepared neutrophils at 4°C for 90 min with
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Control

TNF (200 u ml )

PAF (100 nM)

LPS {100 ng ml

fMLP (100 nM)

40 60

% shape change

Figure 5 Effect of TNFa, PAF and LPS on neutrophil shape
change. Human neutrophils (3 x 106ml~') were incubated with TNFa
(200uml~', 30min), PAF (100nM, 5min), LPS (lOOngml"1,
60min), fMLP (lOOnM, lSmin), or 25mM HEPES PBS buffer (pH
7.3) (control). Reactions were terminated, and shape change assessed
as detailed in the Methods section. Values represent mean + s.e.mean
of 3 experiments, each performed in duplicate. Where not shown,
s.e.means are <2% of means and fall within symbols. *P<0.05
significantly different from control (ANOVA).

Table 1 Effects of TNFa and PAF on unstimulated and
fMLP-induced superoxide anion generation in human
neutrophils

Superoxide anion generation (nmol/106 cells)
Unstimulated Stimulated

Control
TNFa
PAF

0.56 ±0.08
0.88 ±0.05
0.78 ±0.11

3.50 ±0.26
18.04 ±2.33
20.42 ±2.16

Human neutrophils were suspended in PBS containing
25 mM HEPES as detailed in the Methods section, and
preincubated with TNFa (200 u ml"1, 30 min) or PAF
(100 nM, 5 min) prior to a 15 min treatment with fMLP
(100 nM). Superoxide anion release was assessed spectro-
photometrically by a cytochrome C reduction assay and
expressed as nmol superoxide anion generated/106 cells.
Values represent mean ± s.e.mean of 3 separate experiments,
each performed in triplicate.

Control

lnsP6 (0.1 mM)

LPS (100 ng ml"1)

fMLP (100 nM)

fMLP + lnsP6

fMLP + LPS

5 10 15

Superoxide anion release
(nmol/106 cells)

Figure 6 Comparison of the effects of InsP6 and LPS on fMLP-
induced superoxide anion generation in human neutrophils. Human
neutrophils were suspended in PBS containing 25mM HEPES as
detailed in the Methods section and preincubated with 100jiM InsP6
for 30s or lOOngml"1 LPS for 60min prior to a lSmin challenge
with fMLP (100 nM). Superoxide anion release was measured with a
spectrophotometric cytochrome C reduction assay and expressed as
nmol superoxide anion generated/106 cells. Values represent mean +
s.e.mean from 10 experiments each carried out in triplicate.
*P< 0.005, significantly different from fMLP alone.

2.5 nM [3H]-InsP6 in either the above intracellular-like binding
buffer or in 25 mM HEPES-buffered PBS containing 1 mM
CaCl2 and MgCl2 (pH 7.5) produced a marked reduction in
specific [3H]-InsP6 binding (76 ±0.8% and 74 ±1.2% respec¬
tively) compared to that observed in membranes. However,
since assessment of cell viability demonstrated that approxi¬
mately 10% of the pelleted neutrophils were trypan blue po¬
sitive, an alternative separation method was followed using
centrifugation through an inert oil cushion. Using this proto¬
col, < 0.03% of the [3H]-InsP6 added was associated with the
cell pellet irrespective of the incubation buffer used. Under
identical conditions, and in the same experiment, > 16% spe¬
cific [3H]-LTB4 binding was observed (n = 2, data not shown).

Effect of InsP6 on fMLP-stimulated shape change and
superoxide anion generation

In view of the above data indicating the absence of true ex¬
tracellular InsP6 receptors in neutrophils, we sought to re¬
evaluate the functional effects of InsP6 in these cells using re¬
spiratory burst activity and shape change as activation indices.
The effect of InsP6 on basal and fMLP-induced shape change
was used as a sensitive indicator of potential chemotactic (Qu
et al., 1995) and priming (Haslett et al., 1985) activity and also
to determine the optimal InsP6 preincubation period required
for subsequent superoxide anion-priming experiments. Figure
4a illustrates the effects of incubating unprimed neutrophils
with 100 pM InsP6 for 0.5-30 min on basal and submaximal
(0.1 nM) fMLP-induced neutrophil shape-change. InsP6
(100 pM), unlike other established priming agents (Figure 5),
had no effect on basal shape change (Figure 4a), but did cause
a small and transient enhancement (26 ±1.2% at 30 s) of
fMLP-induced shape change (Figure 4a). TNFa, PAF and
LPS did not enhance fMLP (100 nM±induced shape change
(data not shown). This pattern of effects (ie. transient en¬
hancement of fMLP-induced shape change, but no effect of
InsP6 alone) correlates well with the time course effects of InsP6
on fMLP-induced superoxide anion release reported by Eg-
gleton & colleagues (1991) but is not observed with LPS,
TNFa or PAF and hence appears to be unique to this priming
agent (Young et al., 1990). InsP6 (100 pM, 30 s) also caused a
small leftwards shift in the concentration-response curve for
fMLP-induced shape change (fMLP alone, ECjo 76 pM;
fMLP + InsP6, ECso 33 pM, P<0.01).

The ability of InsP6 to prime human neutrophils for en¬
hanced fMLP-stimulated superoxide anion release was com¬
pared to the effects of lipopolysaccharide (100 ng ml-1,
60 min), a well established neutrophil priming agent. InsP6
alone (100 pM, 30 s) had no effect on basal superoxide anion
release and caused only a very minor (1.8 ±0.3 fold, P< 0.005,
n~ 4) enhancement of fMLP-stimulated superoxide anion
generation compared with LPS (6.8± 0.6 fold, P < 0.005, n = 4)
(Figure 6). This degree of priming of the fMLP-stimulated
superoxide anion response by InsP6 is very similar to that re¬
ported by Eggleton et al. (1991). In a separate series of ex¬
periments TNFa (200 u ml"1, 30 min) and PAF (100 nM,
5 min) also enhanced fMLP-induced superoxide anion gen¬
eration to a considerably greater extent than observed formerly
with InsP6 (Table 1).
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Discussion

Neutrophils play a key role in defending the body against in¬
fection. However, the enormous histotoxic capacity of these
cells dictates that uncontrolled or inappropriate activation can
cause significant host tissue damage. One of the most im¬
portant control steps involved in regulating respiratory burst
activity is the requirement for the neutrophil to be primed
before it will respond to a secretagogue challenge. While a wide
variety of cell- and bacterial-derived products (eg. granulocyte-
macrophage colony stimulating factor, PAF, TNFa and LPS)
and physicochemical insults (eg. hypotonic challenge) can
prime neutrophils, the specific intracellular mechanisms re¬
sponsible for this process are yet to be fully defined.

Recently, InsP6, a ubiquitous and abundant cytosolic in¬
ositol polyphosphate (Bunce et al., 1993; Stuart et al., 1994),
was identified as a novel neutrophil priming agent, being able
to facilitate fMLP-induced superoxide anion release without
affecting basal superoxide anion generation (Eggleton et al.,
1991). In this study, preincubation of human neutrophils with
InsP6 (up to 250 jtM) had no effect on basal superoxide anion
generation but caused a 2 fold enhancement of the response to
fMLP (2 jtM). This led to the proposal that InsP6, released
from dying or effete cells at an inflammatory focus, may serve
to augment local neutrophil respiratory burst activity. Our
experiments sought to identify whether this effect of InsP6 is
receptor-mediated and re-evaluate its priming potential re¬
lative to other more established agents. Our data indicate that
while specific, low affinity [3H]-InsP6 binding can be detected in
neutrophil membranes, intact cells do not bind [3H]-InsP«, and
that the absolute priming effect of InsP6 is extremely weak and
short-lived in comparison to other priming agents such as LPS
and granulocyte macrophage colony stimulating factor, where
the priming effect lasts for several hours (Balazovich et al.,
1991).
Analysis of [3H]-InsP6 binding to neutrophil membranes

demonstrated the presence of at least two low affinity binding
sites (Kd values of 0.15 and 5 ftM), and displayed only a 3 fold
selectivity for InsP6 over Ins(l,3,4,5,6)Ps. These data contrast
to the readily saturable, high affinity [3H]-InsP6 binding pre¬
viously reported in, for example, rat cerebellum (Hawkins et
al., 1990), bovine adrenal chromaffin cells (Regunathan et al.,
1992) and canine cardiac microsomes (Kijima & Fleischer,
1992), and suggest that InsP6 binding in human neutrophils
may not reflect an interaction with any of the currently iden¬
tified membrane-associated InsP6 binding sites: these include
the G-protein receptor regulatory protein arrestin (Reg¬
unathan et al., 1992; Palczewski et al., 1991), the IGF-II re¬
ceptor (Kar et al., 1994), the Golgi K+ channel coatomer
(Fleischer et al., 1994) and the a-subunit of the clathrin as¬
sembly protein AP-2, recently identified as the InsP6 receptor

in rat cerebellum (Volgmaier et al., 1992). This latter molecule
is a 300-350 kDa protein involved in the formation of cla-
thrin-coated vesicles at the plasma membrane, and is com¬
prised of multiple subunits, including two doublets of 115 kDa
and 105 kDa, which bind InsP6 with a KD of 12 nM (Theibert
et al., 1992), and two non-binding singlets of 50 and 17 kDa.

The pH-dependency of [3H]-InsP6 binding in neutrophil
membranes also differs from that obtained in rat cerebellum
(Theibert et al., 1992) and rat cerebral cortex (Nicoletti et al.,
1990), where maximal binding occurred at pH 7 and 6, re¬
spectively. In addition, a pH optimum of 8, with marked in¬
hibition of [3H]-InsP6 binding observed at more alkaline
values, makes a simple charge-based membrane interaction
unlikely. The ability of Mg2+ to potentiate [3H]-InsP6 binding
in neutrophil membranes is qualitatively very similar to find¬
ings reported in rat cerebellum, where multivalent cations
(Mg2+ and trace amounts of contaminating Fe3+ and Al3+)
augmented specific [3H]-InsP6 binding, possibly by acting as
bridges between InsP6 and negatively charged membrane
phospholipid phosphates (Poyner et al., 1993).
A variety of potential non-receptor mechanisms may un-

derly the ability of InsP« to function as a weak priming agent.
For example, it has recently been shown that negatively
charged agents per se potentiate superoxide anion generation
(Miyahara et al., 1993) and also that InsP6 can inhibit CD62-L
(L-selectin)-mediated adherence of neutrophils to activated
endothelial cells (Cecconi et al., 1994). It is uncertain however
how relevant this latter observation is to the priming effect of
InsP6 since cross-linking of CD62-L has recently been reported
to induce rather than inhibit, neutrophil priming (Waddell et
al., 1994). It is also clearly possible that the powerful Ca2+
chelation properties or other, as yet unidentified, effects of
InsP6 may perturb neutrophil homeostasis. It should be noted
however, that the studies of Eggleton and co-workers (1991)
indicated that a similar priming effect is not observed with the
lower inositol polyphosphates including Ins(l,3,4,5,6)P5.

In summary, this study provides evidence for specific, low
affinity, membrane associated [3H]-InsP6 binding in human
neutrophils that is pH-dependent, heat-labile, augmented by
Mg2+, Ca2+ and Na+ and located intracellularly. InsP6, re¬
leased from damaged or necrotic cells at an inflammatory fo¬
cus, may interact with the neutrophil surface in a non-receptor-
mediated fashion, to cause priming of NADPH oxidase func¬
tion and polarization responses, but these effects are modest in
comparison to other established priming agents.

This work was funded by The Wellcome Trust. E.R.C. is a
Wellcome Senior Research Fellow in Clinical Science and E.K.
holds a Wellcome Prize Studentship.
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Effects of agents which elevate cyclic AMP on guinea-pig
eosinophil homotypic aggregation
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1 Eosinophil recruitment and activation in inflamed tissue is thought to play an important role in the
pathophysiology of allergic diseases. Experimental evidence suggests that elevating cyclic AMP is an
effective means of reducing eosinophil recruitment in vivo and may therefore have therapeutic benefit. In
the present study, we have assessed the capacity of cyclic AMP-elevating agents to modulate guinea-pig
eosinophil homotypic aggregation, a CD18-dependent process, which may be an important component
of eosinophil function in vivo.
2 Prostaglandin E] (PGE,, 10~10 to 10~6 m) inhibited platelet activating-factor (PAF)- and C5a-
induced eosinophil aggregation in a concentration-dependent manner. However, PAF-induced responses
were more potently and more effectively inhibited by PGEi. The inhibitory effects of PGE, on PAF-
induced aggregation were reversed by pretreatment of eosinophils with the protein kinase A inhibitors
H89 and KT5720.
3 The /^-adrenoceptor agonists, salbutamol and salmeterol, concentration-dependently inhibited
eosinophil aggregation induced by C5a and PAF and, again, PAF-induced responses were more
effectively reduced. The inhibitory effect of salmeterol was mediated by ^-adrenoceptors, as assessed by
the reversal after pretreatment with propranolol.
4 Rolipram, a selective phosphodiesterase 4 (PDE4) inhibitor, also attenuated PAF- and C5a-induced
aggregation and at a low concentration which did not affect aggregation per se, had a synergistic effect
with PGE, and salbutamol to suppress this response.
5 Activation of eosinophils with PAF or C5a induced a small but significant increase in the level of
CD18 expression on the eosinophil surface. PGE, (10~7 m) decreased PAF- and C5a-induced
upregulation of CD18 by 93% and 62%, respectively.
6 These results demonstrate that cyclic AMP-elevating agents effectively inhibit eosinophil aggregation,
a CD18-dependent functional response. Because CD 18 has been shown to be important for eosinophil
recruitment to inflamed tissue in vivo, our findings may be of relevance to the efficacy of cyclic AMP-
elevating agents at inhibiting eosinophil trafficking.

Keywords: Eosinophils; CD 18; cyclic AMP; phosphodiesterase inhibitors; /^-adrenoceptor agonists; prostaglandins; aggregation

Introduction

Eosinophils are thought to play an important role in the pa¬
thophysiology of allergic diseases such as asthma and atopic
dermatitis (Butterfield & Leiferman, 1993). In these conditions,
eosinophil numbers and eosinophil-derived secretory products
(eg. eosinophil major basic protein) are elevated in inflamed
tissue and appear to correlate positively with the severity of the
diseases (Djukanovic et al., 1990; Gleich et al., 1993). In ad¬
dition, the activation status of eosinophils, as assessed by
monoclonal antibodies such as EG2 (which recognizes the se¬
creted form of eosinophil cationic protein), also correlates with
functional indices of diseases severity (Djukanovic et al., 1990;
Corrigan & Kay, 1992). Inasmuch as the secretory products of
eosinophils may cause tissue damage (eg. to epithelial cells and
nerves) in concentrations which are found in vivo (Djukanovic
et al., 1990), the development of drugs which inhibit eosinophil
recruitment and activation in the tissues may be of therapeutic
value in the treatment of allergic diseases.

Recently, there has been renewed interest in a family of
enzymes, collectively known as cyclic nucleotide phospho¬
diesterases (PDEs), which metabolize adenosine 3':5'-cyclic
monophosphate (cyclic AMP) and guanosine 3':5'-guanosine
monophosphate (cyclic GMP). It is now appreciated that
PDEs are a diverse group of enzymes of which at least seven

1 Author for correspondence
2Present address: Respiratory Medicine Unit, Department of
Medicine, Rayne Laboratory, Teviot Place, Edinburgh EH8 9AG.

different families have been described (see Giembycz & Kelly,
1994). Of special interest is the finding that most cells im¬
plicated in the pathogenesis of inflammation express one or
more representatives of the PDE4 isoenzyme family which are
primarily or even exclusively responsible for the degradation of
cyclic AMP in these cells (see Torphy & Undem, 1991;
Giembycz, 1992). Accordingly, PDE4 inhibitors are capable of
increasing cyclic AMP levels and inhibiting various functional
responses (eg. respiratory burst) in most leukocytes that are
considered pro-inflammatory (reviewed in Torphy & Undem,
1991; Giembycz, 1992). In addition, there is increasing evi¬
dence that PDE4 inhibitors suppress leukocyte recruitment,
and specifically eosinophil recruitment, in vivo (eg. Howel et
al., 1993; Teixeira et al., 1994b; Underwood et al., 1993; 1994).
Indeed, we have previously shown that the PDE4 inhibitor
rolipram is effective at inhibiting the recruitment of eosinophils
into sites of acute inflammation in guinea-pig skin at a dose
which had no effect on neutrophil recruitment or oedema
formation (Teixeira et al., 1994b). Moreover, cyclic AMP-
elevating agents including prostaglandin (PGE,) and salbuta¬
mol also effectively inhibit eosinophil recruitment to sites of
inflammation in vivo (Ting et al., 1983; Fugner, 1989; Whelan
& Johnson, 1992; Teixeira et al., 1993; 1995b). Thus, there is
considerable experimental evidence to suggest that cyclic AMP
elevating agents are effective inhibitors of eosinophil recruit¬
ment in vivo. Despite these data, the precise cellular target for
the inhibitory action of these drugs in such complex in vivo
systems is unknown.
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The effects of cyclic AMP-elevating agents on eosinophil
function in vitro have also been evaluated. It is clear from
these studies that PDE4 inhibitors, /^-adrenoceptor agonists
and E-series prostaglandins inhibit several aspects of eosi¬
nophil function, including the respiratory burst (Souness et
al., 1991; Dent et al., 1991; 1995; Barnette et al., 1995),
degranulation (Kita et al, 1991; Munoz et al., 1994; Hat-
zelmann et al., 1995; Souness et al., 1995) and lipid mediator
production (Munoz et al., 1994; Souness et al., 1994).
However, we are not aware of any study evaluating the ef¬
fects of cyclic AMP elevating agents on a CD18-dependent
functional response of eosinophils in vitro. This is particu¬
larly relevant because CD 18 is important for eosinophil re¬
cruitment in vivo (Milne & Piper, 1994; Teixeira et al., 1994a;
Das et al., 1995). In vitro, after stimulation with various
agonists, eosinophils undergo a time- and concentration-de¬
pendent homotypic aggregation (Teixeira et al., 1995a). This
response is calcium- and magnesium-dependent and relies
largely on CD18 present on the eosinophil surface (Teixeira
et al., 1995a; 1996). In this study, we have investigated the
ability of a range of cyclic AMP-elevating agents (E-series
prostaglandins, /^-adrenoceptor agonists and a PDE4 in¬
hibitor) to interfere with guinea-pig eosinophil homotypic
aggregation. Aggregation was assessed by changes in light
transmission after activation of these cells with PAF and the
complement fragment C5a.

Methods

Purification of guinea-pig peritoneal eosinophils

Eosinophils were harvested and purified as detailed elsewhere
(Teixeira et al., 1993; 1994b). Briefly, ex-breeder female guinea-
pigs (Harlan, Oxon; 700 - 800 g) were treated with undiluted
horse serum (1 ml i.p.) every other day for two to three weeks
and the cells collected by peritoneal lavage with heparinized
saline (lOiuml"1) 2 days after the last injection. The cells
obtained were layered onto a discontinuous Percoll-HBSS
(calcium- and magnesium-free) gradient followed by cen-
trifugation (1500 x g, 25 min at 20°C). Eosinophils (>95%
pure, >98% viable) were collected from the 1.090/1.095 and
1.095/1.100 g ml-1 density interfaces. The cells were then
washed twice in phosphate buffered saline (PBS, calcium- and
magnesium-free, pH 7.4) to which glucose (10 mm), CaCl2 and
MgCI2 (final concentrations 1.0 mm and 0.7 mm, respectively)
were added, and the cells kept on ice. Ten minutes before use,
the cells were warmed to 37°C.

Eosinophil aggregation

Aggregation experiments were carried out as previously de¬
scribed (Teixeira et al., 1995a; 1996). Briefly, guinea-pig eosi¬
nophils were resuspended (5 x 106 cells ml-1) in PBS and
aliquots (300 pi) ofcells were dispensed into siliconized cuvettes
which were placed into a dual channel platelet aggregometer
(Chronolog 440 VS) linked to a dual pen recorder (Chronolog
707). The cellswere incubated for 5 min at 37°C with continuous
stirring at 700 r.p.m. before stimulation with the indicated
agonist. The reference cuvette contained buffer alone. Re¬
sponses weremeasured at the peak ofaggregation and the results
expressed as the percentage ofmaximal aggregation induced by
10~6 m phorbolmyristate acetate (PMA).With the exception of
salmeterol and dibutyryl cyclic AMP (dbcyclic AMP, 3 min
pretreatment), eosinophils were pretreated with cyclic AMP-
elevating agents for 2 min and then stimulated with PAF
(10-8 Mand 10"7 m)orC5a(10~7 m). The concentration of the
agonists used was based on previous experiments which de¬
monstrated that they elicited similar aggregation responses
(Teixeira et al., 1995a). For the experiments with the protein
kinase A inhibitors, H89 and KT5720, eosinophils were pre¬
treated with H89 (10~5 m) or KT5720 (10~6 or 3 x 10"6 m) for
3 min before the addition ofPGE,. Similarly, rolipram 10-7 m)

was given 2 min before the addition of PGE| (10 10 to 10 8 m)
or salbutamol (10"' to 10~7 m).

Flow cytometric analysis of CD18 expression on
eosinophils

Purified eosinophils (5 x 105 cells in 0.1 ml PBS/BSA 0.25%)
were pre-incubated with control buffer or PGEi (10~7 m) for
2 min at 37°C and then activated with PAF (10-8 m), C5a
(10-7 m) or PMA (10"7 m). After 2 min (PAF and C5a) or
10 min (PMA), a solution containing azide (0.1% final con¬
centration) and an anti-CD18 mAb (6.5E, 50 /ig ml~' final
concentration) was added and the cells left on ice for 15 min at
4°C. The cells were then washed twice with PBS, goat anti-
mouse IgG antibody conjugated with flourescein iso-
thiocyanate (FITC) was added (5 p\ in 0.5 ml of cell suspen¬
sion) and the cells were incubated for 15 min at 4°C. The
preparations were washed twice and FITC fluorescence was
determined on a Becton Dickinson FACScan flow cytometer
(Oxford) and analysed by CELLQuest software. MOPC21
(mouse IgG,) was used as a negative control.

Chemicals and antibodies

The following reagents were purchased from Sigma Chemical
Company (Poole): bovine serum albumin (BSA), dibutyryl
cyclic AMP (dbcyclic AMP), dimethyl sulphoxide (DMSO),
d-glucose, 4/i-phorbol myristate acetate (PMA), pros¬
taglandin (PGE,), PGE2 and goat anti-mouse IgG FITC
conjugate. Horse serum, Dulbecco's phosphate buffered sal¬
ine (PBS, calcium- and magnesium-free, pH 7.4) and HBSS
were from Life Technologies Ltd (Paisley). Percoll was from
Pharmacia (Milton Keynes). C16 PAF was from Bachem
(Saffron Walden) and KT5720 (8R*,95*,115*)-(-)-9-
hydroxy -9 -m -hexyl-8-methyl-2,3,9,10-tetrahydro-8,11 -epoxy-
lH,8H,llH-2, 7b,lla-triazadibenzo (a,g)cycloocta (cde)-
frinden-l-one from Calbiochem (Nottingham). Recombinant
human C5a was a gift from Dr J van Ossterum, Ciba Geigy
(Summit, NJ, U.S.A.). The anti-CD 18 mAb (6.5E, mouse
IgG,) and the control mAb MOPC21 (mouse IgG|) were a
gift from Dr M. Robinson, Celltech Ltd (Slough) and ilo-
prost from Dr F. McDonald (Schering AG, Germany). Ro¬
lipram was a gift of Sandoz (Basel, Switzerland). Rolipram
was dissolved in 100% ethanol (2.5mgml_1) and further
diluted in PBS. Salbutamol sulphate was purchased from
Allen & Hanburys (Uxbridge). Salmeterol base (Ball et al.,
1991) was synthesized and kindly supplied by Ciba Geigy
(Basel, Switzerland) as a racemic mixture. Salmeterol was
dissolved in 100% DMSO (6 mg ml"1) and diluted further in
PBS. KT5720 was dissolved in ethanol and further diluted in
PBS. H89 [N-[a-(p-bromocinnamylamino)ethyl]-5-isoquino-
line sulfonamide was purchased from Biomol (Nottingham)
and was dissolved in 50% ethanol (5 mg ml"1). None of the
vehicles used in this study significantly altered eosinophil
aggregation induced by C5a or PAF (data not shown).

Statistical analysis

Results were analysed by analysis of variance (ANOVA) fol¬
lowed by Student-Newman-Keuls post-test with the statistical
progam Instat (GraphPad Software V2.03, CA, U.S.A.). When
only two groups were compared, Student's t test was carried
out. Results were considered significant when P<0.05. Data
are presented as the means± s.e.mean of n experiments.

Results

Initial experiments were carried out with the cyclic AMP
permeant analogue dbcyclic AMP. When eosinophils were
pretreated for 3 min with dbcyclic AMP (2.6 x 10~3 m), ag¬
gregation induced by PAF was inhibited by 43% (PAF
10"8 m, 30.8±5.7% maximal aggregation; PAF + dbcyclic
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AMP, 17.5 + 3.3%; n = 5, P<0.05). These initial experiments
suggested that elevating cyclic AMP may modulate eosinophil
homotypic aggregation induced by some inflammatory med¬
iators in vitro.

Effects of prostaglandins on eosinophil homotypic
aggregation

As shown in Figure la, eosinophil homotypic aggregation in¬
duced by PAF (10-8 m) was completely inhibited by PGE, with
an IC50 ofapproximately 2 x 10~9 m. Eosinophil aggregation in
response to C5a (10~7 m) was also inhibited by PGEi but
complete suppression of the response was not achieved (max¬
imal inhibition was 67% at 10~6 m). In addition, PGE, was less
potent at inhibiting C5a-induced eosinophil aggregation (IC50
~6 x 10~8 m). In contrast, aggregation induced by PMA (10~8
to 10~6 m) was not inhibited by PGE! at any concentration
examined (eg. PMA 10~6 m, 100% maximal aggregation: PMA

n "—T
PAF/C5a 10

PAF PAF

Buffer
t

PGE, 10

PAF
PAF

PGE,™""1
V

2 min

Figure 1 (a) Effect of prostaglandin E, (PGE|) on eosinophil
homotypic aggregation induced by PAF and the complement
fragment C5a. Eosinophils were pretreated for 2min with PGEi
(10~'°m to 10_6m) and then activated with PAF (10~8m, •) or
C5a (10-7m, O). Results are expressed as the percentage maximal
response induced by 4/?-phorbol myristate acetate (10_6m) and each
point is the mean ± s.e.mean (vertical lines) for 4 experiments, (b)
Typical aggregation traces after activation of eosinophils with PAF
(10~8m) in control and PGE^treated cells (concentration shown as
molar).

+ PGEi 10~6 M, 107 + 5.7%, « = 4). Typical traces showing the
effects of increasing concentrations of PGEi on eosinophil ag¬
gregation induced by PAF are shown in Figure lb.

PGE2 (10~6 m) also inhibited PAF- and C5a-induced ag¬
gregation (Figure 2a) whereas the prostacyclin analogue ilo-
prost (10-6 m) was inactive (Figure 2b).

Effects of ^-adrenoceptor agonists on eosinophil
homotypic aggregation

The concentration-dependent effects of salbutamol (10~8 to
10~5 m) on eosinophil aggregation induced by PAF and C5a
are shown in Figure 3. Consistent with the PGE, results de¬
scribed above, salbutamol was more potent and more effective
at inhibiting PAF- than C5a-induced responses (Figure 3).
Thus, PAF-induced aggregation was inhibited by up to 76%
with an IC^ of approximately 10~7 M and C5a-induced ag¬
gregation was inhibited by up to 52%.

The long-acting /^-adrenoceptor agonist salmeterol (Ball et
al., 1991) also inhibited eosinophil aggregation induced by PAF
and C5a when given as a 3 min pretreatment (Table 1) but in¬
consistently modified the responses when shorter pretreatment
periods were used (data not shown). Since high concentrations
ofsalmeterol have been previously shown to affect inflammatory
cell function in a manner independent of ^-adrenoceptor acti¬
vation (Baker & Fuller, 1990), eosinophils were pretreated with
propranolol for 2 min before the addition of salmeterol. As
shown in Figure 4, propranolol (10"5 m) effectively reversed the
inhibitory effects of salmeterol on PAF- (Figure 4a) and C5a-
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Figure 2 Effect of prostaglandin E2 (PGE2) (a) and iloprost (b) on
eosinophil homotypic aggregation induced by PAF and the
complement fragment C5a. Eosinophils were pretreated for 2min
with vehicle (solid columns), (a) PGE2 (10~6m, open columns) or (b)
iloprost (10~6m, open columns) and then activated with PAF or
C5a. Results are expressed as the percentage maximal response
induced by 4/?-phorbol myristate acetate (10 m) and each point is
the mean± s.e.mean (vertical lines) for 4 experiments. *P<0.05 and
**P<0.01, respectively, when compared to control responses.
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Figure 3 Effect of salbutamol on eosinophil homotypic aggregation
induced by PAF (a) and the complement fragment C5a (b).
Eosinophils were pretreated for 2min with salbutamol (10_8m to
10~5m) and then activated with PAF (10~8 m, a) or C5a (10~7m, b).
Results are expressed as the percentage maximal response induced by
4/J-phorbol myristate acetate (10~6m) and each point is the
mean±s.e.mean (vertical lines) for 4 experiments. *P<0.05 and
**p<0.01, respectively, when compared to control responses.

induced eosinophil aggregation (Figure 4b) suggesting that
salmeterol was indeed acting via ^-adrenoceptors.

Effects of a PDE4 inhibitor on eosinophil aggregation

Rolipram (10~7 to 10~5 m) inhibited PAF-induced eosinophil
aggregation only at the highest concentration tested (Figure 5).
At this concentration, PAF-induced responses were inhibited
by 53% whereas C5a-induced responses were inhibited by 32%
(Figure 5). Interestingly, pretreatment of eosinophils with a
concentration of rolipram (10 ~7 m) that alone failed to affect
PAF-induced eosinophil aggregation increased the potency of
PGE, (10"10 to 10"8 m; Figure 6a) and salbutamol (10"® to
10~7 m; Figure 6b) by approximately 10 fold.

Table 1 Effect of salmeterol on eosinophil aggregation
induced by PAF and C5a

Inhibition of control responses (%)
Salmeterol (m)

10"5 10"6 107 10"8 109

71.6+ 79.2+ 70.2+ 45.2+ 29.9+
11.9** 2.3** 3.6** 10.6** 4.9*

33.1 + 48.8 + 13.7 + ND ND
9.1** 8.4** 4.4

C5a

Eosinophils were pretreated with the indicated concentra¬
tions of salmeterol for 3 min and then activated with PAF

(10-8 m) or C5a (10 7 m). Results are presented as the
mean + s.e.mean of 4 to 7 experiments. Eosinophil aggrega¬
tion of cells treated with vehicle alone and then activated
with PAF and C5a was 29.8 + 2.5 and 27.6+2.0% maximal
aggregation, respectively. *7" <0.05 and **P<0.01, respec¬
tively, when compared to control.

"5 10

PAF + Salm + Prop + Salm
10^ M 10~7 M 10"5 M + prop

ro 20

C5a + Salm + Prop + Salm
10~7 M 10"5 m 10"6 M + prop

Figure 4 Reversal by propranolol (Prop) of the inhibitory effects of
salmeterol (Salm) on PAF- and C5a-induced eosinophil homotypic
aggregation. Eosinophils were pretreated for 3min with salmeterol
(10"%l or 10~sm) and then activated with PAF (10~8m) or C5a
(10"7m). Propranolol (10~5m) was given 2min before salmeterol.
Results are expressed as the percentage maximal response induced by
4/t-phorbol myristate acetate (10~6m) and are the mean±s.e.mean
(vertical lines) for 4 experiments. *P<0.05 when compared to
responses in the presence of PAF or C5a alone.

Effects of protein kinase A inhibition

In order to assess the role of protein kinase A (PKA) in the
inhibitory effects of cyclic AMP-elevating agents on eosino¬
phil aggregation, we investigated the effects of the PKA in¬
hibitors H89 and KT5720. H89 (10"5 m) had no significant
effect on eosinophil aggregation induced by PAF 0O"7 m;

Figure 7a). However, when eosinophils were pretreated with
the compound before the addition of PGEi (10"8 m), H89
completely reversed the inhibitory effects of PGE! on PAF-
induced eosinophil homotypic aggregation (Figure 7). When
a higher concentration of PGE! (10 m) which induced more
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Figure 5 Effect of the PDE4 inhibitor rolipram on eosinophil
aggregation induced by PAF and the complement fragment C5a.
Eosinophils were pretreated for 2min with rolipram (10_7m to
10~5m) and then activated with PAF (10_8m). In addition,
eosinophils were pretreated with vehicle (solid column) or rolipram
(10~5m, open column) and then activated with C5a (10~7m). Results
are expressed as the percentage maximal response induced by 4p-
phorbol myristate acetate (10~6m) and each point is the mean+
s.e.mean (vertical lines) for 4 experiments,
to control responses.

'P<0.05 when compared

complete inhibition of PAF-stimulated responses was used,
H89 partially reversed the inhibitory effects of PGEi, al¬
though this did not reach statistical significance (Figure 7a).
KT5720 (3 x 10-6 m) produced effects qualitatively similar
to H89 (Figure 7b. Thus, this compound significantly blocked
the effects of i0~7 m PGEi and completely reversed the in¬
hibitory effect of 10~8 M PGEi (Figure 7b). In contrast to
H89, KT5720 significantly enhanced aggregation in response
to PAF alone (Figure 7b).

Effects of PGEi on the expression of CD18 by
eosinophils

In the present study, guinea-pig eosinophils had a high basal
expression of CD18 (MOPC21, 6.4± 1.5 mean fluorescence
intensity (MFI); 6.5E, 1157 ±81 MFI, n = 4) in agreement with
our previous studies (Teixeira et al., 1996). After activation
with C5a (10—7 m) or PAF (10~8 m) there was a small but
significant increase in MFI for 6.5E (Table 2). PGEi (10-7 m)
inhibited by 62% and 93% this upregulation of CD18 induced
by C5a and PAF, respectively (Table 2).

Discussion

When activated in vitro with different inflammatory stimuli,
guinea-pig eosinophils undergo a concentration-dependent ag¬
gregation response (Teixeira et al., 1995a; 1996). Eosinophil
aggregation is dependent on calcium and magnesium ions and is
largely dependent on CD18 present on the eosinophil surface
(Teixeira et al., 1995a; 1996). Human eosinophils also undergo
homotypic aggregation in vitro when activated with in¬
flammatory mediators (Koenderman et al., 1991). The func¬
tional relevance ofeosinophil aggregation in vivo is less clear but
this phenomenon has been observed after i.d. injection of the
cytokine RANTES in dog skin (Meurer et al., 1993) and around
migrating larvae of parasites (McLaren, 1980). In addition, be¬
cause aggregation is dependent on CD18 present on the eosi¬
nophil surface (Teixeira et al., 1995a), the study of eosinophil
aggregationmay shed light on the functional importance of this
molecule and how it can be modulated pharmacologically. In¬
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Figure 6 Effect of a low concentration of the PDE4 inhibitor
rolipram on the inhibitory effects of (a) prostaglandin E! (PGEi) and
(b) salbutamol on eosinophil homotypic aggregation induced by
PAF. Eosinophils were pretreated for 2min with rolipram (10-7m,
O) or control buffer (#). PGEi (10~'°M to 10_8m) or salbutamol
(10~9m to 10_7m) were then added for a further 2min and the cells
activated with PAF (10_7m). Results are expressed as the percentage
maximal response induced by 4/1-phorbol myristate acetate (10_6m)
and each point is the mean±s.e.mean (vertical lines) for 3-4
experiments. *P<0.05 when responses in the presence and absence of
rolipram were compared.

deed, we and others have demonstrated previously the im¬
portance of CD18 for eosinophil migration in vivo (Milne &
Piper, 1994; Teixeira 1994a; Das et al., 1995).

In this study we have assessed the effects of agents known to
elevate cyclic AMP on the homotypic aggregation of eosino¬
phils following activation with two inflammatory mediators,
PAF and C5a. These mediators were chosen because of their
ability to activate eosinophils in vitro and to induce their re¬
cruitment in vivo (Teixeira et al., 1993; 1995a; Zech-Kapp et
al., 1995). Representatives from three classes of cyclic AMP
elevating agents were used: prostaglandins, /^-adrenoceptor
agonists and a PDE4 inhibitor.
It is now widely acknowledged that the PDE4 isoenzyme

family plays an important role in the regulation of eosinophil
function in vitro and in vivo (Dent et al., 1991; 1994; Giembycz,
1992; Hatzelmann et al., 1995). For example, rolipram and
related drugs effectively suppress activation of the NADPH
oxidase (Dent et al., 1991; 1994; Barnette et al., 1995), pros¬
tanoid generation (Souness et al., 1994) and degranulation
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Figure 7 Reversal by the protein kinase A inhibitors (a) H89 and (b)
KT5720 of the inhibitory effects of prostaglandin E, (PGE,) on PAF-
induced eosinophil homotypic aggregation. Eosinophils were pre-
treated for 2min with PGE, (10~8m), PGE, (10 7m) or vehicle
(shown as PAF) and then activated with PAF (10 ~7m). The protein
kinase A inhibitors (a) H89 (10_5m, solid columns) or (b) KT5720 (3
x 10_6m, solid columns) were given 3min before PGE| or vehicle.
Results are expressed as the percentage maximal response induced by
4/J-phorbol myristate acetate (10~6m) and each point is the
mean+s.e.mean (vertical lines) for 4 experiments. *P<0.01 when
compared to responses induced by PAF alone. "P<0.05 when
compared to responses in the presence of PAF and PGE,.

Table 2 Effect of PGE, on the magnitude of CD18
expression by eosinophils activated with PAF and C5a

Mean fluorescence intensity
Buffer PGE,

1157 ± 81 1202 ± 64
1378+126# 1217+107*
1452 + 28# 1315 + 89*

Unstimulated
PAF
C5a

Eosinophils were incubated with buffer or PGE, (10 7 m) for
2 min and then activated for 2 min with PAF (10 8 m) or
C5a (i0"'7 m). Results are presented as the mean + s.e.mean
of 4 experiments. *P<0.05 when compared to unstimulated
cells and #P< 0.05 when compared to cells treated with
PAF or C5a alone.

(Flatzelmann et al., 1995). Similarly, in various animal models,
PDE4 inhibitors attenuate pulmonary and cutaneous eosino¬
phil recruitment in response to a wide range of stimuli (Howell
et al., 1993; Underwood et al., 1993; 1994; Teixeira et al.,
1994b). The results presented herein are consistent with these
data and extend the spectrum of activity of rolipram to include
the inhibition of eosinophil homotypic aggregation.

PGE, effectively inhibited PAF- and C5a-induced ag¬
gregation. Although not formally addressed in this study, it is
likely that this effect is mediated via EP:- or EP4-receptors
which couple positively to adenylyl cyclase. Evidence to sup¬
port this contention is two fold: first, PGE2 increases cyclic
AMP in guinea-pig eosinophils, an affect that is potentiated by
PDE4 inhibitors (Souness & Scott, 1993), and second EP2-
receptors predominate on human eosinophils (Butcher &
Vardey, 1990). The lack of effect of iloprost on eosinophil
aggregation suggests that EP,- and IP-receptors are not ex¬
pressed by guinea-pig eosinophils or that their activation has
no role at inhibiting aggregation. However, further studies
with selective agonists and antagonists are clearly necessary to
identify and classify the prostanoid receptors expressed by
these cells.

Interestingly, pretreatment of eosinophils with the PKA
inhibitors H89 and K.T5720 completely reversed the inhibitory
effects of a low (10~8 M) but not a maximally effective
(10 ~7 m) concentration of PGE, on PAF-induced aggregation.
While these finding may reflect incomplete inhibition of PKA
by H-89 and KT-5720, these data, nevertheless, suggest that
activation of the cyclic AMP/PKA cascade plays an important
role in preventing the aggregation response. This conclusion is
supported further by the finding that a concentration of the
PDE4 inhibitor, rolipram, which did not inhibit aggregation
per se, produced a parallel, leftwards shift in the PGE| con¬
centration-response curve (see Figure 6). These data are en¬
tirely consistent with a fundamental pharmacological principle
which proposes that inhibitors of cyclic nucleotide PDEs
should interact in a synergistic manner with activators of
adenylyl (and guanylyl) cyclase.

Two /^-adrenoceptor agonists, salbutamol and salmeterol,
were evaluated for their inhibitory effects on eosinophil
homotypic aggregation. The two compounds inhibited both
PAF- and C5a-induced eosinophil aggregation in a con¬
centration-dependent manner, but eosinophils needed to be
pretreated with salmeterol for longer (3 min) for inhibition to
be observed. This observation is consistent with the delayed
onset of action of the compound in other tissues (Ball et al.,
1991). While salbutamol has been previously demonstrated to
suppress various indices of eosinophil activation including li¬
pid mediator release and free radical generation (Rabe el al.,
1993; Munoz et al., 1994; Dent et al., 1995), the ability of
salmeterol similarly to inhibit eosinophil aggregation was
slightly unexpected. Indeed, in previous studies salmeterol
displays little, if any, agonist activity on eosinophils (Rabe et
al,. 1993; Munoz et al., 1995) and, in fact, behaves as a com¬

petitive antagonist at /^-adrenoceptors with a pA2 of ~6 (Rabe
et al., 1993). While the explanation for this discrepancy is
unclear, it is not due to a /f-adrcnoceptor-independent action
as the inhibition of aggregation effected by salmeterol was ef¬
fectively antagonised by propranolol. It is possible that the
nature and concentration of the stimulus may determine
whether salmeterol exhibits agonist activity. Equally, eosino¬
phil aggregation may be more sensitive to inhibition by cyclic
AMP compared with degranulation and free radical genera¬
tion. Clearly, further studies are required to resolve this intri¬
guing anomaly.

The ability of salbutamol to suppress eosinophil aggrega¬
tion was significantly potentiated in the presence of a threshold
concentration of rolipram. These data were qualitatively
identical to the results obtained with PGE, under identical
experimental conditions and corroborate the findings of Hat-
zelmann et al. (1995) where rolipram potentiates the inhibitory
effect of salbutamol on eosinophil degranulation. Collectively,
therefore, these data provide persuasive pharmacological evi¬
dence that salbutamol also inhibits eosinophil aggregation by a
cyclic AMP-dependent mechanism.

We have previously shown an anti-CD 18 monoclonal an¬
tibody to inhibit eosinophil aggregation induced by various
stimuli by up to 70% (Teixeira el al., 1995a; 1996). In order to
investigate whether modulation of the number of CD18 sites
on the eosinophil surface played any role on the inhibitory
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effects of cyclic AMP elevating agents on aggregation, eosi¬
nophils were evaluated for CD18 expression by flow cyto¬
metric analysis. Although there are data demonstrating a role
for elevated levels of cyclic AMP in the control of the ex¬
pression ofCD18 by neutrophil (Derian et al., 1995), there are
few data regarding eosinophils. Guinea-pig peritoneal eosino¬
phils express high numbers of CD18-binding sites on their
surface (see Table 2), although when activated with PAF and
C5a these were significantly upregulated. Because PGE, was an
effective inhibitor of eosinophil aggregation, this cyclic AMP-
elevating agent was used in this part of the study. Interestingly,
when the cells were pretreated with PGEi, the magnitude of
CD18 increase was reduced after activation with both C5a or
PAF. It is not clear whether such small alterations in the
number ofCD18 on the eosinophil surface would be sufficient
to account for eosinophil aggregation observed after activation
with PAF or C5a; an increase in the affinity of CD18 already
present on the eosinophil surface may account for the func¬
tional responses observed (Diamond & Springer, 1994). Due to
the unavailability of appropriate reagents, we were not able to
measure changes in affinity of guinea-pig eosinophil CD18,
although it has been previously shown that cyclic AMP-ele-
vating agents are capable of inhibiting, at least in human
lymphocytes, the increase in affinity of CDlla after stimula¬
tion (Dustin & Springer, 1989). These results suggest that
cyclic AMP-elevating agents, such as PGEi, inhibit eosinophil
aggregation at least partially by inhibiting the upregulation of
CD18 molecules on the eosinophil surface or, possibly, by
inhibiting the increase in affinity of CD 18 after activation.

An interesting observation was the consistent ability of
cyclic AMP-elevating agents to inhibit PAF-induced aggrega¬
tion with greater potency and efficacy than responses induced
by C5a. These results suggest that these two mediators induce
aggregation by interacting with different signal transduction
pathways which are differentially modulated by cyclic AMP-
elevating agents. We are at present investigating this possibi¬
lity.

We have previously shown that cyclic AMP-elevating
agents such as prostaglandins (Teixeira et al., 1993), /^-adre¬
noceptor agonists (Teixeira et al., 1994b) and PDE4 inhibitors
(Teixeira et al., 1995b) effectively suppress eosinophil recruit¬
ment in vivo. In our in vivo model, PGE, and PGE2, but not
iloprost, effectively inhibit eosinophil accumulation (Teixeira
et al., 1993). These in vivo findings are remarkably similar to
our present findings with eosinophil aggregation in vitro. To¬
gether these studies suggest that drugs which elevate cyclic
AMP are effective at suppressing eosinophil recruitment to
sites of inflammation in vivo and that the eosinophil itself,
through decreased expression ofCD 18 or decreased affinity for
CD18, may be an important cellular target for the action of
these drugs. In addition, cyclic AMP-elevating agents also in¬
hibit other eosinophil functional responses (eg. respiratory
burst, lipid production) which gives further support for the use
of these agents in the therapy of allergic diseases such as
asthma.
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Demonstration of Reversible Priming of Human Neutrophils Using
Platelet-Activating Factor

By Elizabeth Kitchen, Adriano G. Rossi, Alison M. Condliffe, Christopher Haslett, and Edwin R. Chilvers

Exposure of neutrophils to agents such as lipopolysaccha-
ride, tumor necrosis factor-a (TNF-a), and the granulocyte-
macrophage colony-stimulating factor causes a major
upregulation of subsequent agonist-induced NADPH oxi¬
dase activation. This priming effect is a prerequisite for
neutrophil-mediated tissue damage and has been widely
considered to be an irreversible process. We have investi¬
gated the potential for neutrophils to recover from a prim¬
ing stimulus by studying the effects of platelet-activating
factor (PAF). PAF did not stimulate respiratory burst activ¬
ity directly, but caused a rapid (maximal at 10 minutes)
and concentration-dependent (EC n 50.2 nmol/L) increase
in N-formyl-methionyl-leucyl-phenylalanine (fMLP)-stimu-
lated superoxide anion release. At time-points >10 min¬
utes, this priming effect spontaneously declined, with re¬
turn to basal levels of fMLP-stimulated superoxide anion
generation by 120 minutes. An identical priming time-
course was observed with N-methyl carbamyl PAF, a non-
metabolizable analogue of PAF, indicating that the tran¬
sient nature of PAF-induced priming was not secondary

NEUTROPHILS PLAY a fundamental role in the acuteinflammatory response, destroying invading microbial
pathogens and thereby minimizing infection of the host. The
response of neutrophils to various proinflammatory stimuli
is largely determined by their previous exposure to agents
such as cytokines (eg, tumor necrosis factor-a [TNF-a], and
interleukin-8, [IL-8]), lipid mediators (eg, platelet-activating
factor [PAF] and leukotriene B4 [LTB4]) or bacterial prod¬
ucts (eg, N-formyl-methionyl-leucyl-phenylalanine [fMLP],
and lipopolysaccharide [LPS]). At physiologically relevant
concentrations these agonists elicit cell polarization, recruit¬
ment, and activation of cell-surface /32-integrins (eg, CD1 lb/
CD 18), and enhance, or "prime," neutrophil responses (eg,
phagocytosis, respiratory burst activation, degranulation) to
other secretagogue agonists.14 In vivo data suggest that prim¬
ing also plays a critical role in the recruitment of neutrophils
to an inflammed site.5 However, although this switching of
neutrophils from a relatively unresponsive to a hyperrespon-
sive state is a prerequisite for physiological neutrophil-medi¬
ated bacterial destruction, it may, if uncontrolled, lead to
neutrophil-mediated tissue damage.6
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to PAF metabolism. Two structurally diverse PAF receptor
antagonists (UK-74,505 and WEB 2086), added 10 minutes
after PAF addition, increased the rate of decay of the prim¬
ing effect. In contrast, TNF-a-induced priming, which was
of a similar magnitude to that observed for PAF, was
slower to evolve (maximal at 30 minutes) and remained
constant for at least 120 minutes. The reversible nature
of PAF-induced priming was confirmed by demonstrating
that PAF-, but not TNF-a-, induced cell polarization (shape
change) and CD1 lb-dependent neutrophil binding of albu¬
min-coated latex beads was also transient, with return to
basal, unstimulated levels by 120 minutes. Furthermore,
cells that had spontaneously deprimed following PAF ex¬
posure retained their capacity to be fully reprimed by a
subsequent addition of either PAF or TNF-a. These data
imply that neutrophil priming is not an irreversible event:
the demonstration of a cycle of complete priming, deprim-
ing, and repriming offers the potential for functional recy¬
cling of neutrophils at sites of inflammetion.
© 1996 by The American Society of Hematology.

Previous studies have demonstrated that human peripheral
blood neutrophils, incubated with the priming agents granu¬
locyte colony-stimulating factor G-CSF or LPS, maintain an
enhanced superoxide anion secretory response to fMLP for
at least 24 hours.7 Studies undertaken in vivo have demon¬
strated that sheep peripheral blood and bone marrow-derived
neutrophils also remain primed for at least 24 hours follow¬
ing endotoxin LPS infusion, suggesting that maintenance
of the primed state is an important part of the long-term
inflammatory response to endotoxin.8 These observations
have been widely interpreted as indicating that neutrophil
priming is an essentially irreversible phenomenon.8

Despite its obvious importance to the regulation of in¬
flammation, little attention has been given to the potential
for neutrophils, once primed, to revert to their former quies¬
cent state, ie, to be "deprimed." However, in two studies
where neutrophil priming has been induced using physico-
chemical stimuli ie, hypotonic treatment,9 or exposure to the
highly-charged Ca2+-chelator, inositol hexakisphosphate,"'
priming of the superoxide anion response appeared to be
transient. The lack of study in this area may, at least in part,
reflect the difficulties encountered in isolating and main¬
taining these cells in an unprimed state ex-vivo, or ensuring
complete removal or antagonism of the initial priming signal.
In addition, isolated neutrophils have a relatively short life¬
span due to their high rate of constitutive programmed cell
death or apoptosis."12 For these reasons, most in vitro stud¬
ies have focused on the short-term effects of priming agents
and the cellular mechanisms responsible for such events.
In view of the potential pathophysiological, and hence

therapeutic, importance of being able to rescue neutrophils
from the primed state, we have investigated the possible
reversibility of neutrophil priming induced by physiological,
receptor-mediated priming agents. Using human peripheral
blood neutrophils incubated at a concentration of PAF that
causes a rapid enhancement of fMLP-stimulated respiratory
burst activity without any direct effect on superoxide anion
release, we observed a spontaneous and complete decay of
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the PAF-primed superoxide anion response and PAF-
induced CDllb/CD18 activation and to a lesser extent,
PAF-induced shape change. The rate of neutrophil recovery
following PAF addition could be enhanced by the use of
selective PAF receptor antagonists (WEB 2086 and UK-
74,505). Furthermore, the deprimed cells retained their full
capacity to be reprinted by an alternative priming agent
(TNF-a) or a further addition of PAF. The ability of neutro¬
phils to participate in a complete priming/depriming/reprim-
ing cycle allows far greater flexibility in the control of neu¬
trophil behavior at an inflammatory site than was hitherto
realized.

MATERIALS AND METHODS

Neutrophil preparation. Peripheral venous blood was taken
from healthy adult volunteers, anticoagulated with 4 mL 3.8% so¬
dium citrate/40 mL blood, and centrifuged (300g) for 20 minutes.
Neutrophils were isolated exactly as previously detailed2 using dex-
tran sedimentation and discontinuous piasma-PercolI gradients. This
isolation technique yields neutrophils that display very low levels
of basal shape change (<8% assessed flow-cytometrically) or direct
fMLP-induced superoxide anion generation. The purified neutrophils
were washed sequentially in platelet-poor plasma, phosphate-buf¬
fered saline (PBS) without, and PBS with, CaCI2 and MgCl2. Cell
purity and viability (trypan blue exclusion) were routinely >95%
(<0.5% monocyte contamination) and >99.5%, respectively.

Shape change assay. Neutrophils (106 in 90 pL PBS containing
CaCl2 and MgCl2) were equilibrated in a gently shaking water-bath
for 5 minutes at 37°C. Priming agents were added in a 10-pL volume
to achieve the required drug concentrations (PAF 1 nmol/L to 10
^mol/L, TNF-a 200 U/mL) and incubations continued for the peri¬
ods stated. Preliminary experiments demonstrated this concentration
of TNF-a to be optimal in causing maximal enhancement of fMLP-
induced superoxide anion generation with minimal direct respiratory
burst activation (data not shown). To determine the IC50 values of
the PAF receptor antagonists used, neutrophils were incubated with
WEB 2086 or UK-74,505 (both at 10 nmol/L to 10 pmol/L) for 30
minutes before the addition of priming agents. For investigations
examining the reversibility of PAF-induced priming, neutrophils
were treated with PAF (1 /unol/L) for 10 minutes before addition
of 1 pmol/L WEB 2086 or UK-74,505. fMLP (100 nmol/L) or buffer
(PBS) was added to samples (final volume 1 mL) 10 minutes before
the addition of an equal volume of 2.5% glutaraldehyde. Samples
were analyzed for shape change by flow cytometry (Coulter EPICS
Profile 11; Coulter Electronics, Luton, UK) using a slight modifica¬
tion of a previously published method.11 Percentage shape change
was calculated from the mean forward light scatter of each sample by
gating on the non-shape changed neutrophil population. The values
obtained using this method correlate closely with those derived by
direct visual assessment of shape change, with the exception that
the flow cytometric method of assessment slightly overestimates the
extent of basal shape change."
Superoxide anion release assay. Neutrophils were isolated,

equilibrated at 37°C, and incubated with PAF or PBS exactly as
detailed above, except that cytochrome C (800 pL, 1 mg/mL) was
added immediately before the addition of fMLP. One of each set of
quadruplicate determinations included superoxide dismutase (375 U)
to allow confirmation of the specificity of cytochrome C reduction.
Reactions were stopped by placing the cells on ice, followed by
centrifugation (12,500#. 2 minutes, 4°C). The superoxide dismutase-
inhibitable reduction of cytochrome C was determined in each super¬
natant by measuring the peak absorbance between 535 and 565 nm
using a Pye-Unicam scanning spectrophotometer, and expressed as
nanomoles superoxide anions generated per 106 neutrophils. In ex¬

periments designed to assess the ability of PAF-recovered neutro¬
phils to be reprimed with either TNF-a or a further addtion of PAF,
cells were treated with PAF (1 ^mol/L) or PBS for 120 minutes,
before a final incubation with PAF (1 ftmoI/L, 10 minutes) or TNF-
a (200 U/mL, 30 minutes) and assessment of fMLP-stimulated su¬

peroxide anion release.
To examine the effects of hypotonic challenge on neutrophil func¬

tion, cells (106 in 250 pL PBS) were equilibrated at 37°C as outlined
above and incubated for 19 minutes in PBS containing 80 /rmol/L
cytochrome C, with 150 mmol/L NaCl (isotonic incubations) or 50
mmol/L NaCl (hypotonic incubations). Neutrophils were then treated
for 1 minute with 20 pL of either 5 mol/L NaCl (to reverse hypoto-
nicity to isotonicity) or PBS (to retain hypotonicity or isotonicity).
The effects of the hypotonic challenge itself on basal and fMLP-
stimulated superoxide anion generation, together with the ability of
these cells to deprime following restoration of isotonicity and there¬
after be reprimed with PAF, was then assessed as detailed above.
Neurophil adhesion to albumin-coated latex beads (ACLB).

Fluorescent latex beads (2.5% packed vol/vol stock solution as pur¬
chased) were washed (three times) in PBS, resuspended at 2.5%
(vol/vol) in PBS containing 10 mg/mL human serum albumin, and
incubated for 10 minutes at 25°C. The resultant ACLB were again
washed (three times) in PBS and finally resuspended at 0.75% (vol/
vol). Neutrophils (175 pL aliquots at I07/mL, in PBS with CaCI2
and MgCl.) were incubated in a shaking water-bath at 37°C for 5
minutes, and then treated with PAF (1 ^mol/L), TNF-a (200 U/mL)
or PBS (all added in a 15-pL volume) for 0 to 120 minutes. ACLB
(25 pL of 0.75% vol/vol solution) were added to each tube 15
minutes before the termination of each reaction, except for time
points <15 minutes where the beads were added before the agonist.
Neutrophils were then fixed by the addition of 0.5 mL of 0.5%
glutaraldehyde. After 30 minutes at room temperature, nonadherent
ACLB were removed by washing with PBS (three times) and bead-
binding to the neutrophil assessed using an EPICS Profile II (Coulter
Electronics), as previously detailed.14
Statistics. All values are expressed as means ± standard error

of mean (SEM) of (n) number of separate experiments. Values,
where applicable, were compared by ANOVA or the Student's t-
test for paired data, with P < .05 considered to be significant.
Significant differences between groups were determined by the New-
man-Keuls procedure.
Materials. fMLP, PAF, superoxide dismutase (SOD), cyto¬

chrome C, PBS (with or without CaCl2 and MgCI2), dextran-500,
Percoll, human serum albumin and glutaraldehyde (25%) were pur¬
chased from Sigma (Poole, UK). TNF-a was obtained from Gen-
zyme (Cambridge, MA). One micron fluorescent microspheres were
purchased as a 2.5% solids-latex (2.5% vol/vol) stock solution from
Polysciences Inc through the UK supplier Park Scientific (Notting¬
ham, UK). WEB 2086 and UK-74,505 were gifts from Boehringer
Ingelheim Ltd (Berks, UK) and Dr J. Parry (Pfizer, Sandwich, UK),
respectively. 1 -0-alkyl - 2 -A'-methylcarbamyl-glycerophosphochoIine
(N-methyl carbamyl PAF) was obtained from Calbiochem (Notting¬
ham, UK).

RESULTS

PAF is an established and important inflammatory media¬
tor in vivo.15 It was selected for this study because its priming
effect in neutrophils is rapid, receptor-mediated,16 associated
with minimal direct activation of superoxide anion re¬
lease,17,18 and inhibitable by specific, high-affinity PAF re¬
ceptor antagonists. Under our own experimental conditions,
PAF (1 nmol/L to 10 pmoVL) did not affect spontaneous
superoxide anion release (Fig 1 A), but caused a rapid (maxi¬
mal at 10 minutes), concentration-dependent increase in
fMLP-stimulated superoxide anion release (EC50 50.2 nmol/
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Fig 1. Effect of PAF on basal and fMLP-stimuiated superoxide anion
generation and shape change in human neutrophils. IA) Concentration-
response data for superoxide anion generation. Isolated human neutro¬
phils (10" in 90 pit PBS) were equilibrated for 5 minutes at 37 C and
incubated with 10 pL of PAF (10 nmol/L to 10 pmol/L final concentra¬
tion) for 10 minutes. Cells were then stimulated with 100 nmol/L fMLP
(hatched bars) or buffer (closed barsl for 10 minutes in the presence of
cytochrome C (1 mg/mL), in a final volume of 1 mL. Reactions were
terminated by placing samples on ice and superoxide anion release was
assessed by scanning spectrophotometry. Values represent mean of
triplicate determinations from a single experiment, representative of
six. IB) Concentration-response data for shape change. Neutrophils
were incubated as outlined above for superoxide anion generation,
except that buffer replaced the cytochrome C and reactions were termi¬
nated by the addition of 1 mL 2.5% glutaraldehyde. Samples were ana¬
lyzed by flow cytometry and percent shape change calculated from the
mean forward light scatter values, by gating on the non-shape changed
population. Values represent mean i SEM for six independent experi¬
ments each performed in duplicate.

L, Fig I A), and a similar concentration-dependent increase
in shape change (EC"*., 110 nmol/L, Fig IB). In the shape
change experiments, 10 /zmol/L PAF appeared to have less
effect than 1 pmol/L PAF, but this correlated with the light-
microscopic observation of large, round, ""glassy"-looking
celts, suggestive of cell swelling. In view of these findings,
a PAF concentration of I pmol/L was chosen for all further
priming studies.
PAF-induced priming of superoxide anion generation in

neutrophils is reversible. Figure 2 illustrates how the
length of the initial PAF incubation period affects the subse¬
quent enhancement of superoxide anion release in response
to fMLP. The ability of PAF to prime the (MLP-response
was maximal after a 10-minute PAF preincubation, with the
priming effect decaying thereafter, to approach unpriined
levels by 2 hours (Fig 2). Notably, the pattern of reversal of
the PAF priming effect was consistently triphasic, with an
initial rapid loss in priming occurring within ! 5 to 30 minutes
of PAF addition, followed by a second, slower phase of
decay. This progressive decline in the magnitude of the
primed IMLP-superoxide anion response was not due to cell
necrosis, as viability (assessed by trypan blue exclusion) was
routinely >95% for al! time points studied.
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Fig 2. Time-course for PAF-priming of fMLP-stimulated superox¬
ide anion release in human neutrophils. Isolated human neutrophils
(10" in 80 pL PBS) were equilibrated for 5 minutes at 37 C and incu¬
bated with 10 pL PAF 11 pmol/L) (closed symbols! or buffer (open
symbols! for 10 minutes. A 10-pL aliquot of WEB 2086 11 pmol/L,
trianglesl, UK-74,505 (1 pmol/L, diamonds), or buffer (circles) was
added 10 minutes after PAF. Cells were incubated for a further 0 to

120 minutes before a final 10-minute stimulation with 100 nmol/L
fMLP (circles, triangles, diamonds) or buffer (squares) in the presence
of cytochrome C (1 mg/mLI. Reactions were terminated at the appro¬

priate times by placing the cells on ice and superoxide anion release
assessed by scanning spectrophotometry. Data points represent
mean values for triplicate determinations from three separate experi¬
ments. SEM values were all <10 % of mean and are omitted for
reasons of clarity.
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In an attempt to elucidate some of the possible factors
responsible for this time-dependent reversal of PAF-medi-
ated neutrophil priming, additional experiments were under¬
taken to assess the role of PAF metabolism and PAF receptor
desensitization. Firstly, PAF was substituted by a nonmetab-
olizable analogue, N-methyl carbamyl PAF. This resulted in
a near identical time course (data not shown) to that illus¬
trated in Fig 2, indicating that PAF degradation was not
responsible for the loss in the priming effect. Secondly, we
examined the ability of two specific, but structurally differ¬
ent, PAF receptor antagonists, WEB 2086 and UK-74,505,
to influence the rate of depriming. Preliminary studies estab¬
lished optimal conditions for the use of these antagonists: a
30-minute preincubation with UK-74,505 caused a concen¬

tration-dependent (IC50 68 nmol/L) and complete (at 1 /rmol/
L) inhibition of the PAF-primed superoxide anion response,
whereas inhibition by WEB 2086 was biphasic and incom¬
plete (55% ± 4% inhibition with 10 ^.mol/L WEB 2086,
data not shown). Neither of these compounds, at the concen¬
trations used, affected neutrophil viability nor superoxide
anion release in control or fMLP-treated cells (data not
shown). Thus, to investigate the influence of PAF receptor
blockade on the rate of decay of PAF-induced priming, both
antagonists were used at a concentration of 1 /zmol/L. When
WEB 2086 (1 /imol/L) or UK-74,505 (1 /imol/L) was added
10 minutes after PAF, a small but significantly faster (P <
.05) rate of decay of the PAF-primed superoxide anion re¬
sponse was observed (Fig 2), with UK-74,505 having the
greater effect. This data suggests that although PAF receptor
desensitization or uncoupling may play a role in the decay
of the priming effect, this process is not complete following
a 10-minute incubation with 1 /tmol/L PAF.
In marked contrast to the priming time course observed

with PAF, TNF-a-induced priming, although slower to
evolve (maximal at 30 minutes), remained constant for at
least 2 hours (nanomoles superoxide anion released: at 30
minutes: fMLP (100 nmol/L) 4.6 ± 1.6, TNF-a (200 U/mL)
+ fMLP 20.1 ± 3.2; at 2 hours: fMLP 5.0 ± 0.7, TNF-a +
fMLP 19.2 ± 4.9, n = 3).

Transient effects of PAF on neutrophil shape change and
ACLB binding. To validate our observations of neutrophil
recovery following PAF-mediated priming of the respiratory
burst, we undertook further time course studies to examine the
effects of PAF on neutrophil shape change and CD1 lb activa¬
tion. Shape change was chosen because previous studies have
demonstrated a tight correlation between priming of the super¬
oxide anion response and the extent or proportion of neutrophils
that have undergone cell polarization.2 In addition, the relatively
weak priming effect of JL-8 on superoxide anion generation
has been reported to partially reverse with time without any
concomitant recovery of CDllb expression.19
Incubation of neutrophils with 1 ^mol/L PAF caused a rapid

(maximal at 2 minutes) increase in shape change, which then
declined spontaneously towards basal levels by 30minutes (Fig
3). The subsequent small increase in percent shape change,
observed between 30 to 120 minutes, paralleled the changes
seen in control cells. The extent of the initial shape change
response to PAF was similar to that observed following a 10-
minute incubation with 100 nmol/L fMLP (80.8% ± 7.1%, n
= 3). It should be noted here that flow-cytometric quantification
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Fig 3. Time-course for PAF- and TNF-or-induced shape change in hu¬

man neutrophils, (a) Representative flow-cytometry (EPICS Profile N) his¬
tograms of control calls (At and cells incubated with PAF for 2 minutes
(B) or 30 minutes (C) (x-axis shows mean forward light scatter (FS) and
y-axls shows relative ceD number). Percent shape change was calculated
from the FS of each sample by gating out the population of non-shape
changed neutrophils determined from control samples, lb) Time-course
data for PAF- and TNF-a-induced shape change. Isolated human neutro¬
phils (10" in 90 /iL PBS) were equilibrated for 5 minutes at 37°C and
incubated with 10 fd. PAF (1 ftmol/L) (closed circles), TNF-or (200 U/mL)
(closed squares), or buffer (open squares) for 0 to 120 minutes. Reactions
ware terminated at the appropriate times by addition of an equal volume
of 2J5% glutarsldehyde. Samples were analyzed by flow cytometry and
percent shape change calculated as detailed above. Values represent
mean ± SEM for four independent sets of duplicate determinations.
Where not shown, SEM values fan within the symbols.
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Fig 4. Tims-course for PAF- and TNF-a-induced binding of ACLB. (a) Representative flow-cytometry histograms of control calls (A) and
cells incubated with PAF for 10 minutes (B) or 120 minutes IC) (x-axis shows logarithmic scale green fluorescence (LFL) and y-axis shows
relative cell number). The lowest fluorescent (far left) peak represents neutrophils with no attached ACLB then, with increasing binding, single,
double, and triple bead peaks (correlated by fluorescence microscopy) can be distinguished. The percent neutrophils with attached ACLB was
calculated by gating out the far left peak determined from time-matched control samples, (bl Time-course data for PAF- and TNF-a-induced
binding of ACLB. Isolated human neutrophils (1.75 x 10E in 175 pL PBS) were equilibrated for 5 minutes at 37°C and incubated with 15 pL
PAF (1 /xmol/L) (closed circles), TNF-a (200 U/mL) (closed squares), or buffer (open squares) for 0 to 120 minutes. ACLB (25 fiL) ware added
15 minutes before termination of the reaction with 0.5 mL 0.5% glutaraldehyde, except for time points <15 minutes where the beads were
added before the agonist. Samples were analyzed by flow cytometry and the percent neutrophils with attached ACLB was calculated, as
detailed above. Values represent mean ± SEM for four independent sets of determinations, each performed in duplicate. Where not shown,
SEM values fall within the symbols.

of shape change, although a convenient and highly reproducible
assay, gives consistently higher levels of basal shape change
(approximately 8%") than those obtained by direct visual as¬
sessment of cell morphology. Our data confirm, however, that
PAF-induced shape change, like priming of the superoxide
anion response, is a transient event. Neutrophil shape change
to TNF-a (200 U/mL) was of a similar magnitude (70.1% ±
1.8%, n = 4) to that induced by PAF, but was slower to evolve
(plateau at 30 minutes) and remained constant for the 2-hour
incubation period (Fig 3).
As a third index of priming, we followed the /32-integrin-

dependent binding of ACLB over a 2-hour incubation with
either PAF or TNF-a. Again, PAF (1 /xmol/L) induced a

time-dependent increase in ACLB binding, maximal after
10 minutes, which declined to reach control levels by 2 hours
(Fig 4). TNF-a (200 U/mL) also augmented ACLB binding
but, unlike PAF, the extent of bead binding reached a plateau
at 30 minutes and remained constant for the ensuing 90-
minute incubation period (Fig 4).
Repriming of neutrophils with PAF or TNF-a. We next

investigated whether neutrophils that had primed and then
spontaneously deprimed during a 120-minute incubation
with PAF were capable of being reprimed. Figure 5 demon¬
strates that PAF-recovered neutrophils retain their full capac¬

ity to be reprimed when challenged again with either PAF
(1 /xmol/L, 10 minutes) or TNF-a (200 U/mL, 30 minutes),
generating similar amounts of superoxide anions upon fMLP
stimulation as freshly-primed cells. This finding was re¬
peated when neutrophils were primed and deprimed using a
modification of a previously described hypotonic challenge
protocol.9 Under isotonic conditions, fMLP (100 nmol/L)
and PAF (1 /xmol/L) alone elicited little superoxide anion
release, with PAF enhancing the fMLP-stimulated superox¬
ide anion response by 3.8-fold (Table 1). A 20-minute hypo¬
tonic challenge resulted in a modest (twofold) priming of
the fMLP response, which recovered towards control levels
when isotonicity was restored for I minute. Subsequent treat¬
ment with PAF reprimed the fMLP response, albeit to a
slightly lower level than that observed in cells maintained
under isotonic conditions. Cell viability was routinely >95%
for all conditions studied. Thus, like cells that had deprimed
following PAF exposure, osmotically primed and deprimed
neutrophils also retained their capacity to be primed for a
second time by a physiological agonist such as PAF.

DISCUSSION

The neutrophil can exist in a number of different func¬
tional states and this has a significant bearing on its behavior
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Fig 5. Repriming of human neutrophils with PAF and TNF-a following initial priming with PAF. (A) Superoxide anion priming with PAF and
TNF-a In frashly isolated cells. Neutrophils 110* In 90 pL PBS) were equilibrated for 5 minutes at 37°C, and then incubated with 10 pL of buffer,
PAF (1 ftmol/L, 10 minutes) or TNF-a (200 U/mL 30 minutes), as these represent optimal priming conditions for later comparisons with
reprimed neutrophils (see IB]). Cells ware subsequently stimulated with 100 nmol/L fMLP or buffer for 10 minutes, in the presence of cytochrome
C (1 mg/mL), in a final volume of 1 mL Superoxide anion release was finally assessed spectrophotometrically. (B) Superoxide anion raprimlng
of neutrophils with PAF and TNF-a following a 120-minute incubation with PAF. Neutrophils (10* in 80 /iL PBS) ware incubated with 1 /imoI/
L PAF (closed symbols) or buffer (open symbols) for 120 minutes, followed by a second optimal priming challenge with PAF (1 /tmol/L, 10
minutes, circles!, TNF-a (200 U/mL 30 minutes, diamonds), or buffer (30 minutes, squares). All samples were then stimulated with fMLP (100
nmol/L 10 minutes) in the presence of cytochrome C (1 mg/mL), in a final volume of 1 mL, and analyzed for superoxide anion release, as
above. Values represent mean ± SEM for triplicate determinations from three independent experiments.

and responsiveness in vitro. Thus, in the unprimed state,
the neutrophil displays little or no secretory response when
incubated with an agent such as fMLP, whereas such a chal¬
lenge in a fully primed cell results in an explosive increase
in respiratory burst activity; this priming-activation axis has
been shown to be a major determinant of neutrophil behavior

Tabla 1. Effact of Transient Hypotonic Challenge on Basel,
fMLP-Stlmulated and PAF-Primad Superoxida Anion

Generation in Human Neutrophils

Isotonic Hypotonic Hypo-lsotonic

Control 2.8 ± 0.5 6.0 ± 0.4* 4.1 ± 0.6

PAF (1 fxmol/L) 3.6 ± 0.4 7.1 ± 0.1* 5.7 ± 0.3

fMLP (100 nmol/L) 4.9 ± 0.6 10.1 ± 0.1* 6.0 ± 0.7

PAF + fMLP 18.9 ± 1.4 18.4 ± 0.5 11.5 ± 1.0*

Isolated peripheral blood neutrophils (10* in 250 pL PBS) were equil¬
ibrated for 5 minutes at 37°C and incubated for 19 minutes in PBS

containing 150 mmol/L NaCI (isotonic incubations) or 50 mmol/L NaCI
(hypotonic incubations). Neutrophils were then treated for 1 minute
with 20 pL of either 5 mol/L NaCI (to reverse hypotonicity to isotonic-
ity) or PBS (to retain hypotonicity or isotonicity). Superoxide anion
release was assessed spectrophotometrically following incubation
with buffer alone for 20 minutes (Control), buffer for 10 minutes fol¬
lowed by PAF for 10 minutes (PAF, 1 /xmol/L), buffer for 10 minutes
followed by fMLP for 10 minutes (fMLP, 100 nmol/L), or PAF for 10
minutes followed by fMLP for 10 minutes (PAF + fMLP). Values repre¬
sent mean ± SEM for three separate experiments each performed in
triplicate.
* P < .05 compared with values obtained under isotonic conditions.

in vivo.20 However, the very protracted priming effect of
agents such as LPS, G-CSF, and GM-CSF, together with the
short life-span of the neutrophil, has led to the belief that
priming is a largely irreversible process.7,6 Indeed, the sus¬
tained nature of the priming effect has been postulated to
play a fundamental role in the long-term inflammatory re¬
sponse observed with certain agents, including endotoxin.8
In this report, we provide evidence that neutrophil priming
is not an irreversible process and, moreover, that these cells,
once deprimed, can go through a further complete cycle of
priming and activation.
The depriming of neutrophils observed following PAF

treatment was apparent for fMLP-stimulated superoxide
anion generation, CDllb function, and cell polarization, and
hence was unlikely to represent selective downregulation of
one particular component of the priming response, as re¬
ported with IL-8." The ability of neutrophils to be reprimed
by TNF-a and PAF after a 2-hour incubation, with mainte¬
nance of full viability throughout, excludes the possibility
that the loss of the PAF priming effect was merely a conse¬
quence of the extended incubation procedure affecting cell
integrity or metabolic status. While the basis for the decline
in PAF-mediated priming is uncertain, the identical nature
of the time-course of priming of superoxide anion release
with N-methyl carbamyl PAF, a biologically active PAF
analog that is completely resistant to metabolic inactivation
by neutrophils or human serum,21,22 makes PAF metabolism
unlikely. We have also shown that inclusion of adenosine
deaminase in these incubations does not influence the time-
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course of PAF-primed superoxide anion responses, which
excludes a secondary effect mediated via adenosine release
and autocrine activation of cyclic adenosine monophosphate
(AMP)-dependent protein kinase pathways (Kitchen, Rossi
and Chilvers, unpublished observations, February 1995). Al¬
though homologous receptor desensitization may underlie
the transient nature of the PAF signal, the increased rate of
decay of fMLP-induced superoxide anion release following
UK-74,505 or WEB 2086 addition and the return of a fully
competent PAF priming response after 2 hours suggests that
PAF receptor uncoupling/desensitization is both incomplete
and transient. These data are consistent with previous studies
demonstrating rapid activation-induced uncoupling and in¬
ternalization of PAF receptors followed by subsequent recep¬
tor re-expression.23 The recovery of PAF receptor number
and function is likely to reflect extensive membrane attach¬
ment and metabolism of PAF (approximately I pmol/107
neutrophils/min).24,25
From our own comparisons of PAF and TNF-a and other

published observations, it would appear that neutrophil prim¬
ing in vitro falls into three categories: (1) fully reversible
(eg, that induced by PAF, osmotic swelling, or inositol hexa-
kisphosphate); (2) partially reversible (eg, with IL-17 or IL-
8); or (3) largely irreversible (eg, with GM-CSF'9, G-CSF,
or LPS). Further studies would be required to categorize
TNF-a because its effects did not show any signs of recovery
over the 2-hour incubation period used in this study, but have
been reported to decay over 24 hours.7 It is also intriguing to
note that only agents in group (3) are able to modulate the
rate of neutrophil apoptosis, which again testifies to the long
duration of action of this class of agents.2'' While it is clear
that neither the efficacy nor extent of the initial priming
signal dictates the reversibility of the primed state (because
PAF, TNF-a [Fig 5], LPS, and GM-CSF [data not shown]
induce equivalent levels of priming), it is possible that the
duration of the priming signal and/or its rate of onset are
key determinants. However, in the absence of any clear
mechanistic basis for neutrophil priming, it is also possible
that the above agents use discrete signalling pathways to
induce their priming effects.
This current observation of reversible priming may allow

the pro-inflammatory, and potentially tissue-damaging, ef¬
fects of neutrophil priming/activation to be counteracted by
a process other than apoptosis or the pharmacological inhibi¬
tion of neutrophil activation. It is unlikely that neutrophils
within an inflammatory focus would be exposed in isolation
to PAF or other "transient" priming agents. However, as
endothelial cell-associated PAF has been shown to play a
central role in neutrophil priming and migration through IL-
1/3-treated human umbilical vein endothelial cell mono¬

layers in vitro,27 and endogenously formed PAF is involved
in leukocyte extravasation induced by IL-1 in vivo,28 any
delay in cell exit through an activated endothelial surface
may permit cell recovery and the return of unprimed neutro¬
phils to the circulation. Thus, the recognition that neutrophils
have the potential to deprime allows an additional point of
control in the early stages of the acute inflammatory re¬
sponse, whereby cells may return to their former quiescent
state and potentially re-enter the circulating neutrophil pool.
These deprimed neutrophils, once fully recovered, could

again attain their maximal priming potential and mount sub¬
sequent responses, as dictated by ensuing inflammatory chal¬
lenges. In contrast, priming agents with a longer duration of
action would maintain neutrophils in the primed state for a
much longer period of time and may, therefore, play a dis¬
tinct role in vivo, in the wake of a more widespread or

prolonged inflammatory insult.
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Characterization of the prostanoid receptors mediating inhibition
of PAF-induced aggregation of guinea-pig eosinophils
'Mauro M. Teixeira, Sabah Al-Rashed, 2Adriano G. Rossi & Paul G. Hellewell

Applied Pharmacology, Imperial College of Medicine at the National Heart and Lung Institute, Dovehouse Street,
London SW3 6LY

1 Prostanoids induce a wide range of biological actions which are mediated by specific membrane-
bound receptors. We have recently shown that the E-type prostaglandins, PGE, and PGE2, effectively
inhibit eosinophil aggregation induced by platelet-activating factor (PAF). In an attempt to determine
which prostanoid receptor(s) were involved, we investigated the effects of a range of selective prostanoid
agonists and antagonists on eosinophil homotypic aggregation induced by PAF.
2 Both PGE, and PGE2 (10-10 to 10~~6 m) induced a concentration-related inhibition of the
aggregation response induced by PAF. PGE, was more effective than PGE2 but PGE2 was slightly
more potent than PGE, (approximate IC50 values for PGE, and PGE2 of 1.5 x 10~8 m and 5x 10~9 m,
respectively).
3 The EP2-selective agonists, 11-deoxy-PGE,, butaprost and AH13205, and the EP2/EP3-selective
agonist, misoprostol, also inhibited PAF-induced aggregation. The rank order of potency for EP2-
selective agonists was 11-deoxy-PGE, > misoprostol > butaprost = AH 13205. The protein kinase A
inhibitor, KT5720 (10~6 M), reversed the inhibitory effects of 11-deoxy-PGE, (10~6 M) and AH13205
(10~5 M).
4 The EP,/EP3-selective agonist, sulprostone, and the EP,-selective agonist, 17-phenyl-cu-trinor PGE2,
had no significant inhibitory activity when tested at concentrations up to 10 6 M. The EP4-receptor
antagonist, AH23848B, had no effect on PAF-induced aggregation and did affect the inhibitory activity
of PGE,.
5 The IP-selective agonist, cicaprost (up to 10~6 m), and the IP/EP,-receptor agonist, iloprost (up to
10~5 m), had no significant effect on PAF-induced eosinophil aggregation. However, iloprost
significantly augmented the inhibitory effects of a maximally inhibitory concentration of PGE2.
6 PGD2 (10 s m) had no effect on eosinophil aggregation and the inhibitory activity of PGE, on PAF-
induced eosinophil aggregation was not altered by the DP-selective receptor antagonist, BWA868C.
7 The results presented here suggest that the inhibition of PAF-induced eosinophil aggregation by
prostanoids is mediated by the occupation of EP2-receptors. It is important to note that the effects of
naturally occuring prostanoids, such as PGE2, on eosinophil aggregation occur at low concentrations
highlighting a potential role for EP2 receptors in regulating eosinophil function in vivo.

Keywords: Eosinophils; prostanoid receptors; aggregation; cyclic AMP; prostaglandins

Introduction

Eosinophils are thought to play a major role in the patho¬
physiology of allergic diseases such as asthma and atopic
dermatitis (Butterfield & Leiferman, 1993). For example, in
asthma the number of eosinophils and eosinophil-derived se¬
cretory products (e.g. eosinophil major basic protein) are ele¬
vated in brochoalveolar lavage fluid and appear to correlate
positively with the severity of the disease (Djukanovic et al.,
1990; Gleich et al., 1993). Thus, it is possible that drugs which
inhibit the activation of eosinophils may be useful in the
treatment of allergic diseases.

Prostanoids induce a wide range of biological actions which
are mediated by specific membrane-bound receptors (Coleman
et al., 1994b). The classification of prostanoid receptor sub¬
types was initially based upon the activities of natural and
synthetic agonists. More recently, this classification has been
verified by the availability of cloning data and specific receptor
antagonists (Coleman et al., 1994b; Pierce et al., 1995). These
receptors have been categorized into 5 groups, namely the DP,
EP, IP, FP and TP receptors, based on the binding char¬
acteristics of the five main naturally occurring prostanoids,

1 Author for correspondence.
2Prcscnt address: Respiratory Medicine Unit, Department of
Medicine, Raync Laboratory, University of Edinburgh, Teviot
Place, Edinburgh EH8 9AG.

prostaglandin (PG)D2, PGE2, PGI2, PGF2„ and thromboxane
A2, respectively (Coleman et al., 1994b). In addition, the EP-
receptors have been further divided into four subtypes; EP|,
EP2, EP3 and EP4 receptors. Previous studies have shown that
the occupation of EP2, IP or DP prostanoid receptors inhibits
certain functions of activated neutrophils, including the res¬
piratory burst, homotypic aggregation and secretion (Rossi &
O'Flaherty, 1989; Wheeldon & Vardey, 1993; Wise & Jones,
1994; Talpain et al., 1995). Interestingly, these three receptors
are coupled to Gs and appear to mediate inhibition of neu¬
trophil function via elevation of adenosine 3': 5'-cyclic mono¬
phosphate (cyclic AMP) (Coleman et al., 1994b).

We have previously shown that the E-type prostaglandins
PGE, and PGE2 effectively inhibited eosinophil aggregation
induced by PAF and C5a (Teixeira et al., 1996a). In addition,
we demonstrated that inhibition of eosinophil aggregation was
mediated via the increase of cyclic AMP in eosinophils (Teix¬
eira et al., 1996a). However, as yet, there have been few studies
attempting to determine which type(s) ofprostanoid receptor(s)
are involved in the inhibition of eosinophil activity. Butchers &
Vardey (1990) suggested that occupation of both DP and EP2
receptors inhibited the secretion of eosinophil cationic protein
by human eosinophils. However, these studies did not use
purified eosinophil preparations leaving the possibility that the
prostanoid agonists were acting indirectly to inhibit eosinophil
activation. In this study, in an attempt to characterize the
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prostanoid receptors mediating inhibition of eosinophil func¬
tion in vitro, we investigated the effects of a range of selective
prostanoid agonists and antagonists on eosinophil homotypic
aggregation induced by PAF. Aggregation was assessed by
measuring changes in light transmission after activation of
eosinophils in suspension (Teixeira et al., 1995; 1996a).

Methods

Induction, harvesting and purification of guinea-pig
eosinophils

Eosinophils were induced, harvested and purified as described
previously (Teixeira et al., 1995; 1996a). Briefly, ex-breeder
female guinea-pigs (Harlan, Oxon; 700-800 g) were treated
with undiluted horse serum (1 ml i.p.) every other day for two
to three weeks and the cells collected by peritoneal lavage with
heparinized saline (10 iu ml1) 2 days after the last injection.
The cells obtained were layered onto a discontinuous Percoll-
HBSS (calcium- and magnesium-free) gradient followed by
centrifugation (1500 g, 25 min at 20°C). Eosinophils were
collected from the 1.090/1.095 and 1.095/1.100 g ml-1 density
interfaces. Eosinophils were >95% pure as assessed by dif¬
ferential staining with DiffQuick (BDH, Dorset) and >98%
viable as assessed by trypan blue exclusion. The cells were then
washed twice in phosphate buffered saline (PBS, calcium- and
magnesium-free, pH 7.4) to which CaCl2 and MgCE (final
concentrations 1.0 mm and 0.7 mm, respectively) were added,
and the cells kept on ice.

Eosinophil aggregation

Aggregation experiments were carried out as previously de¬
scribed (Teixeira et al., 1995; 1996a,b). Briefly, guinea-pig
eosinophils were resuspended (5 x 106 cells ml~') in PBS and
aliquots (300 p\) of cells were dispensed into siliconized cuv¬
ettes which were placed into a dual channel platelet aggre-
gometer (Chronolog 440 VS) linked to a dual pen recorder
(Chronolog 707). The cells were incubated for 5 min at 37°C
with continuous stirring at 700 r.p.m. before addition of
prostanoid ajgonists (PGEh PGE2, PGD2, 11-deoxy-PGEi,
butaprost, misoprostol, AH 13205, sulprostone, 17-phenyl-w-
trinor PGE2, iloprost and cicaprost). After two minutes in¬
cubation with the indicated agonist, eosinophils were stimu¬
lated with PAF (10 7 m). For the experiments with the protein
kinase A inhibitor K.T5720, eosinophils were pretreated with
K.T5720 (10 6 m) for 2 min before the addition of 11-deoxy-
PGEi, AH13205 or sulprostone. Similarly, eosinophils were
incubated for 2 min with AH23848B (10~5 m) or BWA868C
(10~5 m) before the addition of PGEi (10~7 or 10~8 m). The
reference cuvette contained buffer alone. Responses were
measured at the peak of aggregation and the results expressed
as the percentage inhibition of the responses induced by
lO 7 m PAF.

Reagents

Horse serum, phosphate-buffered saline (PBS, calcium- and
magnesium-free, pH 7.4), and Hank's balanced salt solution
(HBSS) were purchased from Life Technologies Ltd (Paisley).
Percoll was purchased from Pharmacia (Milton Keynes).
Misoprostol and CI6 PAF were from Bachem (Saffron Wal-
den). The following reagents were purchased from Sigma
Chemical Company (Poole): bovine serum albumin (BSA),
dimethyl sulphoxide (DMSO), d-glucose, prostaglandin
(PGE,), PGE2, PGD2. KT5720 ((8R*, 9S*, HS*)-(—)-9-
hydroxy-9-m-hexyl -8-methyl-2,3,9,10-tetrahydro-8, 11-epoxy-
1H,8H,1 lH-2,7b,l la-triazadibenzo(a.g) cycloocta (cde)-frin-
den-l-one) was from Calbiochem (Nottingham). Cicaprost,
sulprostone and iloprost were a gift from Dr F. McDonald
(Schering AG, Germany). AH23848B ([la(2),2j5,5a]-( + )-7-[5-
[[(1 ,l'-biphenyl) -4- yl]methoxy]-2- (4-merpholinyl)-3-ox-

ocyclopentyl]-5-heptenoic acid) and AH13205 (trans-2-[4-(l-
hydroxyhexyl)phenyl]-5-oxocyclopentaneheptanoic acid) were
a gift from Dr R. Coleman (Glaxo, Ware) and Butaprost from
Miles Inc (Slough). BWA868C ((±)-3-benzyl-5-(6-
carboxyhexyl)- 1 -(2-cyclohexyl-2-hydroxyethylamino)-hy-
dantoin was a gift from Dr B.J.R. Whittle (Wellcome, Beck-
enham). 17-Phenyl-co-trinor PGE2 and 1 l-deoxy-PGE2 were
purchased from Cayman Chemicals (Ann Arbor, MI, U.S.A.).
None of the vehicles used in this study significantly altered
eosinophil aggregation induced by platelet-activating factor
(PAF, data not shown). The chemical structures and receptor
selectivity of the prostanoids given above are described in de¬
tail by Coleman et al., (1994b).

Statistical analysis of data

Data were analysed by Student's t test or analysis of variance
where appropriate (P values assigned by Newman Keul's post
test) with the statistical programme Instat (GraphPad Soft¬
ware V2.03). Results were considered significant when P<0.05
and data are shown as the mean + s.e.mean of n experiments.

Results

Effects of PGE, and PGE2 on PAF-induced eosinophil
aggregation

Both PGE, and PGE2 (10~'° to 10~6 m) induced a con¬
centration-related inhibition of the aggregation response in¬
duced by PAF (Figure 1). PGEi was more effective than PGE2
producing a maximal inhibition of 100% and 66.2 + 4.5%
(n = 4-7, P<0.01), respectively, at a concentration of 10^6 m.
However, the concentration-response curve for PGE2 was
steeper than PGE, up to 10 8 m such that PGE2 was slightly
more potent (approximate IC50 values for PGE, and PGE2
were 1.5 x 10"8 m and 5 x 10 9 m, respectively, P>0.05).

Effects of EP-receptor agonists/antagonist on PAF-
induced eosinophil aggregation

The EP2-selective agonists, 11-deoxy-PGE,, butaprost and
AH 13205 also inhibited PAF-induced aggregation by
65.8 + 6.3% (n = 4), 55.5 ± 5.6% (n = 5) and 46.2 + 8.2% (« = 5),
respectively, at a concentration of 10~5 m (Figure 2). Whereas,
11-deoxy-PGE, (IC50 8 x 10 8 m) was approximately 5 and 15
times less potent that PGE, and PGE2, respectively (see

Molar

Figure 1 Effect of PGE, and PGE2 on eosinophil aggregation
induced by PAF. Eosinophils were incubated with PGE, (10~'° to
10~6 m, •) or PGE2 (10"10 to 10~6 m, ■) for 2 min and then
activated with PAF (10 7 m). Results arc expressed as the percentage
inhibition of PAF-induccd eosinophil aggregation and each point is
the mean of 4-7 experiments; vertical lines show s.c.mean.
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Figure 2 Effect of EP2 receptor agonists on eosinophil aggregation
induced by PAF. Eosinophils were incubated with (a) 11-dcoxy-PGE,

to 10 M, ■) and (b)(1(T9 to 10-5 M, •) or AH 13205 (10"9

for 2 min and then activated with PAF (10-7 m). Results are
expressed as the percentage inhibition of PAF-induccd eosinophil
aggregation and each point is the mean of 4-6 experiments; vertical
lines show s.e.mean.

above), both AH13205 and butaprost significantly inhibited
PAF-induced eosinophil aggregation at the highest con¬
centration tested only (10 5 M). The EP2/EP3-receptor agonist
misoprostol was an effective inhibitor of PAF-induced ag¬
gregation (73.5+1.5%, n = 6, at 10-6 m) but displayed low
potency (IC50 3 x 10 6 m). Thus the rank order of potency for
EP2-selective agonists was 11-deoxy-PGE, > misopros¬
tol > butaprost = AH 13205.

To assess the role of cyclic AMP in mediating the inhibitory
effects of EP2-selective agonists on PAF-induced eosinophil
aggregation, we investigated the effect of the protein kinase A
(PICA) inhibitor, K.T5720 (10 6 m). At this concentration,
KT5720 has been shown to have at least 30 fold specificity for
PICA over other protein kinases (Irie et al., 1985). As shown in
Figure 3, preincubation with KT5720 reversed the inhibitory
effects of 11-deoxy-PGE, (1(T5 m) and AH13205 (10~5 m) on
eosinophil aggregation induced by PAF. This is in agreement
with the reversal by KT5720 of the inhibitory effects of PGE,
on PAF-induced eosinophil aggregation (Teixeira et al.,
1996a). Similarly, as we have previously demonstrated (Teix¬
eira et al., 1996a), preincubation of eosinophils with KT5720
alone significantly increased the aggregation response induced
by PAF (Figure 3).
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Figure 3 Effect of the protein kinase A inhibitor KT5720 on the
inhibitory effects of (a) 11-deoxy-PGE, or (b) AH13205 on PAF-
induccd eosinophil aggregation. Eosinophils were incubated with
KT5720 (10 m) or vehicle for 2 min, then 11-deoxy-PGE,
(10~6m), AH 13205 (10~5 m) or vehicle were added for a further
2 min and the cells activated with PAF (10~7 m). Results are
expressed as the percentage of PAF-induccd eosinophil aggregation
and each column is the mcan+ s.e.mcan of 4-5 experiments.
*P<0.05 and **P<0.01, when compared to responses in the
presence of PAF alone.

The EP,/EP3-selective agonist, sulprostone, had no sig¬
nificant inhibitory activity when tested at concentrations up to
3x10 6 M (Figure 4). Similarly, the EP,-selective agonist, 17-
phenyl-cu-trinor PGE2, had no significant inhibitory activity on
PAF-induced aggregation when tested at concentrations up to
10~6 M (Figure 4). However, 10~5 m 17-phenyl-m-trinor PGE2
significantly inhibited PAF-induced aggregation (52.8 + 9.4%,
n — 4, P<0.05). The inhibitory effects of 10~5 M 17-phenyl-co-
trinor PGE2 contrast to the lack of inhibitory effects of the
EP,/IP-selective agonist, iloprost, on PAF-induced aggrega¬
tion (see below).

The EP4-selective receptor antagonist, AH23848B, had no
effect on eosinophil aggregation induced by PAF when used at
concentrations up to 10~3 M (data not shown). This top con-
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Figure 4 Effect of EP, and EP3 receptor agonists on eosinophil
aggregation induced by PAF. Eosinophils were incubated with
sulprostonc (10 —8 to 3x10_6m, 9) or 17-phenyl-ro-trinor PGE2
(10~8 to 10-5 m, ■) for 2 min and then activated with PAF
(10 ~7 m). Results arc expressed as the percentage inhibition of PAF-
induccd eosinophil aggregation and each point is the mean of 4-5
experiments; vertical lines show s.c.mean.

Molar

Figure 6 Effect of IP receptor agonists on eosinophil aggregation
induced by PAF. Eosinophils were incubated with cicaprost (10-9 to
I0~6 m, • ) or iloprost (10~7 to 10~5 m, ■) for 2 min and then
activated with PAF (10 7 m). Results arc cxpesscd as the percentage
inhibition of PAF-induccd eosinophil aggregation and each point is
the mean of 5 experiments; vertical lines show s.e.mean.

PGE, 10"7m
Figure 5 Effect of AH23848B on the inhibitory effects of PGEi on
PAF-induccd eosinophil aggregation. Eosinophils were incubated
with AH23848B (10~5 m, open columns) or vehicle (solid columns)
for 2 min, then PGE[ (10 and 10"7 m) was added for a further
2 min and the cells activated with PAF (10~7 m). Results are
expressed as the percentage of PAF-induccd eosinophil aggregation
and each column is the mean+ s.e.mean of 3 experiments.

centration of AH23848B was then used in further experiments.
As shown in Figure 5, AH23848B had no significant effect on
the inhibitory activity of PGEi against PAF-induced eosino¬
phil aggregation.

Effects of IP-receptor agonists on PAF-induced
eosinophil aggregation

The IP-selective agonist, cicaprost, had no significant effect on
eosinophil aggregation induced by PAF (Figure 6). Maximal
inhibition of PAF-induccd response was obtained at 10~6 m
(31.3 + 7.9%, n = 5) but this did not achieve statistical sig¬
nificance. Similarly, the IP/EPrreceptor agonist, iloprost, had
no effect on eosinophil aggregation induced by PAF when
tested at concentrations up to 10 7 m (Figure 6). In contrast,
pretreatment of eosinophils with 10 6 m iloprost significantly
(P<0.05) augmented the effects of a maximally inhibitory
concentration of PGE2 (10 7 m) on PAF-induced aggregation

(PAF, 49.6 + 7.0% maximal aggregation; PAF + iloprost,
41.4±2.7%; PAF + PGE,, 29.0±6.4%; PAF+ PGE2 + ilo-
prost, 15.4 + 2.4%, n = 4).

Effects of PGD2 and a DP-receptor antagonist on PAF-
induced eosinophil aggregation

PGD2 had no effect on eosinophil aggregation induced by PAF
when used at concentrations up to 10 ^ m (Figure 7a). In
addition and in contrast to data showing effects of PGD2 on
eosinophil chemotaxis (Butchers & Vardey, 1990), PGD2 in¬
duced no measurable eosinophil aggregation (data not shown).
Moreover, the DP-selective receptor antagonist, BWA868C,
had no effect on eosinophil aggregation induced by PAF when
used at concentrations up to 10 5 m (data not shown). This
top concentration of BWA868C was then used in further ex¬
periments. As shown in Figure 7b, BWA868C had no sig¬
nificant effect on the inhibitory activity of PGE, against PAF-
induced eosinophil aggregation.

Discussion

When activated in vitro with different inflammatory stimuli
(e.g. PAF, C5a), guinea-pig eosinophils undergo a concentra¬
tion-dependent aggregation response (Teixeira et al., 1995).
This eosinophil aggregation is also dependent on calcium and
magnesium ions and on the cell adhesion molecules CD 18 and
L-selectin present on the eosinophil surface (Teixeira et al.,
1995; 1996b). In vivo, eosinophil aggregation around larvae of
migrating parasites may represent an effective means of
arresting parasite movement and facilitating parasite killing
(McLaren, 1980). Eosinophil aggregation also occurs after
intradermal injection of the /(-chemokine RANTES in dog
skin (Meurer et al., 1993). In this investigation we have at¬
tempted to characterize the prostanoid receptors present on
guinea-pig eosinophils which mediate inhibition of eosinophil
function, by using a range of prostanoid agonists and an¬
tagonists. Eosinophil aggregation was used as a measure of
eosinophil activation.

We have recently shown PGEi and other cyclic AMP-ele-
vating agents (/f-adrenoceplor agonists and phosphodiesterase
type 4 inhibitors) to inhibit effectively eosinophil aggregation
induced by PAF and C5a (Teixeira et al., 1996a). The im¬
portance of cyclic AMP in mediating the inhibitory effects of
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Figure 7 Effect of (a) PGD2 on eosinophil aggregation induced by
PAF and (b) the DP receptor antagonist BWA868C on the inhibitory
effects of PGE, on PAF-induced eosinophil aggregation. In (a),
eosinophils were incubated with PGD2 (1(C9 to 10~5 m) for 2 min
and then activated with PAF (10~7 m). In (b), eosinophils were
incubated with BWA868C (10~ m, O) or vehicle (9) for 2 min,
then PGE! (10~8 to 10~6 M) was added for a further 2 min and the
cells activated with PAF (10~7m). Results are expressed as the
percentage inhibition of PAF-induccd eosinophil aggregation and
each point is the mean of 3-5 experiments; vertical lines show
s.c.mean.

these agents was based on two main findings: reversal of the
inhibitory effects of PGE, by protein kinase A inhibitors (H-89
and K.T5720) and the synergy of PGR, with a phosphodies¬
terase type 4 inhibitor, rolipram (Teixeira et al., 1996a). Since
the effects of PGE! appear to be mediated via an increase in
cyclic AMP, there are three adenylate cyclase-coupled pros¬
tanoid receptors (EP, DP and IP) which could be involved
(Coleman et al., 1994b). Amongst the EP receptors, two sub¬
types are linked to and stimulate adenylate cyclase, EP2 and
EP4 (Coleman et al., 1994b). In addition, an isoform of EP3
(EP,.) can also couple to Gs and at a high agonist con¬
centration stimulate adenylate cyclase (Irie et al., 1993).

The rank order of potency for prostanoids active on EP2
receptors at inhibiting eosinophil aggregation was PGE2 >
PGEi > 11 -deoxy- PGE, > misoprostol > butaprost =
AH 13205. Of particular interest was the relative lack of effect
of the specific EP2-selective receptor agonists butaprost and
AH 13205. Indeed, these two drugs were only effective at the
highest concentration tested (10 5 m) at which non-specific
effects may occur. This is in agreement with the relative lack of
effects of butaprost and AH 13205 in rat neutrophils (Wise &

Jones, 1994) and may represent the low potency of these drugs
on guinea-pig EP2 receptors. Alternatively, this may reflect an
action of the prostanoids on the newly described EP4 receptor
(see below). However, it is worth noting that despite its low
potency, butaprost has very little activity on other prostanoid
receptors even when used at high concentrations (reviewed in
Coleman et al., 1994b). Together our data suggest that acti¬
vation of EP2 (or possibly EP4) receptors in guinea-pig eosi¬
nophils is associated with inhibition of eosinophil aggregation
induced by PAF. Inasmuch as the protein kinase A inhibitor
K.T5720 reversed the inhibitory effects of 1 l-deoxy-PGE| and
AH 13205, our data also suggest that activation of EP2 re¬
ceptors inhibits eosinophil aggregation via elevation of in¬
tracellular cyclic AMP.

More recently, a new EP receptor subtype, namely EP4 has
been identified which mediates PGE2-induced relaxation of
piglet saphenous vein (Coleman et al., 1994a). Although no
selective agonist has been described, AH23848B blocks the
effects of prostanoids on the piglet EP4 receptor (Coleman et
al., 1994a). When tested in our system, AH23848B failed to
affect PAF-induced eosinophil aggregation and also failed to
modulate the inhibitory effects of PGE!. These results argue
against a role for EP4 receptors in mediating inhibition by
prostanoids of PAF-induced eosinophil aggregation and sug¬
gest that prostanoid agonists act on EP2 receptors to inhibit
eosinophil aggregation. However, AH23848B has very low
potency at the EP4 receptor (pA2= 5.4) and has been described
as both a weak agonist and an antagonist at the EP4 receptor
subtype (Coleman et al., 1994a). Clearly further studies will be
necessary to exclude a role for EP4 in mediating eosinophil
aggregation when better reagents become available. Inasmuch
as AH23848B is also a potent TP receptor antagonist, our
results also argue against a role for TP receptors in the in¬
hibitory effect of prostanoids. This is supported by the lack of
inhibitory effects of the TP receptor agonist U46619 on PAF-
induced eosinophil aggregation when used at concentrations
up to 3 nM (data not shown).

The role of EP, receptors was investigated by use of sul-
prostone, 17-phenyl-co-trinor PGE2 and iloprost. Although 17-
phenyl-co-trinor PGE2 inhibited aggregation when used at
10" 5 m, this concentration is far greater than that necessary to
activate EP, receptors in other preparations (reviewed in
Coleman et al., 1994b) and similar non-specific effects of high
concentrations of 17-phenyl-co-trinor PGE2 have been de¬
scribed in human neutrophils (Talpain et al., 1995). In addi¬
tion, iloprost, which is more potent that PGE, at EP, receptors
(Watabe et al., 1993), had no inhibitory effect at any of the
concentrations tested. Together these results suggest there to
be little role for EP| receptors in mediating inhibition of PAF-
induced eosinophil aggregation by prostanoids and are in
agreement with the restricted expression of this receptor in
mouse tissues (Watabe et al., 1993). In addition, sulprostone
which has been shown to be 3-20 times more potent than
PGE2 at activating EP, receptors (reviewed in Coleman et al.,
1994b) failed to alter PAF-induced eosinophil aggregation.
These results argue against a role for EP3 receptors in med¬
iating inhibition by prostanoids of this PAF-induced response.

Next we examined the effects of the two IP receptor agonists
cicaprost and iloprost on eosinophil aggregation induced by
PAF. Cicaprost inhibited PAF-induced responses by up to
30% but due to variability, this failed to reach statistical
significance. In addition, iloprost was without any effect on
eosinophil aggregation induced by PAF suggesting that there is
a negligible role for IP receptors in mediating inhibition by
prostanoids of PAF-induced eosinophil aggregation. However,
it is worth noting that PGE, was significantly more effective
than PGE2 and other EP2 receptor agonists. Since PGE| can
activate IP receptors more potently and effectively than the
other EP receptor agonists tested (Coleman et al., 1994b), it is
possible that activation of IP receptors in addition to activa¬
tion of EP2 receptors may be necessary to achieve full inhibi¬
tion of PAF-induced eosinophil aggregation. In this regard,
combined treatment with iloprost and PGE2 induced a signifi-
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cantly greater inhibition of PAF-induced aggregation than
when PGE2 was used alone. The latter observation suggests
that the IP receptor is present with low reserve in the system
and needs activation of another receptor (ie. EP2 receptor)
before an inhibitory effect of IP receptor activation can be
observed. However, aggregation was never fully inhibited by a
combination of iloprost and PGE2 and thus activation of the
IP receptor in addition to the EP2 receptor cannot fully explain
the greater effectiveness of PGE, at inhibiting PAF-induced
eosinophil aggregation.

In similar studies in human neutrophils (Rossi & O'Flah-
erty, 1989), PGD2 significantly inhibited degranulation of hu¬
man eosinophils upon stimulation with formyl-methionyl-
leucyl-phenylalanine (Butchers & Vardey, 1990). However, in
our study, PGD2 failed to alter significantly eosinophil ag¬
gregation induced by PAF. In addition, when used in con¬
centrations up to 10~5 M, PGD2 failed to induce eosinophil
aggregation by itself. This is in agreement with the lack of
effect of high doses of PGD2 (up to 10 7 mol per site) at in¬
ducing radiolabelled-eosinophil accumulation in guinea-pig
skin (data not shown) but again contrasts with data showing
significant effects of PGD2 at inducing chemotaxis and eleva¬
tion of intracellular calcium in human eosinophils (Butchers &

Vardey, 1990; Raible et al., 1992). Furthermore, the DP re¬
ceptor antagonist BWA868C had no significant effect on eo¬
sinophil aggregation induced by PAF and failed to alter the
inhibitory effects of PGE,. Although BW868C has been shown
to be a partial agonist activity in murine DP receptors trans-
fected into Chinese hamster ovary cells (Hirata et al., 1994),
our results argue against a major role for DP receptors at
activating guinea-pig eosinophils in vitro and in vivo and at
mediating the inhibitory effects of prostanoids on PAF-in¬
duced eosinophil aggregation.

In conclusion, the results presented here suggest that the
inhibition of PAF-induced aggregation by prostanoids is
mediated by the occupation of EP2-receptors on the surface of
eosinophils. It is important to note that the effects of naturally
occuring prostanoids, such as PGE2, on eosinophil aggregation
occur at low concentrations suggesting an important role for
EP2 receptors in mediating inhibition of eosinophil function in
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and the Medical Research Council for financial support.
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Abstract: The synthetic formylpeptide fMLP is
widely used as a model chemoattractant and secre¬

tagogue for mammalian neutrophils. Despite pos¬

sessing fMLP receptors, equine neutrophils do not
produce superoxide anions in response to fMLP
and there is no inflammatory reaction in the horse
when fMLP is injected intradermally. The func¬
tional capability of these receptors was investigated
after pretreatment with recognized priming agents.
Purified neutrophils were pretreated with lipopoly-
saccharide (LPS), platelet-activating factor (PAF),
or tumor necrosis factor ol (TNF-ot) and superoxide
anion generation and shape change quantified by
lucigenin-dependent chemiluminescence (LDCL)
and flow cytometry, respectively. LPS, TNF-a, and
PAF pretreatment induced significant LDCL in
response to fMLP; similarly LPS pretreatment was
a prerequisite for fMLP-stimulated neutrophil polar¬
ization in response to fMLP. However, LPS failed to
induce fMLP-mediated chemotaxis of equine neu¬

trophils. These data indicate that equine neutrophil
fMLP receptors are not vestigial as previously
thought but can trigger both respiratory burst
activity and cell polarization responses after prim¬
ing. J. Leukoc. Biol. 63: 380-388; 1998.
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INTRODUCTION

Neutrophils play a pivotal role in the acute cellular response to
infection and injury and have evolved a series of unique
functions that facilitate both their recruitment to sites of

inflammation and their ability to destroy invading micro¬
organisms 11-4], During the inflammatory process, however,
inappropriate or excessive secretion of histotoxic or pro¬

inflammatory substances by the neutrophil can contribute to
host tissue damage [1-4], and this sequence of events is also
recognized in the horse [5, 6]. In many species the responsive¬
ness of granulocytes to secretagogue stimuli is governed by
prior exposure to priming agents such as bacterial products
[e.g., lipopolysaccharide (LPS) and N formylated peptides],
cytokines [e.g., tumor necrosis factor a (TNF-a) and granulocyte-
macrophage colony-stimulating factor (GM-CSF)], and lipid-
derived mediators [e.g., platelet-activating factor (PAF) and
leukotriene BJ. Such agents sensitize the neutrophil to en¬
hance certain functional responses, e.g., superoxide anion
generation, adhesion, and proteolytic enzyme release when
subsequently exposed to secretagogue agonists [7-12], In
addition, neutrophil priming is thought to be crucial to the
initial recruitment of these cells to an inflamed site [13] and
appears to be a prerequisite for neutrophil-mediated host tissue
damage [14, 15].
The synthetic tripeptide, Af-formy1-meth ionyl - leucyl-phenyl-

alanine (fMLP), which mimics the effects of a number of
bacterial cell wall-derived peptides, is recognized by specific
high-affinity receptors on the neutrophil [16] and has been
widely used as a model agonist for studying the response of
mammalian neutrophils to bacterial infection, sepsis, and
tissue injury [16]. The large and consistent nature of the
secretory and chemotactic response induced by fMLP in human
cells has also made it the agent of choice in studies exploring
the mechanisms underlying priming and activation. However,
despite possessing a small number of seemingly identical
high-affinity fMLP receptors [17], equine neutrophils appear to
display a very different pattern of responses to this agent, to the
extent that most recent reports have regarded the equine fMLP
receptor as being of little, if any, functional significance
[18-20], This conclusion is supported by the lack of any

inflammatory response when fMLP is injected intradermally in
the horse even at concentrations as high as 10 mM per 100 [iL
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injection volume [21], Despite this, a small and selective
number of early in vitro studies reported fMLP effects in equine
neutrophils, including induction of chemotaxis, albeit only at
very high fMLP concentrations [22], and lysosomal enzyme
release [17]. Although Snyderman and Goetzl [23] stated that
fMLP could induce superoxide anion generation in equine
neutrophils, no experimental data were provided to support
this. Hence, although inter-species differences have been
demonstrated in studies of inflammation in the horse [20, 24],
the precise function and role of the fMLP receptor in equine
neutrophils remains uncertain. In view of both the importance
of bacterial endotoxemia to the pathogenesis of many equine
diseases [4, 5, 25], and the relative lack of information
regarding the effects of LPS on equine neutrophils, we have
chosen to examine the functional effects of this and other

human granulocyte priming agents on the equine neutrophil.
These studies (1) provide clear evidence of fMLP-receptor-
mediated superoxide anion generation and cell polarization in
equine neutrophils after LPS incubation and (2) suggest that the
underlying mechanism for LPS priming in these cells is similar
to that documented in other mammalian cells because the

sensitivity to LPS is enhanced in the presence of serum and
hence likely to be mediated by the LPS-binding protein
(LBP)/CD14 pathway. This study permits a greater understand¬
ing of the interaction of LPS with equine neutrophils and
indicates the potential for fMLP-like peptides to induce equine
granulocyte activation via functional fMLP receptors. This
model should also permit assessment of the importance of
neutrophil priming to the recruitment and function of these
cells at inflamed sites.

MATERIALS AND METHODS

Reagents
Bovine serum albumin (BSA), Dcxtran T500, fMLP, glutaraldehyde, LPS from
Escherichia coli serotype 0111 :B4. Hanks' balanced salt solution (HBSS),
lucigenin {bis-Af-methylacridinium nitrate), /V-2-hydroxyethylpipcrazine-/V-2-
ethanesulfonic acid (HEPES) buffer, and phosphate-buffered saline with (PBS)
or without (PBS w/o) 0.9 mM CaCh and 0.5 mM MgCb, PAF, and zymosan were

purchased from Sigma (Poole, Dorset, UK). Sodium citrate (3.8%) was

purchased from Phoenix Pharmaceuticals Ltd. (Gloucester, UK) and the
silicone oil F-50 was obtained from Croylek Ltd. (Surrey, UK). TNF-a was

purchased from Genzyme, (Cambridge, MA). Percoll was obtained from
Pharmacia (Uppsala, Sweden). [3H]fMLP [specific activity 1.48-3.219 TBq
(40-87 Ci)/mmol] was purchased from New England Nuclear Life Science
Products (Stevenage, Herts, UK). Diff-Quik was purchased from B. M. Brown
Ltd. (Reading, Berks, UK). All other chemicals were of molecular or reagent
grade and were obtained from BDH (Leicestershire, UK). Autologous heat-
inactivated serum was prepared by the addition of 220 pL of 10 mM CaCl2 to 10
mL of platelet-rich plasma, incubating for 90 min at 37°C in a humidified 5%
CO2 atmosphere, then heating at 56°C for 30 min. Zymosan-activated plasma
(ZAP) was used as a source of the complement fragment C5a and was produced
by adding 5 mg/mL zymosan to platelet poor plasma (PPP), followed by
sonication and incubation at 37°C for 60 min. The suspension was centrifuged
at 1,400 g for 15 min. The supernatant was removed and stored in 100 [JI,
aliquots at — 20°C until required. ZAP was used in all experiments at a final
concentration of 10% (v/v).

Preparation of equine neutrophils
Blood was drawn from healthy adult horses by jugular venipuncture and
anticoagulated with 1 mL of 3.8% sodium citrate per 10 mL of blood in 50-mL

sterile polyethylene tubes. Thereafter three different methods [8, 26, 27] for
isolating equine neutrophils were compared. The methods ofJain et al. [26] and
Pycock et al. [27] both employed a single-step isolation technique with
discontinuous isotonic Percoll gradients (59 + 75 and 70 + 85% Percoll in
HBSS, respectively) and were used as originally detailed. The third technique
was a modification of a method originally described for isolating human
neutrophils which uses discontinuous hypotonic plasma/Percoll gradients [8].
In this method, whole blood was allowed to sediment under gravity for 30 min at
room temperature and the upper leukocyte-rich plasma layer aspirated and
centrifuged at 367 g for 6 min. The platelet-rich plasma supernatant was
decanted and centrifuged at 2400 g for 20 min to prepare PPP. The initial
leukocyte-rich pellet, obtained typically from 80 mL of whole blood, was

resuspended in 2 mL PPP in a 15-mL polystyrene tube and underlayered with
42 and 51% PPP/Percoll solutions before ccntrifugation at 255 gtov 10 min.
Cytospins prepared after gradient centrifugation indicated that the majority of
the neutrophils accumulated in a tight band at the 42/51% Percoll interface
with the mononuclear cells held up at the upper, PPP/Percoll, interface. The
very small number of eosinophils present (2.5 ± 0.26% of total leukocyte yield)
settled in either the 51% Percoll layer or with the erythrocyte pellet.
Neutrophils were harvested from the 42/51% interface and washed sequentially
in PPP, PBS without Ca2+ Mg2+/0.1% BSA, and PBS before resuspension in
PBS. Subsequent experiments indicated that a more extensive wash protocol
(three extra washes in PBS without Ca2+ Mg2+/0.1% BSA) was necessary to
reveal the true serum dependence of the mechanism of neutrophil priming by
LPS in equine neutrophils. All the procedures outlined were performed at room
temperature. Cell purity was assessed using cytocentrifuge preparations stained
with Diff-Quik; cell viability was assessed by trypan blue exclusion. In a
limited number of studies, human neutrophils were also employed and these
were prepared in an identical manner to that detailed above, with the exception
that citrated venous blood was allowed to sediment with 6% dextran T500 to

obtain the initial leukocyte-rich layer [8].

Superoxide anion generation
Neutrophils were resuspended at 12.5 X 106 cells/mL in PBS and incubated in
a shaking waterbath at 37°C for 5 min before stimulation at predetermined
optimal times, with LPS (0.1-1000 ng/mL ± 1% serum for 30, 60, or 90 min),
PAF (100 nM, 10 min), or TNF-a (200 U/mL, 30 min). Basal and agonist-
stimulated superoxide anion generation was measured by lucigenin-dependent
chemiluminescence (LDCL) using a ML 3000 microtiter plate luminometer
(Dynatech Laboratories Ltd., Billingshurst, West Sussex, UK). Lucigenin (0.25
mM in PBS containing 1 mg/mL BSA) was added (100 pL) to each well and
allowed to equilibrate at 37°C for 15 min before the addition of 80 pL (1 X 106)
of freshly isolated cells. After a 5-min equilibration period, basal LDCL was
recorded over 12 min to ensure that the cells were not basally activated (stable
basal peak LDCL <0.005 RLU). After preincubation, 20 pL of buffer or fMLP
was added to triplicate wells and chemiluminescencc recorded at 8-s intervals
for 5 min. This time course was extended to 60 min in experiments using ZAP.
Data were recorded and analyzed on-line (Cellular Chemiluminescence,
Dynatech Laboratories Ltd.) to produce mean peak and integral chemilumines¬
cence values from triplicate wells. All chemiluminescence data are presented
as integral (area under the curve) values unless otherwise stated.

Neutrophil shape change
Neutrophils (2 X 106 in 900 pL PBS) were incubated at 37°C in the presence or
absence of LPS (1 pg/mL) for 90 min in a shaking waterbath. Duplicate samples
were then incubated for 10 min with 100 pL buffer or 100 nM fMLP.
Incubations were terminated by the addition of an equal volume of 2.5%
glutaraldehyde. Shape change was quantified by flow cytometry (EPICS Profile
II, Coulter Electronics, Luton, Bedfordshire, UK) using a minor modification of
the method described by Cole et al. [28] as previously detailed [29]. Values
obtained for shape change using this analysis method correlate closely with
those obtained by direct light microscopic assessment of shape change, with the
exception that the flow cytometric method of assessment slightly overestimates
the extent of basal shape change [28].

Neutrophil chemotaxis
Neutrophils resuspended in PBS (3 X 106 cells/mL) were incubated with 1%
serum for 90 min in the presence or absence of LPS (final concentration 1
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TABLE 1. Comparison of Three Different Methods for Isolating
Equine Neutrophils from Peripheral Blood

Cell purity Cell viability Cell recovery
Isolation method (% ± SEM) (% ± SEM) (% ± SEM)

Jain et al., 1990 [25] 96.3 ± 2.4 98.0 ± 0.5 26.5 ± 2.6

Pycock etal., 1987 [26] 98.7 ± 0.6 97.7 ± 0.9 35.0 ± 4.7
Haslett et al., 1985 [8] 98.2 ± 0.3 99.3 ± 0.1 43.8 ± 2.6

Three previously published techniques for preparing equine [26, 27] and
human [8] neutrophils were compared. Cell purity was assessed morphologi¬
cally on fixed and stained cytospin preparations, cell viability by trypan blue
exclusion, and cell recovery by comparison of final yields measured using a

hemocytometer to automated Coulter counting of whole blood samples. Data
represent mean ± SEM of n = 4-15 separate experiments.

pg/mL) and chemotaxis assayed in a Neuroprobe 96-well chemotaxis chamber
(Porvair Filtronics Ltd.) incorporating a 5-pm pore size polycarbonate filter.
PBS (control), fMLP (0.01-1000 nM), or ZAP (10% v/v) were placed into the
lower wells (35 pL) and 225 pL of buffer or LPS-pretreated neutrophils added to
the upper wells. The chamber was incubated in a humidified 5% CO2
atmosphere at 37°C for 90 min. The filter was then removed, the upper surface
scraped with a cell scraper, washed with 0.9% saline, air dried, fixed, and
stained with Diff-Quik. Cell migration into, and retention within, the filter was
quantified by measuring the optical density of each well footprint at 500 nm in a
MR 5000 plate reader (Dynatech Laboratories Ltd., Billingshurst, UK).

[3H]fMLP binding to equine neutrophils
The pHJfMLP binding assay was based on the method described by O'Flaherty
et al. [30]. In brief, neutrophils (12.5 X 106/mL) were pre-incubated for 90 min
in PBS plus 1% serum in the presence or absence of 1 pg/mL LPS then diluted
with an equal volume of ice-cold PBS containing 10 mM HEPES (pH 7.4),
centrifuged at 235 g for 6 min and resuspended at 5.26 X 106 cells/mL.
[3H]fMLP binding was performed by incubating 5 X 106 cells in the above
buffer at 4°C for 60 min with 0.0632, 0.2, 0.632, or 2 nM [3H]fMLP alone or 2
nM [3H]fMLP with sufficient fMLP to make up final ligand concentrations of
0.0632-6320 nM in half log dilution steps. Incubations were terminated by
centrifugation (10,000 g, 2 min, 4°C) through a 400-pL silicone oil cushion.
Aliquots (200 pL) of the supernatant and the isolated cell pellets were
transferred to scintillation vials; the pellets were incubated with 500 pL
methanol for 15 min and 4 mL of scintillation fluid was added to each sample
before scintillation counting. Data underwent Scatchard analysis using LI¬
GAND software [31], where the number of fMLP molecules bound per

neutrophil was calculated using Avogadro's constant and the picomoles of fMLP
bound per 5 X 106 cells.

Statistics

Results were expressed as means ± SEM values for (/1) sets of separate
experiments. Data were analyzed using analysis of variance followed by the
Student-Newman-Keuls post test or by the Student's paired t test. Results were
considered to be significant with P values < 0.05. EC50 values were obtained
by analysis using Kaleidagraph (Macintosh) software.

RESULTS

Comparison of different methods for purifying
equine neutrophils
Table 1 shows the cell purity, viability, and recovery rates for
equine neutrophils isolated using the three different Percoll
gradient methods outlined. The method of Haslett and co¬
workers [8] generated cells of consistent and high purity
(98.2 ± 0.3%) and superior cell viability and recovery

compared to the methods of Jain et al. [25] and Pycock et al.
[26]. This method was therefore chosen as the technique of

choice for the subsequent experiments. The method of Haslett
et al. [8] has also been shown to induce minimal priming and
shape change of human neutrophils and, in 12 sequential
neutrophil isolations from different horses, basal shape change
assessed by light microscopy was confirmed to be extremely low
at 2.9 ±1.3%.

Induction of fMLP-induced superoxide anion
generation by neutrophil priming agents

Preliminary experiments were designed to characterize C5a-
stimulated LDCL in freshly isolated equine neutrophils to
facilitate subsequent assessment of fMLP-stimulated effects.
ZAP, a biological source of C5a, stimulated a large LDCL signal
(24.3 ± 5.8 RLU, n = 8), with the peak of superoxide anion
generation occurring between 20 and 25 min post-stimulation
(Fig. 1). The effect of ZAP was significantly enhanced by
pretreatment with 100 ng/mL LPS (147 ± 10%, n = 8, P <
0.01, Fig. 1). In contrast, incubation of neutrophils with 1 pM
fMLP did not stimulate superoxide anion release compared with
buffer-treated control cells (control, 0.2 ± 0.04 RLU; fMLP,
0.3 ± 0.1 RLU; n = 17, P > 0.05). After LPS priming,
however, a significant and rapid fMLP-induced respiratory
burst response was apparent (LPS + buffer, 0.4 ±0.1 RLU;
LPS + fMLP, 2.4 ± 0.1 RLU, n = 8, P < 0.05, Fig. 1),
although this was less marked than that obtained with ZAP. Due
to the fast kinetics of this response, a more detailed time course
was examined (Fig. 2). This demonstrated a peak of superoxide
anion generation at 2 min after fMLP stimulation of LPS-primed
cells and again a lack of effect of fMLP in cells preincubated
with buffer alone. The optimum conditions for LPS priming
were then investigated.
The effect of LPS on fMLP-stimulated LDCL was observed to

e

Time (Minutes)

Fig. 1. Effect of LPS on ZAP- and fMLP-induced superoxide anion genera¬
tion. Equine neutrophils were incubated with PBS or 100 ng/mL LPS +1%
serum for 90 min before addition of lucigenin and stimulation with PBS, 10%
v/v ZAP, or 100 nM fMLP. Lucigenin-dependent chcmilumincsccnce (LDCL)
was monitored over a 60-min time period using a ML3000 microtiter plate
luminometer and expressed in relative light units (RLU). The LDCL signal
generated by PBS or LPS pretreated cells stimulated with PBS, and PBS
pretreated cells stimulated with fMLP was not significantly different to baseline
and hence these values have been omitted for clarity. Values represent means of
triplicate measurements from a single experiment representative of eight.
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Fig. 2. Time course of fMLP-stimulated superoxide anion generation. Time-
course of fMLP-stimulated LDCL after a 90-min pretreatment with PBS or 1
pg/mL LPS both performed in the presence and absence of 1% serum. Values
represent means ± SEM of triplicate measurements from three separate
experiments. Error bars omitted for clarity; SEM values were <10%.
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Fig. 3. Characterization of LPS enhancement of fMLP-stimulatcd superoxide
anion generation. LPS concentration-response curves for fMLP (1 |lM) -stimu¬
lated LDCL after incubation with buffer or LPS (0.1-1000 ng/mL) in the
presence (circles) or absence (triangles) of 1% equine serum for (A) 30, (B) 60,
or (C) 90 min. Values represent means ± SEM of five separate experiments.
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Fig. 4. Human serum also enhances LPS priming of equine neutrophils. LPS
concentration-response curves for 1 pM fMLP-stimulated LDCL in equine
neutrophils after a 30-min incubation with LPS (0.1-1000 ng/mL) in the
presence and absence of equine or human serum. Values represent means ±
SEM of three separate experiments.

be both time- and concentration-dependent (Fig. 3, A-C).
Addition of 1% serum significantly potentiated both the
temporal initiation of the primed fMLP response and the cells'
sensitivity to LPS (Fig. 3, A-C). In the presence of serum the
LPS-primed response was maximal by 60 min with a mean EC50
of 19.1 ± 4.7 ng/mL. However, in the absence of serum, a
90-min LPS incubation was required to achieve an equivalent
maximal response, albeit with the cells remaining less sensitive
to LPS (Fig. 3, A-C). It is interesting to note that the true serum

dependence of this effect in equine neutrophils was only
revealed after an extensive initial wash protocol, suggesting
that LBP or its equine equivalent is tightly adherent to equine
neutrophils.

LPS priming for enhanced superoxide anion generation in
human neutrophils is well recognized to be largely serum

dependent due to a requirement for LBP [32, 33] and these data
would suggest the involvement of a similar LBP/CD14 mecha¬
nism for LPS priming in equine neutrophils. Indeed we show
that human serum can substitute for equine serum in potentiat¬
ing the LPS priming of equine neutrophils (Fig. 4) and vice
versa (data not shown). The fMLP effect on superoxide anion
generation in LPS-primed neutrophils was also shown to be concen¬
tration dependent with an EC50 of 10.2 ± 3.9 nM (Fig. 5).

To examine whether LPS was unique in its ability to induce
functional coupling of the fMLP receptor in equine cells, the
effects of PAF and TNF-a were also investigated. Although,
compared to its effects in human cells [29], PAF appeared to
have a very weak priming effect, TNF-a induced a major
up-regulation of fMLP-induced LDCL (Fig. 6). However,
TNF-a treatment alone also stimulated a significant LDCL
response, indicating that this cytokine was acting as a secreta-
gogue in addition to its priming action (Fig. 6).
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Fig. 5. Concentration-response curve for fMCP-stimulated superoxide genera¬
tion in LPS-primed equine neutrophils. Equine neutrophils were pre-incubated
with PBS (open triangles) or 1 pg/mL LPS + 1% scrum (filled circles) for 90
min before addition of lucigenin and stimulation with 0.01-1000 nM fMLP.
LDCL was determined over a 5-min period. Data represent mean ± SEM of
triplicate determinations from a single experiment representative of three
(mean maximal LDCL 9.9 ± 0.6 RLU).

Induction of fMLP-induced neutrophil shape
change by LPS
In contrast to the effects of ZAP (10%, v/v), which caused a

dramatic shape change response (96.3 ± 0.7% cells shape
changed, 10 min), freshly isolated equine neutrophils did not
polarize when exposed to 1 JlM fMLP for the same period of
time (% shape change: control, 9.0 ± 1.5%; fMLP, 9.9 ± 1.9;
n = 4, P > 0.05). Likewise, incubation of cells with buffer
alone for 90 min did not influence this lack of response to fMLP
(% shape change: control, 12.9 ± 1.5%; fMLP, 16.8 ± 2.1; n =

i

Control LPS PAF TNF

Fig. 6. Priming of fMLP-stimulated superoxide anion generation by LPS, PAF,
and TNF-a in equine neutrophils. Equine neutrophils were pre-incubated with
LPS + 1% serum (1 pg/mL, 90 min), PAF (100 nM, 10 min), TNF-a (200 U/mL,
30 min), or PBS (90 min) before addition of lucigenin and stimulation with PBS
(open bars, left of pair) or 100 nM fMLP (filled bars, right of pair). LDCL was
recorded at 8-s intervals for 5 min. Peak values presented as means ± SEM of
three separate experiments, each performed in triplicate.

4, P> 0.05, Fig. 7). However, after treatment of cells with 1
[lg/mL LPS for 90 min, fMLP induced a significant increase in
equine neutrophil shape change (% shape change: LPS 14.5 ±
3.8%; LPS + 1 jiM fMLP, 29.4 ± 5.0%; n = 4, P< 0.05, Fig.
7) with an EC50 for fMLP of 1.9 ± 0.9 nM (data not shown). The
inability of fMLP to induce cell polarization in unprimed cells
is in marked contrast to its effects in human neutrophils, which
undergo a rapid and concentration-dependent shape change
response to this agent alone [29] (Fig. 7).

LPS fails to induce fMLP-mediated chemotaxis
in equine neutrophils

Analysis of chemotaxis data failed to demonstrate any chemo-
taclic response of unprimed equine neutrophils to 0.01-1000
nM fMLP (Fig. 8). In contrast to the above superoxide anion
generation and cell polarization data, pretreatment of equine
neutrophils with 1 [Ig/mL LPS for 90 min did not permit
fMLP-directed chemotaxis (Fig. 8). Positive control chemotaxis
data were obtained both in equine cells using ZAP (Fig. 8) and
human cells using fMLP (data not shown).

[3H]fMLP radioligand binding studies
To determine that the effect of fMLP was likely to be
receptor-mediated, radioligand binding studies were under¬
taken to quantify fMLP receptor number and affinity in equine
neutrophils and to examine the effects of LPS priming on

receptor expression.
Scatchard analysis of [3H]fMLP binding to equine neutro¬

phils demonstrated a single set of high-affinity fMLP receptors
(Ka 9.3 X 10-11 M), with a mean of 660 ± 159 (n = 3) receptors
per cell (Fig. 9). This compares to data obtained in parallel
experiments in human neutrophils where Scatchard analysis
demonstrated a two-receptor site model with a mean of 36,000
low-affinity receptors (Ka 3.2 X 10 8 M) and 2,100 high-affinity
receptors (Ka 9.2 X 10 10 M) per cell (n = 3), consistent with
previous reports [30]. After LPS priming (1 [Ig/mL, 90 min) of
equine cells, a similar single receptor site model fit was again
obtained (Kcl 1.4 X 10~10 M), with a significant (P < 0.05)
2.5-fold increase in total receptor numbers to 1,400 ± 398 per
cell (n = 3; Fig. 9).

DISCUSSION

Although several methods for the isolation of neutrophils from
equine peripheral blood have been described [26, 27], no

comparison of these methods has been reported. The impor¬
tance of employing a neutrophil isolation technique that
produces a highly purified population of minimally primed cells
has been established as a crucial factor in studying neutrophil
natural biology in humans [8] but this factor has not been
previously addressed in equine leukocytes. The very high
erythrocyte sedimentation rate in the horse obviates the need
for the initial cell centrifugation and dextran sedimentation
steps required for the preparation of human cells. With this
modification, the method ofHaslett et al. [8| allowed isolation of
a population of highly purified cells with minimal basal shape
change and LDCL generation, and a superior cell yield
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EQUINE NEUTROPHILS HUMAN NEUTROPHILS

Fig. 7. Effect of LPS on fMLP-induced shape change. Equine or
human neutrophils were pre-incubated for 90 min with PBS or 1
^lg/mL LPS before stimulation with buffer or 100 nM fMLP for 10
min. Representative flow cytometry histograms of glutaraldehyde-
fixed equine (left panels) and human (right panels) neutrophils are
shown (pre-incubation/stimulation conditions are indicated within
the panels). Data represent mean forward light scatter (x-axis)
plotted against cell number (y-axis). Similar data were obtained
from three additional experiments, each performed in duplicate.
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compared to the two isotonic HBSS/Percoll gradient methods
used. The high cell purity obtained is aided by the relatively
low numbers of eosinophils present in equine blood. Although
the extent of basal activation and/or priming was not directly
compared between the three isolation methods used, the high

viability values recorded for all three techniques and the
extremely low basal shape change and LDCL values obtained
for the plasma/Percoll isolated cells suggest that basal activa¬
tion was minimal for all three preparative methods.
Lucigenin-enhanced chemiluminescence (LDCL) has been

Fig. 8. Inability of LPS to induce fMLP-stimulated chemotaxis.
Equine neutrophils were incubated for 90 min in PBS + 1% serum
in the presence (filled circles) or absence (open circles) of 1 Jig/mL
LPS. Chemotaxis toward fMLP (0.01-1000 nM) or ZAP (10% v/v)
was assayed using a Neuroprobe 96-well chemotaxis chamber
incorporating a 5-Jim pore filter that was stained with Diff-Quick
before measurement of optical density. Data represent mean ± SEM
of five separate experiments, each performed in triplicate.
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Fig. 9. Scatchard analysis of [3H]fMLP binding to equine neutrophils. Equine
neutrophils were pre-incubated in bulk for 90 min in PBS plus 1% autologous
serum in the presence (filled circles) or absence (open circles) of 1 pg/mL LPS
before assessment of [3H)fMLP binding as detailed in Materials and Methods.
Scatchard transformed data is shown where each point represents the mean of
three experiments each performed in triplicate.

used widely to study oxidative metabolism during phagocyte
respiratory burst activity [34, 35]. It is independent of myeloper¬
oxidase [34] and has been demonstrated to provide a sensitive
and selective measurement of extracellular superoxide anion
release [36]. Previous studies examining superoxide anion
generation in equine neutrophils using superoxide dismutase-
inhibitable reduction of cytochrome c suggested that freshly
isolated equine cells were unresponsive to fMLP. In light of the
absent, extremely weak, or inconsistent in vitro [17-19, 22, 35]
and in vivo [21] responses elicited by fMLP in the horse, the
lack of effect of fMLP on superoxide anion release in this
species was initially attributed to a lack of any fMLP receptor
coupling. Indeed we were unable to detect any chemotactic or

polarization response to fMLP in unprimed equine neutrophils
despite the very clear mobility effects of this agent in human
neutrophils, which are observed even in fully unprimed cells
[29, 37, 38]. However, previous data demonstrating a concentra¬
tion-dependent induction of lysosomal enzyme release by fMLP
[17] suggested that functional coupling of fMLP receptors might
be possible in the horse and that superoxide anions might be
produced under appropriate conditions because these two
effects usually occur concurrently [8].
Our model was specifically developed for its high sensitivity

for detecting superoxide anion release from cells [34] and
demonstrated that fMLP-stimulated LDCL could indeed be

observed, but this only occurred to any significant extent after
LPS pretreatment, i.e. consistent with this being a primed
response [7, 8]. A similar effect was also observed with PAF and
TNF-Oi, both well-recognized neutrophil priming agents in
other species [29], Furthermore, the priming effect of LPS was

not restricted to fMLP, since, in agreement with a previous
report [11], ZAP-stimulated LDCL was also enhanced by LPS
pretreatment. The kinetics of fMLP-induced LDCL in LPS-
primed equine neutrophils demonstrated an extremely brisk
superoxide anion response with significant LDCL observable
30 s post-fMLP addition with peak LDCL occurring between 60
and 120 s. Thereafter, respiratory burst activity abated rapidly
with virtually complete desensitization of the response by 4
min. This pattern of superoxide generation is very similar to
that reported for human cells [34, 36].

The induction of fMLP-induced shape change following
priming was also of interest, not least because a very brisk
polarization response is observed in human neutrophils and this
is not dependent on priming status [29]. In human cells,
however, LPS exposure has been shown to enhance the rate and
maximal extent, and reduce the lag time, of F-actin polymeriza¬
tion induced by fMLP [39]. In equine cells, the pre incubation
conditions necessary for LPS-induced priming for enhanced
fMLP LDCL responses did not produce significant cell shape-
change with LPS alone and hence in this species, unlike in
humans [8], measurement of cell shape change alone rather
than more complex cytoskeletal changes may not be the most
appropriate or indeed accurate method of detecting cell priming
or ofmodeling the control of cytoskeletal elements in vitro. This
necessity for LPS priming to facilitate equine neutrophil shape
change by functional fMLP receptor-ligand coupling could
provide an important and novel model to dissect signal
transduction pathways linking priming responses to cell polar¬
ization.

Detailed characterization of the priming effect of LPS in
equine cells demonstrated that enhancement of the fMLP-
stimulated LDCL response, although requiring slightly higher
LPS concentrations (>10 ng/mL) than human cells (7, 10, 31]
evolved over a very similar time course. The ability of serum to
enhance the responsiveness of leukocytes from other species to
LPS [32, 33, 41], reflects the formation of a complex between
LPS and a serum LBP that is recognized by the glycosyl-
phosphatidylinositol-anchored membrane protein, CD 14 [42],
These data provide strong evidence for a similar paradigm
underlying the mechanism of LPS interaction with equine
neutrophils. The presence of LBP has not previously been
studied in the horse and consequently appropriate reagents for
its quantitative analysis are not available. However, the ability
of human and equine serum to substitute for one another in
these experiments suggests that a functional homologue of LBP
is indeed present in equine serum. The currently available
anti-human CD 14 monoclonal antibodies do not bind to equine
neutrophils [T. J. Brazil, unpublished data] and hence the
presence or absence ofCD 14 on these cells and a more detailed
dissection of this mechanism, remains to be explored in this
species.
The chemotaxis data presented are in agreement with most

previous reports in equine neutrophils [17, 18], However, Zinkl
et al. [22] and Sedgwick et al. [19] observed a chemotactic
effect of fMLP but only at high, non-physiological, concentra¬
tions, i.e. 100 pM; all other groups have failed to observe any
chemotactic response to this agonist 117, 18]. Taken together,
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these data suggest that fMLP is at best a very poor chemotactic
agent for equine neutrophils and that LPS exposure is unable to
modulate this lack of response. Of note, LPS exposure actually
reduces the chemotactic responsiveness of human neutrophils
to fMLP [81, however, the response of equine neutrophils to
ZAP in our system was unaffected by LPS (data not shown).

Scatchard analysis of [3H]fMLP binding to equine neutro¬
phils was able to confirm the presence of specific fMLP binding
sites in equine neutrophils and also identified a 2.5-fold
increase in fMLP receptor number after LPS priming without
altering the single receptor site model fit or changing receptor
affinity. A similar single site model for equine neutrophils was
described by Snyderman and Pike [17] in which they identified
630 ± 184 receptors per cell equivalent to the number we
found in unprimed cells. A single fMLP receptor site has also
been identified in rabbit neutrophils where receptor expression
was increased eightfold after intravenous endotoxin administra¬
tion [43]. However, this was not accompanied by any compa¬
rable effect on neutrophil function, suggesting that the two
effects were not directly related [44]. This point is reinforced by
studies in human neutrophils that have demonstrated that the
increase in fMLP receptor expression observed in response to
priming [30, 45] or bacterial infection [46] either lags behind
[30] or does not correlate with [45, 46], the enhanced functional
response but results from translocation of preformed fMLP
receptors to the plasma membrane, which occurs as a conse¬

quence of fusion of specific granules with the cell surface [47].
The possibility that the small change in fMLP receptor number
identified in equine cells post-LPS treatment is a consequence,
rather than a cause, of priming, is supported by the observation
that receptor numbers for other human neutrophil agonists (e.g.,
C5a), whose responses are equally enhanced, are not affected
by LPS [45]. It is unlikely therefore, that changes in receptor
number alone represent a major control point determining the
magnitude of the fMLP receptor-mediated response. Hence, the
dramatic augmentation of the fMLP response observed most
likely occurs at a level downstream from ligand-receptor
binding in the signal transduction cascade. Although further
studies are required to dissect both the precise mechanism of
LPS interaction with equine neutrophils and the subsequent
intracellular signaling steps that stimulate functional coupling
of the fMLP receptors in these cells, the very dramatic and
selective priming response observed in the horse neutrophil
may make this cell an ideal, and hitherto unrecognized, model
for the investigation of functional coupling of leukocyte G-
protein-linked chemoattractant receptors.
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Abstract—Asbestos has been implicated in the pathogenesis of several lung diseases, but its mechanism of
action is not fully understood. However, asbestos-induced oxidative stress and production of inflammatory
cytokines may play a significant role. TNFa is an inflammatory cytokine which has a central role in in¬
flammation and fibrosis due to its ability to stimulate fibroblasts and collagen deposition. In this study, a
panel of fibres designated either pathogenic or non-pathogenic in recent animal studies, were utilized. The
amount of TNFa released after a 16-hour exposure to the panel of fibres was compared in four different
cell types; two primary macrophage cell types and two cell lines. TNFa release by cells exposed to the
panel did not equate to pathogenicity, although the most pathogenic fibre caused three out of the four cell
types tested, to produce the greatest amount of TNFa. Primary rat cells and primary human cells behaved
in a similar manner as regards to TNFa production; the cell lines behaved quite differently to their primary
counterparts with regards to TNFa production in this study. © 2000 Elsevier Science Ltd. All rights
reserved

Keywords: macrophage; TNFa; SiC.

Abbreviations: LFA = long fibre amositc; MMVF = man-made vitreous fibre; RCF = refractory cer¬
amic fibre; TNFa = tumour necrosis factor alpha; NFkB = nuclear factor kappa B; PBS = phosphate
buffered saline; ROS = reactive oxygen species.

INTRODUCTION

Industrial use of man-made vitreous fibres

(MMVFs) has increased following the realization
that asbestos exposure is associated with such dis¬
eases and conditions as mesothelioma, fibrosis
(asbestosis), lung cancer and pleural plaques (Kamp
et al., 1992). Some MMVFs are used as a replace¬
ment for asbestos, for example rock wool and slag
wool for insulation, while others have unique prop¬
erties and are therefore used for specific high-per¬
formance applications (Bunn et al., 1993: De Vuyst
et al., 1995).
The first theories concerning the pathogenicity of

fibres emphasized that fibre dimensions were the im¬
portant factors, indicating that long, thin fibres
were more pathogenic than short ones (Kamp et al.,

*Corresponding author. Tel: 0131-455-2262; Fax: 0131-
455-2291; e-mail: k.donaldson@napier.ac.uk.

1992). This theory was extended to include dur¬
ability, since it became apparent that some fibres
are less biopersistent in the lung environment
(Bauer et al., 1994; Eastes and Hadley, 1994). More
recent hypotheses, while acknowledging that physi¬
cal parameters and dissolution are important,
emphasize the importance of the chemistry of the
fibre surface (Fubini, 1996). It is now thought that
fibres induce oxidative stress on the cells they come
into contact with by producing reactive oxygen
species (ROS). Oxidative stress can be damaging to
cells (Kamp et al., 1992) or can stimulate cells via
oxidant stress-responsive molecules such as NFkB
(Brown et al., 1999).
Oxidative stress from the fibre surface (Lund and

Aust, 1991; Kamp et al., 1992) acting via oxidative
stress-responsive transcription factors such as NF¬
kB which control tumour necrosis factor alpha
(TNFa) transcription among other pro-inflamma¬
tory mediators (Golladay et al., 1997; Morris and

0887-2333/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved. Printed in Great Britain
PI I: S0887-2333(99)00088-0
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Bernard, 1994; Simeonova and Luster, 1995), is the
most likely mechanism for the initiation of inflam¬
mation following initial contact between cells and
fibres (Fubini et al., 1998).
TNFa was discovered by Carswell and colleagues

in 1975 for its ability to cause necrosis in exper¬
imental tumours (Fiers, 1991; Jones, 1991). It is
now regarded as being central to inflammation,
having pleiotropic effects due to its ability to acti¬
vate many genes in an array of target cells (Vilcek
and Lee, 1991). Inflammation results in the acti¬
vation of various cell types including macrophages,
which release TNFa. Chronic inflammation results
in continued release of cytokines such as TNFa,
PDGF (platelet-derived growth factor) and TGF/1
(transforming growth factor /?) which may lead to
fibrosis or cancer (Williams and Saffiotti, 1995).
TNF is thought to contribute to asbestosis, a

fibrotic interstitial lung disease (Zhang et al., 1993),
by regulating fibroblast activity, and in particular
by stimulating fibroblast collagen deposition
(Perkins et al, 1993; Schollmeier, 1990) which is
central to the pathology of fibrosis (Coker and
Laurent, 1998). Cytokines are thought to stimulate
fibroblast proliferation and data is very convincing
for TNFa; silicosis in mice has been prevented by
the use of anti-TNFa antibodies (Piguet et al,
1990), and pulmonary overexpression of TNFa in
transgenic mice has resulted in lung fibrosis (Coker
and Laurent, 1998).
Our hypothesis was that cells would release more

TNFa after incubation with pathogenic fibres than
with non-pathogenic fibres. In addition, we investi¬
gated the problem of extrapolating toxicological
data from rodents and applying it to humans. This
paper compares the TNFa response from primary
rat alveolar macrophages (commonly used due to
availability and ease of isolation) with that from
human peripheral blood monocytes, which were dif¬
ferentiated into macrophages before use, a human
monocytic/macrophage-like cell line (Thp-1), and a
murine macrophage cell line (J774.2).

MATERIALS AND METHODS

Fibres

Fibres used in these experiments were long fibre
amosite asbestos (Davis et al., 1986), C100/475
glass fibres, MMVF10 (a man-made vitreous fibre)
both originally made by Johns Manville, a silicon
carbide fibre (advanced composite materials corpor¬
ation), RCF1, a refractory ceramic fibre and RCF4,
a heat-treated version of RCF1 from the Thermal
Insulation Manufacturer's Association (TIMA)
repository. The length characteristics of these fibres
are shown in Table 1. All of the experiments were
carried out at a single fibre number that we have
defined in a previous study (Brown et al., 1998,b).
Table 3 describes the exposure conditions and

Table 1. Fibre length distributions of the fibre samples used in the
present study

Cumulative (%)

Fibre > 10 /rm >20 fim

LFA 64.8 35.3
CI00/475 50 19.3
MMVF10 85.2 67.2
SiC 60.9 27.6
RCF4 59.35 17.96
RCFI 77.4 45.3

tumour yield for these fibres in carcinogenesis
studies.

Cells

Four different cell types were used in this study;
Thp-1 cells, J774 cells, primary rat alveolar macro¬
phages (M<j>) and human peripheral blood mono¬
cytes. The Thp-l cell line and the illA.2 cells were
obtained from The European Collection Of Cell
Cultures. Thp-1 cells were derived from the periph¬
eral blood of a 1-yr-old boy with acute monocytic
leukaemia. They are phagocytic and posses a mono¬

cytic morphology. J774.2 cells were recloned from
J774.1 cells, which were recovered from a Balb C
mouse. This cell line has the morphology of a
tumour monocyte/macrophage.

Bronchoalveolar lavage
Rats were killed by an ip injection of nembutal.

The trachea was exposed and a small cut made
between the cartilage rings. A cannula was inserted
into the trachea and tied in place before the lungs
were dissected free and placed in a dish containing
saline. Sterile saline (8 ml) previously warmed to
37°C was instilled into the lungs via the cannula.
The first 6 ml were instilled and the lungs gently
massaged from apex to base several times; the final
2 ml were then instilled. The lavageate was slowly
withdrawn. The procedure was repeated four times
with each 8 ml lavageate being pooled into a single
tube which was kept on ice at all times.
The lavageate was centrifuged at 1250 rpm for

lOmin at a temperature of 4°C in a Mistral 3000
bench centrifuge. The supernatant was removed and
the cell pellet was resuspended in F10 medium
(Gibco) + 0.2% BSA, at a concentration of 1 x 106
cells/ml.

Isolation of human peripheral blood monocytes

Freshly drawn blood (10 ml) was mixed with 1 ml
3.8% sodium citrate (Pharmacy). The blood was
centrifuged at 370 g for 20 min at room tempera¬
ture. The pelleted cells were dextran sedimented
using 6% dextran in 0.9% NaCl which had been
warmed to 37°C. The cells were left to sediment for
30 min at room temperature; the leukocyte-rich
upper layer was removed and made up to 50 ml
with saline warmed to 37°C. This layer was centri-
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Table 2. The average release of TNFa (pg/ml) by various cell types after 16-hr incubations with various fibres
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Fibre Rat M<j) Human M<f) 3114.2 THP-1

LFA 639 27 8 201
C100 805 24 262 44
MMVF10 1102 73 168 48
SiC 4505 724 725 140
RCF1 1010 119 150 129
RCF4 NA 48 204 90
LPS 844 972 798 342
MEDIUM 440 21 17 163

LPS at 1 pg/ml except when used with primary rat mr/ (50 ng/ml).

fuged at 370 g for 6 min at room temperature and
the pelleted cells resuspended in 2.5 ml 55% Percoll
(Pharmacia). Percoll gradient separation of the leu¬
cocytes was carried out. The bottom layer consisted
of 81% percoll, the second layer contained 70%
and the top layer consisted of the 55% percoll and
contained the cell pellet. The gradients were spun at
720 g for 20 min. Mononuclear cells were collected
from the 55/70 percoll interface and washed twice
with PBS without Ca or Mg (Sigma) by centrifu-
gation at 1000 rpm for 6 min.

Preparation of autologous serum

Once whole blood had been centrifuged at 370 g
for 20 min, the platelet-rich plasma was aspirated.
CaCl2 [220 /xl (Phoenix)] was added to 10 ml of the
platelet-rich plasma and it was incubated at 37°C
until required.

In vitro culture of human mononuclear cells

Mononuclear cells were resuspended at 4xl06
cells/ml in Iscove's Dulbecco's modified Eagle's
medium (Gibco) containing 50 units/ml of penicil¬
lin/streptomycin (Sigma) and 10% autologous
serum. 1 ml cell suspension was added to each well
of a 24-well plate and left at 37°C for 60 min.
Adherent cells were washed three times in complete
medium. The medium was replaced after 3 days,
and the cells used after 7 days.

Rat TNF ELISA

Greiner ELISA plates were coated with hamster
monoclonal anti-mouse TNFa and beta at a con¬

centration of 2.5 /xg/'ml (Genzyme) diluted with
coating buffer (Dynatech). The diluted antibody
(100 /x1) was added to each well. The plates were
then incubated at 37°C for 2-3 hr. Wells were

washed with phosphate buffered saline (PBS) con¬
taining 0.05% Tween 20, blocked with Dynatech
blocking buffer for 1 hr at 37°C, and washed as
before. Recombinant mouse TNFa was diluted in
F10 + 0.2% BSA to give concentrations in the
range of 1000 to 15.6 ng/ml. A set of blank wells
containing only medium was included. Test super-
natants (100 /d) and standards in triplicate were
incubated for 16 hr at 4°C. The wells were washed
as before. Each well contained 100 /xl detecting anti¬
body, rabbit anti-mouse TNFa, diluted 1/250 in
blocking buffer. The plate was incubated for 2.5-
3 hr at room temperature. The wells were washed
as before and 100/xl of conjugate, donkey anti-rab¬
bit IgG alkaline phosphatase (Genzyme) diluted 1/
1500 in blocking buffer, was added. The wells were
incubated for 2.5-3 hr at room temperature. The
wells were washed three times with PBS containing
0.05% Tween 20. Substrate, p-nitrophenyl phos¬
phate, (5 mg tablet, Sigma in 5 ml 10% diethanola-
mine buffer) was added to each well (100 /xl) and
incubated at room temperature before being read at
405 nm in a Dynatech Mr 5000 plate reader.

Human TNF ELISA

The human TNFa ELISA was a Genzyme
Diagnostics Duoset for human TNFa and all re¬

agent used were supplied by Genzyme (West
Mailing, Kent, UK) unless otherwise indicated.
Maxisorp microtitre plates (Nunc) were coated

with 100 til per well of mouse anti-human TNFa at
a concentration of 2 /xg/'ml in coating buffer (0.1 M
carbonate, pH 9.4) and incubated overnight at 2-
8°C. The wells were washed five times with wash
buffer (PBS containing 0.05% Tween 20), 250 pi of
blocking buffer [0.01 M PBS, 1% BSA (Sigma)] was
added and the plates incubated for 2 hr at 37°C.

Table 3. The exposure characteristics and carcinogenic outcomes of long-term inhalation studies carried out with the fibre panel for path¬
ology endpoints. Data from the papers mentioned in the footnote to the table

Pathogenicity*** Mass** Number* (> 5 /mi) Number* (> 20 ^m) Lung cancer (%) Mesothelioma (%)

LFA P 5.5 1634 148 21 5
CI00/475 NP 5.8 1776 64 0 0
MMVF10 NP 30 732 230 0 0
RCF1 P 30 587 38 6 2
SiC P 11.4 1607 89 12 24
RCF4 NP 30 502 59 2 1

**mg/m3, *fibres/hr/litre; ***P = pathogenic; NP = non-pathogenic. (Davis et al., 1996; Hesterberg et al., 1993; Mast et al., 1995).
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The buffer was decanted and replaced with 100/d
of sample or standards. Recombinant TNFa was
diluted with RPMI (Sigma) to give standards in the
range of 1000 to 15.625 pg/ml.
The plates were incubated at 37°C for 1 hr. The

plates were washed and 100 /d biotinylated rabbit
anti-human TNFa at a concentration of 0.5 /ig/inl
was added to each well. The plates were incubated
at 37°C for 1 hr and then washed. Streptavadin-
HRP (100 /d) was added to each well and the plates
incubated for 15 min.
The plates were washed, 100/d substrate (TMB/

hydrogen peroxide) was added to each well and the
plates incubated for 10 min at room temperature.
Stop solution (2 N H2S04) was added to each well
and the plates read at 450 nm on a MRX micro-
plate reader (Dynatech).

Cell viability
Cell viability was measured by the exclusion of

trypan blue dye.

Statistical analysis
The data were analysed using analysis of var¬

iance, with the response variable TNFa production,
and the factor fibre type. Further investigation into
differences between mean values was carried out

using Tukey's multiple comparison test using a sig¬
nificance level 'alpha' of 0.05 for all comparisons.

RESULTS

For all cell types used, viability after incubation
with the fibre panel was 90% or greater in all exper¬
iments.

Primary rat alveolar macrophages
As shown in Fig. 1, when primary rat alveolar

macrophages were exposed to fibres for 16 hours
various amounts of TNFa were produced. TNFa
production was greatest when cells were exposed to
SiC (P < 0.05) and least when exposed to LFA (see
Table 2).
With the exception of SiC, none of the fibres

induced cells to produce significant amounts of
TNFa. Macrophages exposed to SiC for 16hr

TREATMENT

Fig. 1. Rat alveolar macrophages.

LFA C100 MMVF ACMC RCF1 RCF4 MED LPS

1ug/ml
TREATMENT

Fig. 2. Human peripheral blood monocytes.

showed a ninefold increase in TNF production
compared to medium-exposed controls. However,
there was no statistical difference between the
amounts of TNFa produced by the cells after ex¬
posure to medium compared with LPS (50 ng/ml).

J774

As with rat alveolar macrophages, when the
mouse macrophage cell line was exposed to fibres
for 16 hr, SiC caused the greatest increase in TNFa
production (see Fig. 2). TNF production by J774
cells after 16 hr incubation in the presence of SiC
was shown to be significantly higher than that pro¬
duced during incubation with any of the other
fibres (P < 0.05). There were no statistically signifi¬
cant differences in the amount of TNF produced by
the other fibres. The amount of TNF released by
J774 cells after exposure to LPS (1 jug/ml) was sig¬
nificantly higher than the amount produced after
16 hr in medium (P < 0.05).

Human peripheral blood monocytes

Human peripheral blood monocytes release most
TNFa after SiC exposure (P < 0.05) for 16hr (see
Fig. 3). There were no statistically significant differ¬
ences between the other fibres in terms of TNFa

production by these cells. Exposure to LPS (1 /rg/ml)
resulted in significantly higher amounts of TNFa
being produced than when the cells were exposed to
medium alone (P < 0.05).

Thp-1 cells
When Thp-1 cells were exposed to the bank of

fibres for 16hr (see Fig. 4; Table 2) there was no

1UO/ML

TREATMENT

Fig. 3. J774 cells.
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LFA C100 MMVF ACMC RCF1 RCF4 medium LPS

1ug/ml
TREATMENT

Fig. 4. THP-1 cells.

significant differences in the amount of TNFa pro¬
duced by any of the fibres studied (Tukey's test).
LPS exposure (1 /rg/ml) resulted in significantly
more TNF being produced than medium alone
(P < 0.05).

DISCUSSION

Fibre exposure is thought to result in oxidative
stress, which may ultimately lead to an increase in
cytokine production (Simeonova and Luster, 1995).
TNFa is a cytokine which is thought to contribute
to inflammation and fibrotic lung diseases such as
asbestosis (Zhang et al., 1993) by stimulating fibro¬
blast proliferation and collagen deposition (Perkins
et al., 1993).
The panel of fibres used here consisted of three

pathogenic fibres and three non-pathogenic ones, as
determined by recent in vivo studies (Davis et al.,
1996; Hesterberg et al., 1993; Mast et al., 1995).
The pathogenic fibres were LFA, SiC and RCF1;
the non-pathogenic fibres were CI00, MMVF10
and RCF4. The panel of fibres did not produce
TNFa in relation to pathogenicity. Of the patho¬
genic fibres, SiC consistently released high levels of
TNFa compared to the other fibres. LFA resulted
in low levels of TNFa being produced except with
Thp-1 cells where it resulted in the greatest TNFa
production. Of the non-pathogenic fibres, RCF4
and C100 (high levels by J774.2 cells) resulted in
low levels of TNFa being produced. Both cell lines
produced low levels of TNFa after MMVF10 fibre
insult whereas the primary cells produced higher
levels in comparison with the other non-pathogenic
fibres.
Both primary human cells and primary rat cells

produced the greatest amount of TNF after insult
with SiC. The murine macrophage cell line (no rat
macrophage cell lines were available) also produced
the most TNFa after SiC exposure. Flowever, after
SiC insult, Thp-1 cells (human) produced levels of
TNFa less than one-quarter of that produced by
both primary human cells and the murine cell line,
and more than 20 times less than that produced by
primary rat cells.
Despite the fact that TNF production by the cells

did not relate to the pathogenic potential of the

panel, the fibre which caused the most TNFa
release has been shown to be the most pathogenic
of the fibres used here, in animal studies (Davis
et al., 1996). In inhalation studies, approximately
one-quarter of rats exposed to SiC develop
mesothelioma (see Table 3) whereas only 5% of
those exposed to LFA develop this condition. SiC
exposure results in less lung cancer than LFA but
the number seen was still significant compared to
the other fibres. LFA is certainly pathogenic in rats,
causing both fibrosis and cancer, but was not active
in stimulating release of TNF in most of the cells
studied here. This suggests that a second signal is
needed, in the presence of LFA, in order for the
TNFa gene to be transcribed. We have reported
that lipopolysacharride is a potent co-stimulus to
TNF production with LFA (Dogra and Donaldson,
1995) and so some other signal, for example cyto¬
kine or other ligand, may be necessary for the full
activation of TNF transcription in LFA-exposed
cells. The extreme carcinogenic potency of SiC
(Davis et al., 1996) may be a reflection of its ability
to stimulate TNF without the need for other

ligands.
SiC releases relatively low amounts of ferric iron

in a cell-free environment (Fisher et al., 1998), and
no free radical activity can be detected in either a

plasmid assay of DNA scission (Gilmour et al.,
1995) or a salicylate assay measuring hydroxyl
radical activity (Brown et al., 1998,a). At one time
it was thought that pulmonary impairment caused
by SiC was due to crystalline silica used during SiC
production, but X-ray diffraction analysis of lung
biopsies from SiC production workers showed this
to be unlikely since no significant amounts of
quartz were found (Marcer et al., 1992). It is there¬
fore not known how SiC induces oxidative stress in

cells, although it seems that hydroxyl radicals are
not involved. Despite this, SiC induces both pri¬
mary cells and cell lines to produce substantial
amounts of TNFa. Activation of transcription fac¬
tors may occur via mechanisms other than oxidative
stress; increases in cytosolic Ca2 + is one such
mechanism (Meldolesi, 1998). SiC may have a par¬
ticular ability to increase cytosolic calcium, and this
could explain its activity. We have reported that
SiC fibres are the most potent in this panel in terms
of causing nuclear translocation of NF/cB in epi¬
thelial cells (Brown and Donaldson, in press), and
that this can be blocked by some antioxidants.
Therefore oxidative stress may occur in target cells
exposed to SiC via effects such as increases in cal¬
cium. All three of the pathogenic fibres caused NF-
kB translocation in epithelial cells, whereas the
three non-pathogenic fibres did not. Further work
is required to determine whether the fact that only
one of the three pathogenic fibres (SiC) was found
to cause TNF production in the present study is
because of differences between epithelial cells and
macrophages or reflects a true dislocation between
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NF-tcB nuclear translocation and TNF (or other
cytokine) production with some of the pathogenic
fibres.
Perkins et al. (1993) demonstrated that TNF

release in vitro does not correlate with fibrosis, since
normal primary alveolar macrophages release low
levels of TNFa after acute fibre exposure in com¬

parison to the levels released by macrophages of
asbestos-exposed individuals. This is thought to be
due to a self-maintaining inflammatory process
involving many cell types and a complex cytokine
network in such individuals (Perkins et al., 1992).
TNFa synergises with interleukin (1L) 1 and insulin
to stimulate fibroblasts (Schollmeier, 1990; Zhang
et al., 1993), and prostaglandin E2 decreases the
fibrogenic potential of TNFa (Perkins et al., 1993).
The development of fibrosis is therefore compli¬
cated, and as is evident from the development of
asbestosis, a long-term disease state. However, there
is no doubt that TNFa is central to the fibrotic pro¬
cess. Anti-TNFa antibodies block the development
of silica-induced fibrosis in a mouse model (Perkins
et al., 1992). Bleomycin (a fibrotic agent) induces
pulmonary fibrosis and causes an increase in
mRNA for TNF (Zhang et al., 1993), and intrader¬
mal administration of TNFa causes focal accumu¬
lation of fibroblasts and collagen (Zhang et al.,
1993).
Work by Becker et al. (1996) demonstrated that

urban air particulates caused both primary rat and
human alveolar macrophages to produce ROS and
TNFa, demonstrating that this effect is not confined
to fibres. In addition, they concluded that when
exposed to urban air particulates, primary human
alveolar macrophages and primary rat macrophages
respond in a similar manner with regards to TNFa
production (Becker et al., 1996).
Most experiments involving fibres are carried out

in vitro on non-human alveolar macrophages. Part
of the work outlined here was to investigate
whether rat alveolar macrophages are a good sub¬
stitute for primary human alveolar macrophages,
and also to see whether cell lines are suitable substi¬
tutes for primary cells. When the amount of TNF
produced by the cells after exposure to each fibre is
graded from 1 (greatest amount) to 6 (least TNFa),
irrespective of the actual amounts produced, we
conclude that primary rat macrophages and pri¬
mary human macrophages behave in a similar man¬
ner to one another. The J774.2 cells did not behave
like rat macrophages, and the Thp-1 cell line did
not behave in a similar manner to primary human
cells. In addition, the cell lines behaved quite differ¬
ently to one another.
We conclude that 16 hr of fibre exposure causes

cells to produce increased amounts of TNF in com¬
parison to medium exposed controls. The amount
of TNFa produced does not equate with pathogen¬
icity of the six fibre types; that is, there was not a

greater production by the three pathogenic fibres

than the three non-pathogenic fibres. Therefore,
TNF production by macrophage cells in response
to fibres does not appear to be a predictor of fibre
pathogenicity for this panel.
However, SiC showed a remarkable ability to

stimulate TNFa release from three out of the four
cell types. SiC is a highly carcinogenic fibre and is
remarkably active in causing mesothelioma, with
more than one-quarter of rats exposed by inhala¬
tion developing this type of tumour. Inflammation
is considered to be a potential mechanism for the
carcinogenicity of fibres (Kane, 1996). In view of
the potent proinflammatory effects of TNFa, the
ability to cause TNFa release may be an important
mechanism whereby SiC fibres lead to cancer. SiC
fibres were not markedly longer than other fibres
and so their ability to cause such stimulation of
TNFa release may be related to their surface chem¬
istry, the most likely effect of which is an ability to
cause modulation of cellular Ca levels or oxidative
stress.

Primary rat alveolar macrophages behaved in a
similar manner after fibre insult to primary human
macrophages after fibre insult, although rat macro¬
phages produced much more TNFa than their
human counterparts in this study. Cell lines do not
behave in the same manner as primary cells, nor in
the same manner as each other. In terms of the re¬

sponses seen, we suggest that primary cells should
always be used if available, but that rat alveolar
macrophages provide a suitable alternative to pri¬
mary human cells.
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Selectins play a critical role in neutrophil recruitment
to sites of inflammation, in tethering and rolling of neu¬
trophils on vascular endothelium, as well as triggering
fL-in tegrin-mediated adhesion. We have previously
demonstrated potential pro-inflammatory effects of sol¬
uble E-selectin upon neutrophil effector functions, us¬
ing a soluble recombinant molecule (E-zz), which in¬
creased 02-integrin-mediated adhesion, decreased P2-
integrin-dependent migration, and triggered reactive
oxygen species generation and release. In this study, we
have examined the intracellular signals following neu¬
trophil activation by soluble E-selectin. We show that
exposure of neutrophils to E-selectin and platelet-acti¬
vating factor (PAF) in combination induced a synergis¬
tic effect upon /J2-integrin-mediated adhesion. Although
soluble E-selectin did not induce Ca2+ mobilization in
neutrophils by itself, elevation of intracellular Ca2+ was
specifically prolonged in response to PAF but not leuk-
otriene B4 or IV-formyl-Met-Leu-Phe. The prolonged
Ca2+ mobilization observed in the presence ofE-selectin
was dependent on Ca2+ influx from intracellular stores
rather than influx of extracellular Ca2+ through SKF
96365-sensitive channels. The specific alteration ofCa2+
mobilization reported here appears not to have a role in
the synergistic effects of E-selectin and PAF upon neu¬
trophil OJ release but may be involved in augmentation
of /J2-integrin-mediated adhesion.

Recruitment of inflammatory cells in response to injury or
infection involves coordinated regulation of specific receptor/
counter-receptor pairs from the integrin, immunoglobulin, se-
lectin, and mucin families (1). The control of events involved in
leukocyte recruitment is critical for the development of effec¬
tive anti-microbial defenses and also for efficient wound heal¬

ing. Failure to recruit granulocytes is life threatening, result¬
ing in inadequate clearance of opportunistic pathogens.
However, excessive inflammatory cell recruitment or inappro¬
priate cell activation leads to the development of chronic in¬
flammatory conditions that may favor fibrotic repair mecha¬
nisms and, ultimately, loss of organ function (2).
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It is now well established that a multistep molecular process
allows leukocyte recruitment to different tissue sites. In acute
inflammatory responses, neutrophil granulocyte recruitment
involves L-selectin and P-selectin glycoprotein ligand-1 that
engage endothelial counter-receptors including endothelial P-
and E-selectin (3). Conversion of "rolling" adhesion to "firm"
adhesion necessary for subsequent transmigration requires an
additional co-stimulus, for example via intracellular signals
from occupancy of G protein-coupled seven-transmembrane re¬
ceptors for bacterial peptides, inflammatory mediators, and
chemokines (4, 5). Trans-endothelial migration is clearly a

complex process but is thought to involve dynamic modulation
of integrin-mediated adhesion events to allow formation of new
sites of contact at the leading edge of the cell and selective
detachment at the trailing end (6-8). The existence ofmultiple
levels of control for adhesion processes ensures that "inappro¬
priate" recruitment of leukocytes does not occur. However, a
breakdown in the normal adhesion regulatory mechanisms
may contribute to pathogenesis of a number of diseases in
which the granulocyte has been implicated (9).
Cellular recruitment is critically dependent on formation of

molecular interactions between receptor/counter-receptor
pairs. However, it is now clear that many adhesion receptors
are also coupled to the intracellular signal transduction ma¬
chinery, providing "outside-in" signals that modulate leukocyte
responses. Initiation of signal transduction pathways following
integrin occupancy is relatively well established (10). For ex¬

ample, release of degradative enzymes and toxic oxidant spe¬
cies required for antimicrobial defense is augmented following
adhesion to matrix components. However, the role of other
adhesion receptors in triggering signaling events has only re¬

cently begun to be defined. Engagement of CD31 has been
demonstrated to augment the rate of integrin-dependent mi¬
gration, providing a mechanism for ensuring efficient diapede-
sis (11). Recent evidence also suggests that engagement of
receptors involved in rolling adhesion may also transduce spe¬
cific signals that alter neutrophil behavior. In particular, liga¬
tion of neutrophil L-selectin and P-selectin glycoprotein li-
gand-1 augment j32-integrin-mediated adhesion and increase
production of damaging reactive oxygen intermediates (12, 13).
Selectin-dependent alterations in neutrophil function have
been suggested to require co-stimulationwith other agents, e.g.
platelet-activating factor (PAF)1 (14, 15). The functional alter-

' The abbreviations used are: PAF, platelet-activating factor; TNF-ct,
tumor necrosis factor-a; fMLP, formyl-Met-Leu-Phe; LTB,„ leukotriene
B,; PMA, phorbol 12-myristate 13-acetate; ACLB, albumin-coated latex
bead(s); HBSS, Hanks' balanced salt solution; AM, acetoxymethyl ester;
IP3, inositol triphosphate.
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ations induced by agents that activate neutrophils appear dis¬
tinct from those caused by "priming" agents, which have little
effect on generation of reactive oxygen species by themselves.
Together these findings indicate that the repertoire of recep¬
tors engaged on the neutrophil surface determines the func¬
tional responses in terms of adhesion, migration, and secretion.
One implication is that although it may be possible to define
experimental conditions in vitro under which neutrophils are
"unprimed," "primed," or "activated," the functional status of
neutrophils during recruitment in vivo may approximate to a
continuum of activation states.
Our previous studies have demonstrated that neutrophils

treated with soluble recombinant E-selectin (E-zz) comprising
the N-terminal C-type lectin domain, epidermal growth factor
domain and two of the short consensus repeats with two pro¬
tein A domains in tandem cause increased fi2-integrin-medi-
ated adhesion with a concomitant decrease in |32-integrin-de-
pendent migration. In addition, generation and release of
reactive oxygen species is increased following exposure to E-
selectin (16). These effects could be blocked by F(ab')2 anti-E-
selectin monoclonal antibody binding to the lectin domain of
E-selectin. The kinetics of the neutrophil response to E-zz
raised the possibility that the effects might be indirect because
of secondary release of inflammatory mediators from neutro¬
phils, for example PAF. In this paper we examine the genera¬
tion of intracellular signals following exposure ofneutrophils to
E-selectin. We have found that E-selectin specifically prolongs
[Ca2+]; increase in neutrophils treated with PAF but not N-
formyl-Met-Leu-Phe (fMLP) or leukotriene B4 (LTB4). In addi¬
tion, we have addressed whether soluble E-selectin effects were
due to a second release of PAF and found that soluble E-
selectin was not acting directly through PAF receptors. How¬
ever, our data suggest that specific changes in [Ca2+]; are not
required for E-selectin-dependent augmentation of functional
responses in neutrophils.

EXPERIMENTAL PROCEDURES

Soluble Recombinant Proteins and Other Reagents—Recombinant
human E-selectin (E-zz) and recombinant human vascular cell adhesion
molecules (V-zz) were provided by Michael Bird and Carmel Horgan
(Glaxo Wellcome, UK) as described previously (16). Hanks' balanced
salt solution (HBSS) was obtained from Life Technologies, Inc. Dextran
T500 was obtained from Amersham Pharmacia Biotech. PAF, fMLP,
PMA, TNF-a, interleukin-8, cytochrome c, superoxide dismutase, genis-
tein, and digitonin were obtained from Sigma. Ro-318220, SKF 96365,
and TMB-8 were from Calbiochem-Novabiochem Ltd (Nottingham,
UK). UK-74505 was a gift from Dr. M. J. Parry (Pfizer Central Re¬
search, Sandwich, Kent). Fura-2-AM was obtained from Molecular
Probes (Eugene, OR: supplied by Cambridge Bioscience, Cambridge,
UK).
Neutrophil Isolation—Polymorphonuclear leukocytes were isolated

from peripheral blood of healthy donors as described previously (16).
Briefly, after centrifugation of citrated whole blood at 300 X g for 20
min and removal of platelet-rich plasma, leukocytes were separated
from erythrocytes by dextran sedimentation using 0.6% dextran T500.
Polymorphonuclear leukocytes were then separated from mononuclear
leukocytes using discontinuous isotonic Percoll gradients. Polymorpho¬
nuclear leukocytes were 95—98% neutrophils using morphological cri¬
teria, and viability was >99% as assessed by trypan blue exclusion.
Neutrophil Adhesion to Albumin-coated Latex Beads—/32-Integrin-

dependent adhesion of ACLB to freshly isolated neutrophils was meas¬
ured as described previously (17). Fluorescent latex beads were washed
in HBSS and incubated with 10 mg/ml human serum albumin for 15
min before washes in HBSS and resuspension at 0.5% in HBSS. Neu¬
trophils (155 pi at 107/ml in HBSS) in the presence or absence of E-zz
(5 pg/ml) were added to 25 pi of ACLB and 25 pi of agonist as described
under "Results." For inhibition experiments, neutrophils were preincu-
bated with TMB-8 (250 pM), SKF 96365 (5 pM), or UK-74505 (1 pM) for
10 min before addition of ACLB. Cells and ACLB were then incubated
at 37 °C for 15 min in a shaking water bath at 110 beats/min. After
fixation of the cells with 0.5 ml of 0.5% glutaraldehyde, nonadherent
ACLB were removed by three washes. Bead binding to neutrophils was

measured by flow cytometry using a FacsCalibur (Becton Dickinson,
Oxford, UK).
Determination of \Ca2' /, by Spectrofluorimetry—Freshly isolated

neutrophils were incubated at 107/ml in Ca2+- and Mg2,-ffee HBSS
with 2 pM Fura-2-AM for 30 min at 37 °C. Cells were then washed twice
and resuspended at 2 X 106/ml in HBSS containing Ca2+ and Mg2 "
essentially as described (18). A SPEX Fluoromax spectrofluorimeter
with excitation wavelengths at 340 and 380 nm and an emission wave¬
length recorded at 510 nm was used for measuring [Ca2"],. [Ca2+], was
calculated as described (18, 19) using the equation: [Ca2+i, = Kd X B X
(r ~ rlnjn)/(rltl.lx r), where r is the measured Fura-2 fluorescence ratio
between 340 and 380 nm. rmilx, the maximum 340/380 nm ratio, was
obtained by lysing cells with 25 pM digitonin. rmta, the minimum 340/
380 ratio, was obtained by addition of 10 mM EGTA. Kd is the dissoci¬
ation constant of the Fura-2/Ca2+ complex (224 nM), and B is the ratio
of fluorescence at 380 nm at 0 and saturating Ca2+ concentration.
Measurement of Superoxide Anion Release—The determination of

release of superoxide anions by freshly isolated neutrophils was per¬
formed as described previously (16). Briefly, neutrophils were preincu-
bated with genistein (74 pM) or Ro-318220 (1 pM) for 15 min at 37 °C
before stimulation with soluble recombinant proteins, fMLP, or PMA in
the presence of cytochrome c (1 mg/ml). After 15 min at 37 °C, the
reaction was stopped by placing the cells on ice, followed by a centrif¬
ugation (13,000 X g, 2 min, 4 °C). The superoxide dismutase (200
units)-inhibitable reduction of cytochrome c was determined for each
supernatant by measuring the peak absorbance between 535 and 565
nm using a Pye-Unicam scanning spectrophotometer. Results are ex¬

pressed as nanomoles of superoxide anions generated per 106
neutrophils.
Statistical Analysis—Using the paired Student's t test, the difference

between the mean of the assays and control groups was considered
significant when p < 0.05. The results are expressed as the means ±
S.D. of the number (n) of independent experiments each using cells
isolated from separate donors.

RESULTS

Requirement for Ca2+ in E-selectin-mediated Augmentation
of fi2-Integrin Adhesion—Our previous studies demonstrated
that there was a temporal association between the extent of
augmentation of neutrophil effector function and the duration
of treatment with soluble E-selectin (E-zz), raising the possi¬
bility that E-zz triggered secondary release of inflammatory
mediators, e.g. PAF. We therefore tested whether the PAF
antagonist UK-74505 affected E-zz-induced fl2-integrin-medi-
ated adhesion using a well characterized assay involving bind¬
ing of albumin-coated latex beads (16, 17). Although UK-74505
blocked PAF-induced jS2-integrin activation, it had no effect on
/32-integrin activation following treatment with either fMLP or
E-zz (Fig. LA), suggesting that E-zz effects are independent of
PAF release and ligation of the PAF receptor.
Careful analysis of the effects of E-zz and PAF alone or in

combination demonstrated that treatment of neutrophils with
both agents induced a synergistic effect upon /32-integrin acti¬
vation (Fig. IB). Thus, although PAF (0.1 nM) or E-zz alone
resulted in a small augmentation of B2-integrin-mediated ad¬
hesion (1.8- and 3.5-fold, respectively), the combination re¬
sulted in 8.6-fold increase in neutrophil fi2-integrin activation
to a level comparable with that seen with 10 nM fMLP. Because
changes in |Ca2+], are an important early event following liga¬
tion of the seven-transmembrane receptor family (20, 21), we
next assessed whether E-zz affected the PAF response by al¬
tering Ca2+ fluxes within neutrophils by using different Ca2+
channel inhibitors. Treatment of neutrophils with SKF 96365
(5 pM), a receptor-operated channel inhibitor, did not block
augmentation of /32-integrin activity with E-zz alone or in com¬
bination with PAF and only partially blocked /32-integrin-me-
diated adhesion induced by PAF at 10 nM. In contrast, treat¬
ment of neutrophils with 250 pM TMB-8, an intracellular
calcium antagonist, completely abolished E-zz- and PAF-medi¬
ated /32-integrin activation (Fig. IB). fMLP-induced j32-integrin
activation was not significantly inhibited by TMB-8 (Fig. IB),
indicating that Ca2' mobilization is not required for induction
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Fig. 1. Requirement for Ca2+ in E-selectin-mediated augmen¬

tation of p2-integrin adhesion. Freshly isolated neutrophils were
preincubated with UK-74505 (1 pM) (A) or TMB-8 (250 jum) or SKF
69365 (5 pM) or HBSS only for 10 min at 37 °C before addition ofACLB,
in the presence of E-zz (5 pg/ml), PAF (0.1 nM or 10 nM), fMLP (10 nM),
or both E-zz and PAF (0.1 nM) IB). After 15 min at 37 °C, neutrophils
were fixed with glutaraldehyde, and nonadherent ACLB were removed
by three washes. Neutrophil binding to ACLB was measured by flow
cytometry using a FacsCalibur (Becton Dickinson). Data are the means
from three separate experiments.

ofneutrophil /32-integTin activity and providing strong evidence
that TMB-8 does not nonspecifically inhibit j32-integrin
activation.
Soluble E-selectin Prolongs PAF-induced Calcium Mobiliza¬

tion—The distinct specific effects of TMB-8 upon j82-integrin
activation induced by PAF and E-zz led us to consider whether
E-zz might act to alter Caz+ mobilization within neutrophils in
response to PAF. In contrast to the rapid and transient eleva¬
tion of [Ca2+], in response to PAF, treatment of neutrophils
with E-zz alone did not induce any changes in [Ca2+]£ (Fig. 2A),
indicating that E-zz may act through a pathway distinct from
11' ,-dependent Ca2+ mobilization. Interestingly, preincubation
of neutrophils with E-zz did not affect the initial increase of
[Ca2+], in response to PAF but caused a subsequent sustained
increase in [Ca2+], (Fig. 2A). Preincubation of neutrophils with
V-zz did not affect |Ca2+], in response to PAF (Fig. 2A), indi¬
cating that the effects of E-zz upon calcium mobilization are
specific. Analysis of the concentration responses revealed that
E-zz was maximally effective following treatment with higher
concentrations of PAF (Fig. 2B), suggesting that a threshold
increase in [Ca2+]; is required above which E-zz prolongs cal¬
cium mobilization.
PAF-induced Ca2+ mobilization was ablated by TMB-8 (Fig.

3A), indicating that release of Ca2+ from intracellular stores
may be an essential trigger for PAF-induced binding to ACLB.
The prolongation of [Ca2+]I elevation in the presence of E-zz
was independent ofSKF 96365-sensitive Ca21 channels (Fig. 3,
B and C). Thus, although SKF 96365 blocked PAF-induced
extracellular Ca2+ influx, Ca2+ mobilization in the presence of
E-zz was relatively insensitive to SKF 96365. Together with

[PAF] (nM)
Fig. 2. Soluble E-selectin prolongs PAF-induced Ca2+ mobili¬

zation. A, after loading neutrophils with Fura-2-AM (2 p.M) for 30 min
at 37 °C in Ca2+ and Mg2+-free HBSS, cells were washed and resus-
pended in HBSS containing Ca2' and Mg2* and then preincubated with
or without E-zz or V-zz (5 pg/ml) for 15 min at 37 °C. Cells were then
transferred into 3-ml cuvettes for measurement of [Ca211, using a SPEX
Fluoromax spectrofluorimeter followed by analysis as described under
"Experimental Procedures." After 30 s of recording, neutrophils were
stimulated with PAF (10 nM); □, untreated cells; A, cells preincubated
with E-zz; O, cells preincubated with V-zz; or E-zz (5 pg/ml) X E-zz (5
pg/ml). B, after preincubation with (■) or without (□) E-zz (5 pg/ml),
neutrophils were stimulated with different concentrations of PAF as
indicated. We obtained curves similar to those in A, which have been
integrated to calculate area under each curve using GraphPad Prism
software (GraphPad Inc.). Data presented are representative of five
separate experiments that were performed.

data presented in Fig. 1, these results indicate that E-zz treat¬
ment may affect PAF responses via the release of Ca2+ from
intracellular stores rather than influx of extracellular Ca2'
through SKF 96365-sensitive receptor-operated channels.
Specificity ofSoluble E-selectin Effects—We next considered

whether treatment of neutrophils with E-zz prolonged Ca2+
mobilization in response to other agonists that act via distinct
seven-transmembrane G protein-coupled receptors. As shown
in Fig. 4, in contrast with the effects ofPAF, changes in [Ca2 *"],
following stimulation with either LTB4 or fMLP were not af¬
fected by preincubation with E-zz. These findings raise the
possibility that sustained elevation of |Ca2+], observed when
E-zz-pretreated cells were stimulated with PAF might account
for the synergistic effects on 02-integrin-mediated adhesion.
We therefore tested whether (L-integrin activation observed
following LTB , or fMLP treatment was affected by preincuba¬
tion with E-zz. As shown in Fig. 5, E-zz treatment alone in¬
duced a small but significant increase in ff2-intcg^rin-rmcdiated
adhesion. The f}.2-mtegrm activation response of neutrophils to
LTB4 and fMLP was not significantly affected by E-zz pretreat-
ment, whereas E-zz and PAF together induced a significant
increase in the percentage of cells that were capable of /32~

o

- untreated ceils + PAF

- E-zz-treated celts * PAF

- untreated ceils * E-zz

- V-zz-treated cells + PAF
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Fig. 3. The prolonged [Ca2+],- elevation induced by soluble
E-seleetin depends on Ca2+ influx from intracellular stores and
is independent of SKF 96365-sensitive Ca2+ channels. Freshly
isolated neutrophils were loaded with Fura-2-AM (2 /am) and preincu-
bated with (white circle and white triangle) orwithout (white square and
black rectangle) E-zz (5 jug/ml), as described in Fig. 2. TMB-8 (250 /cm)
(A) or SKF 69365 (5 /am) (B) were added 1 min before stimulation with
PAF (10 nM). C, area under each curve from B was then calculated as for
Fig. 2B. White square, HBSS added to cells 1 min before PAF; black
square, SKF 69365 was added 1 min before PAF. Note that for clarity
the curves corresponding to V-zz/PAF (cells preincubated with V-zz and
then stimulated with PAF) are not shown in A and B. Data are repre¬
sentative of five separate experiments that were performed.

time (s)
Fig. 4. Soluble E-selectin effect upon Ca2+ mobilization is spe¬

cific to PAF. Freshly isolated neutrophils were loaded with Fura-2-AM
(2 /am) and preincubated with (A) or without (□) E-zz (5 pg/ml) for 15
min before measuring (Ca2'I.. 24 s after recording, the cells were
stimulated with PAF, LTB4, or fMLP, all used at 10 nM. Data are
representative of three separate experiments.

integrin-mediated adhesion.
Although integrin activation following E-zz/PAF treatment

may parallel prolonged Ca2+ mobilization, analysis of the ef¬
fects of E-zz upon neutrophil OJ release provides evidence that
E-zz effects were independent of Ca21 mobilization. Classical
priming agents such as PAF or TNF-a have no effect upon
neutrophil superoxide release when used alone but prime re¬
lease in response to a second stimulus such as fMLP or the
chemokine interleukin-8. Untreated neutrophils release little
()' (1.08 ± 0.36 nmol OTJ10e cells), and fMLP stimulation alone
does not increase the level of O), production (1.2 ± 0.35 O.JKf
cells), confirming that the neutrophils used in these experi¬
ments were minimally activated or unprimed (Fig. 6). Simi¬
larly, treatment with TNF-a alone did not induce neutrophil
0:2 release, but preincubation with TNF-a caused a 7-fold in¬
crease in fMLP (100 nm (-induced Oj release (Fig. 6). In con¬
trast, E-zz treatment alone significantly induces 0:2 release,
and preincubation ofneutrophils with E-zz prior to fMLP treat¬
ment resulted in a further two-fold increase in 0:2 release to
levels seen with TNF-a and fMLP in combination (Fig. 6).
Similar effects were seen when interleukin-8 (10 ng/ml) or PAF
(0.1 um) was used in combination with E-zz (data not shown),
demonstrating that distinct mechanisms underlie the effects of

- PAF alone
- E-zz/PAF
- PAF + TMB-8
- E-zz/PAF + TMB-8
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Fig. 5. p^-Integrin activation is affected by soluble E-selectin
following PAF stimulation but not LTB4 or FMI.P. Freshly isolated
neutrophils mixed with ACLB were stimulated with PAF, 1 .IB,. or
fMLP at different concentrations as indicated, in the presence (A) or
absence (■) of E-zz (5 pg/ml). Neutrophil j32-integrin-mediated binding
of ACLB was determined by flow cytometry as for Fig. 1. Data are the
means of three experiments.

Fig. 6. Soluble E-selectin effects upon 02 release involve dis¬
tinct mechanisms when compared with priming agents such as
TNF-a. Freshly isolated neutrophils were preincubated with E-zz or
V-zz (5 pg/ml) for 15 min at 20 °C or with TNF-a (0.1 ng/ml) for 1 h at
37 °C. Cells were then incubated with HBSS or fMLP (100 nM) in
presence of cytochrome c (1 mg/ml) for another 15 min at 37 °C. Super¬
oxide dismutase-inhibitable reduction of cytochrome c was then deter¬
mined by measuring the peak absorbance between 535 and 565 nm
using a Pye-Unicam scanning spectrophotometer. Data are expressed
as nmol of Oj/lO6 cells and are shown as the means of four separate
experiments.

E-zz upon neutrophil 0:2 release when compared with classical
priming agents such as TNF-a:. These data also suggest that
the effects of E-zz upon neutrophil superoxide production and
release are largely independent of effects upon Caz 1 mobiliza-

Fig. 7. Neutrophil O.', release induced by soluble E-selectin is
tyrosine phosphorylation dependent. Freshly isolated neutrophils
were preincubated with genistein (74 /im) or Ro-318220 (1 /am) for 15
min at 37 °C and then incubated with E-zz/V-zz (5 pg/ml) or PMA (10
nM) for another 15 min at 37 °C in presence of cytochrome c (1 mg/ml).
Superoxide dismutase-inhibitable reduction of cytochrome c was then
determined by measuring the peak absorbance between 535 and 565
nm using a Pye-Unicam scanning spectrophotometer. Note the different
scale for PMA response (at right on the graph). Data are expressed as
nmol of Oi/106 cells and are shown as the means of three separate
experiments.

tion. First, although E-zz alone does not elevate [Ca2+]I, signif¬
icant amounts ofneutrophil are released in response to E-zz
(compare Figs. 2A and 6). Second, our data indicate that E-zz
does not affect Ca2+ mobilization in response to fMLP (Fig. 4),
yet E-zz is able to convert fMLP from a nonsecretory to a
secretory stimulus in terms of0| release (Fig. 6). Together with
our data relating to the effects of E-zz on /32-integrin-mediated
adhesion, we conclude that the specific alteration of Ca2+ mo¬
bilization reported here does not have a role in the synergistic
effects of E-zz and PAF upon neutrophil OJ2 release but is
involved in /32-integrin-mediated adhesion.
Superoxide Anion Release Induced by Soluble E-selectin Is

Tyrosine Phosphorylation-dependent—To further define the
signaling pathways involved in neutrophil activation following
soluble E-selectin treatment, we next tested the effect of inhib¬
itors ofprotein kinases involved in intracellular signaling upon
E-zz-induced neutrophil 02 release. E-zz-induced neutrophil
0:z release was inhibited by genistein (74 /am), a potent tyrosine
kinase inhibitor, but not by Ro-318220 (1 a protein kinase
C inhibitor (Fig. 7). In contrast, PKC-dependent Oj release
induced by the phorbol ester (PMA) was blocked by Ro-318220
and not by genistein. These results demonstrate that
Ro-318220 is indeed active in our assay, because PMA-stimu-
lated0| release is mediated predominantly via PKC activation.
In addition, our results show that genistein is not causing a

global nonspecific inhibition of neutrophil responsiveness.
These findings suggest that activation of the NADPH oxidase
following E-zz treatment is PKC-independent but requires pro¬
tein tyrosine kinase activity. We are currently investigating
specific targets of protein tyrosine kinases in neutrophils,
which may be associated with altered neutrophil effector func¬
tion in response to E-zz treatment.

DISCUSSION

Appropriate recruitment ofneutrophils to sites of infection or
tissue injury is critical for the initiation and progression of the
inflammatory response. A number of studies have shown the
importance of selectins in the orchestration of adhesion and
migration of neutrophils in the initial capture and subsequent
rolling on vascular endothelial ligands (22-24). Selectins also
have a more complex regulatory role in inflammatory pro¬
cesses, initiating intracellular signal transduction cascades
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that lead to neutrophil activation and altered functional re¬
sponses (12, 25, 26, 28-30). We have previously shown that
soluble E-selectin (E-zz) specifically potentiates neutrophil ad¬
hesion and augments reactive oxygen species production and
release (16). In this paper we further examine the nature of the
signaling pathway that may underlie these regulatory effects.
The data presented here demonstrate several important

findings relating to altered functional status following E-zz
treatment, which are consistent with the concept of a juxta-
crine activation process demonstrated for neutrophil-platelet
interactions involving PAF and P-selectin (15). First, in sup¬

port of our suggestion that elevated levels of soluble E-selectin
may cause alterations in neutrophil behavior that are pro¬
inflammatory, E-zz is able to markedly alter neutrophil pro¬
duction of reactive oxygen species. Unlike classical priming
agents (PAF or TNF-a), E-zz is able to trigger 02 release when
used alone. However, in combination with stimuli that do not
normally trigger OJ release from unprimed carefully prepared
neutrophils (for example the bacterial peptide fMLP), E-zz
potentiates 02 production (Fig. 6). Second, we have observed
that E-zz acts synergistically with PAF but not fMLP or LTB4
to augment 02-integrin activity, providing a mechanism for
alteration of the adhesion repertoire of neutrophils exposed to
specific inflammatory mediators at sites of extravasation.
Third, analysis of the effects of E-zz upon Ca24 mobilization
within neutrophils revealed that E-zz specifically prolongs el¬
evation of (Ca2 + ]t in response to PAF but not fMLP or LTB4. It
has been suggested that [Ca2+], elevation was a necessary step
in the signaling between the fMLP receptor and NADPH oxi¬
dase (20). Our data show that Ca2+ mobilization is not required
for fMLP-induced 02-integrin activation. Moreover, we have
shown that the effect of E-zz upon PAF-induced 02-integrin
adhesion is dependent on a threshold increase in [Ca24], and is
blocked when neutrophils are treated with an intracellular
Ca2+ antagonist (Fig. IB). The observed dissociation between
the effects of E-zz on /32-integrin activation, augmentation of
02 release, and Ca2+ mobilization in response to PAF indicates
that altered Ca24 mobilization following PAF receptor ligation
is not important for the synergistic action ofPAF and E-zz upon
02 release.
We have examined a number of parameters of neutrophil

activation that might be affected by changes in PAF-induced
Ca2' mobilization, including the extent and duration of neu¬
trophil polarization and whether transient 02-integrin medi¬
ated adhesion responses are prolonged following E-zz treat¬
ment. Although we have observed synergism between E-zz and
PAF in terms of /32-integrin-mediated adhesion, the precise
relationship between these events is difficult to determine.
Because E-zz induces a low level of 02-integrin activation by
itselfyet fails to induce Ca24 mobilization, a distinct functional
correlate of prolonged Ca2+ elevation following E-zz and PAF
treatment remains to be defined. One possibility is that [Ca24],
elevation may have important consequences for arachidonic
acid metabolism. Treatment of macrophages with PAF re¬

quired a sustained increase in [Ca24], to induce arachidonic
acid release (32). Although the precise mechanisms of E-zz
action upon PAF-induced Ca2+ mobilization remain to be de¬
termined, it would be interesting to investigate whether neu¬
trophil arachidonic acid metabolism is affected by E-zz/PAF.
We are currently investigating the effects of E-zz upon neu¬

trophil migration in response to PAF, where prolonged eleva¬
tion of [Ca24], may interfere with the dynamic activation/deac-
tivation cycles of integrin ligand binding that are necessary for
an efficient migration.
PAF induces an initial rapid increase in [Ca24], because of

IP3-dependent release of Ca24 from intracellular stores local¬

ized in the endoplasmic reticulum (33), which is blocked by
TMB-8 and is essential for E-zz effect upon PAF-induced Ca24
mobilization. The second phase of PAF response is due to Ca24
influx from extracellular sources through receptor-operated
channels. The effects of E-zz upon PAF-induced Ca24 mobili¬
zation was not blocked by SKF 96365, indicating that the
sustained [Ca24], elevation following incubation with E-zz was
not due to extracellular Ca2' entry through SKF 96365-sensi-
tive receptor-operated channels. Alternatively, because the
E-zz effect requires a threshold increase in [Ca2+I, following
Ca24 release from IP,-dependent intracellular stores, the sus¬
tained changes in [Ca24], observed in the presence ofE-zz could
be due to extracellular Ca2' entering the cells via store-oper¬
ated channels (34), which are primed by E-zz and activated by
intracellular Ca24 release from endoplasmic reticulum. One
hypothesis for the mechanism of activation of store-operated
channels is the release of an intracellular messenger from the
endoplasmic reticulum (for example arachidonic acid generated
by the activation of phospholipase A2), which would bind to the
store-operated channels and increase the probability of opening
of the channels (35, 36). Another possibility would be an effect
of E-zz upon intracellular Ca24 stores, which may be insensi¬
tive to IP3.
Inhibition of E-zz effects upon neutrophil 02 release by ge-

nistein suggests that tyrosine phosphorylation represents a
critical step in E-selectin-mediated signaling, possibly control¬
ling downstream functional events, such as the oxidative burst.
Although L-selectin-induced Ca24 mobilization has been re¬
ported to be tyrosine phosphorylation-dependent (28), we show
for the first time that tyrosine phosphorylation is required for
E-selectin induced signaling. Whether the sustained [Ca24],
elevation following E-zz preincubation requires tyrosine phos¬
phorylation has been difficult to assess, partly because PAF-
induced Ca24 mobilization itself is suppressed by tyrosine ki¬
nase inhibitors (data not shown). One possibility is that
suppression of PAF-induced [Ca24], elevation was not suffi¬
cient to trigger E-zz-induced prolongation of [Ca24], elevation
(Fig. 2B). Cross-linking ofneutrophil L-selectin induced a rapid
and transient [Ca24], increase and 02 generation, which were
both inhibited by genistein (37), indicating that activation of
NADPH and Ca24 mobilization may be downstream of the
early signal cascade and require protein tyrosine kinase
activation.
In conclusion, we present data that soluble E-selectin can

specifically alter PAF induced Ca24 mobilization in neutrophils
but has little effect on Ca24 mobilization in response to other
agonists. Exposure of neutrophils to soluble E-selectin also
alters the capacity for production of damaging reactive oxygen
species in a manner that is distinct from classical priming
agents. In addition, neutrophil 02-integrin-mediated adhesion
is also altered following exposure to E-selectin, with some
degree of synergy observed when E-selectin-treated neutro¬
phils are stimulated with other agonists, e.g. PAF. It is possible
that engagement of E-selectin receptors on neutrophils may act
physiologically to fine tune processes involved in adhesion and
emigration. In view of recent findings that ligation of other
neutrophil receptors such as CD31 (11), L-selectin (27), or
ICAM-3 (31) influences either 02-integrin-mediated adhesion
and/or production and release of reactive oxygen species, it
seems likely that the repertoire of adhesion receptors engaged
provides regulatory signals that determine neutrophil func¬
tional status.
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Infection with tissue-migrating helminths is frequently associated with intense granulocyte infiltrations.
Several host-derived factors are known to mediate granulocyte recruitment to the tissues, but less attention has
been paid to how parasite-derived products trigger this process. Parasite-derived chemotactic factors which
selectively recruit granulocytes have been described, but nothing is known about which cellular receptors
respond to these agents. The effect of products from the nematodes Ascaris suum, Toxocara canis, and Anisakis
simplex on human neutrophils were studied. We monitored four parameters of activation: chemotaxis, cell
polarization, intracellular Ca2+ transients, and priming of superoxide anion production. Body fluids ofA. suum
(ABF) and T. canis (TcBF) induced strong directional migration, shape change, and intracellular Ca2+
transients. ABF also primed neutrophils for production of superoxide anions. Calcium mobilization in re¬
sponse to A. suum-derived products was completely abrogated by pretreatment with pertussis toxin, implicating
a classical G protein-coupled receptor mechanism in the response to ABF. Moreover, pretreatment with
interleukin-8 (IL-8) completely abrogated the response to ABF, demonstrating desensitization of a common
pathway. However, ABF was unable to fully desensitize the response to IL-8, and binding to CXCR1 or CXCR2
was excluded in experiments using RBL-2H3 cells transfected with the two human IL-8 receptors. Our results
provide the first evidence for a direct interaction between a parasite-derived chemotactic factor and the host's
chemotactic network, via a novel G protein-coupled receptor which interacts with the IL-8 receptor pathway.

Neutrophilic and eosinophilic granulocytes have evolved in
the immune system as a first line of defense against invading
pathogens. Remarkable numbers of eosinophils or neutrophils
infiltrate lesions caused by tissue-invading parasites, as seen,
e.g., in anisakiasis (57) and schistosomiasis. A series of chemo-
kines and low-molecular-weight attractants are known to me¬
diate recruitment of granulocytes to the site of infection (56),
but less attention has been paid to the role of parasite-derived
products in inflammatory infiltration. Indeed the question of
whether host innate cells bear "danger" receptors for parasite
products has barely been explored. In parasitic infections,
there can be phenomenal intensity and selectivity of granulo¬
cyte recruitment, such as the eosinophilic phlegmons (large
granulomatous infiltrations of eosinophils with marked sub¬
mucosal oedema) caused by Anisakis simplex (anisakiasis or
eosinophilic gastroenteritis) (17, 28, 30, 31) and Ancylostoma
caninum (eosinophilic enteritis) (52, 70). Since most of the
damage caused by tissue-invading parasites can be attributed
to the recruited inflammatory cells, a clear picture of the mech¬
anisms mediating granulocyte recruitment and activation is of
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pivotal importance to the understanding and management of
pathology.
The intensity and selectivity of inflammatory recruitment

suggest that granulocytes are not simply responding to tissue
injury caused by migrating larvae, but are actively targeting or

being targeted by the parasites in question. Numerous para-
site-derived chemotactic factors (PDCFs) have been reported
to recruit, often selectively, neutrophils (neutrophil chemotac¬
tic factors [NCFs]) or eosinophils (eosinophil chemotactic fac¬
tors [ECFs]) (20, 26, 43, 46-48, 51, 67, 68). Few of those,
however, have been identified and cloned (20, 45). Moreover,
no study has yet addressed the nature of the host cell receptors
involved in this process despite the recognized importance of
innate system receptors. Here, we present the first evidence
that a neutrophil chemokine or related receptor may be in¬
volved in this response. Previous studies addressing granulo¬
cyte chemotaxis induced by PDCFs used granulocyte prepara¬
tions with various degrees of purity from peritoneal exudate
cells of guinea pigs treated with oyster glycogen or horse serum
(26, 67, 68). From these studies, it is not clear to what extent
the cells used were immunologically primed or contaminating
cells played a role as a secondary source of chemotactic factors.
Chemoattractants have been divided into two categories by

Haines et al. (23). The main category is represented by the
classical chemoattractants such as formyl-Met-Leu-Phe (fMLP),
platelet-activating factor (PAF), leukotriene B4 (LTB4), and
C5a. The isolation of interleukin-8 (IL-8) (59) over a decade
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ago heralded a new group of chemoattractant molecules, the
chemoattractant cytokines (chemokines) (4, 5, 54, 58), and
their receptors (37, 42, 58, 72). Both classical chemoattractants
and chemokines act on target cells through seven-transmem-
brane-domain receptors that are coupled to heterotrimeric G
proteins (42). Their engagement by an agonist results in a
panoply of possible functional cellular responses, most of
which are rapid and transient, e.g., a characteristic rise in the
cytosolic Ca2- concentration ([Ca2+],) (4), polymerization and
depolymerization of actin filaments (15, 73), generation of
reactive oxygen species (16), and bioactive lipids (e.g., PAF
and LTB4) (6, 55), priming of superoxide anion production
(e.g., by PAF and tumor necrosis factor alpha [TNF-a]) (19,
29), and transendothelial migration (64). The second category
is represented by the so-called pure chemoattractants and in¬
cludes substance P (23), fibrinopeptide B (62), transforming
growth factor pi (TGFpi) (23, 53), and Fas ligand (FasL) (44,
61). These chemoattractants are active at extremely low con¬
centrations (TGFpi at femtomolar and FasL at pico- to nano¬
molar concentrations) (44, 61) and do not elicit a transient
[Ca2+], increase or any degranulation (44, 53) or superoxide
anion production at any concentration (23, 62). With respect to
their receptors, pure chemoattractants bind to G protein-cou¬
pled receptors (substance P) (23) as well as to different recep¬
tors such as Fas (CD95 and Apo-1), the receptor for FasL (44).
In this study, we demonstrate for the first time that the previ¬
ously described NCF from Ascaris suum (68) exerts classical-
like activities on human neutrophils, since its effects on target
cells include pertussis toxin (PTX)-sensitive Ca2+ mobiliza¬
tion, shape change, priming of superoxide anion production,
and in vitro chemotaxis.

MATERIALS AND METHODS

Parasites and extracts. Parasite body fluids were obtained from the adult
stages of A. suum (Ascaris body fluid [ABF]) and Toxocara canis (7. canis body
fluid [TcBF]) from naturally infected pigs and dogs, respectively. Body fluid was
collected by an incision in the cuticle. The body fluids were then microcentri-
fuged at 16,000 x g at 4°C for 15 min, and the supernatants were stored at
—70°C. Third-stage larvae of Anisakis simplex were obtained by dissection of
fresh, unfrozen mackerel (Scomber scombrus) or herring (Clupea harengus) from
the North Sea. Somatic extracts of A. simplex (AnX) were obtained by snap-
freezing the larvae in liquid nitrogen and grinding them to a fine powder in a
mortar; 10 g of powder was extracted with 20 ml of phosphate-buffered saline
(PBS, pH 7.2) at room temperature for 30 min. The extracts were then micro-
centrifuged at 16,000 x g at 4°C for 30 min, and the supernatants were stored at
—70°C. All protein concentrations were determined with the Coomassie Plus
protein assay reagent (Pierce, Rockford, 111.) as directed.
Purification of granulocytes. Neutrophils or eosinophils were purified from

freshly drawn peripheral blood of healthy donors (71). Briefly, granulocytes were
obtained via a two-stage protocol consisting of dextran sedimentation and a
three-step isotonic discontinuous Percoll gradient (55, 70, and 81%) centrifuga-
tion. The cells derived from the 55 to 70% interface were 95 to 99% neutrophils.
Eosinophils were purified from the neutrophil-rich interface by a negative im-
munomagnetic selection step using sheep anti-mouse immunoglobulin G Dyna-
beads, coated with murine anti-CD16 (3G8; kind gift of J. Unkeless, Mount Sinai
Medical School, New York, N.Y.). Final purities were 95 to 99% for neutrophils
and >99% for eosinophils, as assessed by cytospins stainedwith Diff-Quik (Dade
Diagnostika, Unterschleissheim, Germany) according to the manufacturer's in¬
structions. Viability (trypan blue dye exclusion) was at least 99% for both cell
types. All buffers used during purification were Ca2+- and Mg2+-free.
Chemotaxis experiments. Chemotaxis assays were performed in a 96-well

modified Boyden chamber (Neuro Probe, Gaithersburg, Md.). Positive and neg¬
ative controls in the bottom wells as well as the granulocyte suspension in the
upper wells were in Hanks' balanced salt solution (HBSS) (Gibco, Paisley,
United Kingdom) with 0.3% bovine serum albumin (BSA) (Sigma, Poole, United

Kingdom). The polyvinylpyrrolidone-free polycarbonate membranes (Neuro
Probe) had a 3-p.m pore diameter. As pointed out by Wilkinson (74), a source of
error with this technique is the potential aggregation of cells during migration,
resulting in adhesion to the lower surface of the filter rather than to the bottom
wells. Therefore, both the cells adhering to the lower surface of the filter and the
cells migrating to the bottom wells were measured as described below. Neutro¬
phil suspension (200 p.1, 107/ml) was added to the top wells, and the chemotaxis
chamber was incubated at 37°C in humidified air with 5% C02 for 45 min. The
chemotaxis chamber was then carefully disassembled, and the upper side of the
filter was washed with PBS, scraped with a cell scraper to remove adherent cells,
fixed with methanol, and stained with Diff-Quik. The stained filters were mea¬

sured in a 96-well spectrophotometer at 550 nm. The cells that had migrated into
the bottom wells were counted in five high-power fields with a light microscope
in a modified Neubauer hematocytometer. All treatments in each chemotaxis
experiment were performed in triplicate. Chemotaxis was expressed as the che-
motactic index (C.I.), defined as the number of cells migrating in the presence of
the sample divided by the number of cells migrating in the presence of medium
only.
Measurement of cytosolic Ca2+ concentration. Ca2+ mobilization was mea¬

sured with Fura-2 according to the following protocol. Purified neutrophils or

eosinophils were resuspended at a density of 107/ml in Ca24 -Mg2' -free HBSS-
0.3% BSA without phenol red and incubated in a waterbath at 37°C (for all
RBL-2H3 experiments at room temperature) in the presence of 2 p.M Fura-2
AM (Molecular Probes, Eugene, Oreg.), followed by two washes in the above
medium. Stable transfectant RBL-2H3 cell lines expressing the human CXCR1
or CXCR2 receptor (generously provided by Ingrid Schraufstatter, La Jolla
Institute for Experimental Medicine) were grown in RPMI 1640 supplemented
with 10% heat-inactivated fetal calf serum (Sigma), penicillin (100 U/ml), strep¬
tomycin, (100 pg/ml), gentamicin (50 pg/m), and G418 (0.5 mg/ml) (Promega,
Madison, Wis.). The Fura-2-loaded cells were then resuspended at a density of
2 x 106/ml in optical methacrylate (PMMA) disposable cuvettes (Kartell; Merck,
Poole, United Kingdom) in 2.5 ml of HBSS-fl.3% BSA with Ca2 * and Mg2+.
Ca21 mobilization into the cytosol was monitored at 340 and 380 nm (excitation)
and 510 nm (emission) with a spectrofluorimeter (FluoroMax; Spex Industries,
Edison, N.J.) using the dM3000 Software (Spex Industries). Ca2+ concentrations
were calculated using the Grynkiewicz equation (22). For PTX inhibition exper¬
iments, purified cells were incubated for 90 min at 37°C at a density of 107/ml in
HBSS-0.3% BSA in the presence of PTX (2 pg/ml) (Alexis Corp., San Diego,
Calif.) before loading with Fura-2.
Measurement of neutrophil polarization. Shape change was assessed using a

modification of the method described by Kitchen et al. (34): 90 pi of a 10(7ml
suspension of neutrophils in HBSS-0.3% BSA was incubated at 37°C in a shak¬
ing waterbath for 15 min in the presence of 10 pi of buffer or sample. The cells
were then fixed by adding 100 pi of 2.5% glutaraldehyde in saline. Samples were
analyzed for shape change by flow cytometry (EPICS Profile II; Coulter Elec¬
tronics, Luton, United Kingdom). Percent shape change was determined by
analyzing the whole cell population and gating on the mean forward light scatter
of the non-shape-changed cells.
Superoxide anion production and priming experiments. Superoxide anion

production of neutrophils was assessed with dihydrorhodamine 123 (DHR123)
as described by Stocks et al. (65). Cells were incubated at a density of 10'Vml in
HBSS-0.3% BSA with 1 pM DHR123 (Molecular Probes) for 5 min at 37°C
before adding a stimulus or buffer. The cells were then incubated for 12 min at
37°C in a shaking waterbath and immediately placed on ice. For the priming
experiments, cells were incubated for 10 min at 37°C prior to incubation with
DHR123. Superoxide anion production was analyzed by flow cytometry (EPICS
Profile II) by detecting fluorescence in the green channel due to the conversion
of DHR123. Data were expressed as mean fluorescence intensity of the totality
of cells in the sample. For the priming experiments, any potential lipopolysac-
charide (LPS) contaminants in ABF were removed with polymyxin B-Sepharose
(Detoxi-Gel AffinityPak Prepacked columns; Pierce and Warriner, Cheshire,
United Kingdom) according to the manufacturer's instructions.
S-300HR gel filtration. ABF (1 ml) was spun at 16,000 x g in a microcentrifuge

for 10 min and applied at 5 mg/ml with 5% glycerol to the column (flow rate, 0.33
ml/min). Following the elution of the void volume, 40 to 45 fractions (2 ml/
fraction) were collected. Protein eluting from the column was monitored by
absorbance at 280 nm.

Statistics. All data are expressed as mean ± standard deviation (SD) of n
separate experiments, performed in duplicate or triplicate. The paired t test was
used for comparison of different treatments, and P < 0.05 was considered
significant.
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FIG. I. In vitro chemotaxis of human neutrophils induced by prod¬
ucts of ascarid nematodes. TcBF and ABF but not AnX, induced
strong and dose-dependent granulocyte migration. Isolated neutro¬
phils (107/ml) were added to the top wells of a multiwell chemotaxis
chamber, and serial dilutions were added of the samples to the bottom
wells. Protein concentrations were 500 pg/ml (1:10) to 500 ng/ml (I:
104) for TcBF and ABF and 1,000 pg/ml (1:10) to 1,000 ng/ml (1:104)
for AnX. fMLP was used at 10 nM, as higher concentrations led to
strong aggregation of the neutrophils in the filter concurrent with a loss
of migration to the bottom wells. Values represent the mean ± SD of
three separate experiments with different donors performed in tripli¬
cate. SD values falling within the symbols are not shown.

RESULTS

A. suum and T. canis but not A. simplex induce a strong
chemotactic response in human neutrophils. The induction of
chemotaxis in unprimed, high-purity populations of neutro¬
phils obtained from peripheral blood of healthy human donors
was tested using a 96-well chemotaxis chamber, and the extent
ofmigration was assessed by counting the cells that migrated to
the bottom wells. ABF and TcBF both induced a strong dose-
dependent chemotactic response within the protein concentra¬
tion range from 500 pg/ml to 500 ng/ml (Fig. 1). Checkerboard
titration experiments with ABF confirmed that the enhanced
neutrophil migration was chemotactic rather than chemoki-
netic (data not shown). Somatic extracts ofA. simplex (AnX),
however, did not elicit a measurable chemotactic response in
the same protein concentration range.
ABF and TcBF induce transient intracellular Ca2+ ion ele¬

vations in neutrophils. Since classic chemotactic factors such
as C5a and chemokines induce [Ca2+], transients upon engage¬
ment of their receptors (3, 22), we asked whether ABF and
TcBF, in addition to their chemotactic effect on neutrophils,
also mobilize Ca2+ ions in Fura-2-loaded cells. As shown in

Fig. 2, both ABF and TcBF induced a rapid, strong, and tran¬
sient elevation of [Ca2+], in neutrophils when used at 50 p,g/ml.
The intensity of the Ca24 mobilization was dose dependent
and still detectable with ABF diluted 1:104 (total protein con¬
centration of 5 pg/ml; data not shown). ABF also mobilized
Ca24" in purified peripheral blood eosinophils, although more
weakly (data not shown), and in the human monocytic cell line
THP-1, which is known to bear one or more IL-8 receptors
(data not shown). Consistent with its lack of chemotactic ac¬
tivity on neutrophils, AnX did not increase [Ca2+], up to a
protein concentration of 250 pg/ml.
ABF and TcBF induce rapid and reversible shape change in

neutrophils. A very dramatic effect elicited in target cells upon
binding of chemotactic factors to their receptors is the phe¬

nomenon of cell polarization. Within a few minutes, a cell that
has encountered an appropriate chemotactic stimulus changes
from a spherical to a highly polarized morphology (24). The
shape change can be visualized under a light microscope (10)
or more conveniently assessed by recording the increase in the
forward angle light scatter in a flow cytometer (10, 63). Figures
3A to D show representative flow cytometry histograms of
untreated neutrophils (A and B) or neutrophils treated with
100 nM fMLP (C) or ABF at 50 p-g/ml (D) for 15 min, dem¬
onstrating the strong shape change of neutrophils incubated
with parasite products. Figure 3E shows the effect of serial
dilutions of ABF, TcBF, and AnX on the shape of neutrophils,
expressed as the percentage of cells affected. A nonchemotac-
tic protein (chicken ovalbumin) was included to control for
nonspecific effects of high protein concentrations. Neither
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FIG. 2. Mobilization of [Ca2+], in human neutrophils by products
of ascarid nematodes. TcBF and ABF (50 pg/ml) but not AnX (250
pg/ml) induced rapid and strong Ca24 transients in the cytosol of
purified neutrophils. Each experiment was repeated with at least three
different donors with comparable results.
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FIG. 3. Flow cytometry histograms illustrating the shape change of
unprimed isolated neutrophils induced by different samples. Neutro¬
phils were incubated with the stimuli at 37°C and fixed with 2.5%
glutaraldehyde after 15 min. The autofiuorescence or forward scatter
of the cells was monitored on a Coulter EPICS II flow cytometer; plots
show forward scatter (FS) against log side scatter (LSS). (A and B)
Unprimed, unstimulated neutrophils; (C) ABF (500 |xg/ml); (D) 100
nM fMLP. (E) ABF and TcBF but not AnX induce strong and revers¬
ible shape change in neutrophils. Dose-response curves obtained with
the parasite products and controls. Shown are the results of three
independent experiments performed in duplicate with different do¬
nors, expressed as mean percentage of cells that have undergone shape
change ± SD. Also shown are 100 nM fMLP and the background
shape change of unstimulated neutrophils. Protein concentrations
were: ABF, TcBF, and AnX, 500 |xg/ml (1:10) to 50 ng/ml (1:105);
ovalbumin (OVA), 5 mg/ml (1:10) to 500 ng/ml (1:105).

ovalbumin (from 5 mg/ml to 50 ng/ml) nor AnX had a signif¬
icant effect on the shape of neutrophils, whereas ABF and
TcBF caused strong and dose-dependent shape change com¬
parable to the intensity caused by 100 nM fMLP. ABF-induced

shape change could be detected with dilutions of up to 1:106
(corresponding to approximately 50 ng of total protein per ml)
but was only detectable at higher concentrations with TcBF
(500 and 50 |ig/ml). Shape change induced by ABF was rapid,
beginning within seconds and peaking within 5 to 15 min,
depending on the donor, and reverting to basal level within 30
to 60 min (data not shown). This profile is very similar to the
time course of shape change elicited by PAF (34) and IL-8
(F. H. Falcone and A. G. Rossi, unpublished data) and clearly
different from the time course of shape change caused by, e.g.,
TNF-a or LPS (34).
ABF effectively primes neutrophils for fMLP-induced super¬

oxide production. Several factors, such as IL-8, are known to
induce an oxidative burst in neutrophils, evident in the pro¬
duction of superoxide anion (32). The induction of the oxida¬
tive burst, however, depends on the state of preactivation
(priming) of the neutrophils by inflammatory factors such as
PAF, TNF-a, and LPS (49). While these factors do not them¬
selves stimulate an oxidative burst, they considerably increase
this response upon a second stimulation, e.g., with fMLP (19,
29). We therefore asked whether ABF, in addition to causing
Ca2+ mobilization, shape change, and directional movement of
neutrophils, can also prime neutrophils for enhanced superox¬
ide anion production. Figure 4 shows the results of the oxida¬
tive burst analysis with DHR123. Treatment of neutrophils
with 10 nM PAF or ABF (50 pg/ml) led to only a slight
increase in superoxide anion production which was not signif¬
icantly higher than in the unstimulated control. fMLP at 10 nM
led to a 2.9-fold increase. Priming with 10 nM PAF 15 min
prior to exposure to 10 nM 1MLP led to a ninefold increase
over the spontaneous oxidative activity. A similar increase
(10.2-fold) was obtained when neutrophils were preincubated
with ABF (50 (xg/ml), showing that ABF, without inducing an
oxidative burst itself, can efficiently prime neutrophils for su¬
peroxide anion production. ABF retained its priming efficiency
after treatment with a polymyxin B-Sepharose column, exclud¬
ing putative contamination with LPS as a possible source of
priming (data not shown). Maximal (92-fold) increase was ob¬
tained with 100 nM phorbol myristate acetate (PMA) (not
shown).

30

20

med fMLP PAF ABF PAF+ ABF*
fMLP fMLP

FIG. 4. ABF primes purified neutrophils for superoxide anion pro¬
duction. Cells were incubated at 37°C with the putative priming factors
or buffer (med) for 10 min, loaded for 5 min with DHR123, and
incubated for 12 min with the following stimuli: 100 nM PAF, 100 nM
fMLP, ABF (500 pg/ml), or 100 nM PMA. Superoxide anion produc¬
tion was then measured. Values represent the mean total fluores¬
cence ± SD for five independent duplicate determinations with dif¬
ferent donors. *, P < 0.05; **, P < 0.001.
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FIG. 5. Cross-desensitization experiments with ABF (50 p.g/ml) and the main chemotactic factors for neutrophils. Ca2 ' influx was monitored

with Fura-2-loaded neutrophils. (A) Desensitization of the response to ABF by I00 nM fMLP. (B) There was no cross-desensitization between 10
nM C5a and ABF (C and D), and 100 nM PAF also failed to desensitize the response to ABF as well as to 100 nM fMLP (E and F). (G)
Desensitization of ABF-induced Ca2+ influx by IL-8. (LI) Partial desensitization of the response to IL-8 by ABF. (I) Pretreatment with 100 nM
NAP-2. (J) Partial (—30%) desensitization of the response to 100 nM NAP-2 by ABF. Comparable results were obtained in at least three separate
experiments with different donors.
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FIG. 6. Receptor-antagonist experiments with ABF (50 jxg/ml) and specific antagonists of the receptors for fMLP (5 mM Nt-BOC-MLP, 5 min
of incubation), LTB4 (5 p.M CP-105,696, 3 min of incubation), and PAF (1 pM UK-74,505, 5 min of incubation). These experiments were repeated
at least three times with different donors and comparable results.

fMLP and IL-8 desensitize the Ca2+ mobilization induced

by ABF. Our next set of experiments were designed to charac¬
terize the putative receptor mediating the effects of ABF on
neutrophils. These experiments exploit the phenomenon of
receptor cross-desensitization. Homologous desensitization is
caused by a decreased affinity of the receptor-ligand complex
for G proteins and its subsequent internalization in an arrestin-
dependent process, resulting in a lower response upon restimu-
lation with the same stimulus (3). Heterologous desensitization
is not dependent on receptor internalization and occurs when
a receptor loses responsiveness as a consequence of a ligand's
binding to a different receptor (3). Figure 5 illustrates different
combinations of chemoattractant stimuli relevant to neutro¬

phils with ABF. When neutrophils are first stimulated with 100
nM fMLP, the increase in [Ca21 ], in response to ABF is com¬
pletely abrogated (Fig. 5A), whereas 10 nM C5a (Fig. 5C and
D) and 100 nM PAF (Fig. 5E and F) do not affect the response
significantly. Interestingly, 100 nM recombinant IL-8 almost
totally desensitized the response to ABF (50 pg/ml) (Fig. 5G).
ABF (50 |xg/ml) partially desensitized the responses to 100 nM
IL-8 (Fig. 5H) and 100 nM PAF (Fig. 5F) but not to 10 nM C5a
(Fig. 5D) or 100 nM fMLP (Fig. 5B), and 100 nM neutrophil
activation protein 2 (NAP-2), which is known to bind with high
affinity to the chemokine receptor CXCR2 and to CXCR1 with
200-fold-lower affinity (36), did not desensitize the response to
ABF (50 (xg/ml) (Fig. 51). Interestingly, pretreatment with
ABF (50 p-g/ml) led to a partial (about 30%) but consistent
desensitization of the response to 100 nM NAP-2 (Fig. 5J).

When used in lower concentrations, fMLP (s5 nM) failed to
desensitize the response to ABF (Fig. 6B). We also found that
ABF and TcBF cross-desensitized each other's induction of
Ca2+ mobilization in neutrophils (data not shown). Taken to¬
gether, the desensitization studies point to interactions be¬
tween the receptors for fMLP (fMLP-R) and IL-8 (CXCR1
and CXCR2) in the Ca2+ mobilization response to ABF. To
further explore this possibility and to assess the potential role
of other receptors, we performed a second set of experiments
using specific receptor antagonists.
Specific antagonists of fMLP-R, PAF-R, and LTB4-R do not

inhibit ABF-induced Ca2+ mobilization. Figure 6 shows the
results of incubation of neutrophils with specific antagonists.
Neutrophils incubated with 5 mM N-t-BOC-MLP for 5 min
prior to stimulation lost responsiveness to 10 nM fMLP but still
responded fully to ABF (Fig. 6A and B). A 3-min incubation
with 5 |jlM CP-105,696 (kind gift from Henry Showell, Pfizer,
Groton, Conn.), a specific antagonist of the LTB4-R (36),
blocked the response to 10 nM LTB4 but not to ABF or fMLP
(Fig. 6C). A 5-min incubation with the PAF-R antagonist UK-
74,505 (2) (kind gift of J. Parry, Pfizer, Sandwich, U.K.) at 1
|o.M, shown in Fig. 6E, also failed to inhibit the response to
ABF. These results exclude a role of the receptors for fMLP,
PAF and LTB4 in ABF-induced Ca2+ mobilization. Taken to¬
gether, the desensitization and receptor antagonist studies sug¬
gest that the effect of ABF on neutrophils may be mediated via
one of the receptors for IL-8, i.e., CXCR1 or CXCR2.
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FIG. 7. Ca2+ mobilization by ABF in RBL-2H3 cell lines stably transfected with human CXCR1 (A and B) or CXCR2 (C and D). ABF induces
a weak Ca2+ mobilization (via an endogenous receptor) in nontransfected as well as in transfected cell-lines (A to F), which is not desensitized
by IL-8 (10 nM, A and B) or NAP-2 (100 nM, C and D). The nontransfected RBL cell line does not respond to the human chemokines (E and
F). These experiments were repeated at least four times with comparable results.

[Ca2+], transients in CXCR1 and CXCR2 transfectants are
not desensitized by IL-8 or NAP-2. To further investigate the
putative role of the IL-8 receptors in /Leans-dependent che-
motaxis, we monitored the mobilization of intracytosolic Ca2+
fluxes in RBL-2H3 cells transfected with either CXCR1 or

CXCR2. As shown in Fig. 7, RBL cells transfected with
CXCR1 responded to IL-8 (10 nM, Fig. 7A), whereas RBL-
2H3 cells transfected with CXCR2 responded to NAP-2 (100
nM, Fig. 7C). Nontransfected RBL-2H3 cells did not respond
to either chemokine. Unexpectedly, nontransfected RBL-2H3
cells showed a weak but consistent response to ABF, implicat¬
ing a novel, endogenous receptor present on the rat cells (Fig.
7E and F). Significantly, there was no cross-desensitization
between ABF and IL-8 (Fig. 7A and B) on CXCR1 transfec¬
tants or between ABF and NAP-2 (Fig. 7C and D) on CXCR2
transfectants, excluding these receptors from being the target
of the NCF in ABF on human neutrophils. In addition, it was
found that extended trypsin treatment of the transfectant cell
lines (45 min at 37°C) completely ablated the response to ABF
but did not reduce the response to IL-8 or NAP-2 (data not
shown), lending further support to the proposition that a dis¬
tinct receptor may mediate Ascarw-dependent chemotaxis in
human neutrophils.
Inhibition of Ca2+ mobilization in neutrophils by PTX

treatment. Since classical chemotaclic receptors are coupled to
heterotrimeric, pertussis toxin-sensitive G proteins, we inves¬
tigated the effect of treatment with PTX (2 pg/ml) on ABF-

induced mobilization of Ca2' . Figure 8 shows purified neutro¬
phils stimulated with 10 nM fMLP without (Fig. 8A) or after
PTX treatment (Fig. 8B), which leads to a total inhibition of
Ca2+ mobilization. ABF-induced Ca2 t mobilization (Fig. 8C)
was also totally abrogated by PTX (Fig. 8D). Pretreatment
with PTX, however, did not affect the influx of Ca2 + induced
by 10 nM ionomycin, showing that the cells are still fully re¬
sponsive (Fig. 8E and 8F).
Fractionation of Ascaris body fluid. Previous work per¬

formed with ABF led to the identification and biochemical
characterization of separate molecular entities attracting neu¬
trophils and eosinophils (68). Both NCF and ECF had an
approximate size of 30 kDa. The neutrophil chemotactic frac¬
tion could be further separated into two distinct NCFs by
isoelectric focusing (pis of 5.2 and 7.6), which are possibly
isoforms. We have performed a preliminary separation of ABF
by size exclusion chromatography and tested whether, upon
separation, Ca2+ mobilization, shape change, and chemotactic
activity were coincident with a particular fraction. Activity in
all three parameters was found exclusively in 5 of 45 fractions
corresponding to an apparent mass ranging between 12.5 and
66 kDa (Fig. 9). These results precisely match the distribution
of chemotactic activity described by Tanaka et al. (68). Since
up to 50% of the protein of ABF is known to be made up by
ABA-1, a retinoid and fatty acid-binding protein with a mass of
14.4 kDa (33), we asked whether ABA-1 could induce compa¬
rable immunologic effects in purified human neutrophils.
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FIG. 8. Effect of pretreatment with PTX (2 |xg/ml) on ABF-induced mobilization of Ca2+. Neutrophils were stimulated with 10 nM fMLP

without (A) or with PTX pretreatment (B). ABF-induced Ca2' mobilization (C) was totally abrogated by PTX (D). Pretreatment with PTX did
not affect the Ca2+ influx induced by 100 nM ionomycin (E and F). The data are representative of three experiments with the same results.

ABA-1 is also known to occur as a dimer with an approximate
mass of 30 kDa and has a predicted isoelectric point of 7.55.
Both physicochemical characteristics of ABA-1 are very close
to the properties of one of the two NCFs described by Tanaka
et al. (68). Since a homologue of ABA-1 in Dirofilaria immitis
is chemotactic for neutrophils (11, 45) and the primary amino
acid sequence of a variant of ABA-1 contains an ELR motif
(41), which is well known to play an important role in neutro¬
phil chemotaxis (25), ABA-1 is the top candidate as a putative
NCF. We therefore tested parasite-derived purified (by size
exclusion chromatography with fast protein liquid chromatog¬
raphy) and recombinant (obtained as described [39]) ABA-1
(both kindly provided by M. W. Kennedy, Glasgow, U.K.) in
the Ca2+ mobilization and chemotaxis assays. Neither form of
ABA-1 elicited Ca2 1 mobilization (tested at 20 pg/ml; data not
shown) in purified neutrophils or showed significant dose-de-
pendent chemotactic activity in our in vitro assay (range, 500
pg/ml to 500 ng/ml), except for a comparably small increase in
neutrophil migration with the highest concentration of the
parasite-derived ABA-1 (C.I = 2; data not shown). The fact
that only 500 pg of purified but not recombinant ABA-1 per ml
induced neutrophil chemotaxis without eliciting measurable
Ca2+ mobilization seems to indicate that the increased migra¬
tion of neutrophils was caused by contaminants of similar size
(which were known to be present) in the preparation rather
than by ABA-1 itself.

DISCUSSION

We have shown that unprimed, purified human neutrophils
respond rapidly to nematode body fluid constituents by in vitro
chemotaxis, shape change, and Ca2+ mobilization. Further¬
more, the most active extract, ABF, very effectively primed
neutrophils for superoxide anion production.
The results of the cross-desensitization and receptor antag¬

onist experiments indicated a possible involvement of either
CXCR1 or CXCR2 in ABF-dependent neutrophil recruit¬
ment. The observed cross-desensitization by high concentra¬
tions of fMLP was not caused by homologous desensitization,
since the receptor antagonist studies excluded this receptor
from being the target of the NCF in ABF. Rather, fMLP is
known to act as a strong (heterologous) desensitizer of Ca2+
mobilization induced by IL-8 (3). The desensitization of ABF-
induced Ca2 ' mobilization by 100 nM fMLP also rules out the
involvement of the receptor FPRL1 as the putative receptor
for the NCF in our study. FPRL1 has recently been shown to
be a receptor for the acute-phase protein serum amyloid A
(SAA) (66). Due to the apparently low affinity of FPLR1 for
fMLP, only very high concentrations of fMLP (10 |xM to 1
mM) are able to desensitize the response to SAA (66). Since
our study demonstrated a total desensitization of neutrophils
to ABF with 10 or 100 nM fMLP, we think that this result rules
out a possible involvement of FPLR1.
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FIG. 9. Distribution of stimulatory activities in size exclusion chromatography fractions of ABF. Shown are the chromatogram with the

calibration standards (A), the percent shape change (as described above), and chemotactic (obtained from the fixed and stained cells that migrated
through and adhered to the bottom side of the filter) activities in the single fractions (B), and the Ca2+ mobilization (C) from Fura-2-loaded cells.
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Several results led us to assume an involvement of CXCR1
or CXCR2. PAF, when used as the first signal, did not desen¬
sitize the Ca2+ mobilization induced by ABF, but when ABF
was given first, the response to PAF was partially desensitized.
Such a partial (10 to 24%) desensitization of PAF signalling by
IL-8 has been described before (3). The effective induction of
Ca2+ mobilization by ABF in THP-1 cells is also consistent
with a role of CXCR1 or CXCR2, since a receptor for IL-8 has
been described in these cells (21, 27). The Ca2+ mobilization in
eosinophils is better explained by the activity of the ECF rather
than the NCF in ABF, since Petering et al. have recently shown
that eosinophils do not express receptors for IL-8 (50). The
observation that ABF did not significantly increase superoxide
anion production would point to CXCR2 rather than CXCR1
as the putative target receptor, since superoxide anion produc¬
tion induced directly by IL-8 is mediated by CXCR1 but not
CXCR2 (32). In this context, the strong effect of ABF is con¬
sistent with the known effective priming of neutrophils pre-
treated with IL-8 (14). Nevertheless, although all our initial
results indicated a possible involvement of CXCR2 (or

CXCR1), the experiments with the transfected cell lines led us
to reject this hypothesis. The strong cross-desensitization be¬
tween IL-8 and ABF and the weaker (but consistent) desensi¬
tization of the neutrophil response to NAP-2, however, suggest
that A. suum may directly affect neutrophils via a receptor that
interacts with both IL-8 receptors but not with the receptors
for fMLP, FPRL1, LTB4, or C5a and only weakly with the
receptor for PAF. Thus, our results raise the interesting pos¬
sibility that human neutrophils may express a receptor which
may enable the immune system to detect, target, and ultimately
destroy tissue-migrating helminth larvae. Along these lines, the
observed priming for superoxide production by parasitic prod¬
ucts such as those contained in ABF may serve to enhance the
immune response to the intruding parasite or alternatively
support scavenger-like functions such as the removal of dam¬
aged or dead parasites. Future work will aim to test whether
secreted products can activate neutrophils by the same mech¬
anism, or if the reaction is dependent upon body fluid compo¬
nents released only by dead or dying organisms.
What is the biological significance of neutrophil attraction
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by parasitic products? It is widely accepted that neutrophils are
of paramount importance as a first line of defense against bac¬
teria. This is demonstrated by the hereditary disease chronic
granulomatous disease (60), in which a defect in the leukocyte
oxidase results in a severe deficiency in immunity to several,
especially catalase-positive, pathogens (40). Neutrophils are
highly responsive to fMLP and related formylatcd peptides.
Af-Formylpeptides are bacterial products, and it can therefore
be assumed that the main receptor for these products, fMLP-R
(7, 8) (or FPR for formylpeptide receptor), plays an important
role in antibacterial defense. This view is strongly supported by
a recent study by Gao et al. (18), showing that FPR~/_ mice
display a significantly higher mortality than their wild-type
counterparts when challenged with Listeria monocytogenes. It is
therefore likely that an analogous recognition mechanism has
evolved to mediate responses to multicellular parasites, i.e.,
helminths. The association between helminth infection and

eosinophils has been known for over a century (9), but the role
of neutrophils has been less well appreciated. Indeed, the re¬
cruitment of eosinophils may itself be indirect and mediated by
neutrophils. Neutrophils have the ability to release ECFs upon
diverse stimuli, including parasite-derived factors (12, 13, 35,
48), and have been proposed to be mediators of eosinophil
recruitment, e.g., in infection with Schistosoma japonicum (46).
A note of caution has to be made regarding the interpreta¬

tion of our priming experiments. Bacterial endotoxin (LPS) is
the classical priming agent for neutrophils (1, 49), and we
cannot completely exclude the presence of minute amounts of
LPS or other bacterial contaminants in ABF, causing some
fraction of its priming effect. Treatment of ABF with poly¬
myxin B-Sepharose did not affect its efficiency as a priming
agent. Furthermore, priming of neutrophils by LPS is strongly
dependent on the presence of mediators found exclusively in
serum or plasma (49) (e.g., LPS-binding protein [69] and sep-
tin [75]), which were absent in our assays. We therefore think
that putative bacterial contaminants cannot be responsible for
the strong priming of neutrophils by ABF.
In summary, we show for the first time how a PDCF con¬

tained in ABF induces not only chemotaxis but also strong
activation of human neutrophils (calcium mobilization, shape
change, and priming of superoxide production) in vitro. To the
best of our knowledge, this is also the first report of an NCF
activity in T. canis. Our data indicate that these effects are
mediated by a receptor which interacts strongly with CXCR1
and weakly with CXCR2 and PAF-R, but is distinct from these
receptors and from the receptors for LTB4, C5a, fMLP (FPR),
and SAA (FPRL1). The strong and specific interaction with
the IL-8 receptor pathway and the PTX sensitivity suggest that
the target receptor is a member of the serpentine, heterotri-
meric G protein-coupled receptor superfamily. Future work
will address the molecular identity of this receptor on human
neutrophils.
We expect that the techniques used in this study, in combi¬

nation with the advances in parasite genome sequencing and
the rapidly increasing knowledge about the chemokine net¬
work, will enable a more thorough understanding of granulo¬
cyte recruitment in helminth infections. The understanding of
the underlying mechanisms, in addition to suggesting new ther¬
apeutic approaches for the treatment of acute parasite-induced

pathology, may also impact directly on our understanding of
the mechanism of allergic or inflammatory diseases.
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Nitric oxide (NO) is a powerful antiplatelet agent, but
its notoriously short biological half-life limits its poten¬
tial to prevent the activation of circulating platelets.
Here we used diethylamine diazeniumdiolate (DEA/NO)
as an NO generator to determine whether the antiplate¬
let effects of NO are prolonged by the formation of a
durable, plasma-borne S-nitrosothiol reservoir. Prein¬
cubation of both platelet rich plasma (PRP) and washed
platelets (WP) with DEA/NO (2 jum) for 1 min inhibited
collagen-induced platelet aggregation by 82 ± 5 and 91 ±
2%, respectively. After 30 min preincubation with DEA/
NO, NO was no longer detectable in either preparation,
but aggregation remained markedly inhibited (72 ± 7%)
in PRP. In contrast, the inhibitory effect in WP was
almost completely lost at this time (5 ± 3%) but was
partially restored (39 ± 10%) in WP containing human
serum albumin (1%) and fully restored by co-incubation
with albumin and the low molecular weight (LMW) thi¬
ols, glutathione, (5 (isi), cysteinyl-glycine (10 /u.m), or cys¬
teine (10 (cm). This NO-mediated effect was not seen with
LMW thiols in the absence of albumin and was associ¬
ated with S-nitrosothiol formation. Our results demon¬
strate that LMW thiols play an important role in both
the formation and activation ofanS-nitrosoalbumin res¬

ervoir that significantly prolongs the duration of action
of NO.

Nitric oxide (NO)1 is a crucial free radical messenger with
potent antiplatelet activity (1-5). NO synthesized in vascular
endothelial cells and platelets is recognized to be a key medi¬
ator that protects against both atherogenesis and thrombosis
(6). In platelets, NO primarily acts to stimulate soluble guany-
late cyclase, ultimately resulting in a cyclic guanosine mono¬
phosphate (cGMP) and G kinase-mediated reduction in calcium
mobilization (7, 8), although cGMP-independent inhibitory ef¬
fects have also been identified (9). Under physiological condi¬
tions, the half-life of NO is short (—3-10 s) (10, 11), suggesting
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that NO bioactivity should rapidly dissipate and only impact on
cells within close diffusible range of the site of production (12,
13). However, a number of studies suggest that NO can be
incorporated into relatively stable endogenous reservoirs that
modify its biological activity (14-19). S-Nitrosothiols rank high
among the likely candidates for such a reservoir because of the
relative abundance of suitable thiols in the biological environ¬
ment (20). A physiological role for S-nitrosothiols has been
implicated following identification of endogenous S-nitrosothi¬
ols at relevant concentrations (14, 21-24), together with plau¬
sible pathways that could result in their formation (25-28). In
plasma, it has been shown that the vast majority of the S-
nitrosothiol pool exists in the form of the high molecular weight
species S-nitrosoalbumin (14, 29, 30). However, low molecular
weight (LMW) thiols such as glutathione are also present in
plasma in the low micromolar range and have previously been
shown to potentiate the antiplatelet action ofS-nitrosoalbumin
(31). Given the close proximity of platelets to the vascular
endothelium and the unique sensitivity of platelets toward
S-nitrosothiol-mediated inhibition, it is important to dissect
the role of plasma-borne thiols in the modification of NO activ¬
ity in platelets.
Here, we tested the hypothesis that the activity of a short-

acting NO donor drug, diethylamine diazeniumdiolate (DEA/
NO), is prolonged in the presence of plasma albumin through
formation and subsequent activation of an S-nitrosoalbumin
NO reservoir. Furthermore, we explored the hypothesis that
low molecular weight thiols have a unique role in both the
formation and activation of an S-nitrosoalbumin reser¬

voir, potentiating NO-mediated inhibition of platelet
aggregation.

EXPERIMENTAL PROCEDURES

Materials—(Z)-l-(lV,A7-diethylamino)diazen-l-ium-l,2-diolate so¬
dium salt (DEA/NO; Alexis Biochemicals, Lausen, Switzerland) was
dissolved in 0.01 M NaOH and stored at -20 °C. DEA/NO was diluted in

phosphate-buffered saline (pH 7.4) immediately before use. Bovine met-
hemoglobin was reduced to the ferro (Fe2+) form by sodium dithionite as

previously described (32). Spectrophotometry analysis indicated that
ferrohemoglobin existed primarily in the oxygenated form. Collagen
reagent was purchased from Labmedics (Stockport, UK). All other
chemicals were purchased from Sigma.
Platelet Preparation—Venous blood was drawn from the antecubital

fossa ofhealthy volunteers (age 20-40 years) into citrated tubes (0.38%
final concentration). Volunteers had not taken any medication known to
affect platelet aggregation within the last 10 days. Platelet-rich plasma
(PRP) and platelet poor plasma (PPP) were prepared as previously
described (34). Washed platelets (WP) were prepared by centrifugation
of PRP (1200 X g; 10 min) in the presence of PGI3 (300 ng/ml), and the
platelet pellet resuspended in an equal volume of modified HEPES-
tyrode buffer containing (in mM): 137 NaCl, 2.7 KC1, 1.05 MgSO.„ 0.4
NaH2PO„ 1.8 CaCl2, 12.5 NaHC03, 5.6 glucose, 10 HEPES, and 10.9
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trisodium citrate. Following a secondary centrifugation (1200 X g; 10
min) in the presence of 300 ng/ml PGI2; platelets were resuspended in
an equal volume of PGI2-free HEPES-tyrode. Platelet count was deter¬
mined using a Coulter AC.T 8 Hematology Analyzer (Coulter Electron¬
ics, Luton, UK) and standardized to 250 X 109 liter-1 via dilution with
PPP (PRP) or HEPES-tyrode (WP).
NO Electrode Measurements—Samples (2 ml) of PRP and WP were

prewarmed to 37 °C before addition of DEA/NO (2 pM). NO concentra¬
tion was measured for 30 min by an isolated NO electrode (World
Precision Instruments, Stevenage, UK). The electrode was calibrated
using DEA/NO (0.1-3.2 pM) in phosphate buffer (pH 4.0); DEA/NO
spontaneously decomposes at pH < 5 (33). In a different series of
experiments, WP were reconstituted with 0.46 /xM hemoglobin derived
from red blood cell (RBC) lysate, prior to addition ofDEA/NO (2 pM) and
recording for 30 min.
Hemoglobin Measurements—Plasma hemoglobin was quantified

using an assay (Sigma Diagnostics) based on the hemoglobin cata¬
lyzed oxidation of 3,3',5,5'-tetramethylbenzidine by hydrogen perox¬
ide and colorimetric determination at 600 nm as described (34, 35).
Aggregometry—Aggregometry studies were performed via turbido-

metric analysis using a two-channel platelet aggregometer (Chronolog
Ca560, Labmedics, Stockport, UK). Signals were processed by a Ma-
cLab/4e analogue-digital converter (AD Instruments, Sussex, UK) and
displayed through Chart software (AD Instruments, Sussex, UK). Ali-
quots (0.5 ml) of PRP and WP were equilibrated at 37 °C before the
addition of 2 p.m DEA/NO (~IC90 for DEA/NO in platelets (9)). Platelet
aggregation was then induced via the addition of collagen (2.5 pg/ml)
1-30 min later. Aggregation was monitored for 5 min, and the maxi¬
mum response recorded. In a different series of experiments, WP were
reconstituted with the LMW thiols glutathione (GSH; 5 pM), cysteinyl-
glycine (Cys-gly; 10 pm), and cysteine (Cys; 10 pM) to approximate
plasma concentrations (36). Thiol-reconstituted WP was also incubated
in the absence and presence of 1% human serum albumin (HSA); higher
concentrations ofHSA that approximate plasma levels (4%) were found
to have nonspecific effects in platelets, even after extensive dialysis.
Platelets were incubated with DEA/NO (2 pM) before stimulation with
collagen (2.5 pg/ml) 30 min later. In further experiments, WP reconsti¬
tuted with GSH (5 pM) ± HSA (1%) were preincubated with donor RBC
lysate to produce a final hemoglobin concentration of 0.46 pM. DEA/NO
(2 pM) was added to WP for 30 min prior to the addition of collagen (2.5
pg/ml) 30 min later. In control experiments, DEA/NO (2 pM) was added
to WP 25 min before the addition of oxy-hemoglobin (10 pM). Platelets
were then stimulated with collagen (2.5 pg/ml) 5 min later, and aggre¬
gation measured.
Thiol Measurements—The reduced thiol content of plasma and HSA

(l%)-reconstituted tyrodes ± the LMW thiols GSH (5 pM), Cys-gly (10
pM), or cysteine (10 pM) was quantified via reaction with 5,5'-dithio-
bis(2-nitrobenzoic acid) and colorimetric determination at 412 nm, as

previously described (37).
S-Nitrosothiol Detection—Samples of PRP and WP were equilibrated

in the aggregometer for 15 min. To establish baseline <S-nitrosothiol
levels, 0.5-ml aliquots of PRP or WP were transferred to vials contain¬
ing iV-ethylmaleimide (NEM) and EDTA (final concentration 5 mM and
2 mm, respectively). Samples were centrifuged (1800 X g; 5 min), and
the supernatant aspirated. Acidified sulfanilamide (2.5% dissolved in 1
m HC1) was added to the supernatant, and the mixture stored at -70 °C
prior to S-nitrosothiol detection. To determine S-nitrosothiol formation
after bolus NO injection, WP and PRP samples were prewarmed as
before and 2 pM DEA/NO added. Aliquots (0.5 ml) of DEA/NO-treated
WP or PRP were aspirated 1-30 min later and added to NEM/EDTA to
stop the reaction. Samples were centrifuged (1800 X g; 5 min), and the
supernatant and pellet treated with acidified sulfanilamide and stored
at -70 °C. S-Nitrosothiols were quantified by copper/iodide-induced
cleavage of the S-NO bond and subsequent measurement by chemilu-
minescence as described (21).

RESULTS

Hemoglobin Measurements—Hemoglobin (Hb) concentration
in PRP was 0.46 ± 0.18 pM (n = 5) and did not differ signifi¬
cantly (p > 0.05) from the hemoglobin concentration deter¬
mined in PPP (0.39 ± 0.01 pM).
NO Electrode Studies—Addition of 2 pM DEA/NO to WP

resulted in a rapid increase in NO concentration, which
reached a maximum of 3.2 ± 0.18 pm (mean ± S.E.) NO before
it declined to basal levels within 20-25 min (Fig. 1; n = 6).
Administration of 2 pM DEA/NO to PRP showed that DEA/NO-

Fig. 1. Generation of NO by DEA/NO in WP, PRP, and Hb
reconstituted WP. Platelets were equilibrated at 37 °C before the
addition of 2 pM DEA/NO. Recording was stopped after a 30-min incu¬
bation of DEA/NO. Data are expressed as the mean of six experiments.

derived NO was partially quenched in plasma, reaching a max¬
imum extracellular concentration of0.53 ±0.11 pm. Addition of
2 pM DEA/NO to WP reconstituted with 0.46 pM hemoglobin
derived from donor RBC lysate produced a profile matching
that observed in PRP with a maximum extracellular NO con¬

centration of 0.59 ± 0.05 pM (n = 6). Reconstitution ofWP with
1% HSA ± GSH (5 pM) produced a NO trace similar to that
observed with WP (results not shown).
Effect of DEA /NO on Inhibition of Platelet Aggregation in

PRP and WP—Bolus administration ofDEA/NO (2 pM) to PRP
resulted in sustained inhibition of collagen-induced platelet
aggregation that was maintained for at least 30 min (Fig. 2A;
n = 8). In WP, however, inhibition of collagen-induced platelet
aggregation by DEA/NO (2 pM) was attenuated at 20 min and
abolished after 30 min (Fig. 2A; n = 8). The difference between
inhibition of aggregation in PRP and WP was significant (p <
0.001). Representative traces from each time point in both PRP
and WP are included (Fig. 2B).
Effect of Thiols on DEA/NO-mediated Inhibition of Platelet

Aggregation in WP—Reconstitution ofWPwith the LMW thiols
GSH (5 pM), Cys-gly (10 pM), and Cys (10 pM) did not alter the
inhibition ofplatelet aggregation by DEA/NO after 30 min (n =
8; p > 0.05). However, reconstitution of WP with 1% HSA
resulted in a modest restoration of the inhibitory effect of
DEA/NO after 30 min (Fig. 3; p < 0.001). Co-incubation ofWP
with 1% HSA and either GSH, Cys-gly, or Cys fully restored the
inhibitory effect of DEA/NO after 30 min (Fig. 3; p < 0.001).
Inhibition of platelet aggregation by DEA/NO at 30 min in the
presence of HSA and GSH was partially quenched by preincu¬
bation of 0.46 pM RBC-derived hemoglobin in WP (p < 0.01),
although inhibition was still significantly enhanced when com¬

pared with WP alone (Fig. 4; n = 8).
Effect ofHemoglobin on Prolonged Inhibition ofPlatelet Ag¬

gregation—Prolonged inhibition of platelet aggregation in WP
reconstituted with HSA alone orwith HSA and any of the LMW
thiols was abolished by addition of the NO scavenger oxy-Hb
(10 /j.m; p < 0.001, n = 8).
Thiol Measurements—The concentration of reduced thiol in

plasma was 0.32 ± 0.01 mm (n = 5). In HEPES-tyrode buffer
containing 1% HSA, thiol concentration was 0.11 ± 0.01 mM

min

2 pM
DEA/NO
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Fig. 2. Inhibition of platelet aggregation by DEA/NO in WP
and PRP. WP or PRP were equilibrated to 3.7 °C before the addition of
DEA/NO (2 pM). Platelet aggregation was then stimulated via the
addition of collagen (2.5 pg/ml) 1-30 min later. Data are expressed as
mean ± S.E. of eight experiments. (*, p < 0.05; ***, p < 0.001; A).
Representative traces obtained from PRP and WP are also included (B).

(n = 5) and did not differ significantly from 1% HSA containing
GSH (5 pM; 0.12 ± 0.01 mM), Cys-gly (10 jxm; 0.10 ± 0.01 dim),
or Cys (10 pM; 0.11 ± 0.01 mM).
S-Nitrosothiol Detection—Incubation of DEA/NO in PRP

caused a rapid increase in S-nitrosothiol production which
reached a maximum of 73.5 ± 15.4 nM after 10 min and dimin¬

ished gradually over the 30-min incubation period (Fig. 5; n -
6). Addition of DEA/NO to WP + 1% HSA resulted in a slower
increase in S-nitrosothiol concentration, which reached a level
close to that observed in PRP after 30 min (46.0 ± 8.8 nM). The
presence of 5 pM GSH increased the formation ofS-nitrosothiol
~2-fold after a 30 min-incubation of DEA/NO (104.5 ± 18.7
nM). There was no significant difference in S-nitrosothiol
formation in WP + 1% HSA compared with 1% HSA alone
(p > 0.05).

DISCUSSION

Our results clearly demonstrate that the biological activity of
DEA/NO, a short-acting NO-donor drug with a half-life of ~2
min at physiological temperature and pH, is significantly pro¬

longed in PRP compared with WP, where activity closely mir¬
rored NO concentration. Importantly, the prolonged inhibition
of aggregation observed in PRP is mediated by NO, despite the
clear decay of DEA/NO-derived NO to undetectable levels
within the 30-min incubation period. Reconstitution of WP
with HSA caused a partial restoration of DEA/NO-mediated
inhibition after 30 min, but when combined with the LMW
thiols GSH, Cys-gly, or Cys, the inhibitory action was fully
restored to that seen in PRP. Furthermore, the degree of inhi¬
bition of aggregation was associated with S-nitrosothiol forma¬
tion in PRP and reconstituted platelets, indicating a crucial
role for both protein and LMW thiols in prolonging the biolog¬
ical activity of NO.
NO was clearly detected in both WP and PRP treated with

DEA/NO, a compound known to generate two molar equiva¬
lents of NO upon hydrolysis. Importantly, while there was a
clear divergence in the concentration of NO detected in PRP
and WP, DEA/NO-derived NO declined to undetectable levels
after a 20-min incubation period in both PRP and WP. There
was a delay in the appearance of NO in PRP after bolus injec¬
tion of DEA/NO, suggesting that plasma has some NO scav¬

enging ability. Analysis ofHb concentration revealed that PRP
contained 0.46 pM Hb, with a potential capacity to scavenge
—1.5-2 pM NO, assuming that all four heme groups are avail¬
able for reaction with NO. Given that the delay in appearance
ofextracellular NO in PRP is —2min, during which time —2 pM
NO is released, our data indicate that Hb-mediated scavenging
is responsible for the discrepancy between extracellular NO in
PRP and WP. The concentration of Hb in PRP equated with
that in PPP, indicating that the vast majority of Hb was cell-
free. The physiological relevance of these findings is, as yet,
unclear because blood sampling and platelet isolation is likely
to cause significant hemolysis. However, increased scavenging
of NO by cell-free Hb might have important implications in
conditions where hemolysis is increased in vivo, such as in
subarachnoid hemorrhage (38).
The ability of plasma components to prolong the antiplate¬

let effects of bolus DEA/NO is profound. While inhibition of
platelet aggregation was sustained in PRP, substitution of
plasma with HEPES-tyrode buffer resulted in a marked re¬
duction in the duration of the inhibitory effect. Predictably,
there was a close correlation between extracellular NO con¬

centration and inhibition of platelet aggregation in WP, in¬
dicating that the degree of inhibition is closely defined by the
extracellular NO concentration. In PRP, however, inhibition
of aggregation was maintained, despite the progressive loss
of extracellular NO from the system. The NO scavenger,

oxy-Hb, abolished the sustained inhibitory effect in PRP,
confirming that the effect was entirely NO-mediated. Given
that human plasma is an abundant source of reduced thiol
(20) and that the concentration of S-nitrosothiols in human
plasma is relatively high (30-120 nM) (21, 24, 30), we hypoth-

-WP

PRP
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Fig. 3. Effect of LMW thiols and HSA on inhibition of platelet
aggregation by DEA/NO. LMW thiols GSH (5 jam), Cys-gly (10 jam),
and Cys (10 jam) ± HSA (1%) were preincubated in WP before the
addition of2 jam DEA/NO. Platelet aggregation was then stimulated via
the addition of collagen (2.5 jig/ml) 30 min later. PRP data are also
included for a comparison. Data are expressed as mean ± S.E. of eight
experiments. (***, p < 0.001).

Fig. 4. Effect ofHb on DEA/NO mediated inhibition ofplatelet
aggregation. WP ± RBC-derived Hb (0.46 jam) were incubated with
GSH (5 jam) ± HSA (1%) before the addition ofDEA/NO (2 jam). Aggre¬
gation was then induced by the addition of collagen (2.5 pg/ml) 30 min
later. Data are expressed as mean ± S.E. of eight experiments. (**, p <
0.001).

esized that thiols may have a role in the prolongation of NO
bioactivity observed here. In human plasma, the single free
cysteine residue present on serum albumin (Cys-34) accounts
for the majority of reduced thiol. However, LMW thiols are
present in human plasma in the low micromolar range (36),
and S-nitrosothiols have previously been shown to undergo
thiol-nitrosothiol exchange in vivo (15). Therefore, WP was
reconstituted with albumin and LMW thiols to dissect thiol
function on the antiplatelet activity of NO. Our results
clearly indicate that incubation of the LMW thiols GSH,
Cys-gly, and Cys did not alter the duration of antiplatelet
action of DEA/NO, but reconstitution with 1% HSA signifi¬
cantly prolonged inhibition of aggregation. Crucially, while
DEA/NO-mediated aggregation was only partially restored
with HSA, co-incubation of HSA with each of the LMW thiols
completely restored the inhibitory action of DEA/NO at 30
min despite a negligible increase in the thiol pool. Further¬
more, hemoglobin completely reversed this inhibition, indi¬
cating that the LMW thiol/HSA effect is entirely
NO-mediated.
The correlation observed between S-nitrosothiol formation

and inhibition of platelet aggregation strongly indicates that
the role of thiols in prolongation of NO-mediated inhibition of
platelet aggregation is through provision of a substrate for
S-nitrosation. Interestingly, our results indicate that there is a

o
z

(O

Time (min)
Fig. 5. S-nitrosothiol formation in PRP and reconstituted WP

after treatment with DEA/NO. DEA/NO (2 pM) was incubated in
PRP or reconstituted WP before the addition ofNEM/EDTA 1-30 min
later to stop the reaction. Samples were then centrifuged, and the
supernatant treated with acidified sulfanilamide (2.5% in 1 m HC1)
before S-nitrosothiol detection. Data are expressed as mean ± S.E. of
six experiments.

clear difference in the rate by which S-nitrosothiols are gener¬
ated in PRP compared with thiol-reconstituted solutions. In
PRP, S-nitrosothiol formation was very fast compared with
that observed in reconstituted WP, with significant amounts
being formed (—60 nM) after 1 min of incubation with DEA/NO.
Conversely, 1 min of incubation of DEA/NO in HSA-reconsti-
tuted WP resulted in very low level S-nitrosothiol formation
(<10 nM), which gradually increased to a maximum concentra¬
tion of 50.5 ± 6.7 nM after 20—30 min. Despite rather different
kinetics of formation of S-nitrosothiols in PRP and HSA-recon-
stitutedWP, by 30 min, total S-nitrosothiol concentration is the
same (—50 nM). However, inhibition of platelet aggregation is
markedly different in PRP and HSA reconstituted WP after a
30-min incubation of DEA/NO. Previous data indicating that
LMW thiols such as GSH can increase the antiplatelet action of
S-nitrosoalbumin (31) are supported by our results. We suggest
that S-nitrosoalbumin formed in reconstituted WP is an inef¬
ficient NO donor and requires the presence of low molecular
weight thiols such as those found in PRP to efficiently control
physiological function as has previously been proposed (14, 15,
17, 31). However, data obtained here emphasize an additional
role for GSH and other LMW thiols in the formation of S-
nitrosothiols. Co-incubation of GSH with HSA-reconstituted
WP resulted in an increase in S-nitrosothiol concentration by
—2-fold. Furthermore, this increase was accompanied by a
large augmentation of DEA/NO-mediated inhibition of platelet
aggregation.
The mechanism for formation of S-nitrosothiols in vivo is a

source of considerable debate; NO itself is a weak nitrosating
agent, but higher oxides of NO such as N203 are potent nitro¬
sating species (39). The rate-limiting step in the formation of
N203 is the reaction of NO with molecular oxygen, which is
third order (k — 4 x 106 m~2 s-1) (40, 41). Although originally
thought too slow to account for endogenous levels of S-nitroso-
thiols, the reaction between NO and 02 can be catalyzed by
ceruloplasmin (42), a copper-containing protein abundant in
plasma. Moreover, accelerated formation of S-nitrosothiols has
been observed in the presence of biological membranes (39, 43)
and in the hydrophobic core of proteins such as albumin (44),
which act as "NO sinks" to concentrate nitrosating species. We
recognize that the pharmacological levels of NO used here are
sufficiently high to facilitate significant formation ofN203 that
might subsequently nitrosate thiols. However, our results with
GSH and HSA confirm previous findings that the ability of
albumin to catalyze S-nitrosothiol formation is greatly in-
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Fig. 6. Summary of proposed mechanism. DEA/NO hydrolyzes in
aqueous solution to generate NO. NO diffuses into the platelet where it
activates various cellular processes leading to inhibition of platelet
aggregation (path a). Alternatively, DEA/NO-derived NO reacts with
molecular oxygen to form nitrosating species such as N203, which react
with the sulfhydryl group on HSA to form relatively stable SNO-HSA.
SNO-HSA inhibits aggregation via generation of NO at the platelet
membrane surface (path b). In the presence of LMW thiols, N203
preferentially reacts with LMW thiols to form LMW S-nitrosothiols
iRSNO). LMW S-nitrosothiols transnitrosate with HSA to form the
S-nitrosoalbumin reservoir. Bioactive NO can be delivered to the plate¬
let via a reverse of the previous process, leading to prolonged inhibition
of aggregation (path c).

creased in the presence of low molecular weight thiols (44). A
modest increase (—5%) of thiol pool through addition ofGSH to
HSA-treated WP failed to significantly affect total thiol concen¬
tration, while causing a disproportionate increase in S-nitroso-
thiol formation (~2-fold). Our data demonstrate that the pres¬
ence of platelets did not significantly alter S-nitrosothiol
production, suggesting that plasma membrane-mediated accel¬
eration does not play a part in this system. Given that we
observed more rapid production of S-nitrosothiols in plasma
than in reconstituted WP, we suggest that S-nitrosothiol for¬
mation catalyzed by plasma components like ceruloplasmin
may be a key factor in the difference observed. Alternatively,
the full complement of thiols in plasma may be required to
provide an efficient pathway for the incorporation of NO into
S-nitrosothiols. Our results indicate that cell-free Hb at plasma
concentrations has a net scavenging effect, implying that cell-
free Hb functions to remove NO rather than to conserve NO

bioactivity through the formation of additional S-nitrosated
species. We recognize that many pathways for S-nitrosothiol
formation exist (26, 28), and thus may play a significant role in
this system.
It is noteworthy that low serum GSH levels are an independ¬

ent predictor of coronary heart disease (45) and that thiol
supplementation in humans has been shown to cause an in¬
crease in both endothelium-dependent and -independent relax¬
ation (46-48), especially in subjects at risk from coronary
artery disease (46). Furthermore, a number of potential mech¬
anisms for the cardioprotective role of thiols have been identi¬
fied, including scavenging of oxygen-derived free radical spe¬
cies (48) and direct stimulation of NO synthase itself (49). Our
results imply that the bioavailability of LMW thiols may have
a significant impact on the ability of plasma to form S-nitroso-
thiols and, therefore, prolong the antiplatelet action of endo-
thelium-derived NO (Fig 6). Moreover, in light of evidence that
S-nitrosoglutathione is relatively platelet-selective (50), we
suggest that the ability of GSH and other LMW thiols to assist
in S-nitrosothiol formation and delivery may be of crucial im¬
portance in the maintenance of hemostasis and might be com¬

promised in coronary artery disease.

Our results have important implications with respect to the
potential for NO donor-mediated antithrombotic therapy. For¬
mation of a durable plasma reservoir of NO that is slowly
liberated through the action of LMW thiols suggests that pro¬
longed antiplatelet activity might be afforded by delivery of
short acting NO donor drugs that were previously considered
too labile for this purpose.
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Inhibition of TCR-mediated shedding of L-selectin
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The generation of a productive primary immune response is dependent on the ability of naive
T lymphocytes to recirculate through peripheral lymph organs to encounter specific antigen.
The process of naive CD4+ T cell entry into lymph nodes correlates with cell surface expres¬
sion of L-selectin (CD62L), which mediates early tethering and rolling events to endothelium
prior to entry. Here, we demonstrate that surface expression of CD62L enhances CD4+ T cell
activation in vitro. The synthetic hydroxamate metalloproteinase inhibitor (BB-3103), specifi¬
cally inhibits activation-induced shedding of CD62L from CD4+ T cells by TCR cross-linking
and lowers proliferation in part by reducing rapid tyrosine phosphorylation of zeta-
associated protein 70 kDa (ZAP-70) and by increasing cytosolic free Ca2+ concentration
mobilization. BB-3103 also inhibited the proliferative response of both murine CD4+ Th1 and
Th2 subsets in vitro but the inhibitory effects were sustained only in Th2-type cells. Similarly,
BB-3103 mediated prolonged inhibition of allergen-dependent peripheral T cell proliferation
in atopic dermatitis patients but not in healthy controls. Analysis of CD62L expression on
murine CD4+ T cell subsets revealed that surface expression was maintained on Th1 cells
but not Th2 cells. The differential effects of BB-3103 on primed effector CD4+ T cells may

provide new insights into generating therapeutic agents capable of redressing the Th2/Th1
imbalance in allergic diseases.
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1 Introduction

Mounting effective immune responses against patho¬
gens relies on the ability of antigen-specific CD4+ T cells
to encounter and recognize specific peptide sequences

presented by professional antigen-presenting cells
(APC). These events predominantly occur within periph¬
eral lymph nodes. CD4+ T cell entry into lymph nodes is
mediated by the surface expression of CD62L [1], a 74-
kDa C-type transmembrane lectin, which initiates tether-

[I 23024]

Abbreviations: Der p 1: Group 1 allergen of Dermatopha-
goides pteronyssinus (house dust mite) CD62L~'~: CD62L-
deficient [Ca2+],: Cytosolic free Ca2+ concentration

ing and lymphocyte rolling on high endothelial venules
(HEV) by binding highly fucosylated, sialated and sul¬
fated ligands such as CD15s (sLe") [2], GlyCAM-1 [3],
MadCAM-1 [4] and CD34 [5]. Studies investigating
CD62L-deficient (CD62L"V~) mice show characteristic
atrophied peripheral lymph nodes due to the absence of
lymphocyte recirculation (reviewed in [5]).

Upon activation, CD4+ T cells rapidly shed CD62L in an

endoproteolytic fashion at a membrane-proximal extra¬
cellular site (K268-S269) 11 amino acids from the
membrane-spanning domain [6, 7], The shedding pro¬
cess is mediated by an unidentified metalloproteinase
(sheddase)-dependent mechanism since synthetic
pseudopeptide hydroxamate inhibitors and Zn2+-
chelating agents such as phenanthroline can inhibit pro-
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teolysis [8], CD62L can also be rapidly cleaved from cell
surfaces by cross-linking with its ligands, which enables
high rolling velocities on inflamed endothelium [9],

Surface expression of CD62L varies between subsets of
CD4+ T lymphocytes and has been used as a marker of
antigen experience, whereby naive CD4+ T cells express
high levels of CD62L, but memory or effector CD4+ T
cells express lower levels [10]. The difference in CD62L
expression thus regulates the ability of these CD4+ T cell
subsets to recirculate through peripheral lymph nodes
[11]. Moreover, it has been reported that CD62L expres¬
sion can be maintained in vitro on effector Th1 cells by
the presence of IL-12 following T lymphocyte activation
[12], suggesting that Th1-type cells are more inclined to
recirculate through lymph nodes or migrate to inflamed
sites. Furthermore, CD62L"'" mice have a defect in naive
but not memory T cell responses [13].

The 11 C-terminal amino acids of the 17 residue cyto¬
plasmic tail of CD62L can associate with a variety of
cytoskeletal proteins, which include a-actinin, vinculin
and talin [14]. These molecules interact with signaling
transducers in pathways leading to T cell activation [15].
Most information about CD62L signaling has come from
studies investigating CD62L expression on neutrophils.
This has revealed the ability of CD62L to induce intracel¬
lular signals upon binding ligands such as sulfatides,
CD34 or by cross-linking with the use of anti-CD62L
monoclonal antibodies (mAb). Ligand binding of CD62L
in neutrophils has demonstrated initiation of signaling
pathways such as MAPK, Rho, Rac activation, increased
cytosolic free Ca2+ concentration ([Ca2+]j) mobilization
and increased oxidative burst in response to chemoat-
tractant peptide fMLP [16-21]. Thus CD62L may be mul¬
tifunctional in serving not only as an adhesion molecule,

but also as a signal initiator in priming cells to subse¬
quent stimuli.

There is less information available on CD62L involve¬
ment in signal transduction in primary T lymphocytes
although studies on the leukemic Jurkat T cell line
showed that p56lck and the ras and Jnk signaling path¬
ways are involved [22-24]. Using primary human periph¬
eral T cells, Murakawa et al. [25] demonstrated an asso¬
ciation of CD62L with 18% of total cellular CD3£ and
Szabo et al. [26] showed that CD62L is in close proximity
to the TCR/CD3 complex, raising important questions as
to whether or not this association could be of a regula¬
tory nature.

In this study, we investigated the role of CD62L expres¬
sion on CD4+ T cells isolated from unimmunized conven¬

tional and CD62L"'" mice in determining TCR-mediated
proliferation using an inhibitor of CD62L sheddase (a
synthetic pseudopeptide hydroxamate inhibitor; BB-
3103). In addition, we report that BB-3103 has differen¬
tial inhibitory effects on both human and murine Th1 and
Th2 cells which may contribute to the imbalance of these
subsets in allergic diseases.

2 Results

2.1 CD62L~/_ CD4+ T lymphocytes have reduced
proliferative responses in vitro

To investigate the putative role of L-selectin signaling in
lymphocytes, CD4+ T cells were isolated from wild-type
(H-2b) and CD62L^" (H-2b) spleens by magnetic-
activated cell sorting (MACS) separation using anti-CD4
antibody (Ab)-coated beads. Purified CD4+ T cells were

Table 1. BB-3103 inhibits CD27, CD40L and CD62L shedding from activated murine CD4+ T cells3'

DAY0 DAY I DAY 2 DAY 3
wr KO wr KO WT KO wr KO

Fres6 m\men control 20UM SB control <xnwai eomrol ZOMBIS control 20}tM BO control 2Wm

0>25 6M | 5.38 142.4! 113.4 104.13 10619 113313 1*53 mm 109.62 238.82 186.24 139.6 14124

CB69 wn 7JI 1163 1033,87 7858 883.1 1144.29 1083.51 1202.35 1180 913 915 1005 46 884.52

mm, 8.45 424 8.58 nil m 161 10.93 MM mm 18.96 21.43 : 33,15 23.4 3IM

97.59 84,75 162 144 msi 121.6 265.2 238.62 2363 218.73 327,08 m.st 379.36 \ 328.49
mi 929 5.17 17.74 17.28 1031 988 15 47 13.95 10.15 1094 17.31 18.93 12.24 16.09

ctm 90.02 3,71 39.34 | 261,15 91 10.41 50.58 235.13 932 1018 47M mm 12.37 MM

pm 29U8 362.24 S55.84 375.38 mm m,42 mm 534,12 312.17 539,52 mm mm 330.39 6083

am 11.24 11.68 29.27 36.59 it. 17 20.89 47.04 42.93 30.39 28 59 77 98,84 6963 54.95

*4m 841 9.42 42.59 37.56 3495 29,5 57.06 71.52 43.56 50.46 134.74 118.5 70.9 69.88

a) Mean fluorescence intensity values (MFI) observed for cell surface molecules before and after 72 h stimulation of CD4' T cells
with anti-CD3 and anti-CD28 Ab in the presence or absence of 20 |iM BB-3103. MFI are shown for both wild-type and
CD62L~'~ cells. Shaded values indicate instances of shedding inhibition by BB-3103. Values are from a typical experiment
repeated three times.
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activated in vitro using immobilized anti-CD3 and soluble
anti-CD28 Ab in the presence of BB-3103 and prolifera¬
tion assessed at 72 h (Fig. 1A). CD62L"'" CD4+T cell pro-
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Fig. 1. CD62L shedding is a required process for optimal T
cell proliferation. (A) Proliferation of purified CD4+T cells iso¬
lated from n C57BL76J and o CD62L"'" spleens was
achieved by stimulating cells with immobilized anti-CD3 and
soluble anti-CD28 Ab. To these cultures increasing concen¬
trations of BB-3103 (0.02 to 20 |xM) were added at the initia¬
tion of cultures (t=0 h). The proliferative response was mea¬
sured by pHJthymidine incorporation after 72 h and is
expressed as cpm ± SEM from four separate experiments
each performed in triplicate. Control proliferation in the
absence of BB-3103 is also shown. (B) Histograms showing
expression of CD62L on purified C57BL76J CD4+ T cells
(shaded profile = CD62L; dotted profile = isotype control):
freshly isolated (0 h); or 24 h after activation with anti-CD3
and anti-CD28 Ab; or 24 h after activation in the presence of
2 nM BB-3103. Representative profiles of at least three sep¬
arate experiments are shown. (C) Annexin-V with PI counter-
staining showing (i) apoptotic human neutrophils (positive
control); (ii) CD4+ T cells activated with anti-CD3 and anti-
CD28 Ab for 2 days; (iii) CD4+ T cells activated with anti-CD3
and anti-CD28 Ab for 2 days in the presence of 2 (xM BB-
3103. Values indicate percentage of cells in each quadrant.
Representative profiles of at least three separate experi¬
ments are presented.

liferation was reduced by 30% compared to wild-type
controls in the absence of BB-3103. Although BB-3103
reduced proliferation in wild-type CD4+ T cells at con¬
centrations as low as 0.02 |xM, only at the high concen¬
tration of 20 |xM did it suppress proliferation of cells iso¬
lated from CD62L"'" mice. This may be of biological
importance in that we detected very low levels of CD62L
on these animals (Table 1) and may therefore explain the
effect of the inhibitor at high concentrations. In addition,
the addition of BB-3103 had parallel effects on T cell
proliferation induced by the protein antigen, Der p 1,
derived from house dust mite (data not shown). Inhibition
of CD62L shedding in wild-type CD4+ T cells upon TCR
activation in the presence of BB-3103 (Fig. 1B) reduced
proliferation to similar levels seen in CD62L~/_ cells
(Fig. 1A).

To establish whether the reduction in wild-type CD4+ T
cell proliferation was due to cell death, Annexin-V-FITC
conjugate was used to detect early apoptotic cells with
propidium iodide (PI) as a counter stain to distinguish
between apoptosis and necrosis. Purified CD4+ T cells
were activated with immobilized anti-CD3 and soluble
anti-CD28 Ab for 48 h in the presence or absence of
2 |xM BB-3103 (Fig. 1C). No significant difference in
Annexin-V binding was observed in BB-3103-treated
samples. We deliberately chose the 48 h time point for all
our direct assessment of toxicity since (i) toxic effects of
the compound would likely be manifested at early time
points; (ii) we found no evidence of cell loss or toxicity at
all concentrations of BB-3103 used (data not shown); (iii)
others have used BB-3103 up to concentrations of
10-100 |xM with no reported effects on cytotoxicity [27,
28]. Other surface antigens susceptible to metalloprote-
olytic cleavage upon T lymphocyte activation (Fas, FasL,
CD27, CD30 and 4-1BB) were investigated by flow cyto¬
metry in the presence and absence of BB-3103 over a

period of 72 h and mean fluorescence intensities (MFI)
are summarized in Table 1 for both wild-type and
CD62L_/" CD4+ T cells. Of the cell surface molecules

investigated, only the down-regulation of CD62L, CD40L
and CD27 was inhibited by 20 |xM BB-3103.

2.2 Inhibition of CD62L shedding modifies T cell
activation pathways

Since shedding of CD62L upon CD4+ T cell activation
takes place within 10 min (data not shown), early T cell
activation events were investigated. Phosphorylation of
ZAP-70 was investigated in MACS-purified CD4+ T cells
activated with immobilized anti-CD3 Ab in the presence
or absence of 20 |xM BB-3103. Phosphotyrosine immu-
noprecipitates of whole cell lysates at indicated time
points after activation were electrophoresed on SDS-
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PAGE gels and blotted with anti-ZAP-70 mAb (Fig. 2). In
agreement with other studies [29-32] there was a rapid
induction of ZAP-70 phosphorylation within 1 min of
CD3e cross-linking in the absence of BB-3103. In con¬
trast, the presence of BB-3103 markedly down-
regulated ZAP-70 phosphorylation.

the time of TCR cross-linking (Fig. 4). Flowever, addition
of inhibitor at later time points (24 h) showed that the
inhibitory effects of BB-3103 were sustained in Th2-type
cells (Fig. 4B), whereas, proliferation of Th1 cells was not
markedly affected (Fig. 4A).

The effects of BB-3103 on mobilization of [Ca2+]j in
human CD4+ T cells following activation with anti-human
CD3 Ab was investigated. MACS-purified human CD3+T
cells (Fig. 3A) isolated from PBMC demonstrate similar
inhibition in proliferation compared to murine CD4+ lym¬
phocytes when activated with immobilized anti-CD3 and
soluble anti-CD28 Ab in the presence of BB-3103. The
inhibition of CD62L shedding upon TCR engagement
with anti-CD3 Ab induced a more rapid and elevated
Ca2+ flux for periods of time up to 10 min as compared to
samples lacking BB-3103 (Fig. 3B). In the absence of
TCR ligation BB-3103 failed to induce any change in
[Ca21i.

2.3 BB-3103 differentially affects the proliferation
of Th1 and Th2 subsets

Differentiation of CD4+ T lymphocytes into either Th1 or
Th2 was induced in vitro by addition of appropriate
exogenous cytokines and neutralizing Ab. The prolifera¬
tive response of both subsets was inhibited by BB-3103
in a concentration-dependent manner when added at

ZAP-70

2.4 Activated Th1 cells maintain CD62L

expression

The differences in proliferation between Th1- and Th2-
type cells when BB-3103 was added at later time points
prompted us to investigate if CD62L expression was dif-
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Fig. 2. Reduced ZAP-70 tyrosine phosphorylation in the
presence of BB-3103. ZAP-70 immunoblot of phosphotyro-
sine immunoprecipitated cell lysate samples generated by
activation of purified murine CD4+ T lymphocytes with anti-
CD3 and anti-CD28 Ab in the presence or absence of 20 |xM
BB-3103. Lanes: (1) Jurkat whole cell lysate, (2) CD4+ T
cells, (3) CD4+ T cells activated for 1 min, (4) CD4+ T cells
activated for 1 min in the presence of 20 |xM BB-3103, (5)
CD4+ T cells activated for 5 min and (6) CD4+ T cells acti¬
vated for 5 min in the presence of 20 (xM BB-3103. Values
indicate the pixel volume under each peak after scanning
exposed film using UVP GelBase Software. Representative
experiment of three separate experiments.

Fig. 3. Increased Ca2+ mobilization in the presence of BB-
3103 upon TCR stimulus. (A) Proliferation of purified human
CD3+ T cells activated with anti-CD3 and anti-CD28 Ab in
the presence of increasing concentrations (0.02-20 jxM) of
BB-3103 added at the initiation of cultures (t=0 h). Prolifera¬
tion was measured by pHJthymidine incorporation after 72 h
and is expressed as cpm ± SEM from three separate experi¬
ments each performed in triplicate. Control proliferation in
the absence of BB-3103 is also shown. (B) Ca2+ mobilization
in Fura-2-loaded, purified human CD4+ T cells, after Ab
(HIT3a)-induced TCR stimulus in the presence of BB-3103.
Key = addition of HIT3a at 70 s (thick line); addition of 20 |xM
BB-3103 (40 s) followed by addition of HIT3a at 70 s (thin
line); addition of BB-3103 at 70 s (dotted line). Graph shows
results from a typical experiment representative of three
separate experiments from three individuals.
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Fig. 4. Differential effect of BB-3103 on the proliferative
response of murine Th1 and Th2 cells. Purified murine CD4+
T cells were polarized with cytokines and neutralizing Ab to
adopt a Th1 (A) or Th2 (B) phenotype. T cell populations
were stimulated with anti-CD3 and anti-CD28 Ab and BB-
31 03 added over a concentration range (0.02-20 piM) at the
initiation of cultures (t=0 h) or after 24 h. Proliferation was
measured by [3H]thymidine incorporation after 72 h and is
expressed as cpm ± SEM from three experiments each done
in triplicate. Control proliferation in the absence of BB-3103
is also shown.

ferentially modulated on the two subsets. CD4+ T lym¬
phocytes were polarized to adopt either a Th1 or a Th2
phenotype and surface expression of CD62L was
assessed 12 h after TCR ligation by flow cytometry. We
observed CD62L was maintained on the cell surface of

Th1 but not on Th2 cells as compared to basal expres¬
sion (Fig. 5 and data not shown).

either patients with clinically diagnosed atopic dermatitis
or individuals with no history of allergic disease (Fig. 6A,
B). Cytokine secretion by PBMC from both atopic
patients and healthy controls was analyzed for the pres¬
ence of IFN-y, IL-4, IL-2 and IL-5. Analysis of superna-
tants demonstrated that Derp 1-activated PBMC from
atopic and non-atopic subjects generated cytokine
secretion patterns typical of Th2 and Th1 cells, respec¬
tively (Table 2). The presence of BB-3103 at the initiation
of culture inhibited Der p 1-induced proliferation of both
patient and control cells. When added at later time
points, however, proliferation of atopic patients was still
inhibited, while proliferation of normal controls was

markedly increased (Fig. 6A, B). Addition of BB-3103 at
various time points modified cytokine secretion, notably
by reducing IL-2 secretion at t=0 h from the Th1-type
cells of normal controls and by increasing the IFN-y
secretion by T cells isolated from the atopic patients
(Table 2).

3 Discussion

2.5 Proliferation and cytokine secretion
of human Th1 and Th2 cells are modified

by BB-3103

To further characterize the different effects of BB-3103
on Th1 and Th2 cells, BB-3103 was added to Der p 1-
driven proliferative responses of PBMC isolated from

To encounter antigen, naive CD4+ T cells must recirculate
through lymph nodes and other specialized lymphoid
structures. Entry into lymph nodes is primarily initiated
by CD62L-binding ligands expressed on endothelium
such as MadCAM-1 [4], GlyCAM-1 [3], CD34 [5] and
CD15s [2]. Upon activation, CD4+ T lymphocytes are
capable of endoproteolytically cleaving CD62L following
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notably in neutrophils where MAPK, Rho and Ca2+
mobilization pathways could be activated by CD62L
ligation [16-21]. Investigation of CD62L signaling in
Jurkat cells demonstrated that cross-linking could
induce Ras and Rac signaling cascades through p56lck
[22-24], and, interestingly, immunoprecipitation of
CD62L has also revealed putative associations with the
CD3 complex, notably CD3L, [25],

The experiments we report here were designed to inves¬
tigate the ability of CD62L to regulate CD4+ T cell activa¬
tion mediated by TCR ligation in vitro. Proliferation of
CD4+ T cells deficient in CD62L was reduced confirming
a regulatory role for CD62L expression on CD4+ T cells
[13, 25, 26]. Addition of a synthetic pseudopeptide
hydroxamate compound, BB-3103, capable of inhibiting
activation-induced metalloproteolysis of CD62L and
CD27, reduced the proliferation of wild-type CD4* T cells
to levels observed in CD62L"'" CD4+ T cells. These

observations suggest that TCR-mediated shedding of
CD62L is a necessary function to establish complete
CD4+ T cell activation. CD27 shedding was also inhibited
by BB-3103 in both CD62L_/" and wild-type CD4+ T cells
indicating that the metalloproteinase responsible for the
proteolysis of both molecules may be the same or struc¬
turally related. Inhibition of CD27 shedding, however,
could not account for the inhibition of the proliferative
response since CD62L~/_ CD4+ T cells demonstrated sim¬
ilar patterns of CD27 expression as wild-type cells whilst
remaining unaffected by the presence of BB-3103.

The reduction in proliferation of wild-type CD4+ T cells
was not due to apoptosis or necrosis since no increase
in Annexin-V binding or PI staining was observed in T cell
cultures treated with BB-3103. It has been reported that
CD62L has regulatory effects on signaling pathways,
such as Ras activation through Lck in T lymphocytes
[22-24]. Therefore, we investigated phosphorylation of

Table 2. Modulation of Th1 and Th2 cytokine secretion by T cells from atopic and non-atopic individuals by BB-3103a)

Cytokine
(pg/ml)

Atopic Non-atopic

Control

20 |iM BB-3103 20 (iM BB-3103

t=0 h t=24 h Control t=0 h t=24 h

IFN-y 605 2,275 2,380 14,020 11,660 14,075

IL-4 297 117 95 105 90 85

IL-2 1,698 1,450 1,340 2,805 1,820 3,215

IL-5 139 98 111 58 61 67.25

a) Cytokine (IFN-y, IL-4, IL-2 and IL-5) secretion at 48 h from atopic and non-atopic T cell cultures stimulated with Der p 1 in the
presence or absence of 20 |iM BB-3103 added at 0 (t=0) or 24 h (t=24) after culture initiation. Values are the mean of triplicate
samples (SEM values did not vary by more that 5%) from a typical experiment repeated three times.
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Fig. 6. Differential effects of BB-3103 on the proliferation of
PBMC from atopic and non-atopic humans. Proliferation of
PBMC isolated from atopic (A) or non-atopic (B) humans, to
Der p 1 aeroallergen. T cells were stimulated with Der p 1
and BB-3103 added over a concentration range (0.02 to
20 fiM) at the initiation of culture (t=0 h) or after 24 or 48 h.
Proliferation was measured by [3H]thymidine incorporation
after 72 h. Graphs represent cpm ± SEM for triplicate cul¬
tures calculated from six individuals in each group. Control
proliferation in the absence of BB-3103 is also shown.

which cell surface expression remain at low levels on
both effector and memory ceils [10]. Moreover, CD62L
has also been investigated as a signaling molecule,
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ZAP-70, a substrate for activated Lck upon TCR stimula¬
tion of CD4+ T cells [33]. Activation of wild-type CD4+ T
lymphocytes by ligation of CD3 in the presence of BB-
3103 markedly reduced ZAP-70 phosphorylation imply¬
ing that inhibition of activation-induced CD62L shedding
could interfere with tyrosine phosphorylation, presum¬
ably through regulation of Lck. The effect of inhibiting
CD62L shedding on Ca2+ flux was then investigated and
pre-incubation with BB-3103 prior to TCR-mediated sig¬
naling induced a rapid and augmented [Ca2+]j flux which
was maintained for extended periods of time (10 min)
after stimulation. Thus, the inhibition of CD62L shedding
can both modify tyrosine phosphorylation patterns and
increase Ca2+ mobilization. The mechanism by which
inhibition of CD62L shedding could increase [Ca2+], has
not been determined, although it has been reported that
CD62L cross-linking, causes mobilization from intracel¬
lular Ca2' stores [34] whilst other studies demonstrated
that Ca2+ mobilization is secondary to phosphorylation
events [19], The results of studies performed in neutro¬
phils have demonstrated that the cytoplasmic tail of
CD62L is directly associated with calmodulin in the
absence of Ca2+ [35]. Upon activation of neutrophils, cal¬
modulin dissociated from the cytoplasmic tail presum¬
ably through binding Ca2+ and undergoing conforma¬
tional changes. It is possible that inhibition of CD62L
shedding through the action of hydroxamate inhibitors
could maintain the association of calmodulin with the
intracellular segment of CD62L and thus prevent Ca2+
binding to calmodulin, resulting in an increase of cyto-
solic [Ca2+]i. Furthermore, maintaining calmodulin bound
to the CD62L cytoplasmic tail by inhibiting cleavage
could, in turn, inhibit inactivation of L-type calcium chan¬
nels present in T lymphocytes thus leading to an
increased flux in Ca2+ [36]. It is also possible that
hydroxamate inhibitors, by modifying the cleavage of L-
selectin, could alter the balance of other intracellular
pathways. It would be of interest to investigate whether
other inhibitors or agents such as chymotrypsin [37] that
have been shown to selectively influence L-selectin
expression have similar effects. Whether L-selectin
(i) interacts with (unknown) ligands to dampen activation
(ii) is acting as a receptor or (iii) only affects general prop¬
erties of receptor complexes, are questions that require
further investigation.

Analysis of the effects of BB-3103 revealed that the
metalloproteinase inhibitor could prevent proliferation of
both Th1 and Th2 cells. However, addition of BB-3103 at
later time points demonstrated sustained inhibitory
effects only on Th2, while the proliferative response of
Th1 cells was unaffected. These results imply that prolif¬
eration of Th1 cells, while still maintaining CD62L
expression through the presence of IL-12 [12], is no lon¬
ger reliant on CD62L shedding for full activation. It has

been reported that the differentiation of effector T cells
into Th1 - and Th2-type subsets is dependent on different
signaling pathways [38], such that Th1 cells are more
Ca2+-dependent than Th2 cells. This discrepancy may be
due to differential Ca2+ channel expression within these
CD4+ T cell subsets [39]. In this study, however, we dem¬
onstrated that inhibition of CD62L shedding leads to an
increased Ca2+ flux and a decrease in tyrosine phosphor¬
ylation activity, which may influence CD4+ T cell differen¬
tiation into either Th1 or Th2 subsets when added after

primary TCR engagement has occurred.

The differential expression of CD62L on human Th1 and
Th2 is well documented [12, 40-43]. Thus, we were
prompted to investigate the effect of BB-3103 on the
effector function of human Th1 and Th2 cells. We ana¬

lyzed proliferative responses and cytokine production of
human peripheral T cells to the major aeroallergen
derived from house dust mite, Der p 1. We established
that healthy control individuals produced a Th1 -like
response whereas patients with clinically diagnosed
atopic dermatitis produced a Th2-like response. As
observed in murine CD4+ T cells, the proliferative
responses of both control and atopic patient cells, pre¬
dominantly Th1 and Th2, respectively, were inhibited by
BB-3103 when added at the initiation of culture. How¬

ever, when BB-3103 was added at 24 h Th1 proliferation
remained largely unaffected or was increased, whereas
Th2 proliferation was still inhibited. These results corre¬
lated with data observed in murine CD4+ T cells stimu¬

lated in vitro with cytokines and neutralizing Ab promot¬
ing either Th1 or Th2 differentiation. Production of
selected cytokines by human PBMC peripheral T cells
showed that the presence of BB-3103 at the initiation of
cultures down-regulated secretion of both Th1 cyto¬
kines, IL-2 and IFN-y, by the healthy control Th1 -like
responses, whereas BB-3103 had no effect when added
at 24 h. The Th2-type cytokines, IL-4 and IL-5, were pre¬
dominantly secreted in atopic patient cultures and their
secretion was down-regulated in the presence of BB-
3103 when added at the start of the cultures. IL-4 levels
remained low when the metalloproteinase inhibitor was
added at the later time point of 24 h, in contrast to IL-5,
which showed elevated levels. It is interesting to note
that in the presence of BB-3103 T cells from atopic der¬
matitis patients secreted elevated levels of IFN-y, in
comparison to cultures lacking BB-3103, suggesting
that metalloproteinase inhibitors, such as BB-3103,
could modify their cytokine secretion pattern. Alterna¬
tively, it is possible that the observed increase in IFN-y
secretion in T cell cultures from atopic patients, which
would in turn inhibit Th2 proliferation, was due to emerg¬

ing Th1 cells, which not being affected by BB-3103 when
added at 24 h, could redress the imbalance between Th2
and Th1 cells.
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These observations provide the intriguing prospect that
inhibitors of metalloproteinases may potentially modify
or redress the balance of Th2 and Th1 cells in vivo, not
only by maintaining the lymph node recirculating poten¬
tial of effector and memory T cells, but also by modifying
signaling pathways leading to down-regulation of Th2
cell proliferation and effector function.

4 Materials and methods

4.1 Animals

Conventional C57BL76J (H-2b) and CD62L gene-deficient
(CD62L~'~; H-2°; C57BL/6J background) between the ages
of 8-12 weeks old were used in these studies. The expres¬
sion of memory and naive T cell markers was the same on
the CD62L"'" and wild-type mice [44]. Mice were bred and
maintained in specific pathogen free housing at the Univer¬
sity of Edinburgh Medical School (Edinburgh, Scotland) and
all experiments were carried out under the UK Animals (Sci¬
entific Procedures) Act, 1986.

4.2 Human subjects

Ethical permission was obtained from the Lothian Health
Trusts' Ethical Research Committee. Six healthy human vol¬
unteers with no history of atopic disease and low serum IgE
were selected for non-atopic cultures. Six human volunteers
with atopic dermatitis and high serum levels of IgE, were
selected prior to steroid treatment for atopic cultures (Edin¬
burgh Royal Infirmary, Department of Dermatology, Scot¬
land).

4.3 Cell isolation and culture

Purification of CD4+ and CD3+ T cells was performed by
positive selection using MACS (Miltenyi Biotech, Surrey, GB)
beads coated with appropriate Ab for murine and human T
cells as instructed by the manufacturers. This method of
separation did not result in activation of the CD4+ T cells as
determined by cell surface phenotype, background prolifer¬
ation and basal levels of cytokine production when main¬
tained in medium. All separations yielded >95% purities
from murine spleen and human peripheral blood mononu¬
clear cells (PBMC). Purified murine CD4+ T cell populations
were resuspended (106/ml) in complete medium [DMEM
(Life Technologies, Paisley, Scotland) supplemented with
10% FCS (Sigma Pharmaceuticals, Poole, GB), 50 pM |3-
mercaptoethanol, 100 lU/ml penicillin, 100 pg/ml streptomy¬
cin (Life Technologies) and 2 mM L-glutamine].

In order to activate the CD4+ T cells they were stimulated by
anti-CD3^ Ab (PharMingen) (2C11; 5 pg/ml) immobilized on
plastic by overnight culture at 4°C prior to the addition of the
cells and soluble anti-CD28 (37.51; 5 pg/ml) Ab which was
added at the initiation of the culture. Human purified CD3+ T

cells and Ficoll-purified PBMC were resuspended (106/ml) in
complete medium [RPMI 1640 (Life Technologies) with 5%
human AB+ serum (Sigma Pharmaceuticals), 100 lU/ml peni¬
cillin and 100 pg/ml streptomycin and 2 mM L-glutamine]
and stimulated with anti-CD3 (PharMingen) (UCHT-1; 5 pg/
ml) and anti-CD28 (CD28.2; 5 pg/ml) as described for
murine cells. PBMC were activated using 10 pg/ml aeroaller-
gen, Der p 1, isolated from Dermatophagoides pteronyssi-
nus [45], Proliferation was assessed by the incorporation of
tritiated methyl thymidine ([3H]thymidine; 1 pCi/200 p.1)
(Amersham, GB) added for the last 12 h of culture. Stock
metalloproteinase inhibitor (BB-3103) (British Biotech,
Oxford, GB) was dissolved in DMSO at a concentration of
20 mM and serially diluted in appropriate buffer (maximum
concentration of DMSO vehicle in cell cultures never

exceeded the non-toxic concentration of 0.001 %). BB-3103
was added to T cell cultures at different concentrations

(0.02-20 pM) at varying times as indicated. Generation of
Th1 and Th2 murine cells was performed by stimulating cells
with Ab as described above in the presence of 20 ng/ml IFN-
y (Serotec, Oxford, GB), 20 ng/ml IL-12 (p70) (PharMingen)
and 20 pg/ml neutralizing anti-IL-4 Ab (11B11 -in house puri¬
fication) forThl cells and 20 ng/ml IL-4 (Serotec) and 20 pg/
ml neutralizing anti-IFNy (HB170-in house purification) for
Th2 cells. To confirm their polarization after selection the
cytokine response profiles of the Th1 and Th2 cell popula¬
tion was determined.

4.4 Immunoblotting

Purified splenic CD4+ T cells (107 cells/sample) were acti¬
vated in PBS using immobilized anti-CD3 Ab (2C11; 20 pg/
ml) and soluble anti-CD28 Ab (5 pg/ml) in the presence or
absence of 20 pM BB-3103. Cells were lysed using equal
volume 2x lysis buffer (100 mM Tris, 300 mM NaCI, 4 mM
EDTA, 10 mM NaFI, 10 mM Na3V04, 2 pg/ml pN-PP and 2%
NP-40). Protein concentrations were assessed by BCA.
Equal amounts of protein were immunoprecipitated using
agarose-conjugated anti-phosphotyrosine Ab (PY-20)
(Santa Cruz Biotechnology, CA) for 16 h at 4°C prior to elec¬
trophoresis on 8% SDS-PAGE and transfer to nitrocellulose.
Membranes were probed with anti-ZAP-70 (Santa Cruz)
(human and mouse cross-reactive) and detected using
HRP-labeled anti-rabbit Ig (DAKO, CA). Membranes were
developed using ECL (Amersham). Electronic scanning of
films was performed using Ultra Violet Product Gel Base
software (UVP, Cambridge, GB).

4.5 Measurement of [Ca2t],

Detection of [Ca2+], flux was performed using a modified
method previously described [46]. Briefly, single cell suspen¬
sions of human CD4+ T cells were isolated from PBMC as

previously described and loaded with Fura-2 (Sigma, GB).
Cells (107/ml) were placed in a 37°C heated, stirred cuvette
fluorimeter (SPEX Fluoromax) with dual wavelength excita¬
tion (340 and 380 nm), emission at 510 nm. TCR stimulation
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was provided by soluble mitogenic mAb HIT3a (PharMingen)
at a final concentration of 10 gg/ml. [Ca2+], variations were

compiled over 10 min periods and analyzed using the fol¬
lowing formula: Maximal (Rmax) and minimum (Rmin) fluores¬
cence ratios were determined by addition of 50 pM digitonin
and 25 mM EGTA to samples, respectively. [Ca2+], was cal¬
culated from the relationship:

[Ca2+]i=Kdx(R-Rmin)/(Rmax-R)xp, where [Ca2f], was the cyto-
solic Ca2+ concentration, R was the ratio of fluorescence
obtained at 340 and 380 nm, in the sample before calibra¬
tion, and Rmax was the fluorescence ratio under saturating
[Ca2+]i, Rmin was the fluorescence ratio in the absence of
Ca2+, Kd was the dissociation constant for Fura-2, taken as
224 nm at 37°C and p was the fluorescence ratio at 340 nm
of cells in the absence and presence of Ca2+.

4.5 Flow cytometry

All flow cytometry data was obtained on a FACSCalibur
(Becton Dickinson, Oxford, GB) and analyzed on associated
CellQuest (Becton Dickinson) software. Fluorochrome-
conjugated Ab were purchased from PharMingen (CD25,
PC61; CD69, H1.2F3; CD40L, MR1; Fas, Jo2; FasL, MFL3;
CD62L, MEL-14; CD27, LG.3A10; CD30, mCD30.1; 4-1BB,
1AH2).

4.6 Cytokine detection

Cytokine concentrations were determined by collecting
supernatants 48 h after PBMC activation with Der p 1 and
following standard alkaline phosphatase ELISA detection as
described by PharMingen. ELISA Ab pairs and standards
were purchased from PharMingen (IL-2: 5344.111&B33-2;
IL-4: 8D4-8&MP4-25D2; IL-5: JES1-39D10&JES1-5A10;
IFN-y: NIB-42&4S.B3).

4.7 Statistical analysis

The results are expressed as the as the mean SEM of the
number (n) of independent experiments with each treatment
performed in triplicate. Statistical analysis was performed by
ANOVA with comparisons between groups made using the
Newmans-Kuels procedure. Differences from appropriate
controls were considered significant when p<0.05 (indi¬
cated by *), p<0.01 (indicated by **) and p< 0.001 (indicated
by ***).
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Sphingosine Kinase: A Point of Convergence in the Action of
Diverse Neutrophil Priming Agents1

Alison C. MacKinnon,2* Avril Buckley,* Edwin R. Chilvers,+ Adriano G. Rossi,*
Christopher Haslett,* and Tariq Sethi*

Neutrophils are a vital component of the early acute inflammatory response, but can cause profound tissue damage when activated
to excess or prevented from undergoing apoptosis. However, much remains unknown about the intracellular signaling pathways
regulating neutrophil activity. The structurally diverse neutrophil-priming agents platelet-activating factor, TNF-a, and the
substance P analog [D-Arg6, D-Trp7''',/V""'Phe"]-substance P(6-ll) (SP-G) stimulated a rapid increase in sphingosine kinase ac¬

tivity in freshly isolated human neutrophils. This activity was blocked by preincubation with the sphingosine kinase inhibitor
JV.iV-dimethylsphingosine (DIMS). DMS also inhibited the increase in intracellular calcium concentration stimulated by platelet-
activating factor, fMLP, and SP-G. This suggests that the increase in intracellular calcium concentration by these agents is
dependent on sphingosine kinase activation and the generation of sphingosine-1-phosphate. Changes in cell polarization and the
augmentation of the fMLP-induced superoxide anion generation, by all priming agents were also inhibited by DIMS, while only the
superoxide anion release was blocked by the phosphatidylinositol 3-kinase inhibitor LY294002. Moreover, SP-G and GM-CSF
inhibited constitutive neutrophil apoptosis which was completely blocked by DMS. These results suggest a novel role for sphin¬
gosine kinase in the regulation of neutrophil priming. The Journal of Immunology, 2002, 169: 6394-6400.

Neutrophils are a vital component for the early nonspecificimmune response. Patients who are neutropenic or who
have defective leukocyte function are highly susceptible

to bacterial infection. However, neutrophils may also cause tissue
damage when activated prematurely or to excess and have been
implicated in the pathogenesis of a wide variety of inflammatory
diseases including adult respiratory distress syndrome. Activation
of neutrophils results in superoxide anion generation and degran-
ulation responses that if uncontrolled can lead to local tissue injury
(1). The likelihood of neutrophil-mediated tissue damage is deter¬
mined largely by the activation status of neutrophils that can range
from quiescent through primed to fully activated.
Incubation of unprimed neutrophils with a secretagogue-agonist

(e.g., fMLP) produces only limited cell activation. Exposure to a

priming agent, which on its own does not activate neutrophil se¬

cretory pathways, causes the initial shape change and polarization
necessary for migration to the site of inflammation and greatly
amplifies secretagogue-induced respiratory burst activity and cy¬
totoxic degranulation (2). Agents such as GM-CSF, which prime
neutrophils to subsequent fMLP-stimulated superoxide anion re¬
lease, also delay neutrophil apoptosis and prolong neutrophil func¬
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tion at the inflamed site (3, 4). Apoptosis leads to the resolution of
inflammation by facilitating the removal of neutrophils from the
inflammatory site by phagocytic cells without rupture of the neu¬

trophil membrane or disgorgement of the cytotoxic granule con¬
tents (5-8). Despite the importance of neutrophil function in host
defense and inflammatory disease states much remains unknown
about the intracellular signaling pathways regulating neutrophil
activity. Priming plays a central role in neutrophil activation (2)
and apoptosis and investigating the mechanisms regulating neutrophil
priming has important consequences for the development of thera¬
peutic strategies for the treatment of inflammatory disease (9, 10).

The wide variety ofpriming/chemotactic agents identified so far
e.g., TNF-a, GM-CSF, platelet-activating factor (PAF),3 and sub¬
stance P and its analogs has made it difficult to dissect out the
common or shared signal transduction mechanisms underlying
priming. At least three different classes of receptor are involved: 1)
G protein-coupled receptors (GPCR) (e.g., fMLP and PAF); 2)
transmembrane domain receptors such as integrins and FcRs; and
3) single transmembrane domain receptors for growth-regulating
cytokines (e.g., TNF-a and GM-CSF). A clue to the mechanism of
priming may be provided by searching for a common intracellular
signal transduction mechanism that is activated both by low con¬
centrations of the activating agent and by all receptor classes of
dedicated primers. A number of signaling mechanisms have been
implicated in priming neutrophils, such as changes in receptor
number/affinity, changes in intracellular calcium concentration
([Ca2+]|), phospholipase D (PLD), and phosphatidylinositol 3-ki¬
nase (P13K) activity (3, 11, 12), but a direct role for these second

1 Abbreviations used in this paper: PAF, platelet-activating factor; GPCR, G protein-
coupled receptor; [Ca2+L intracellular calcium concentration; PI3K, phosphatidyl-
inositol 3-kinase; SIP, sphingosine 1-phosphate; MAPK, mitogen-activated protein
kinase; PLD, phospholipase D; SP-G, [D-Arg6, D-Trp7,tJ,iVmcPhe8] substance P(6-l 1);
DMS, ,V,A-dimethylsphingosine; DHR, dihydrorhodamine; fura 2-AM, fura 2 tet-
raacetoxymethyl ester; TMB, tetramethylbenzidine; PKC, protein kinase C; P1P3,
phosphatidylinositol (3,4,5)-triphosphate; EDG, endothelial differentiation gene;
ERK, extracellular signal-regulated kinase.
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messengers in priming, as opposed to activation, has not been con¬
firmed. To date, no single mechanism has been described that is
triggered by all classes of neutrophil priming agent. Furthermore,
evidence is emerging that several check points exist during the
transition from the inactive state to the primed, activated state and
eventually to apoptosis and that more than one type of pharmaco¬
logical intervention may be possible to modulate neutrophil activ¬
ity (13).
The lipid second messenger sphingosine 1-phosphate (SIP) has

been implicated in the regulation of a variety of cell processes
including cell proliferation, differentiation and apoptosis. More
specifically, increases in SIP levels have been shown to be in¬
volved in the activation of the transcription factor AP-1, the stim¬
ulation of the mitogen-activated protein kinase (MAPK) pathways,
activation of PLD, and the increased expression of adhesion mol¬
ecules (14, 15). In differentiated HL-60 cells (a neutrophil-like cell
line), fMLPRs can mobilize [Ca2 ' ], via the stimulation of sphin¬
gosine kinase and the subsequent production of SIP (16). This
pathway is thought to mobilize [Ca2+], directly via a novel sphin-
golipid-gated calcium channel present on the endoplasmic reticu¬
lum (17-19). Sphingosine kinase activity has also been shown to
be stimulated by other GPCRs (20, 21), growth factor receptors
such as platelet-derived growth factor and nerve growth factor re¬
ceptors (22, 23), FcRs (24), and TNF-a receptors (25). The object
of this study was to examine the role of sphingosinc kinase in
human neutrophil priming and apoptosis using four structurally
distinct priming agents PAF, GM-CSF, TNF-a, and the substance
P analog [D-Arg6, D-Trp7'9,A,mcPhe><]-substance P(6-ll) (SP-G).

Materials and Methods
Materials

PBS, BBSS, Dextran 500, Percoll, dihydrorhodamine (DHR), glutaralde-
hyde, fMLP, PAF, GM-CSF, TNF-a, N./V-dimcthylsphingosine (DMS),
and SIP were purchased from Sigma-Aldrich (Poole, U.K.); fiira 2 tet-
raacetoxymethyl ester (fura 2-AM) and LY294002 were obtained from
Calbiochem (Nottingham, U.K.); annexin V was obtained from Bender
Medsystems (Vienna, Austria); [3H]sphingosine (23 Ci/mmol) was ob¬
tained from New England Nuclear (Zaventim, Belgium); SP-G was a kind
gift from the Imperial Cancer Research Fund (London, U.K.). All other
reagents were of the purest grade available.

Neutrophil preparation
Peripheral venous blood was taken from healthy adult volunteers, antico-
agulated with 4 ml of 3.8% sodium citrate/40 ml of blood and centrifuged
(300 X g) for 20 min. Neutrophils were isolated as previously detailed (8,
9) using dextran sedimentation and discontinuous plasma-Percoll gradi¬
ents. The purified neutrophils were washed three times in PBS without
CaCl2 and MgCl2. Cell purity and viability were routinely >95%.

Measurement of [JH]S1P formation
SIP was measured essentially as described (20). Neutrophils (1 X 107 cells
in 250 ;ul) were suspended in BBSS containing 1 mg/ml fatty acid-free
BSA and incubated in the presence or absence of 10 gM DMS for 10 min
at 37°C. Cells were sedimented and [3B]sphingosine (15 nM) was added to
the cells for 1 min at 37°C before addition of agonist. Following incubation
at 37°C for the indicated times, 1 ml of methanol, followed by 0.5 ml of
chloroform, was added and the samples were vortexed vigorously. The
extracts were cleared by centrifugation and the supernatants were evapo¬
rated to dryness in a Speedvac centrifuge. Samples were reconstituted in 25
p.1 of ethanol and unlabeled S1P was added before spotting onto silica gel
60 TLC plates. The samples were separated in 1-butanol-acetic acid-water
(3:1:1). Bands were visualized with iodine and the SIP spots were scraped
and radioactivity was measured by scintillation counting. For ['FIjSIP re¬
lease, after stimulation with agonist, cells were rapidly sedimented at 4°C
and the supernatant (200 pi) was removed. [3B]S1P in the cellular and
extracellular fraction was extracted and quantitated as described above.
Alternatively, mass S1P release was measured by alkaline solvent extrac¬
tion, dephosphorylation to sphingosine and rephosphorylation by recom¬
binant sphingosine kinase in the presence of [32P]ATP (26).

Determination of [Ca2+]t by spectrofluorometry
Freshly isolated neutrophils were incubated at 107 cells/ml in CaCl2 and
MgCl2-free BBSS with fura 2-AM (2 pM) for 30 min at 37°C (27). Cells
were washed twice and resuspended at 3 X 106 cells/ml in BBSS contain¬
ing CaCL and MgCl2. The cells were transferred to a cuvette and main¬
tained at 37°C. Agonists were added as described in the figure legends.
Ratiometric fluorescence was monitored in a PerkinElmer fluorometric
spectrophotometer (Wellesley, MA) with dual excitation wavelengths of
340 and 380 nm and emission wavelength of 510 nm. [Ca2+] was calcu¬
lated according to the equation [Ca2+]j = K(F — Fmi^)/(Fmax - F), where
F is the ratio of the unknown sample, Fwm is the ratio after the addition of
0.2% Triton X-100 and Fmm is the ratio after [Ca2+] chelation with 10 mM
EGTA. K is the dissociation constant for fura 2-AM which is 224 nM.

Shape change assay

Neutrophils (0.5 X 106/ml) were incubated in PBS with CaCl2 and MgCL
for 5 min at 37°C. Priming agents were added (10 pi) and the cells were
incubated at 37°C with gentle shaking, as described in the figure legends.
An equal volume of 2.5% glutaraldehyde was added and the cells were
analyzed for changes in cell polarity by flow cytometry (Coulter EPICS
Profile II; Coulter Electronics, Luton, U.K.). Shape change was calculated
as a percentage from the mean forward light scatter of each sample by
gating on the nonshape-changed population (28).

Measurement of reactive oxygen species release

Superoxide anion release was estimated as an increase in the generation of
reactive oxygen species as determined by DBR fluorescence. Neutrophils
were preincubated with inhibitor (DMS, 10 pM) for 10 min at 37°C before
the addition ofpriming agent (SP-G or PAF). Cells were then stimulated by
the addition of fMLP (100 nM) for 5 min in the presence of DBR (1 pM).
Samples were placed on ice and fluorescence was measured by flow cy¬
tometry (Coulter EPICS Profile II; Coulter Electronics, Luton, U.K.).

PtdIns(3,4,5)P, mass assay determination

Ptdlns(3,4,5)P3 levels were measured as described (29). In brief, neutrophils
(8 X 106) were subjected to standard Folch extraction and lipid extracts con¬
taining PtdIns(3,4,5)P3 were then subjected to alkaline hydrolysis resulting in
the release of the polar head group Ins (1,3,4,5)P4 The mass of Ins(l,3,4,5)P4
was measured by radioligand displacement of [3B]Ins(l,3,4,5)P4 to a re¬
combinant binding protein (GST-GAP1IP4BP expressed in Escherichia coli
and purified on glutathione-agarose beads) using unlabeled Ins(i,3,4,5)P4
as standard.

Measurement ofapoptosis by morphology
Neutrophils (0.5 X 106 cells/ml) were incubated for 20 h in Iscove's me¬
dium containing 10% autologous serum at 37°C. Cells were cytocentri-
fuged, fixed in methanol, stained with Diff-Quik, and counted using oil
immersion microscopy (X100 objective) to determine the proportion of
cells displaying highly distinctive apoptotic morphology (9, 30).

Measurement of apoptosis by annexin V binding
A separate assessment ofapoptosis was performed by flow cytometry using
FITC-labeled human annexin V which binds to phosphatidylserine exposed
on the surface of apoptotic cells. Stock annexin V was diluted 1/200 with
binding buffer and then added (25 p.1) to 75 jul of the recovered cell sam¬
ples. Following a 10-min incubation at 4°C, samples were fixed by the
addition of 3% paraformaldehyde (100 p.1) in PBS before analysis using an
EPICS Profile II (Coulter Electronics, Luton, U.K.).

Results

Sphingosine kinase activation
The secretagogue agonist fMLP has been shown to increase sphin¬
gosine kinase activity in neutrophil-like HL-60 cells (16). In this
study, sphingosine kinase activity was measured in freshly isolated
human neutrophils by the formation of [3H]S1P from [lll]sphin¬
gosinc. Basal activity was routinely 450 ± 52 dpm (mean ± SEM)
[3H]S1P/107 cells. fMLP, PAF, and SP-G consistently produced a

rapid and transient increase in sphingosinc kinase activity in hu¬
man neutrophils (Fig. 1). A maximal stimulation of sphingosine
kinase activity was observed at 20-30 s giving a mean increase
(±SEM) relative to control of 81 ± 15% (« = 5), 151 ± 17% (n =
3), and 64 ± 35% (n = 3), for SP-G, fMLP, and PAF, respectively.
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FIGURE 1. A, [3H]S1P production. Neutrophils were preincubated for
10 min with either 10 pM DMS (□) or control diluent (•). Neutrophils
were loaded with [3H]sphingosine for 1 min and stimulated with 100 nM
fMLP, 10 nM PAF, 10 ng/ml TNF-a, or 30 pM SP-G for the times indi¬
cated. Lipids were extracted and [3H]S1P was identified by thin layer chro¬
matography and scintillation counting as described in Materials and Meth¬
ods. The results are expressed as percent [3H]S1P in untreated cells and
represent the mean ± SEM of three experiments. *, Significantly different
from unstimulated cells (p < 0.05 ANOVA). B, [3H]S1P release. Neutro¬
phils were stimulated with 10 nM PAF or fMLP as described inT, and cells
were rapidly sedimented. [3H]S1P was extracted and measured from the
cellular (□) and extracellular (■) fractions. The results are expressed as
cpm [3H]S1P and represent the mean ± SD of two experiments.

TNF-a produced a more sustained activation with maximal acti¬
vation (245 ± 16%, mean ± SEM) reached after 15 min. DMS is
a sphingosine kinase inhibitor which has been widely used to in¬
vestigate the role of sphingosine kinase in a number of experimen¬
tal systems (16, 20, 31). Pretreatment with DMS inhibited sphin¬
gosine kinase activity down to or below basal levels (Fig. 1). The
observed increase in [3H]S1P was derived mainly from the cellular
fraction as the amount of [3H]S1P detected in the supernatant in
response to PAF or fMLP was <5% of the total and was at the
lower limit of detection using this assay. We also measured total
mass SIP release from alkaline extracts of supematants which had
been dephosphorylated by alkaline phosphatase (26). In this
method, the resultant sphingosine is rephosphorylated in the pres¬
ence of [32P]ATP by recombinant sphingosine kinase and
[32P]S1P (26). Using this method, no SIP (<1 pmol) was detected
in the supematants from fMLP-stimulated neutrophils (data not
shown).

Effects on [Ca2+]i in isolated human neutrophils
PAF, fMLP, and SP-G all increased [Ca2+]j within 20 s ofaddition to
intact fura 2-AM-loaded isolated neutrophil suspensions. SIP (1
nM-1 pM) had no effect on [Ca23 [, (not shown). The response to
PAF (33.9 ± 22.3 to 315.4 ± 66.1 nM with 3 nM PAF; n = 3; Fig.
2, top panel) and fMLP (31.4 ± 10.1 to 285 ± 31 nM with 10 nM
fMLP; n = 4; Fig. 2, middle panel) was primarily from mobilization
of intracellular stores as the peak response to PAF and fMLP were
both abolished by the intracellular Ca2+ antagonist 8-(/V,A-

Time (s)
FIGURE 2. Effect of TMB-8 and SKF96365 on fMLP-, PAF- and SP-
G-induced increase in [Ca2+];. Intracellular calcium was measured in fura
2-AM-loaded human neutrophils stimulated with 3 nM PAF (toppanel), 10
nM fMLP (middle panel), or 30 pM SP-G (bottom panel). Cells were

pretreated with 500 |uM TMB-8 (•), 10 pM SKF 96365 (□), or diluent
(O) for 2 min as indicated. Results are representative of at least four in¬
dependent experiments.

diethylamino)octyl-3,4,5-trimethoxybenzoate hydrochloride
(TMB)-8 (Fig. 2) and only marginally affected by the store-
operated channel blocker SKF 96365. However, the response to
SP-G was significantly reduced by SKF 96365 (62 ± 12% inhi¬
bition, mean ± SEM, n = 3; Fig. 2). This suggests that SP-G
increases [Ca2 ' ], both by intracellular Ca2 ' mobilization and from
external Ca2+ entry. As expected, neither TNF-a nor GM-CSF
produced any change in [Ca23 ]; in neutrophils (data not shown)
which is in agreement with previous studies (see Ref. 11 and
references therein).

Effect ofDMS on PAF-, fMLP-, and SP-G-induced elevation of
[Ca2 '7, in human neutrophils
Preincubation for 2 min with 10 pM DMS significantly reduced
the PAF- and fMLP-induced rise in [Ca2 1 ]: and completely abol¬
ished the response to SP-G (Fig. 3). A similar degree of block was
observed if total [Ca2' ], was measured as area under the curve
(data not shown). DMS did not inhibit the mean [Ca2' observed
with ionomycin (Fig. 3) confirming that DMS is not emptying
intracellular Ca23" stores. The effect of DMS on SP-G-induced

[Ca23']; was concentration dependent with an IC50 of 6.47 ± 0.32
MM (Fig. 3).

Neutrophil shape change

Changes in neutrophil polarization provide a good indication of
neutrophil priming. All priming agents induced morphological
changes characteristic of neutrophil shape change. Preincubation
for 5 min with DMS (10 pM) significantly inhibited PAF-, GM-
CSF-, TNF-a-, and SP-G-induced shape change (Fig. 4) at all con¬
centrations ofpriming agents tested. In contrast, the PI3K inhibitor
LY294002 at 10 pM had no effect on neutrophil shape change
induced by any priming agent (Fig. 4), suggesting that PI3K, al¬
though critical for respiratory burst activation and degranulation
responses, is not essential for neutrophil polarization responses.
Addition of SIP at concentrations up to 10 pM had no effect on
neutrophil polarization (data not shown).
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FIGURE 3. DMS inhibits Ca2_ mobilization in human neutrophils.
Fura 2-AM-loaded human neutrophils were pretreated for 2 min with 10
jirM DMS (O) or diluent (•) as indicated and stimulated with 10 nM PAF,
10 nM fMLP, 30 p.M SP-G, or ionomycin as indicated by the arrows. The
results are representative of three independent experiments. Bottom panel,
Concentration response curve for DMS-mediated inhibition of 10 pM SP-
G-induced calcium -mobilization. Data is expressed as the mean peak re¬

sponse and represents the mean ± SEM of four independent experiments.

Priming the fMLP-induced respiratory burst
Previous studies have shown that priming agents strongly poten¬
tiate the fMLP-mediated increase in neutrophil superoxide anion
release. In this study, PAF, GM-CSF, TNF-ct, and SP-G did not
induce spontaneous neutrophil superoxide anion release but caused
a rapid and concentration-dependent increase in fMLP-stimulated
superoxide anion release as measured by an increase in DHR flu¬
orescence (Fig. 5). Addition of exogenous SIP (1 nM to 10 p,M for

0.1 1

[TNF] ng/ml

FIGURE 4. Effect of DMS and LY294002 on neutrophil shape change.
Isolated human neutrophils were incubated for 5 min with vehicle (O), 10
/uM DMS (□), or 10 /xM LY294002 (•) before stimulation with 1) PAF
(5 min), 2) GM-CSF (90 min), 3) TNF-a (30 min), or 4) SP-G (5 min) as
indicated. Shape change was calculated from the mean forward light scatter
of each sample measured by flow cytometry. The data represents the
mean ± SEM of four independent experiments.

0.03 0.1 0.3 1

[GF109203X] nM
FIGURE 5. DMS and LY294002 inhibit neutrophil priming. Isolated
human neutrophils were loaded with the cell permeable oxidant-sensitive
dye DHR and preincubated for 5 min with vehicle (O), 10 p.M DMS (□),
or 10 /xM LY294002 (•). Cells were primed with 1) PAF (5 min), 2)
GM-CSF (90 min), 3) TNF-a (30 min), or 4) SP-G (5 min) as indicated
followed by 5-min exposure to 100 nM fMLP. Bottom panel, Effect of
GF109203X. Cells were preincubated with GF109203X at the indicated
concentrations for 15 min before the addition of 100 nM PMA (□) or by
the addition of TNF-a (10 nM) followed by 100 nM fMLP (■) as in 3.
Fluorescence was measured by FACS analysis. The data represent the
mean ± SEM of four independent experiments.

10 min) had no effect on fMLP-induced superoxide anion release
(data not shown). The fMLP-stimulated increase in DHR fluores¬
cence in primed cells was fully inhibited both by DMS (10 pM)
and LY294002 (10 pM). Together this suggests a role for sphin-
gosine kinase in neutrophil priming, and for PI3K in fMLP-in¬
duced neutrophil activation. There is some evidence that sphin-
gosine analogs such as DMS and dihydrosphingosine also inhibit
protein kinase C (PKC) which could explain the effect of DMS on
neutrophil priming. However, Fig. 5 shows that the selective PKC

eontwl tMLP TNF TNF + fMLP

FIGURE 6. Measurement of PIP, mass in human neutrophils. Freshly
isolated neutrophils were treated with DMS (10 p.M; ■), LY294004 (10
/xM; ■). or vehicle (□) for 5 min at 37°C before addition of TNF-a (10
ng/ml) for 30 min. Cells were stimulated with 100 nM fMLP or vehicle for
5 s at 37°C. Lipid extracts containing PIP, were assayed as described in
Materials and Methods. The results represent the mean ± SEM of four
independent experiments.
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FIGURE 7. DMS inhibits delay of neutrophil apoptosis. Neutrophils
were induced to undergo constitutive apoptosis by in vitro culture for 20 h
at 37°C. Cells were cultured in the presence or absence of 10 p.M DMS or
10 /xM LY294002. A, Concentration response of SP-G-induced inhibition
of constitutive apoptosis in the absence (O) or presence of DMS (□) or
LY294002 (•). Apoptosis was assessed by annexin V binding and is ex¬
pressed as percent apoptotic cells. The data represents the mean ± SEM of
five independent experiments. B, Inhibition of apoptosis by GM-CSF. Cells
were cultured in the absence (■) or presence of 500 ng/ml GM-CSF (■)
and/or DMS (10 /uM) as indicated. Apoptosis was assessed morphologi¬
cally and is expressed as percent apoptotic cells. The data represents the
mean ± SEM of three independent experiments.

inhibitor GF109203X, although inhibiting PMA-induced superox¬
ide release (IC50 = 60 nM) had no effect on primed fMLP-induced
PKC activation, suggesting that inhibition of PKC could not ex¬
plain the inhibition of primed superoxide release observed with
DMS. We also looked further at the involvement of PI3K in neu¬

trophil activation by measuring phosphatidylinositol (3,4,5)-
triphosphate (PIP,) levels following TNF-a-induced priming of
the fMLP response, which has been shown to be increased during
neutrophil activation (32, 33). Fig. 6 shows that TNF-a primed the
fMLP-induced increase in PIP3 levels in human neutrophils. This
was effectively inhibited by pretreatment with LY294002 (10 /xM)
but not DMS (10 /uM).

Effect ofDMS on neutrophil apoptosis
Neutrophils aged in culture for 20 h undergo constitutive apopto¬
sis, which can be measured morphologically and by annexin VF,TC
binding and flow cytometry. GM-CSF and SP-G protected neutro¬
phils from undergoing constitutive apoptosis (Fig. 7). SP-G inhib¬
ited apoptosis from 60.5 ± 4.1% in control cultures to 30.8 ±
4.1% in treated cells. The EC50 for SP-G-induced inhibition of
apoptosis was 10.1 ± 0.6 p,M. GM-CSF- and SP-G-induced pro¬
tection from apoptosis was completely abolished by DMS (10 /xM)
and LY294002 (10 p-M; Fig. 7) supporting a role for sphingosine
kinase and PI3K in neutrophil apoptosis.

Discussion
The novel findings of this study are that 1) neutrophil priming
agents acting via diverse receptor types (fMLP, PAF, TNF-a, and
SP-G) all activate sphingosine kinase; 2) inhibition of sphingosine
kinase by DMS abolishes two cardinal markers of neutrophil prim¬
ing, namely shape change and augmentation of the fMLP-stimu-
lated superoxide anion release; 3) GPCR-induced Ca2+ release
induced by PAF, fMLP, and SP-G in neutrophils is partially me¬

diated by agonist-stimulated increases in sphingosine kinase ac¬
tivity; and 4) inhibition of sphingosine kinase abolishes the sur¬
vival effect of SP-G and GM-CSF. The activation of sphingosine
kinase is the first demonstration of a common signal activated by
structurally diverse priming agents. The stimulation of intracellular
sphingosine kinase to generate SIP may therefore be a proximal
and central mechanism responsible for the priming of human
neutrophils.
SIP is produced from sphingosine by sphingosine kinase. It has

become clear that sphingolipids, in addition to being structural
components of cell membranes, are sources of important signaling
molecules. SIP, as well as acting as an intracellular second mes¬

senger, is also a high affinity agonist for the endothelial differen¬
tiation gene (EDG) family of GPCRs, EDG1, EDG3, EDG5,
EDG6, and EDG8 which couple via different heterotrimeric G pro¬
teins to activate multiple effectors (15, 34). This makes SIP unique
in eliciting both intra- and extracellular actions. Therefore, it is
possible that stimulation of intracellular sphingosine kinase activ¬
ity could lead to an increase in intracellular SIP which is released
from cells to activate cell surface EDG receptors. In this study, we
show that SIP released from neutrophils after stimulation with
fMLP or PAF was well below the Kd concentration for SIP at any
of the EDG receptor subtypes (Kd = 8 nM for EDG1 and —20-30
nM for EDG3 and EDG5; Refs. 15, 31, and 35). Mass SIP de¬
tected in the supernatant following fMLP stimulation was <1
pmol (<2 nM in the 500-pl supernatant). In addition, exogenous
SIP at concentrations from 1 nM-10 /xM had no effect on [Ca21 ],,
cell polarization, or superoxide release. Furthermore, it has been
reported that neutrophils lack cell surface receptors for SIP (35).
Therefore, even if low concentrations of S1P are released follow¬
ing stimulation with priming agents, the results from this study
suggest that it is unlikely to be responsible (via EDG receptor
stimulation) for the effects described in this study. Previous work
has shown that TNF-a-induced priming of fMLP-induced super¬
oxide production involves sphingomyelin metabolites (36). More¬
over, recent work has shown that FcyRl aggregation activates
NADPH oxidase in primed U937 cells via a pathway involving
PLD1 and sphingosine kinase (37). The mechanism whereby an
increase in S1P in response to priming agents leads to an increase
in superoxide release remains to be elucidated.

We have shown that PAF, fMLP, and SP-G induce a rapid and
transient Ca2' signal in isolated human neutrophils that is at least
partially dependent on sphingosine kinase activation and the gen¬
eration of the putative second messenger SIP. This suggests that
receptors for PAF, fMLP, and SP-G can use dual pathways leading
to calcium release: the conventional phospholipase C-inositol
1,4,5-triphosphate pathway and the sphingosine kinase pathway.
The results are similar to those described for lysophosphatidic acid
and muscarinic acetyl choline receptors in SH-SY5Y cells (21).
The effect of DMS is not due to an emptying of the intracellular
Ca2+ store, as there was no significant reduction in the ionomycin-
sensitive pool. We also show that SP-G, fMLP, and PAF could
stimulate sphingosine kinase activity in human neutrophils with
similar kinetics to that observed for Ca2+ release.
The role of P13K in neutrophil activation/apoptosis is unclear.

Studies have shown that 1L-8- and GM-CSF-mediated apoptosis
delay is inhibited by LY294002 and the mitogen-activated protein
kinase kinase inhibitor PD98059, suggesting a role for PI3K and
extracellular signal-regulated kinase (ERK) in neutrophil apoptosis
(4). PI3K, but not the MAPKs (ERK, c-Jun-N-terminal kinase,
p38) has been shown to be involved in IL-8-induced neutrophil
migration (38). Other studies have shown that different chemoat-
tractants (e.g., fMLP and PAF) use different signal transduction
pathways to stimulate neutrophils, where PAF and fMLP strongly
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activate p38 MAPK but only fMLP activates ERK (13). The ability
of fMLP to activate more than one member of the MAPK family
as opposed to PAF is reflected by the wider range of functional
responses evoked by fMLP. Recently, fMLP and 1L-8 have been
shown to activate the G protein-dependent P13K, pi 10y, and it has
been suggested that this isoform is the major P13K activated fol¬
lowing neutrophil activation (12). Previous studies have estab¬
lished that neutrophil polarization (shape change) and an increase
in fMLP-stimulated superoxide anion release serve as robust and
independent indicators of neutrophil priming and this finding was
confirmed for PAF, GM-CSF, TNF-a, and SP-G. Both of these
responses could be inhibited by DMS, while only the superoxide
anion release was blocked by LY294002. Although LY294002
inhibited PAF-, GM-CSF-, TNF-a-, and SP-G-induced superoxide
release, it did not inhibit changes in neutrophil polarity suggesting
that PI3K is not involved in the initial reorganization of cytoskel-
etal actin. This suggests a role for sphingosine kinase in neutrophil
priming and a role for PI3K primarily in neutrophil activation. This
finding is in agreement with recent in vitro studies indicating the
pivotal role of activated rare and PtdIns(3)P in the assembly and
activation of the NADPH oxidase (39).
The production of superoxide anions by the NADPH oxidase

involves several membrane and cytosolic proteins and can be ef¬
fected by a variety of Ca2+ and PKC-dependent and -independent
mechanisms (11). This is illustrated by the finding that although
TNF-a and GM-CSF prime the fMLP-induced superoxide anion
release, they have no effect on calcium release (data not shown and
Ref. 40). However, TNF-a- and GM-CSF-induced priming was
blocked by DMS, suggesting that sphingosine kinase may play an

important regulatory role in neutrophil priming irrespective of
[Ca2-],. This concurs with previous data indicating that a rise in
[Ca2+]h while necessary for full neutrophil activation, is not oblig¬
atory for priming (11). The extended time course of TNF-a-in-
duced sphingosine kinase activation (Fig. 1) may reflect a different
mechanism whereby TNF-a receptors signal to sphingosine kinase
which would reflect the long time period required for optimal
priming of neutrophils by TNF-a.
DMS and its analog dl-threo dihydrosphingosine, in addition to

inhibiting sphingosine kinase, have also been shown to inhibit
PKC, although work by Edsall et al. (41) showed that 10 /rM DMS
showed no PKC inhibition in whole cells. It could possibly be
construed that inhibition of PKC activity could explain the results
observed with DMS in this study. We think this is unlikely for
several reasons. Firstly, although the selective PKC inhibitor
GF109203X blocked superoxide release by direct PKC stimulation
with PMA, it had little effect on the primed response to fMLP. This
agrees with previous work suggesting that fMLP may use PKC
independent pathways to phosphorylate pAlph"x (42) and that PKC
is not primarily involved in priming (43). Moreover, GF109203X
did not inhibit neutrophil shape change or calcium transients in¬
duced by fMLP (data not shown). This suggests that although di¬
rect stimulation of PKC with PMA activates p47''/"", this is not the
primary route used by more physiological activating agents. There¬
fore, inhibition of PKC cannot explain the effects observed with
DMS in this study.
The balance between ceramide and SIP can determine the phys¬

iological fate of the cell (14, 15). In human endothelial cells,
TNF-a activates sphingosine kinase which was shown to be im¬
portant for protection against TNF-a-mediated apoptosis (25).
These data showed that as well as inducing ceramide accumulation
by sphingomyelin hydrolysis (a pathway normally associated with
apoptosis (44-46), TNF-a also activated sphingosine kinase to
generate SIP that could serve as an important antiapoptotic mol¬
ecule for cell survival. The protective role of SIP may also be

important in tumor cells as the relative levels of sphingolipid me¬
tabolites (SIP over sphingosine) has been shown to play a key role
in determining the radiosensitivity of prostate cancer cells (47). In
this study SP-G, which primes neutrophils and stimulates sphin¬
gosine kinase activity also protects against constitutive apoptosis,
which again suggests a protective role for sphingosine kinase.
However, SP-G has been shown to induce apoptosis in some tumor
cell types (48). It will be interesting to assess the role of sphin-
gosinc kinase in SP-G-induced apoptosis in tumor cells.
The present study has highlighted a novel role for sphingosine

kinase as a regulator of neutrophil priming by a variety of struc¬
turally distinct neutrophil priming agents. Although neutrophils are
not amenable to genetic manipulation, we are at present charac¬
terizing responses in neutrophilic differentiated HL-60 cells with
the view to using antisense or a dominant-negative approach to
studying further the role of sphingosine kinase in priming. Future
work will be important for the design of new therapeutic strategies
to modulate the sphingosine kinase/SIP pathway, with the predic¬
tion that such agents could have a profound influence on the ad¬
verse effects of neutrophil priming. This would be of value in the
regulation of chronic inflammatory conditions where the neutro¬
philic granulocyte plays such a prominent role.
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A potential role for extracellular nitric oxide generation
in cGMP-independent inhibition of human platelet aggregation:
biochemical and pharmacological considerations
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1 Nitric oxide (NO) is a potent inhibitor of platelet activation, that inhibits the agonist-induced
increase in cytosolic Ca2+ concentration through both cGMP-dependent and independent pathways.
However, the NO-related (NO,) species responsible for cGMP-independent signalling in platelets is
unclear. We tested the hypothesis that extracellular NO, but not NO+ or peroxynitrite, generated in
the extracellular compartment is responsible for cGMP-independent inhibition of platelet activation
via inhibition of Ca2+ signalling.
2 Concentration-response curves for diethylamine diazeniumdiolate (DEA/NO; a spontaneous NO
generator), X-nilroso-A'-valcryIpenicillamine (SNVP; an X-nitroso thiol) and 3-morpholinosydnono-
mine (SIN-1; a peroxynitrite generator) were generated in platelet-rich plasma (PRP) and washed
platelets (WP) in the presence and absence of a supramaximal concentration of the soluble guanylate
cyclase inhibitor, ODQ (20/rM). All three NO, donors displayed cGMP-independent inhibition of
platelet aggregation in PRP, but only DEA/NO exhibited cGMP-independent inhibition of
aggregation in WP.
3 Analysis of NO generation using an isolated NO-electrode revealed that cGMP-independent effects
coincided with the generation of substantial levels of extracellular NO (>40 nM) from the NO, donors.
4 Reconstitution of WP with plasma factors indicated that the copper-containing plasma protein,
caeruloplasmin (CP), catalysed the release of NO from SNVP, while Cu/Zn superoxide dismutase
(SOD) unmasked NO generated from SIN-1. The increased generation of extracellular NO correlated
with a switch to cGMP-independent effects with both NO, donors.
5 Analysis of Fura-2 loaded WP revealed that only DEA/NO inhibited Ca2' signalling in platelets
via a cGMP-independent mechanism. However, preincubation of SNVP and SIN-1 with CP and SOD,
respectively, induced cGMP-independent inhibition of intraplatelet Ca2+ trafficking by the NO,
donors.
6 Taken together, our data suggest that extracellular NO (>40nM) is required for cGMP-
independent inhibition of platelet activation. Plasma constituents may play an important
pharmacological role in activating cGMP-independent signalling by X-nitrosothiols or peroxynitrite
generators.
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Published online 31 January 2005

Keywords: Nitric oxide; X-nitrosothiols; peroxynitrite; platelet activation; cyclic GMP; soluble guanylate cyclase; cGMP-
independent; caeruloplasmin; superoxide dismutase

Abbreviations: Asc, ascorbate; AUC, area under curve; cGMP, cyclic guanosine-3'5'-monophosphate; CP, caeruloplasmin; DEA/
NO, (Z)-l-(/V,A,-diethylamino)diazen-l-ium-l ,2-diolate sodium salt; DTS, dense tubular system; HSA, human
serum albumin; IBMX, 3-Isobutyl-l-methyl xanthine; NOS, nitric oxide synthase; ODQ, I-//-[ 1,2.4joxodiazo-
lo[4,3-a]quinoxalin-l-one; PGI2, prostacyclin; PRP, platelet-rich plasma; sGC, soluble guanylate cyclase; SIN-1,
3-morpholinosydnonomine; SNAP, X-nitroso-.V-acetylpcnicillamine; SNVP, X-nitroso-A-valeryl penicillamine;
SOD, superoxide dismutase; TxA2, thromboxane A2; WP, washed platelets

Introduction

Nitric oxide (NO) is a labile-free radical mediator that potently
inhibits platelet aggregation and adhesion to the vascular
endothelium (Radomski et al., 1987a-c; Pigazzi et al, 1999).
NO is synthesized by constitutive NO synthase in the
endothelium (Palmer et al., 1987; 1988) and in platelets
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themselves (Radomski et al., 1990), and has long been
recognized to inhibit platelet activation by increasing the
synthesis of cyclic-3'5'-guanosine monophosphate (cGMP) via
direct stimulation of the enzyme soluble guanylate cyclase
(sGC; Mcdonald & Murad, 1995). Activation of G-kinase by
cGMP inhibits platelet function through phosphorylation of
key proteins such as thromboxane A2 (TxA2) receptors (Wang
el al., 1998) and proteins involved in the Ca2+ signalling
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pathway (Kawahara et al., 1984; Nakashima et al.. 1986; Busse
et al., 1987; Matsuoka et al., 1989; Mcdonald & Murad, 1995;
Cavallini et al., 1996). An elevated cytosolic Ca2+ concentra¬
tion following agonist stimulation is a critical signalling event
required for platelet shape change and aggregation (Gerrard
et al., 1978; Murer, 1985; Rink, 1988; Blockmans et al., 1995).
Recently, several cGMP independent signalling mechanisms

have been identified (Gordge et al., 1998; Trepakova et a!.,
1999; Tsikas et al., 1999; Ahern et al., 2002; Homer &
Wanstall, 2002; Thyagarajan et al., 2002; White et al., 2002). In
platelets, NO accelerates sarco-endoplasmic reticulum Ca2+
ATPase (SERCA)-dependent refilling of internal Ca2+ stores
(Trepakova et al., 1999; Homer & Wanstall, 2002), and the
unstable S-nitrosothiol, S-nitrosocysteine, inhibits agonist-
induced TxA2 synthesis in human platelets (Tsikas et al., 1999).
Furthermore, the importance of cGMP-independent mechan¬
isms is underpinned by the recent discovery that G-kinase has
an excitatory role in platelet activation (Li et al., 2003).
An important aspect in assessing cGMP-independent

mechanisms is identification of the exact NO-related (NOv)
species responsible for the effect. However, studies in platelets
are complicated by a number of factors. Firstly, blood plasma
contains antioxidants such as ascorbate (Asc; ~ 100 pM\ Esteve
et al., 1997) and low molecular weight thiols (10-20/xm;
Mansoor et al., 1992), which can catalyse the release of NO
from S-nitrosothiols (Ignarro et al., 1981; Singh et al., 1996).
Secondly, NO and its higher oxides can interact with plasma
proteins such as albumin and haemoglobin, resulting in the
formation of .S-nitrosated proteins with considerably different
properties than NO itself (Stamler et al., 1992; Simon et al.,
1993; Scharfstein et al., 1994; Kharitonov et al., 1995; Gow
et al., 1997; 1999; Pawloski et al., 1998; Crane et al., 2002).
Plasma is also an abundant source of the Fe2' /Cu2'
transporting protein caeruloplasmin (CP), which catalyses S-
nitrosothiol formation and decomposition (Dicks & Williams,
1996; Inoue et al., 1999). Thirdly, NO can react with
superoxide (02) at almost diffusion limited rates, leading to
the generation of peroxynitrite (ONOO ; Jourd'heuil et al.,
2001; Espey et al., 2002). ONOO" has been reported to exert
both inhibitory and excitatory effects in platelets (Moro et al.,
1994; Brown et al., 1998). In the case where the simultaneous
generation ofNO and O7 is desired to create ONOO", plasma
may contain enough antioxidants to remove at least a

proportion of O7 before it has the opportunity to react with
NO. Finally, endogenous pathways exist for the conversion of
ONOO" to potent nitrosating species such as N203, which can
lead to formation of S'-nitrosothiols and NO (Mayer et a!.,
1998; Espey et al., 2002).
To date, a number of studies in both platelets and blood

vessels have indicated a correlation between the amount of NO

(radical) released by an NO donor, and the level of cGMP-
independent activity observed (Homer et al., 1999; Sogo et al.,
2000; Miller et al., 2004). Our aim in these experiments was to
perform systematic experiments to test the hypothesis that
extracellular generation of NO, but not ONOO" or S'-
nitrosothiols, is the most important determinant for cGMP-
independent inhibition of platelet activation. Furthermore, we
hypothesized that extracellular generation of NO instills
antiplatelet effects via inhibition of Ca2+ mobilization. Using
the plasma proteins CP and superoxide dismutase (SOD) as
membrane impermeant tools to elicit the release of NO from
NO, donors, we have probed the role of plasma antioxidants

and extracellular NO in cGMP-independent inhibition of
human platelet activation.

Methods

Materials

(Z)-l-(A,A-diethylamino)diazen-l -ium-1,2-diolate sodium salt
(DEA/NO; Alexis Biochemicals, Nottingham, U.K.) was
dissolved in 0.01 m NaOH and stored at —20°C. Immediately
prior to use, DEA/NO was diluted in phosphate-buffered
saline (PBS, pH 7.4). S-nitroso-V-valerylpenicillamine (SNVP)
was synthesized as described (Miller et al., 2000), dissolved in
PBS and stored at —20°C in the dark. 3-morpholinosydnono-
mine (SIN-1) was also dissolved in PBS and stored at —20°C.
!-//-[! ,2,4]oxodiazolo[4,3-a]quinoxalin-1 -one (ODQ; Tocris
Cookson, Langford, Bristol, U.K.) was dissolved in dimethyl-
sulphoxide (DMSO) and stored at —20°C. All other chemicals
were purchased from Sigma (Poole, Dorset, U.K.).

Platelet preparation

Venous blood was drawn from the antecubital fossa of healthy
volunteers (aged 20-40 years) into citrated tubes (0.38% final
concentration). Volunteers had not taken any medication
known to affect platelet aggregation within the last 10 days.
Platelet-rich plasma (PRP) and platelet poor plasma (PPP)
were obtained from whole blood by centrifugation as
previously described (Sogo et al., 2000). Washed platelets
(WP) were derived from PRP by centrifugation in the presence
of 300ngml_1 prostacyclin (PGI2) to prevent activation,
followed by resuspension in PGI2-free HEPES-tyrode buffer
containing (in mm): 137 NaCl, 2.7 KC1, 1.05 MgS04, 0.4
NaH2P04, 0.8 CaCl2, 12.5 NaHC03, 5.6 glucose and 10
HEPES. Although previous evidence suggests that HEPES
may catalyse NO consumption via the release of 02 (Keynes
et al., 2003), experiments performed in this laboratory indicate
that HEPES primarily acts as an antioxidant in this system
(data not shown; unpublished observation). The platelet count
in PRP and WP was determined using a Coulter AC.T 8
Haematology analyzer (Coulter Electronics, U.K.), and
standardized to 250 x 10® I"1 via dilution with PPP (PRP) or
HEPES-tyrode buffer (WP).

cGMP measurements

cGMP measurements were performed to assess the concentra¬
tion ofODQ required to completely inhibit cGMP synthesis to
a maximal dose ofDEA/NO (IOjxm). Aliquots (0.5ml) of PRP
or WP were equilibrated to 37°C in a platelet aggregometer
and incubated with the phosphodiesterase inhibitor 3-Isobutyl-
1-methyl xanthine (IBMX; 1 niM) for 20-min prior to the
addition of DEA/NO (10 /xM). To assess the inhibitory action
of ODQ on cGMP formation, WP or PRP were preincubated
with ODQ (20 or IOOjxm) for 15-min prior to the addition of
DEA/NO. In all cases, DEA/NO was incubated in the platelets
for 30 s prior to the addition of 300 /xl of 10% trichloroacetic
acid to lyse platelets and precipitate the proteins. The 30 s time
point was used so that cGMP measurement occurred shortly
after peak cGMP synthesis (Bellamy et al., 2000). The resulting
mixture was then centrifuged (2000 x g; 10-min), and the
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supernatant aspirated and stored (-20°C; <2 weeks) prior to
cGMP ELISA (low pH, R&D systems, Abington, U.K.). The
nonacetylated form of ELISA was used, and results expressed
as pmol/108 platelets (« = 5, with ELISA samples run in
duplicate).

NO electrode measurements

NO generation was measured using an isolated NO electrode
(World Precision Instruments, Stevenage, U.K.). Data were

captured via an Apollo 4000 Free Radical Analyser (World
Precision Instruments). The electrode was calibrated using
DEA/NO (0.1-3.2 /iM) in phosphate buffer (pH 4.0); DEA/NO
decomposition is extremely rapid at pH < 5.0 (Davies et at.,
2001). Aliquots (2 ml) of PRP or WP were equilibrated to 37°C
before the addition of the NO, donors DEA/NO (3 /iM),
SNVP (100 /iM) or SIN-1 (100/iM). NO concentration was
then recorded for 6-min. DEA/NO is a well-characterized NO-
donor that undergoes rapid hydrolysis in PBS (Davies et at.,
2001) without a requirement for biological factors. SNVP, a
more lipophilic analogue of the well-recognized V-nitrosothiol,
.S'-nitroso-A'-acetylpenicillamine (SNAP), was chosen for these
studies because it is a relatively stable V-nitrosothiol, but
nevertheless undergoes transnitrosation reactions (Megson
et at., 1999), and is therefore useful in distinguishing between
S-nitrosothiol and NO-mediated effects. SIN-1 generates Oj
concurrently with NO (Feelisch et al., 1989; Noack & Feelisch,
1991), and given that the reaction rate between NO and Oj is
near diffusion limited (6.7 x 109m_1 s-1; Huie & Padmaja
1993), SIN-1 is an effective ONOO donor. In experiments
involving sGC inhibition, PRP was treated with a supramax¬
imal concentration of ODQ (20/iM) for 15-min as determined
in the preliminary cGMP measurements (Miller et al., 2004)
before the addition of NOv donor. In further experiments, the
effect of plasma factors on the release of NO from SNVP and
SIN-1 was investigated. WP were incubated with levels of CP
that approximate plasma concentrations (0.4 gl~'; Ravin,
1961; Prakasam et al., 2001) for 1-min prior to the addition
of SNVP (100/iM). Similarly, WP was incubated with SOD
(500 U ml-1), Asc (100/iM), human serum albumin (HSA, 4%)
for 1-min prior to the addition of SIN-1 (100/iM; n = 4 for all
experiments).

Aggregometry

Aggregometry was carried out using a four-channel platelet
aggregometer (Chronolog 470 VS, Labmedics, Stockport) at
37°C. Aggregation was measured as a change in turbidity (light
transmission) in PRP or WP against a PPP or HEPES-tyrode
reference respectively (Crane et al., 2002). Data were captured
via an analogue digital converter (MacLab 4e, AD Instru¬
ments, Sussex, U.K.) and recorded using MacLab Chart
v3.3.7. Aliquots (0.5 ml) of PRP or WP were equilibrated in the
aggregometer at 37°C before the addition of DEA/NO (1 nM-
10/iM), SNVP (10nM-100/iM) or SIN-1 (3 nM-300 /iM).
Following incubation of drug for 1-min, supramaximal
U46619 (a TxA2 analogue; 8/iM) was added to the platelets
to induce aggregation, and the response recorded for 5-min. In
each case, the maximum response was measured and used for
data analysis. U46619 was used in these experiments because it
activates a signalling pathway downstream of platelet TxA2
synthesis, minimising the effect of cGMP-independent inhibi¬

tion of endogenous TxA2 synthesis (Tsikas et al., 1999). In
experiments designed to investigate cGMP-independent me¬
chanisms, ODQ (20 /iM) was preincubated with platelets for
15-min before the addition of DEA/NO, SNVP or SIN-1. In
further experiments, aliquots of WP pretreated with ODQ
were incubated with various plasma factors to determine the
effect of releasing NO on cGMP-independent inhibition of
platelet activation. In these experiments, CP (0.4gC) was
added to WP for a 1-min period prior to SNVP (0.1-100/iM),
which was added 1-min prior to U46619. Similarly, WP
preincubated with ODQ were treated with supramaximal SOD
(500Uml"') for 1-min before the addition of SIN-1 (3 nM-
300 /iM), 1-min prior to U46619 (n = 6 for all experiments).
Control experiments examining the effect of incubation
(15-min) of DMSO (0.1%) or ODQ (dissolved in DMSO; final
concentration ODQ: 20/iM; DSMO: 0.1%) in both PRP and
WP stimulated by U46619 (8/im) were also performed (n — 4).

Preparation of Fura-2 labelled WP

PRP was centrifuged (1200 x g, lOmin) in the presence of PGI2
(300ngml_1), and resuspended in 0.25 x HEPES-tyrode buf¬
fer. Fura-2 acetoxymethyl ester (Fura-2 AM; 2/im) was added
to the suspension and the mixture incubated at room

temperature for 30min. Following incubation, platelets were
diluted to their original volume with HEPES-tyrode, PGI2
added (300ng ml"1), and the mixture centrifuged (1200 x g,
lOmin). The supernatant was aspirated and discarded to
remove excess extracellular Fura-2, and the loaded platelets
resuspended in HEPES-tyrode. Platelet count was then
determined and standardized to 250 x 1091 1 via dilution with

HEPES-tyrode as described.

Ca2+ measurements

All fluorescence measurements were made using a Perkin-
Elmer LS50B luminescence spectrometer (Perkin Elmer,
Berkshire, U.K.). Fluorescence was measured at 37°C, with
excitation wavelengths of 340 and 380 nm and an emission
wavelength of 510nm. Aliquots (1.5ml) of Fura-2 loaded WP
were equilibrated at 37°C before the addition of DEA/NO
(10/iM), SIN-1 (100/iM), or SNVP (100/iM). After a 1-min
incubation period, U46619 (8 /iM) was added and the response
measured for 5-min. These experiments were also repeated in
platelets preincubated with ODQ (20/iM) for 15min. Analo¬
gous to aggregometry experiments, aliquots of WP pretreated
with ODQ were incubated with CP (0.4 g I "') for a 1-min
period prior to the addition of SNVP (100/iM), which was
added 1-min prior to U46619. Similarly, ODQ-treated WP
preincubated with SOD (500Uml"1) for 1-min before the
addition of SIN-1 (100/iM), 1-min prior to U46619. Ratio
values were converted to intracellular Ca2+ concentration

using FL WinLab software (Perkin Elmer, Berkshire, U.K.)
with platelets solubilized in 1% Triton-X-100 followed by
Ca2+ chelation with 20mM EGTA to calculate the maximum
and baseline values, respectively. The area under the curve
(AUC) was calculated for all experiments (n = 4—6).

Haemoglobin measurements

The haemoglobin content of PRP and WP was determined by
colorimetric assay (Sigma Diagnostics, Dorset, U.K.) based on
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the haemoglobin catalysed oxidation of 3,3',5,5'-tetramethyl-
benzidine by hydrogen peroxide, with absorbance measured
at 600 nm (Standefer & Vanderjagt, 1977; Lijana & Williams,
1979). Haemoglobin measurements were repeated 3-5 times.

Statistical analysis

All results are expressed as the mean + s.e.m. unless otherwise
stated. Concentration-response curves were analyzed by two-
way analysis of variance (two-way ANOVA) where possible.
Ca2+ data were analyzed via paired Student's /-test (DEA/NO)
or one-way ANOVA followed by Dunnett's multiple compar¬
ison test (SNVP or SIN-1) of the calculated AUC. cGMP
measurements and the DMSO/ODQ control aggregometry
experiments were analyzed by one-way ANOVA. PcO.05 was
considered to be statistically significant.

Results

cGMP measurements

Incubation of platelets with DEA/NO (10/tM) caused a

significant (P<0.01) ~2-fold increase in platelet cGMP levels
in both PRP and WP (in pmol/108 platelets: PRP control:
22.4+4.9, + DEA/NO: 42.5 + 4.3; WP control: 47.3 + 3.0,
+ DEA/NO: 97.2 + 9.8). Preincubation of platelets with ODQ
at both concentrations tested (20 and 100 /im) completely
prevented the DEA/NO-induced increase in cGMP in PRP
and WP (in pmol/108 platelets: PRP: +20^m ODQ:
21.9 + 2.7, + 100pM ODQ: 22.3 + 3.2; WP: +20;tM ODQ:
43.2+2.1, + 100/tM ODQ: 41.1+2.9). In both cases, no
significant difference to baseline cGMP levels was observed
(P> 0.05). Since 20 pM ODQ was sufficient to completely
prevent DEA/NO-induced cGMP accumulation, this concen¬
tration was used in subsequent experiments to reduce
nonspecific effects caused by the vehicle (DMSO).

Effect of DMSO and ODQ on platelet aggregation in
PRP and WP

Incubation of DMSO (0.1%) or ODQ (20/iM) for 15-min in
either PRP or WP did not significantly affect U46619-induced
platelet aggregation (in mV: PRP control: 94.5+ 7.6,
+ DMSO: 92.5 + 8.8, +ODQ: 93.3 + 7.8; WP control:
78.8+ 8.4, + DMSO: 79.6 + 9.4, +ODQ: 81.9+ 9.5; P>0.05).

Generation ofNO in PRP and WP by DEA/NO, SNVP
and SIN-1

Addition of DEA/NO (3/iM), SNVP (100 pm) and SIN-1
(loopm) at concentrations with maximal antiplatelet activity
to PRP resulted in measurable NO generation from each
compound (see Figure la). In all samples tested, there was a
short lag phase (60-90 s) before NO was detected. In a parallel
series of experiments, DEA/NO (3/tM), SNVP (100/tM) or
SIN-1 (100/iM) was added to WP. High levels of NO were
detected with DEA/NO (Figure lb), while only low levels of
NO were detected with SNVP (~40nM; Figure lb inset). NO
was nol detected with SIN-1, even under conditions of
maximum electrode sensitivity (threshold ~10nM; Figure lb
inset).

100 s

1 nM

100 s SNVP

Figure I Generation of NO from DEA/NO, SNVP and SIN-1 in
PRP and WP. Platelets were equilibrated at 37°C before the addition
of DEA/NO (3/iM), SNVP (100 /iM) or SIN-1 (100/iM) to PRP (a)
or WP (b). Experiments involving the addition of SNVP (100/iM)
and SIN-1 (100 /iM) to WP are also shown on a smaller scale (inset).
Data shown are the mean, with the s.e.m. indicated for every 60th
(1-min) time point (n = 4—5).

Inhibition ofplatelet aggregation in PRP and WP by
DEA/NO

DEA/NO (lnM-10/iM) inhibited U46619-induced platelet
aggregation in PRP and WP in a concentration-dependent
manner (Figure 2a(i-iii)). DEA/NO was approximately 100-
fold more potent in WP compared to PRP. Preincubation of
the sGC inhibitor (ODQ; 20 /iM) with PRP for 15-min did not
affect DEA/NO-mediated inhibition of platelet aggregation
(P>0.05; control IC50: 131 nM, +ODQ: 340nM). However, in
WP, ODQ inhibited DEA/NO-mediated inhibition of platelet
aggregation, causing a right-shift of the concentration-
response curve (control IC50: 6.9 nM, +ODQ: 1.4/tM).

Inhibition ofplatelet aggregation in PRP and WP by
SNVP

SNVP (10 nM—100/iM) also caused a concentration-dependent
inhibition of U466l9-induced platelet aggregation in PRP and
WP (Figure 2b(i—ii)). Similarly to our observation with DEA/
NO, SNVP (10nM-100/iM) also inhibited platelet aggregation
in WP at substantially lower concentrations than in PRP.
Incubation of platelets with ODQ did not affect the inhibition
of U46619-induced aggregation in PRP (P>0.05; control IC50:
19.9 /iM, +ODQ: 25.8 pM). However, ODQ abolished SNVP-
mediated inhibition of aggregation in WP at all concentrations
of SNVP tested (control IC50: 270 nM).

Inhibition ofplatelet aggregation in PRP and WP
by SIN-1

SIN-1 (3nM-300/tM) also inhibited U46619-induced platelet
aggregation in PRP and WP in a concentration-dependent
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Log [DEA/NO] (M) Log [DEA/NO] (M)

iii

U46619 (8 nM)

b
i SNVPPRP ii SNVPWP

Log [SIN-1] (M) Log [SIN-1] (M)
Figure 2 Inhibition of platelet aggregation by DEA/NO, SNVP and SIN-1 in PRP and WP in the presence and absence of ODQ.
Platelets were equilibrated to 37°C before treatment with DEA/NO (a), SNVP (b) or SIN-1 (c) in PRP (i) or WP (ii). Platelet
aggregation was then stimulated with U466I9 (8/im) 1-min after the addition of the NO, donor. In experiments involving ODQ,
platelets were preincubated with ODQ (20 ^M) for 15-min before NO* donor, followed by U46619 l-ntin later. ODQ did not affect
DEA/NO and SNVP-mediatcd inhibition of aggregation in PRP (P>0.05), while it inhibited SIN-l-mcdiated inhibition of platelet
aggregation in PRP (/*<0.05). ODQ also inhibited DEA/NO-mediated inhibition of platelet aggregation in WP, and completely
abolished SNVP and SIN-1-induced inhibition of platelet aggregation in WP. Data are expressed as the mean + s.e.m. (n = 6).
A representative trace of DEA/NO (30 nM-3 juM) in PRP (control) is included (iii).
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a snvp wp

b SIN-1 WP

I SIN-1 + SOD

g;SIN-1 + ASC
^*^SIN-1 + HSA

SIN-1

Figure 3 Effect of plasma factors on the generation of NO from
SNVP and SIN-I in WP. Platelets were equilibrated to 37°C before
the addition of SNVP (100/uM; a) or SIN-l (lOOpM; b). In
experiments involving SNVP, WP were preincubated with CP
(0.4gl ') for l-min prior to the addition of SNVP. In SIN-l
experiments, WP were preincubated with SOD (500 U ml-1), Asc
(100 pM) or HSA (4%) for l-min before the addition of SIN-l. Data
shown arc the mean, with the s.e.m. indicated for every 60th (l-min)
time point (n = 4).

manner (Figure 2c(i-ii)). SIN-1 was a considerably more
potent inhibitor of platelet aggregation in WP compared to
PRP. Incubation of ODQ caused a significant (~ 10-fold)
rightward shift in the concentration-response curve for SIN-l
in PRP (P<0.05; control IC50: 1.4/rM, +ODQ: 16.7/tM). In
WP, ODQ abolished SIN-l mediated inhibition of platelet
aggregation at all concentrations tested (control IC50: 54 nM).

Effect of plasma factors on the generation of NO
by SNVP and SIN-l

In experiments designed to establish the effect of plasma
factors on SNVP and SIN-l, WP was reconstituted with CP at
a level that approximates its concentration in plasma (0.4g l-';
Ravin, 1961; Prakasam et al., 2001). CP was observed to
greatly enhance the release of NO from SNVP (Figure 3a).
Similarly, incubation of WP with SOD (500 Uml-1) prior to
the addition of SIN-l resulted in measurable NO generation
(Figure 3b). Furthermore, incubation ofWP with Asc (100 /rM)
and HSA (4%) prior to SIN-l also resulted in measurable NO
generation from SIN-l (Figure 3b).

Effect of CP on SNVP-mediated inhibition of platelet
aggregation in WP

Reconstitution of WP with CP (0.4 gl-1) in the presence of
ODQ prior to treatment with SNVP resulted in concentration-
dependent inhibition of platelet aggregation (Figure 4a; IC50:
3.3 /rM).

Effect of SOD on SIN-l mediated inhibition ofplatelet
aggregation in WP

In a parallel experiment, reconstitution of WP with SOD
(500 U ml-1) in the presence of ODQ before treatment with
SIN-l also resulted in concentration-dependent inhibition of
aggregation (Figure 4b; IC50: 30.0/rM).

Log [SNVP] (M)

Log [SIN-1] (M)

Figure 4 Effect of plasma factors on cGMP-independent inhibition
of platelet aggregation by SNVP and SIN-1 in WP. Platelets
equilibrated to 37°C were preincubated with ODQ (20 /rM) for 14-
min before the addition of CP (0.4g I "') l-min prior to the addition
of SNVP (a). SOD (500 Uml-1) was also added to ODQ-treated WP
l-min before the addition of SIN-1 (b). After incubation with SNVP
or SIN-1 for l-min, U46619 (8 /rM) was added to induce aggregation.
Previous data are added as a comparison. Data are expressed as the
mean+ s.e.m. (n — 6).

Effect ofNOx donors on Ca2 1 signalling in Fura-2 loaded
WP

Addition of U46619 to fura-2 loaded WP caused an expected
rapid Ca2+spike, followed by a sustained elevation of intracel¬
lular Ca2+levels. Preincubation of WP with DEA/NO (10/rM)
inhibited this Ca2+signalling, an effect that was not blocked by
ODQ (Figure 5a(i); />>0.05). Incubation of WP with SNVP
(100/tM) also inhibited U46619-induced Ca21 signalling, but this
effect was blocked by ODQ (Figure 5a(ii), PcO.OOl). Pre¬
incubation of ODQ-treated WP with CP l-min prior to SNVP
reversed the antagonistic effect of ODQ on SNVP (P<0.00l), to
a similar level observed with the S-nitrosothiol alone

(Figure 5a(ii)). Similarly, incubation of WP with SIN-l
(I0()/rM) resulted in an inhibitory effect on U466l9-induced
Ca2+ signalling that was reversed by ODQ (Figure 5a(iii)).
Preincubation ofODQ-treatedWP with SOD also prevented the
inhibitory action of ODQ on SIN-l (PcO.OOl, Figure 5a(iii)).
Summary data showing this trend are also presented (Figure 5b).

Effect of ODQ on NO generation by the NOx donors
in PRP

In experiments investigating the effect ofODQ (20 /rM) on NO
generation by the NO, donors in PRP, ODQ was observed to

SIN-1

I 1
100 s

British Journal of Pharmacology vol 144 (6)



M.S. Crane et a I Plasma, nitric oxide, cGMP and platelet function 855

substantially reduce the length of the lag phase observed with
all three donor drugs, without altering the maximum
concentration of NO detected (Figure 6a-c).

Haemoglobin measurements

The haemoglobin concentration in PRP was 0.35 + 0.03 juM,
while haemoglobin was undetectable in WP.
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Discussion

These results suggest that NO-mediated cGMP-independent
antiplatelet effects are reliant on the generation of NO
(radical) in the extracellular compartment. DEA/NO inhibited
platelet aggregation via cGMP-independent mechanisms in
both PRP and WP, implying a role for exogenous NO in
cGMP-independent inhibition of activation. SNVP, however,
inhibited platelet aggregation via a cGMP-independent me¬
chanism in PRP, but inhibition in WP was entirely dependent
on cGMP. Analysis of NO generation by a high concentration
of SNVP (100/tm) using an isolated electrode revealed that
SNVP generated significant amounts (~ 1 /(M) of NO in PRP
sustained throughout a 5-min period, but in WP only
generated a small transient increase in extracellular NO
(~ 40 nM) that persisted for only ~2-min. Reconstitution of
WP with the copper-containing protein, CP, at similar levels to
those found in plasma elicited extracellular release of NO and
conferred cGMP-independent inhibition of platelet aggrega¬
tion to SNVP. Incubation of platelets with SIN-1 revealed a
similar trend to that observed with SNVP, with cGMP-
independent inhibition of aggregation only observed in PRP
and not WP. SIN-1 only generated detectable NO in PRP, but
incubation of WP with SOD resulted in detectable generation
of extracellular NO from SIN-1, and also caused cGMP-
independent inhibition of aggregation. Experiments with fura-
2 loaded platelets demonstrated that both CP and SOD
conferred cGMP-independent inhibition of Ca2+ signalling by
SNVP and SIN-1, respectively, indicating that the cGMP-
independent target(s) play a role in the regulation of platelet
Ca2+ signalling. Taken together, these data suggest a
requirement for exogenous NO in the generation of cGMP-
independent inhibition of platelet activation through inhibi¬
tory effects on Ca2 + mobilization.
Confidence in the inhibitory effects of ODQ on sGC is

essential to facilitate interpretation of the data derived from
this study. Initial experiments were performed to assess the
concentration of ODQ required to prevent cGMP formation
to a maximal concentration of DEA/NO (10/jM). ODQ has
previously been used at a concentration of 20 /im (or less) to

Figure 5 Effect of DEA/NO, SNVP and SIN-1 on Ca2 +signalling
in Fura-2 labelled WP. Platelets loaded with Fura-2 were

equilibrated to 37°C before the addition of DEA/NO (10/iM -

a(i)), SNVP (100/iM - a(ii)) or SIN-1 (100/iM - a(iii)). In
experiments involving ODQ, WP were preincubated with ODQ
(20 /<M) for 15-min before the addition of NOv donor. In other
experiments, ODQ-treated WP were reconstituted with CP (0.4 gl ')
or SOD (500 U ml ') before the addition of SNVP or SIN-1
respectively. Representative traces are included (i-iii) alongside
summary data obtained by measuring the AUC (b). ODQ did not
affect DEA/NO-mediated inhibition of Ca2 +signalling (P>0.05);
however, it significantly attenuated the inhibitory action of SNVP
and SIN-1 on Ca2 +signalling (P<0.001). The effect of ODQ was
significantly reversed by the addition of CP and SOD to SNVP and
SIN-1, respectively (P<0.001). Summary data are expressed as the
mean + s.e.m. (n = 4-6).
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DEA/NO ± ODQ (PRP)
DEA/NO + ODQ
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100 s

SNVP
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SNVP + ODQ
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100 s

SIN-1

1 (.iM

SIN1 ± ODQ (PRP)
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—i

100 s
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Figure 6 Effect of ODQ incubation on NO generation by DEA/
NO, SNVP and SIN-1 in PRP. Platelets were equilibrated to 37°C
before the addition of DEA/NO (3/xM - a), SNVP (100/xM - b) or
SIN-1 (100/xM -c). In experiments involving ODQ, PRP was treated
with ODQ (20/xM) for 15-min before the addition of DEA/NO,
SNVP or SIN-1. Data shown are the mean, with the s.e.m. indicated
for every 60th (1-min) time point (n = 4).

investigate NO-mediated cGMP-independent antiplatelet ef¬
fects (Tsikas et al., 1999; Homer & Wanstall, 2002); however, a
100:1 excess of the NO donor SNAP can result in a partial
reversal of ODQ-mediated inhibition of sGC (Moro et al.,
1996). In our experiments, a theoretical maximum of 20/xM
NO will be released by 10/xM DEA/NO, which is equivalent to
the concentration of ODQ used here, and unlikely to be
sufficiently high to overcome ODQ-mediated inhibition.
cGMP measurements revealed that 20/x.M ODQ was sufficient
to completely prevent NO-mediated cGMP formation and that
no added benefit was observed when the ODQ concentration
was increased to 100 pM. Furthermore, the observation that
20/xM ODQ was sufficient to completely prevent SNVP and
SIN-1-mediated inhibition of aggregation in WP at concentra¬
tions 1000-fold greater than that required to inhibit aggrega¬
tion confirms the notion that these NO-donors do not release
sufficient NO intracellularly to overcome ODQ-mediated
inhibition of sGC. Importantly, neither ODQ nor its vehicle
(DMSO) affected U46619-induced platelet aggregation in
PRP or WP. These experiments therefore support the
hypothesis that the inhibition of aggregation observed in
the presence of 20/xM ODQ represents genuine cGMP-
independent responses.
DEA/NO hydrolyses in physiological solutions with a half-

life of ~2min at physiological temperature and pH (Davies
et al., 2001). Importantly, biological factors are not required to

drive DEA/NO hydrolysis; therefore, DEA/NO will generate
equivalent amounts of NO in both PRP and buffer. SNVP,
a more stable and lipophilic analogue of the well-recognized
S-nitrosothiol, SNAP, was chosen for these studies because it
is relatively stable but nevertheless undergoes transnitrosa-
tion reactions (Megson et al., 1999): it is a useful tool in
establishing a role for transnitrosation in cGMP-independent
effects. SIN-1 was originally believed to be a NO donor, but
is now known to generate 02 concurrently with NO
(Feelisch et al., 1989; Noack & Feelisch, 1991; Taylor et al.,
2004). The reaction rate between NO and Oj is near
diffusion limited (rate constant = 6.7 x 109M~' s_I; Huie &
Padmaja 1993), making SIN-1 an effective and convenient
ONOO donor.
Our results indicate that in WP, all three NO, donors

stimulate sGC, inhibit Ca2+ signalling and prevent platelet
aggregation. The EC50 for DEA/NO in WP was ~10nM
(Figure 2a(ii)), indicating that low nM concentrations of NO
(^20nM) are sufficient to stimulate sGC. A key finding in
experiments here is that cGMP-independent antiplatelet effects
are only observed in conditions where extracellular NO is
detectable. Thus, while all NO, donors generated extracellular
NO in PRP and induced cGMP-independent inhibition of
aggregation, only DEA/NO generated substantial and sus¬
tained levels of extracellular NO and induced cGMP-

independent antiplatelet effects in WP (EC50 < 2pM NO;
Figures 1 and 2). At this juncture, it is therefore unclear
whether the absolute NO concentration or the site of its release
is the important factor for cGMP-independent antiplatelet
effects. This supposition may be answered most clearly via
analysis of the data obtained for SIN-1. In WP, SIN-1
exhibited only cGMP-dependent inhibition of platelet aggre¬
gation (EC50 ~ 50 nM; Figure 2c(ii)) and even at high
concentrations (100/xM) did not generate detectable levels of
extracellular NO (limit of detection ~ 10 nM; Figure lb). Thus,
50 nM SIN-1 is sufficient to generate the low nM amounts of
intracellular NO required to stimulate sGC. Although we can
only estimate intracellular NO levels, assuming that the
addition of maximal concentrations of SIN-1 (300/xM) to
WP results in a similar-fold increase in intracellular NO (i.e. a
6000-fold increase of intracellular NO to levels in the /xM
range), the manifestation of cGMP-independent effects would
be expected if the concentration of NO is the determining
factor. However, cGMP-independent effects with SIN-1 are

only observed when extracellular NO is detected (i.e. in PRP or
when NO is unmasked by the membrane-impermeant protein
SOD). Indeed, the EC50 for SIN-1 in the presence of SOD is
~30/xM (Figure 4b), implying that cGMP-independent effects
may occur at lower levels (i.e. in the nM range) than those
predicted by the DEA/NO concentration-response curve.
These data therefore support the hypothesis that the site of
NO generation is an important factor governing cGMP-
independent antiplatelet effects. This premise is further
supported by the SNVP data. Although the addition of SNVP
to WP resulted in a small, transient increase in extracellular
NO (~40nM from 100 pM SNVP; Figure lb), this was
insufficient to elicit cGMP-independent effects, suggesting
that concentrations of extracellular NO exceeding 30 nM are

required for cGMP-independent antiplatelet effects. The
addition of the plasma protein CP induced the extracellular
release of NO and stimulated cGMP-independent inhibition of
platelet aggregation. Interestingly, data indicate that 100/xM
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SNVP in the presence ofCP results in the generation of ~ 1 rM
NO (Figure 3a), yet the EC50 for cGMP-independent
inhibition of aggregation for SNVP in the presence of CP
was ~ 10/uM (Figure 4a). This therefore supports the premise
that cGMP-independent effects may occur at levels of
extracellular NO in the nM range.
These results indicate that NO inhibits Ca2+ signalling via a

cGMP-independent mechanism. To date, numerous potential
targets for cGMP-independent inhibition have been estab¬
lished. There is convincing evidence that NO can activate the
platelet sarcoendoplasmic reticulum Ca2+ ATPase (SERCA;
Trepakova et al., 1999; Homer & Wanstall, 2002). Our results
suggest that the cGMP-independent effects of NO do indeed
impact on Ca2+ trafficking (Figure 5), in agreement with
earlier findings. However, the apparent role for extracellular
NO in cGMP-independent inhibition of platelet activation
might suggest that NO-mediated modification of cell surface
components is a more likely target than an intracellular
component that has to compete for NO with high affinity sGC
found throughout the cytoplasm. This discrepancy may be
explained by the observation that SERCA is located in the
dense tubular system (DTS; Horiguchi et al., 1998), in close
proximity to the open cannalicular system and plasma
membrane. Therefore, in platelets, SERCA may be in an ideal
position proximal to the outer surface of the platelet to detect
NO generated in the extracellular environment, and respond to
increases in NO by enhancing sequestration of Ca2+ back
within the DTS. However, other cGMP-independent mechan¬
isms including the interaction of NO with platelet surface
thiols may also play a role as previously implied (Gordge et al.,
1998; Sogo et al., 2000).

The physiological implications of data presented here is
unclear. Concentration-response curves in PRP+ODQ are
difficult to compare on a quantitative level on account of the
fact that ODQ will oxidize residual haemoglobin present in
PRP (Figure 6; Zhao et al., 2000), reducing its ability to bind
NO and thereby effectively increasing the NO dose received by
these platelets. Indeed, the removal of haemoglobin in the
washing procedure is likely to explain the increased
NO-sensitivity observed in WP compared to PRP. However,
cell-free Hb is present within blood in vivo (Lentener,
1984) and represents a significant barrier for NO-mediated
platelet effects, irrespective of the NO source. The fact
that physiological concentrations of plasma constituents such
as CP and Asc or HSA accelerate the release of NO from
SNVP and SIN-1 respectively (Figure 3) and that haemoglo¬
bin-mediated scavenging of NO will have to be overcome
before any antiplatelet effects are observed will mean that
cGMP-independent effects of these drugs are likely to be
evoked.
In summary, our data suggest a requirement for the

extracellular generation of NO (>40nM) to stimulate
cGMP-independent inhibition of platelet activation. Plasma
antioxidants and proteins such as CP can evoke cGMP-
independent antiplatelet activities on S-nitrosothiols and
ONOO generators by accelerating the release of NO from
these compounds, suppressing platelet Ca2+ signalling events
and inhibiting platelet function.

This work was funded by the British Heart Foundation (PS/2001060;
M.S. Crane).
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Abstract: Transition metal-exchanged zeolite-A adsorbs and stores nitric oxide in relatively high capacity
(up to 1 mmol of NO/g of zeolite). The stored NO is released on contact with an aqueous environment
under biologically relevant conditions of temperature and pH. The release of the NO can be tuned by
altering the chemical composition of the zeolite, by controlling the amount of water contacting the zeolite,
and by blending the zeolite with different polymers. The high capacity of zeolite for NO makes it extremely
attractive for use in biological and medical applications, and our experiments indicate that the NO released
from Co-exchanged zeolite-A inhibits platelet aggregation and adhesion of human platelets in vitro.

Introduction

Nitric oxide (NO) is a crucial biological agent in the
cardiovascular, nervous, and immune systems.1 NO synthesized
by endothelial cells that line blood vessels mediates a number
of vital functions, including vasodilatation2'3 and inhibition of
platelet4 and inflammatory cell5,6 activation and adhesion. In
addition, NO is an important neurotransmitter and neuromodu¬
lator in the peripheral and central nervous systems,7 and its
synthesis in high concentrations contributes to the cytotoxic
effects of inflammatory cells on invading pathogens.8
The delivery of exogenous NO is an attractive therapy for a

number of ailments, but the range and diversity of its effects
make target specificity a major concern, which has held back
the development of some NO applications. To overcome this
problem requires the development of materials that can store
significant quantities ofNO and then deliver it to specific sites
in the body. There is currently particular interest in using NO
delivery materials to prevent life-threatening complications
associated with thrombosis formation at the surface of medical
devices such as stents and catheters.9
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A number ofmaterials have been proposed as delivery agents
for exogenous NO. Perhaps the chemically most advanced are
those based on polymers or silica functionalized with secondary
amines, which, on reaction with NO, form ionic diazenium
diolates that can be used to increase the thromboresistivity of
polymers.9,10,1' Two molecules of NO react with each amine
(giving rise to the trivial name NONOate) and are released on
contact with moisture at an appropriate pH. Other methods of
release have also been explored, including the light-activated
release of NO from metal-containing polymers.12
A specific potential use for NO-releasing materials in the

cardiovascular arena centers on the prevention of thrombosis
on artificial surfaces that come into contact with blood,
particularly in relation to procedures that require extracorporeal
circuits, like bypass and renal replacement therapy, catheter
implantations, or stents that are used in interventional cardiology
to improve the patency of partially blocked arteries.9 Current
best practice to prevent thrombosis in these situations involves
the administration ofheparin, other anticoagulants, or antiplatelet
agents to the patient, with the inherent risk of hemorrhagic13,14
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or paradoxical thrombotic15 complications. Stent coatings that
release antithrombotic.16 antiinflammatory,17 and antimitogenic18
agents to reduce in-stent thrombosis or restenosis have had some

success, but NO might be expected to have all of these effects
if delivered at the appropriate rate for a sufficient duration. Other
potential uses of these types of solids, as shown by a number
of different biological effects, include antibacterial coatings19
and wound-healing promoters.20
Zeolites have well-known applications in ion exchange, gas

adsorption, and catalysis (including DeNOv, the removal of
nitrogen oxides from exhaust gases21-22), and they are of
increasing interest as hosts for nanotechnology applications.23
New zeolites24 and new methods for zeolite preparation25-26
continue to attract attention as catalysts, but their use in medicine
is limited to nontoxic medical diagnosis tools and clotting
enhancers.23 Zeolites have also been studied as microporous
storage media for gases such as hydrogen.27
A great deal is known about the interaction of NO with

zeolites, particularly from catalytic and separation studies.
Pressure swing adsorption experiments indicate that there are
two types of adsorbed NO in zeolites, commonly called
reversibly and irreversibly adsorbed NO.?R~3n As its name

suggests, reversibly adsorbed NO is a weakly held, predomi¬
nantly physisorbed species. In contrast, irreversibly adsorbed
NO is relatively strongly held and is not spontaneously released
from the zeolite even at very low pressures. Irreversible NO is
primarily chemisorbed, as has been shown by single-crystal
X-ray diffraction31 and IR spectroscopy32 and supported by
recent modeling experiments,33 where the NO interacts with the
extraframework cations in zeolites through the nitrogen atom
to form cither mononitrosyl or dinitrosyl complexes. Irreversible
adsorption of this kind is a good method of storing a gas in a
material as it is not lost too easily. However, suitable methods
of initiating delivery of the gas must be found before the
materials can be utilized in applications. Here we show how a
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Figure 1. Structure of the cobalt—NO complex in zeolite-A as revealed
by single-crystal X-ray diffraction (data taken from ref 31). The cobalt is
bound to three oxygen atoms of a six-ring unit in the zeolite framework
and bonds to the nitrogen of a bent mononitrosyl ligand. Oxygen atoms of
the zeolite framework are shown smaller than the NO oxygen for clarity.

suitable nucleophile (water) can be used to displace the
"irreversibly" adsorbed NO from ion-exchanged zeolite-A at
biologically relevant temperatures. The release of NO can be
customized by altering the chemical composition of the zeolite.
Experiments with human platelets confirm that NO released
from a zeolite is sufficient to abolish platelet activation and
adhesion in vitro, pointing to potential applications in coating
surgically implanted catheters that are ordinarily regarded to
be prothrombogenic. The tuneable nature of NO release from
cation-exchanged zeolites extends the potential applications to
tubing and instruments used in procedures such as bypass
surgery and renal replacement therapy.
Zeolite-A (given the three letter framework code LTA34) is

manufactured in > 1 M tonne amounts annually for use as a

detergent builder and water softener. Zeolite-A35-36 consists of
alternating Si04 and AIO4 tetrahedra that share corners to
produce the open framework depicted in Figure 1, with
exchangeable extraframework cations residing in the channels.
Zeolite-A is a poor DeNO, catalyst but is used in a number of
adsorption applications. It is therefore an ideal choice of zeolite
for studies of NO storage. Also, it has a well-known affinity
for water, often being used by organic chemists to dry solvents.
Figure 2 shows the adsorption and desorption isotherms for

NO on Co-exchanged zeolite-A and illustrates the natural
affinity of the zeolite for NO, as even at low pressures the
majority of the gas remains bound inside the zeolite (i.e. is
irreversibly adsorbed). The hysteretic nature of the adsoption/
desorption isotherm means that the zeolite can be used to hold
NO at pressures below those needed to load NO onto the
material. This is ideal for the storage of significant amounts of
NO. Similar hysteretic adsorption has recently been seen for
hydrogen storage in other types of nanoporous material.37 The
maximum amount of NO adsorbed by cobalt-exchanged zeo¬
lite-A is approximately 1.7 mmol/g of zeolite, although reduction
of the NO pressure leads to loss of the reversibly adsorbed

(34) For more information on the nomenclature of zeolites, including details of
the framework topologies, visit the International Zeolite association website
www.iza-online.org.

(35) Pluth, J. J.; Smith, J. V. Am. Chem. Soc. 1980, 102, 4704.
(36) Cheetham, A. K.; Eddy, M. M.; Jefferson, D. A.; Thomas, J. M. Nature

1982, 299, 24.
(37) Zhao, X.; Xiao, B.; Fletcher, A. J.; Thomas, K. M.; Bradshaw, D.;

Rosseinsky, M. J. Science 2004, 306, 1012.
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Pressure/ mmHg
Figure 2. Adsorption/desorption isotherm ofnitric oxide on Co-exchanged
zeoIite-A. The irreversible nature of the adsorption of the majority of NO
on the zeolite is indicated by the hysteresis.

(weakly physisorbed NO) leading to a maximum storage
capacity of ~ 1.2—1.3 mmol/g. The only remaining problem is
then how to release (deliver) the NO from the zeolite when
required. Fortunately, zeolites also interact strongly with water,
and our hypothesis was that exposure to moisture would result
in replacement of the NO by water in the zeolite, leaving the
gaseous NO to diffuse out of the zeolite. Our aim in this study
was to synthesize metal-containing zeolites that store NO and
release it in biologically relevant amounts on contactwith water.
We envisaged that the rate ofNO release could be modified by
altering the chemical composition of the material for a range
of different medical and biological applications in which
exogenous NO might be beneficial.

Results and Discussion

Samples of zeolite-A were synthesized according to the
procedure given in ref 38. The transition exposed to dry NO
and stored in sealed vials under argon at room temperature ready
for use.

Zeolites are well-known as extremely good drying agents and
interact strongly with water, and this has led to their use in
numerous applications, including as a method of rapidly
absorbing water from blood to aid in clotting after serious
wounding.39 It is not surprising then that the NO is released
very quickly when contacted by water in a physiological
solution. Unfortunately, it is difficult to quantify the release rate
of NO in this fashion accurately because the powder zeolite
tends not to disperse well in the liquid, with much remaining
floating on the surface. An alternative, and much more repeat-
able, method is to flow a wet gas (of controlled relative
humidity) through the sample at a steady rate and measure the
NO concentration of the gas using chemiluminescence measure¬
ments. The NO release profiles ofNO-loaded cobalt exchanged
zeolite-A expressed as a total concentration of NO in the gas
stream versus time (a) and a cumulative total amount of NO

(38) Robson, H.; Lillerud, K. P. Verified Syntheses ofZeolitic Materials, 2nd
revised ed.; International Zeolite Association: Amsterdam, Netherlands,
2001; www.iza-synthesis.org.

(39) Wright, F. L.; Hua, H. T.; Velhamos, G.; Thoman, D.; Demitriades, D.;
Rhee, P. M. J. Trauma lnj. Inf. Crit. Care 2004, 56, 205.
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Figure 3. Two NO-release profiles for NO-loaded Co-exchanged zeolite-
A: (a) NO concentration (ppm) in the gas stream passing through the
chemiluminescence detector versus time; (b) total mount of NO released
by the materia! with time (per g of zeolite). The conditions for this
experiment were 31 mg of zeolite and a flow rate of 200 mL/min of wet
argon at a relative humidity of 11%.

released/g of zeolite (b) are shown in Figure 3. In this case the
flow rate of gas used was 200 mL/min and the relative humidity
of the gas was 11%. The total amount of NO released is
approximately 1 mmol ofNO/g of zeolite. The duration ofNO
release approaches 2500 s with a half-life (0/2, the time it takes
for half the NO to be released) of ~340 s. The total amount of
NO released is also very consistent between different samples
as long as care is taken to ensure that the chemical composition
of the zeolite and its dehydration properties are the same. The
average amount ofNO released from 130 separate measurements
on different samples was 1.02 mmol of NO/g with a standard
deviation of 0.05. Storage of the NO-loaded zeolites under a

dry atmosphere also has no effect on the total NO released by
the materials. Samples ofNO-loaded cobalt-exchanged zeolite-A
were stored under argon in sealed ampules for up to 16 weeks.
The quantification of the NO released by these samples is shown
in Figure 4, with each measurement repeated at least 16 times
on different samples. There is no drop off in total NO released
indicating that under dry conditions cobalt-exchanged zeolite-A
is a stable NO storage material with a gas storage capacity
similar to that of the best NO-storing polymers reported and
significantly higher than most.10-"
The amount of moisture present in the gas flow is also

important in controlling the release of the NO. Increasing the
relative humidity (while keeping the flow rate constant) to 22%
increases the rate ofNO release (/1/2 = 208 s), while an almost
dry gas (relative humidity 1.5%) increases the Z1/2 to more than
3000 s. It should be remembered though that there are two
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Figure 4. Storage stability experiments showing the total amount of NO
released by a cobalt-exchanged zeolite-A after storage under dry conditions
for different amounts of time. The results are the average of at least 16
different measurements for each storage period, and the error bars indicate
the standard deviations of the measurements.
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Figure 5. NO-release profiles of NO-loaded metal-exchanged zeolite-A.
Top: Effect ofmetal ion on NO release. The control is a Co24-exchanged
zeolite that has not been exposed to NO. The electrode response results
have been normalized to give the concentration of NO in solution/mg of
zeolite material. Bottom: Dependence of NO release on Co2+ exchange
level. Co—zeolite-A (Co—LTA(A)) contains 19.8 wt % cobalt, while Co—
zeolite-ZK4 (Co—LTA(ZK4)) contains 9.0 wt % cobalt. All zeolite samples
were from the same synthesis batch to minimize particle size differences
in the materials.

components to the storage ofNO and that any physisorbed NO
will be released even in completely dry conditions.

An alternative way to measure the release of NO from the
zeolites involves contacting the zeolite with a moist gas that is
subsequently bubbled through a liquid phase (phosphate buffered
saline. pH 7.4 at 25 °C). The amount of NO dissolved in the
solution is then measured electrochemically. This allows the
flow rate to be reduced down to 5 mL/min showing that even
in moisture-saturated argon the release of the NO now takes
place much more slowly and lasts up to 10 h (Figure 5). Again
this is consistent with the reduced flux of water on the sample
from the much reduced (low rate. Figure 5 also shows the NO

release profiles measured eleetrochemically for a number of
other transition metal-exchanged zeolite-A samples in contact
with an argon flow that has been saturated with water vapor.
The order of how much NO is released for each metal agrees
well with the NO adsorption properties of transition metal
zeolites in pressure swing adsoiption studies.28-2'' Co-exchanged
zeolites released the most NO while the original sodium form
of the zeolite released least NO. At first glance the Cu-
exchanged zeolite-A results seem anomalously low, especially
since Cu—zeolites are well-known deNO, catalysts and that Cu-
exchanged zeolites do adsorb significant quantities of NO.28-29
This is because the zeolite is overexchanged, with more Cu2+
ions in the channels than is strictly necessary for charge balance
reasons. Many of the "extra" Cu2+ ions are probably present as
hydroxide species and so reduce the availability of the metal
ions for NO coordination.

The amount of NO released by the zeolite depends not only
on which transition metal is present but also on how much of
the metal is there. Zeolite-ZK4 is a variant of zeolite-A that
has the same framework structure and so has the same

framework code (LTA). However, there arc fewer exchangeable
cations in zeolite-ZK4 as there is less aluminum in the
framework than in zeolite-A. This means that there are fewer
metal cation sites in the channels of the structure to bind NO.
It is clear from Figure 5b that Co-exchanged zcolite-A releases
more NO than Co-exchanged zeolite ZK4, consistent with the
reduced level of cobalt in the ZK4 structure. Interestingly, Co-
exchanged zeolite-A samples are self-indicating; when initially
dried they are a bright blue, and when loaded with NO they are
a gray/blue but change to pink as the NO is displaced by water.
These color changes emphasize the importance of the metal—
NO interactions in the storage of the gas and the replacement
of these by metal—water interactions on delivery of the NO.
Bioactivity. The need for improvements in the biocompat-

ibility of materials is a very important target. This is particularly
true for blood-contacting solids that are used in vascular grafts
and in extracorporeal tubing used in coronary bypass surgery
and kidney dialysis. Life-threatening complications can occur
if thrombosis formation (platelet aggregation and adhesion
together with coagulation) is induced by artificial materials that
are in contact with blood. Thrombus formation in healthy
circulatory systems is inhibited in a number ofways, including
the production of small quantities (approximately 1 pmol min~'
mm-2; see ref 9) of NO by the endothelial cells that line the
blood vessels and also by platelets. A potentially important
strategy for reducing postoperative complications is to make
medical devices out of an NO-releasing material, thereby
mimicking the antithrombotic action of the endothelial cells.
To overcome the problem of the nondispersion of zeolite

powders in the liquid phase, samples of zeolite were prepared
as pressed disks with small amounts of potymers as binders.
The Co-exchanged zeolite samples, in 75:25 or 50:50 wt %
mixtures with powdered poly(tetrafluoroethylene) (PTFE) or

poly(dimethylsiloxane) (PDMS), were prepared as pressed disks
and subsequently dehydrated and loaded with NO in the same

way as the powdered samples. Pressed disks made from only
zeolites are slightly brittle; some material breaks off easily under
stirring, and so the polymer is there primarily to add mechanical
stability to the disks. However, this process clearly affects the
NO release properties of the materials. Figure 6 shows that on
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Figure 6. Chemiluminescence response to NO (in ppb) from two disks of
cobalt-exchanged zeolite-A (8.5 mg) mixed with PTFE and PDMS (8.5
mg, respectively) immersed in water.

exposure to liquid water (25 °C) the release of NO is slowed
considerably as compared to the powdered zeolite, with 1\n of
509 s for the PTFE disk and a t\n of 3076 s for the PDMS
disk. In addition, the total amount ofNO released is very much
reduced compared to the free zeolite powders (1.4 x 10~5 and
2.4 x 10~5 mol of NO/g of zeolite for PTFE and PDMS,
respectively). This is not at all surprising given that the
preparation of the disk will affect the accessibility of the zeolite
to the NO considerably. However, given the small quantities
ofNO required for biological action this is not a major drawback

in terms of testing the materials for their antithrombotic
behavior. Clearly the nature of polymer used in any formulation
can have a significant affect on the rates of release and is another
method of tuning the release rate to match any potential
application. Figure 7c shows that the electrochemically measured
released profile of the Co—zeolite-A/PTFE disk is very similar
to that seen in plasma. The NO-loaded disks were stored under
an inert atmosphere in a manner similar to that described above
for the powdered zeolite samples. The disks were stored for up
to several weeks before being used in further experiments.
Zeolite/PTFE disks were suspended by a stainless steel wire

holder below the surface of platelet-rich plasma (PRP) in the
cuvette of a four-channel platelet aggregometer (Chronolog,
Labmcdics, Stockport, U.K.) at 37 °C. After a short induction
period (1 min), platelet aggregation was initiated using the
thromboxane A? analogue, U46619 (8 mM) and then measured
as a change in turbidity (light transmission) of PRP against a

platelet poor plasma (PPP) reference. The results (Figure 7)
show that a NO-loaded Co-exchanged zeolitc-A/PTFE sample
completely inhibits platelet aggregation. Addition of the NO
scavenger, oxyhemoglobin (40 «M), prevents the inhibitoiy
effect, confirming the central role for NO in the inhibitory
process and excluding the possibility that the effects of the NO—
zeolite were merely cytotoxic. Furthermore, a Co-exchanged
zeolite/PTFE sample that has not been loaded with NO failed
to inhibit U46619-mediated aggregation. Parallel experiments
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Figure 7. Effect of NO-loaded Co—zeolite-A and the NO-free Co—zeolite A (both 75% in PTFE) on platelet aggregation in response to U46619 (8 //M):
(a) aggregation recordings from a single experiment in the presence and absence of the NO scavenger, oxyhemoglobin (Hb; 40 «M); (b) mean ± standard
error of the mean (SEM) data for aggregation under different conditions, expressed as % of platelet aggregation in the absence of zeolite [**P < 0.01,
Dunn's multiple comparison test after nonparametric Kruskal Wallis comparison for samples with different variances; NS = not significant (n = 6)]; (c)
electrochemically detected NO generation profile from NO-loaded Co—zeolite (75% in PTFE) suspended in PRP (n = 5); (d) time—course of the inhibitory
effect of NO-loaded Co—zeolite A and the NO-free counterpart (both 75% in PTFE) 011 agonist-induced platelet aggregation at timed intervals after immersion
of the zeolite in PRP (n = 6; P < 0.001, 2-faetor ANOVA).

506 J. AM. CHEM. SOC. ■ VOL. 128, NO. 2, 2006



NO-Releasing Zeolites and Their Properties

a

Figure 8. Scanning electron micrographs of the surface of (a) untreated
Co—zeolite-A/PTFE disks (Z/PTFE) and of (b) NO-loaded Co—zeolite-A/
PTFE disks, (a) shows large platelet aggregants (PA) on the surface on the
surface of the untreated zeolite/PTFE disk, while (b) shows only a few,
isolated platelets (P) on the surface of the NO-treated zeolite—PTFE disk.
The scale bar is 10 pm.

were conducted to determine the concentration ofNO generated
by 75% NO-loaded zeolite disks in PTFE suspended in PRP
(Figure 7c). The profile of release is similar to that shown in
Figure 6, suggesting that plasma components have little impact
on the water-mediated release of NO from this compound. In
addition, a time—course study for the effect of equivalent disks
on platelet aggregation (Figure 7d) indicate a prolonged
inhibitory effect throughout the 2 h period of study, which is
not shared by the NO-free counterpart. However, it is worth
noting that an element of the persistent inhibition is likely to
be mediated via formation of a durable NO store in plasma40
rather than necessarily through the persistent delivery of NO
directly from the zeolite. Indeed, it is clear that the zeolite/
PTFE NO release profile is not ideal for maintaining a protracted
antithrombotic effect, as the NO release is exhausted after ~30
min (Figures 6 and 7c). The release profile for the zeolite/PDMS
disks (Figure 6) shows a considerably lower peak NO concen¬
tration and a considerable prolonged release profile. This
indicates that it may be possible to tune the release profile for
a protracted thrombotic effect.
Platelet aggregants (PA; Figure 8a) on the surface of the

zeolite/PTFE (Z/PTFE) were visualized using scanning electron
microscopy, which conclusively demonstrates the extent to
which platelet aggregation and adhesion is inhibited at the

(40) Crane, M. C.; Olloson, R.; Moore, K.; Rossi, A. G.; Megson, I. L.Biol.
Chem. 2002, 277, 46858.
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surface ofNO-treated zeolite/PTFE (NO—Z/PTFE; Figure 8b),
on which only a small number of isolated platelets (P) can be
seen.

The toxicology of zeolites has been extensively studied, and
the frameworks themselves are regarded as benign materials.
Zeolite-A, because of its wide range of uses in detergent
powders, has been particularly well studied in terms of its
potential toxicity. There are no reported adverse effects on the
body from zeolite frameworks, except possible pulmonary
problems caused by breathing small particles of zeolite dust.41
Unlike zeolites for detergent applications, the zeolites reported
in this paper contain transition metal ions, and the toxicity of
these ions must also be taken into account. While zeolites have
been proposed as materials for the inhibition of transition metal
ion permeation in the skin42 and to inhibit the toxicity of
gadolinium in orally ingested MRI contrast agents,43 long-term
contact with blood will undoubtedly lead to some leaching of
metal ions. As long as this leaching does not lead to excessive
increases in local concentrations above normal in vivo values,
then there will be no adverse effects, but this must be studied
in greater detail.

Concluding Remarks

Gas storage by porous materials is currently an important
topic but tends to concentrate on the storage of gases for energy
applications.44 We have demonstrated that zeolites have great
potential as NO storage and release materials for biological and
medical applications. Their preparation and loading with NO
is relatively facile, the release ofNO occurs by simple reaction
with water, and the amount of NO released can be tailored by
altering both the type and number of metal cations in the
structures. Taking into consideration the other advantages of
zeolites, such as their low cost and nontoxicity, these materials
clearly have great potential as NO storage materials. We have
also demonstrated that NO-releasing zeolites inhibit platelet
aggregation and adhesion in plasma, a potentially important
application of such solids in the prevention of thrombus
formation. This work overturns the conventional idea that
zeolites can be used only to destroy NO and adds a new delivery
system to the armament of researchers developing NO-based
therapies. The multiple roles for NO at different concentrations
means that the potential for NO-release materials extends far
beyond the confines of reduced thrombogenicity of prosthetic
grafts, catheters, and extracorporeal blood conduits; it could also
encompass other medical uses including antimicrobial adjuncts
to prevent infection, for example, in chronically implanted
catheters and in wound dressings for enhanced angiogenesis.

Experimental Section

Synthesis of Zeolites. Zeolites Linde type A and ZK-4 possessing
the LTA framework topology were synthesized as previously pub¬
lished.38
Linde Type A. Sodium hydroxide (2.892 g) was dissolved in distilled

water (320 mL) and divided equally into two nalgene bottles. To half

(41) Thomas, J. A.; Ballantyne, B. J. Am. Coll. Toxicol. 1992, 1, 1 259.
(42) Kassai, Z.; Bauerova, K.; Koprda, V.; Bujnova, A. Biologia 2000, 55, 55.
(43) Young, S. W.; Qing, F.; Rubin, D.; Balkus, K. J.; Engel, J. S.; Lang, J.;

Dow, W. C.; Mutch, J. D.; MiUer, R. A. J. Magn. Reson. Imag. 1995, 5,
499.

(44) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keefe, M.;
Yaghi, O. M. Science 2002, 295, 469.

J. AM. CHEM. SOC. ■ VOL 128, NO. 2, 2006 507



ARTICLES Wheatley et al.

Table 1. Elemental Analysis (%) of Metal-Exchanged Zeolites with
Metals Reported Relative to Al Content

metal sample a sample b

Zeolite-A, Formula NaaMhSi^,At960.!84
Co 0 48
Ni 10 43
Cu 0 96"
Mn 8 44

Zeolite-ZK4, Formula NaaMbSiiuAfreOun
Co 36 21

" This sample is ~ 100% overexchanged.

was added sodium aluminate (33.032 g), into the other halfwas added
sodium metasilieate (61.92 g), and both portions were stirred until
dissolved. Then the silicate solution was transferred quickly into the
aluminate solution and mixed until homogeneous. This was sealed in
a nalgene bottle (500 mL) and heated at 99 °C for 4 h. This was allowed
to cool to room temperature, filtered, washed with distilled water until
the filtrate is below pH 9, and dried at 100 °C overnight.

ZK-4. Sodium hydroxide solution (3 g, 50 wt %) and sodium
aluminate (10.75 g) were added to distilled water (145 mL) and stirred
until dissolved. Tetramethylammonium hydroxide solution (25 wt %,
146 g) and silica sol (38 g, AS-30) were stirred for approximately 30
min. Solutions were combined, mixed thoroughly, sealed in a nalgene
bottle, and incubated at 25 °C for 24 h. This was then heated at 100
°C for 30 h, cooled to room temperature, filtered, washed with distilled
water (1 L), and dried at 100 °C overnight. The zeolites were calcined
in flowing oxygen at 600 °C (maintained for 600 min) with a heating
rate of 10 "C min"1 to remove organic content.

Powder X-ray diffraction data were collected on a STOE STAD1P
diffractometer operating on monochromaled Cu Kai radiation. Powder
data were collected in Debye—Scherrer geometry using 0.5 mm quartz
capillaries over a period of 12 h to determine purity of the synthesized
phases.

Ion Exchange of Zeolites. Metal ion-exchanged zeolites were

prepared as follows. Typically, the zeolite (5 g) was placed in a 0.05
M solution of the metal acetate (400 mL, distilled water) and stirred
for 24 h. The products were recovered by filtration, washed with
distilled water (400 mL), and dried at 100 °C overnight. Elemental
analysis was carried out to determine the amount of metal ions
exchanged by an Agilent 7500 Series ICP-MS spectrometer (Table 1).

NO Adsorption/Desorption Isotherms. The adsorption/desorption
of nitric oxide gas in microporous materials was measured using a
gravimetric adsorption system. A CI instruments microbalance was

thermally stabilized to eliminate the effect from external environment.
The microbalance has a sensitivity of 0.1 fig and reproducibility of
0.01% of the load. The pressure of adsorption system was monitored
by two BOC Edwards Active gauges in the ranges of 1 x 10 8— 1 x
10 : and 1 x 10"4—1 x 103 mbar, respectively. The sample (—130
mg) was initially outgassed at 573 K under 1 x 10"4 mbar, until no
further weight loss was observed. The sample temperature was then
decreased to 298 K and kept constant by a circulation water bath with
temperature accuracy ±0.02 K. The counterbalance temperature was

kept the same as that of the sample to minimize the influence of
temperature difference on weight readings, and the sample temperature
was monitored using a K type of thermocouple, located close to sample
bucket (<5 mm). The variation in sample temperature was minimal
(<0.1 K) throughout the experiment. NO gas was introduced into the
system until the desired pressure was achieved, and the mass uptake
of the sample was measured as a function of time until the adsorption
equilibrium was achieved. In this manner an adsorption isotherm was
collected by incrementally increasing the pressure and noting the mass

gain of the sample at equilibrium. Desorption of nitric oxide gas
adsorbed in the samples was performed by gradually decreasing the
system pressure to a desired value (until 2 x 10~2 mbar).

NO Loading and Release Experiments. The ion-exchanged zeolite
(-~0.3 g) was dehydrated for 2 h at 300 °C in vacuo (0.5 mmHg). This
was cooled to room temperature and exposed to approximately 2 atm
of dry NO (99.5%, Air Liquid) for 30 min, evacuated, and exposed to
dry argon. Evacuation and exposure to argon occurred three times.
Quantification of NO Release by Chemiluniinescence. NO

measurements were performed using a Sievers NOA 280i chemilumi-
nescence NO analyzer. The instrument was calibrated by passing air
through a zero filter (Sievers, <1 ppb NO) and 89.48 ppm NO gas
(Air Products, balance nitrogen). The flow rate was set to 200 mL/min
with a cell pressure of 8.5 Torr and an oxygen pressure of 6.1 psig. To
measure NO release from zeolite powders, nitrogen gas of known
humidity was passed over the powders, the resultant gas was directed
into the analyzer, and the concentration of NO in ppm or ppb was
recorded.

To measure the release of NO from pressed disks, the samples were
sealed in a glass vial with a septum through which the gas was sampled.
Nitrogen was supplied to the vial at a rate to maintain atmospheric
pressure inside the vial. Distilled water (0.5 mL) was injected to initiate
NO release.

Quantification of NO Release Using Electrochemical Methods.
A flow of argon (saturated with water vapor, 5 ntL min"1) was passed
over a known amount of the NO-loaded zeolite. The gas was then
bubbled through phosphate-buffered saline solution (pH 7.4, 10 mL)
in which a previously calibrated NO electrode (World Precision
Instruments, ISO-NO Mark II) was immersed. The concentration of
NO was measured over the course of several hours. All experiments
were repeated three times and gave reproducible results. A similar
technique was used for measurement of NO in PRP samples (1 mL),
except the cuvette was incubated in the platelet aggregometer (37 °C)
and was constantly stirred (100 rpm). These experiments were repeated
6 times, and results are illustrated as mean ± se of mean.

Storage Experiments. Vials ofNO-loaded Co—LTA were evacuated
immediately after loading with NO, and the atmosphere was replaced
by dry argon. The flasks were then stored for up to 16 weeks, and the
measurements of NO release were repeated at regular intervals.

Platelet Aggregation. The zeolite was ground with PTFE in the
desired ratio (75% zeolite/25% PTFE). The mixture was then pressed
into disks (5 mm diameter, ~20 mg) under 2 tons for 30 s. The disks
were then dehydrated and loaded with NO as described for the powder
samples.

Venous blood was drawn from the antecubital fossa of six healthy
volunteers (aged 20—40 years) into citrated tubes (0.38% final
concentration). Volunteers had not taken any medication known to affect
platelet aggregation within tire last 10 days. Platelet-rich plasma (PRP)
was obtained from whole blood by centrifugation (350g; 20 min; room
temperature). Platelet-poor plasma (PPP) was obtained by further
centrifugation of PRP (1200g; 5 min; room temperature).

Zeolite/PTFE disks were suspended in stainless steel wire holders
below the surface of tire PRP in the aggregometer cuvette, ensuring
that they did not interfere with the light beam or tire mechanical stirring
(1000 rpm). After variation of incubation periods (1 — 120 min), platelet
aggregation was initiated by addition ofU46619 (8 /rM). Aggregation
was measured as a change in turbidity (light transmission) of PRP
against a PPP blank.

Electron Microscopy. Parallel aggregation experiments were con¬
ducted on separate samples prior to gentle washing of the zeolite/PTFE
disks in phosphate buffered saline, fixing in 3% glutaraldehyde and
osmium tetroxide, dehydration in graded acetone, and critical point
drying with carbon dioxide. The surface of the disks was examined
using a Phillips 505 scanning electron microscope following gold-
palladium alloy sputter coating (SC500 sputter coater, Emscope
Laboratories).
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E-selectin permits communication between PAP receptors and TRPC channels
in human neutrophils
Sarah R. McMeekin, Ian Dransfield, Adriano G. Rossi, Christopher Haslett, and Trevor R. Walker

The selectin family of molecules (L-, P-,
and E-selectin) mediates adhesive interac¬
tions between leukocytes and endothelial
cells required for recruitment of leuko¬
cytes to inflammatory sites. Soluble E-
selectin levels are elevated in inflamma¬

tory diseases and act to promote
neutrophil p2-integrin-mediated adhe¬
sion by prolonging Ca2+ mobilization. Al¬
though soluble E-selectin alone was un¬
able to initiate Ca2+ signaling, it allowed a
novel "permissive" store-operative cal¬
cium entry (SOCE) following the initial
platelet-activating factor (PAF)-induced
release of Ca2+ from inositol 1,4,5-

Introduction

trisphosphate (IP3)-sensitive stores. This
induction of permissive SOCE in re¬

sponse to soluble E-selectin and PAFwas
shown to act through a G protein-coupled
receptor (GPCR) coupled to pertussis
toxin-insensitive Gq/1,. Furthermore, we
demonstrated that permissive SOCE was
mediated by canonical transient receptor
potential channel (TRPC) due to its sensi¬
tivity to specific inhibition by MRS1845
and Gd3+ and that TRPC6 was the princi¬
pal TRPC family member expressed by
human neutrophils. In terms of mecha¬
nism, we demonstrated that soluble E-
selectin activated Src family tyrosine ki¬

nases, an effect that was upstream of
phosphatidylinositol 3'-kinase in a signal¬
ing pathway that regulates permissive
SOCE following exposure of neutrophils
to PAF. In summary, this report provides
the first evidence for communication be¬

tween an inflammatory mediator and ad¬
hesion receptors at a molecular level,
through selectin receptor ligation allow¬
ing permissive SOCE to occur following
PAF stimulation of human neutrophils.
(Blood. 2006;107:4938-4945)

© 2006 by The American Society of Hematology

Dysregulation of neutrophil granulocyte function has been impli¬
cated as having a key role in the initiation and progression of a
number of inflammatory diseases. The control of events involved in
leukocyte recruitment is critical for development of effective
antimicrobial defenses and also for efficient wound healing.
However, excessive inflammatory-cell recruitment or inappropriate
cell activation leads to the development of chronic inflammation
that favors fibrotic repair and, ultimately, loss of organ function.
The selectin family of molecules (L-, P-, and E-selectin) mediate
adhesive interactions between leukocytes and endothelial cells,
representing one of the earliest events in the recruitment of
inflammatory cells. Studies in vitro and in vivo have revealed the
critical role of the selectin family ofmolecules in the initial capture
and subsequent rolling adhesion on vascular endothelial ligands'
before neutrophils firmly adhere and undergo diapedesis at sites of
tissue injury and inflammation. In terms of structure, the selectins
are type I transmembrane receptors that contain an amino terminal
Ca21 -dependent (C-type) lectin domain that has been shown to be
important in ligand recognition and is directly involved in mediat¬
ing cell-to-cell contact through Ca2+-dependent interactions with
cell-surface carbohydrates.2

Several ligands for E-selectin, which all contain sialyl Lewisx-
type glycans, have been identified including P-selectin glycopro¬
tein ligand 1 (PSGL-1),3 L-selectin,4 CD66,5 CD44,6'7 and
E-selectin ligand 1 (ESL-1).8 However, E-selectin ligands on

neutrophils have not been fully characterized to date. The best

characterized selectin ligand is PSGL-1, which is found on

leukocytes and platelets. PSGL-1 binds to P-, E-, and L-
selectins in vitro and represents an important functional ligand
for all of these molecules.9

Recent studies using double or triple selectin knockout mice
revealed that selectins have both overlapping and distinct func¬
tions.10 Single-selectin knockout mice showed only minor deficien¬
cies in leukocyte recruitment in response to tumor necrosis factor a
(TNF-a) or thioglycollate, suggesting distinct roles for the selectins
in the inflammatory process. In contrast, double-mutant mice
displayed more profound defects in neutrophil recruitment. For
example, E- and P-selectin double-mutant mice showed an in¬
creased susceptibility to bacterial infection, with the majority of
animals developing chronic inflammatory lesions of the oral
mucosa and skin, suggesting that E- and P-selectin may function
cooperatively.11 The most severe deficiencies in neutrophil recruit¬
ment were found in E-, L-, and P-selectin triple-knockout mice,
which had impaired neutrophil emigration, neutrophil rolling, and
significant leukocytosis.12

Although the role of selectins in leukocyte recruitment is well
established, it is now becoming clear that pathways engaged in
response to E-selectin receptor engagement may trigger cell
activation even though the molecular mechanisms remain to be
defined. Engagement of selectin receptors has been reported to
activate the mitogen-activated protein kinase (MAPK) pathway or
activate cell-surface receptor-associated protein tyrosine kinases.13
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Recent findings from a number of studies suggest that soluble
E-selectin may also engage selectin receptors. Soluble E-selectin
levels are elevated in many chronic inflammatory conditions, including
rheumatoid arthritis and asthma.2-14 In addition, soluble forms of
selectins are rapidly released from activated endothelial cells.14 One
possibility is that receptor shedding may represent a mechanism for
limiting further inflammatory-cell recruitment by decreasing the
availability of endothelial ligands for inflammatory cells. However,
it is becoming clear that soluble E-selectin may activate inflamma¬
tory cells15 and exert potentially proinflammatory effects.16

Early studies have suggested that selectin and platelet-
activating factor (PAF) signaling act cooperatively to induce
neutrophil adhesion to the endothelium.17 E-selectin is known to
reduce the rolling velocity of neutrophils in vitro.18 In vivo work by
Kanwar et al19 found that low concentrations of exogenous PAF
induced an increase in neutrophil adhesion in slow-rolling cells,
whereas fast-rolling cells were unresponsive to the same concentra¬
tion of PAF. Similarly, P-selectin has been shown to slow the
rolling cells so that they are able to (irmly adhere in the presence of
lower concentrations of PAF.20 These findings would suggest that
reduced neutrophil rolling velocity following adhesion to selectins
confers a higher ability to adhere in the presence of an appropriate
stimulus. However, one possibility is that selectin receptor engage¬
ment may facilitate integrin-mediated "firm" adhesion following
exposure to a second stimulus and that there could be communica¬
tion between receptors for inflammatory mediators and those
involved in adhesion at a molecular level.

We have previously demonstrated that Ca2+ mobilization
induced by PAF in neutrophils, an early key event in the control of
motility, respiratory burst, and degranulation, is prolonged in the
presence of soluble E-selectin.21 Neutrophil adhesion to fS2-integrin
ligands (albumin-coated latex beads) induced by PAF but not by
Ieukotriene B4 (LTB4) or formyl-Met-Leu-Phe (fMLP) was pro¬
moted by soluble E-selectin and this adhesion required PAF-
induced Ca2+ mobilization from inositol 1,4,5-trisphosphate (IP3)-
sensitive intracellular stores. In this paper, we provide biochemical
evidence for molecular cross-talk between these structurally dis¬
tinct receptor pathways.

Materials and methods

Reagents

Hanks balanced salt solution (HBSS) was obtained from Life Technologies
(Paisley, United Kingdom). Dextran T500 was obtained from Amersham
Pharmacia Biotech (Buckinghamshire, United Kingdom). PAF, pertussis
toxin, gadolinium(III) chloride, and wortmannin were obtained from
Sigma-Aldrich (Poole, United Kingdom). ENA2 was purchased from
Abeam (Cambridge, United Kingdom) and MRS 1845 and ruthenium red
from Tocris (Bristol, United Kingdom). U73122, U73343, LY294002
hydrochloride, LY303511, Fura2-AM, PP2, PP3, SB203580, SB202474, and
PD98059 were purchased from Calbiochem (Nottingham, United King¬
dom). Enhanced chemiluminescence (ECL) Western blotting detection
reagents were obtained from Amersham Pharmacia Biotech.

Antibodies

Anti-TRPC6 was purchased from Alamone Labs (Jerusalem, Israel).
Phospho-Src family (Tyr416) was purchased from Cell Signaling (Hertford¬
shire, United Kingdom) and anti-phopho-Aktl/PKBa (Ser473), clone
11E6, was obtained from Upstate Biotechnology (Milton Keynes, United
Kingdom). Monoclonal anti-p-actin antibody was purchased from Sigma-
Aldrich. Goat anti-mouse and -rabbit horseradish peroxidase (HRP)-
conjugated antibodies were obtained from Dako (Ely, United Kingdom).

Expression and purification of E-selectin

Recombinant proteins of E-selectin were obtained using a baculovirus
expression construct kindly provided by Dr Mike Bird (GlaxoSmithKline,
Stevenage, United Kingdom). Recombinant human E-selectin, lacking the
last 2 consensus repeats, was produced in a baculovirus insect-cell
expression system as a C-terminal chimera with 2 protein A domains in
tandem. High Five cells (BT1-TN-5B1-4 cell line, Invitrogen, Paisley,
United Kingdom) were used to express recombinant E-selectin. High Five
cells were cultured in Express Five serum-free media supplemented with
L-glutamine and penicillin/streptomycin. High Five cells (9 X 106/75-cm2
flask) were seeded into cell-culture flasks and left to adhere for 20 minutes.
After attachment of the cells, the medium was removed and the cells were

infected with recombinant virus at 2 PFU/cell. Three hours later, the
medium was replaced with fresh medium. After 72 hours of incubation at
27°C, the culture supernatant was collected and stored at 4°C for further
purification.

Recombinant proteins were then purified from High 5 insect-cell culture
supernatants using IgG affinity column chromatography using the protein A
domain in the recombinant protein. A column containing IgG-agarose was

equilibrated with 5 column volumes of 0.1 M phosphate buffer, pH 8.0. The
supernatant was applied to the affinity column, the column was washed with
2 column volumes of 0.1 M phosphate buffer, and eluted with 100 mM
glycine in 500-pL fractions. Fractions were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for protein con¬
tent. The eluted proteins were then dialyzed against PBS (Ca2+ and Mg2+
free) overnight. A typical yield was 1.5 to 2.0 mg protein/250 mL
supernatant.

Neutrophil isolation

Polymorphonuclear leukocytes were isolated from peripheral blood of
healthy donors as described previously.22 After centrifugation of citrated
whole blood at 300# for 20 minutes and removal of platelet-rich plasma,
leukocytes were separated from erythrocytes by dextran sedimentation
using 0.6% (wt/vol) dextran T500. Polymorphonuclear leukocytes were
then separated from mononuclear leukocytes using discontinuous isotonic
Percoll gradients. Polymorphonuclear leukocytes were 95% to 98% neutro¬
phils using morphologic criteria and cell viability was assessed by trypan
blue exclusion.

Measurement of [Ca2+]i

Freshly isolated leukocytes were resuspended at 107/mL in HBSS (Ca2+
and Mg2~ free) and were incubated with 2 pM Fura2-AM at 37°C for 30
minutes in the dark. The cells were then washed twice to remove Fura2-AM
and resuspended at 4 X 107/mL in HBSS (containing Ca2+ and Mg2+).
Intracellular calcium was monitored by Fura-2 emission fluorescence at 510
nm using 340/380-nm dual wavelength excitation in a Perkin Elmer
(Beaconsfield, CA) luminescence spectrometer at 37°C with constant
stirring. Calibration was performed after each experiment using 100 pL
0.1% (vol/vol) Triton X (Rmax) and 10 rnM EGTA (Rmin). (Ca24], was
calculated from the 340:380-nm fluorescence ratio.23

RT-PCR analysis

Total RNA was extracted from freshly isolated neutrophils using the TRIzol
reagent method per the manufacturer's instructions (Invitrogen, Life
Technologies). 01igo(dT)-primed first-strand cDNA synthase was per¬
formed with Moloney murine leukemia virus reverse transcriptase (RT;
Superscript II, Promega, Madison, WI) using 500 ng mRNA as template in
a total volume of 20 pL. The cDNA was then used for polymerase chain
reaction (PCR) with Taq polymerase (Promega). Two pairs of specific
primers each were used to detect the canonical transient receptor potential
channel (TRPC) 1, 3,4, and 6 and one primer pair was used for TRPC2 and
5; primers were synthesized by MWG Biotech (Ebersberg, Germany). The
sequence of the primer pairs used along with the predicted size of their
expected amplicons are as follows: TRPC1: forward 5'-ATGTATACAAC-
CAGCTCTATCTTG-3' and reverse 5'-AGTCTTTGGTGAGGGAAT-
GATG-3' (525 bp); TRPC1: forward 5-TTCTGTGGATTATTAITGG-
GATGA-3' and reverse 5 '-CAGAACAAAGCAAAGCAGGTG-3' (505
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bp); TRPC2: forward 5'-TCTGGACCATGTTCGGTATG-3' and reverse
5 '-GCTACCTCGCTTTGCAGTC-3' (565bp); TRPC3: forward 5'-CTG-
CAAATGAGAGCTTTGGC-3' and reverse 5 '-AACrTCCATTCTACATCACT-
GTC-3' (388 bp); TRPC3: forward 5 '-GCGAATTGTTAACTTTC-
CCAAATGC-3' and reverse 5 '-TCTTCCAAAAGTTCATAACGAAGGC-3'

(300 bp); TRPC4: forward 5 -AITCATATACTGCCTTGTGTTG-3' and reverse
5 '-GGTCAGCAATCAGTTGGTAAG-3' (329 bp); TRPC4: forward 5'-
TTGCCTCTGAAAGACATAACATAAG-3' and reverse 5 '-CTACTAACACA-
CATTGTTCACTGAG-3' (300 bp); TRPC5: forward 5'-ACTTCTATTAT-
GAAACCAGAGC-3' and reverse 5 '-GCATGATCGGCAATAAGCTG-3' (289
bp); TRPC6: forward 5 '-AAGACATCTTCAAGTTCATGGTC-3' and reverse
5'-TCAGCGTCATCCTAATTTCCC-3' (322 bp); TRPC6: forward 5'-ACA-
GATAATGCAAAACAGCTG-3' and reverse 5-ATGATGCTCTGGGCTTTG
-3' (244 bp); and GAPDH: forward 5'-TGCCTCCTGCACCACCAAGTG-3'
and reverse 5 '-AATGCCAGCCCCAGCGTCAAAG-3' (450 bp).

The reaction solution (50 pL) contained 0.4 pM of each primer (forward and
reverse), 2 mM MgCf, 0.2 mM dNTPs, 1.25 U Taq polymerase, and 1 pL
cDNA. The PCR conditions were: 95°C for 10 minutes, followed by 35
cycles, each consisting of denaturation at 95°C for 1.5 minutes, annealing at
63°C for 2 minutes and extension at 72°C for 2 minutes, and a final
extension at 72°C for 10 minutes. After PCR amplification, the reaction
mixtures were applied to 1% (wt/vol) agarose gel for electrophoresis and
DNA fragments were detected by ethidium bromide staining.

Western blot analysis

Neutrophils (5 X 1010 cells/L/sample) were lysed, following stimulation as
detailed in the figure legends, in lysis buffer containing Tris HC1 (100 mM,
pH 8.0), NaCl (100 mM), EDTA (2 mM), Nonidet NP-40 (1% vol/vol),
Na3V04 (5 mM), NaF (50 mM), and protease inhibitor cocktail (Sigma-
Aldrich) for 30 minutes at 4°C. Samples were centrifuged for 20 minutes at
15 000# at 4°C and supernatants were reduced with electrophoresis sample
buffer containing Tris HCI (0.25 M, pH 6.8), SDS (8% wt/vol), |3-mercapto-
ethanol (10% wt/vol), glycerol (30% vol/vol), and bromophenol blue
(0.02% wt/vol). Each sample was loaded onto a 10% SDS-polyacrylamide
gel and proteins were separated and electrophoretically transferred to
nitrocellulose. The membranes were then blocked for 1 hour in 5% (wt/vol)
dried milk and probed with primary antibody overnight. After washing with
Tris-buffered saline containing 0.1% (vol/vol) Tween 20 (TBST), blots
were incubated with goat anti-mouse HRP (1:2500) or with goat anti-rabbit
HRP (1:2500) antibodies for 1 hour at room temperature. The membranes
were incubated with ECL reagent (Amersham Biosciences, Buckingham¬
shire, United Kingdom), placed under BioMax MS-1 x-ray-sensitive film,
and processed through an x-ray developer (X-Ograph Imaging Systems,
Wilts, United Kingdom).

Statistical analysis

Statistical analysis was carried out using the one-way ANOVA test with a
Newman-Keuls multiple comparison posttest analysis, with statistical
significance being achieved when P was below .05.

Results

Soluble E-selectin prolongs PAF-induced Ca2+ mobilization

Incubation of human neutrophils in the presence of soluble
E-selectin did not induce Ca2+ mobilization (Figure 1 A). However,
in agreement with our previous studies,21 preincubation of neutro¬
phils with soluble E-selectin caused a subsequent sustained in¬
crease in [Ca2+]i in response to PAF without affecting the initial
increase of [Ca2+]i (Figure 1A). To facilitate comparison of
experimental data, we have calculated the area under the Ca2+
curve to provide a measure of the Ca2+ mobilization observed.
Inhibition of soluble E-selectin interaction with neutrophils by
ENA2, an anti-E-selectin monoclonal antibody that binds to the
lectin domain of E-selectin, inhibited the sustained Ca2+ levels

A

& SO-

E-sel
PAF
E-seHPAF
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Figure 1. Soluble E-selectin prolongs PAF-induced Ca2+ mobilization. (A)
Freshly isolated neutrophils were loaded with Fura2-AM (2 (iM) for 30 minutes at 37°C
in Ca2 - and Mg2,-free HBSS, then washed and resuspended in HBSS containing
Ca2' and Mg2+, and then preincubated with or without soluble E-selectin (E-sel, 5
p.g/mL) for 15 minutes at 37°C as indicated. For blockade of CD62E, ENA2 (1:50) and
soluble E-selectin were preincubated for 1 hour before being added to neutrophils.
Neutrophils were stimulated with PAF (100 nM) after recording "baseline" Ca21 levels
for 60 seconds. Data are shown as a representative trace of 5 separate experiments
showing similar results and are expressed as percent of peak [Ca2"]j following PAF
stimulation (typically from 50 nM control levels to 2.5 ^.M following stimulation). (B)
Traces from panel A have been integrated to calculate area under each curve using
GraphPad Prism software (GraphPad, San Diego, CA) to compare the effects of
various inhibitors. Data from 5 separate experiments that were performed and
expressed as mean ± SEM. 'Statistically different (P<.05) from PAF-treated
controls.

without affecting the initial rapid rise in [Ca2+]j observed in
response to PAF treatment (Figure IB). These data demonstrate
that binding of soluble E-selectin via the lectin domain to a

counterreceptor present on neutrophils is required for the prolonga¬
tion of Ca2+ mobilization in neutrophils in response to PAF.

Using a range of preincubation times with soluble E-selectin, it
was demonstrated that the effects of soluble E-selectin on prolonga¬
tion of [Ca2+]j in neutrophils were maximal by 15 minutes (Figure
2A), suggesting that downstream signaling pathways may be
involved to induce prolonged Ca2+ mobilization in response to PAF
rather than a rapid and direct physical interaction causing conforma¬
tional changes. Furthermore, the effects of soluble E-selectin on

prolongation of [Ca24 ]; levels were maintained whether soluble
E-selectin was present or removed by washing; no significant
difference was evident between samples (Figure 2B). Thus, Ihe
effects of soluble E-selectin are unlikely to be attributed to
nonspecific effects such as sequestration/buffering of extracellular
Ca2+ or changes in associated molecules that affect Ca2+ ion
movements. These data suggest that soluble E-selectin triggers
intracellular signaling pathways to modulate Ca2+ entry. We have
previously shown that soluble E-selectin promotes Ca2+ mobiliza¬
tion and adhesion selectively to PAF but not to stimulation by
fMLP or LTB4.21 Pretreatment of neutrophils with pertussis toxin,
which ADP ribosylates G, and G0, was found to inhibit fMLP- and
LTB4-induced Ca2+ mobilization but had no effect on Ca2+
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Figure 2. Effect of soluble E-selectin is time-dependent. (A) Freshly isolated
neutrophils were loaded with Fura2-AM (2 [xM) as for Figure 1 and preincubated with
E-selectin (5 [xg/mL) for various times as indicated. The cells were then stimulated
with 100 nM PAF after 60 seconds of recording. Data from 3 separate experiments
that were performed are expressed as mean area under the curve ± SEM.
•Statistically different (P < .05) from PAF-treated controls. (B) Freshly isolated
neutrophils were preincubated with soluble E-selectin and samples were either
washed to remove E-selectin (WO) or used after 15 minutes of incubation. Data
shown are expressed as mean area under the curve ± SEM from 3 independent
experiments.

responses (Figure 3A), thereby suggesting a role for a pertussis
toxin-insensitive G protein in mediating the effects of PAF.

E-selectin causes Ca2+ influx through a TRPC

PAF-induced Ca2+ mobilization is dependent on activation of
phospholipase C and release of IP3 because this response is
sensitive to complete inhibition by U73122, a specific phospho¬
lipase C inhibitor (Figure 3B), whereas the inactive analog U73343
had no effect. Our previous studies also demonstrated that the
initial PAF-induced (Ca2~]j spike was abolished by TMB-8, which
blocks Ca2+ release from intracellular stores, and that a relatively
small second phase ofCa2+ mobilization was sensitive to inhibition
by the receptor-operated channel inhibitor SKF96365.21 Impor¬
tantly, soluble E-selectin-induced promotion of Ca2+ mobilization
in this latter phase was insensitive to SKF96365,21 suggesting it
occurs through distinct ion channels. We therefore sought to further
define the molecular mechanism by which soluble E-selectin
induced prolonged elevation of [Ca2+]j. Neutrophils treated with
ruthenium red, an inhibitor of Ca2+-induced Ca2+ release from
ryanodine-sensitive stores, had no effect on mobilization ofCa2+ in

response to PAF in the presence of E-selectin (Figure 3C).
Chelation of extracellular Ca2+ by EGTA showed that only the
E-selectin-mediated prolongation of [Ca2l]j was sensitive to
blockade and that PAF-induced Ca2+ release from stores was

unaffected, indicating that soluble E-selectin affected Ca2+ influx
rather than release from an intracellular store. The initial elevation
of [Ca2+]j in response to PAF, known to be due to release of Ca2+
from IP3-sensitive stores, was unaffected by MRS 1845, a store-
operated channel inhibitor; however, soluble E-selectin-induced
sustained [Ca2+], following stimulation with PAF was sensitive to
inhibition by MRS 1845 (Figure 3D). These results indicate that
soluble E-selectin was allowing activation of a store-operated
channel by PAF-induced Ca2 store emptying, an effect we have
termed "permissive" store-operated Ca2+ entry (SOCE). We next
tested whether Gd3+, a specific transient receptor potential family
of cation channels (TRPC) inhibitor, would affect the E-selectin-
induced [Ca2+]j response to PAF. As shown in Figure 3C, the
prolonged rise in [Ca211, observed in the presence of soluble
E-selectin was sensitive to Gd3+, which is consistent with a role for
TRPC in this response.

TRPC expression in polymorphonuclear leukocytes

To determine the profile of TRPC expression in human neutrophils,
multiple specific primer pairs were used to screen for the presence
of TRPC1-TRPC6 mRNA species in highly purified human
neutrophils. The expression profile for members of the TRPC
family is illustrated in a representative gel of RT-PCR products
shown in Figure 4A. PCR products for TRPC6 were found in all
neutrophil samples (n = 10), whereas TRPC3 was only found in
20% of samples. We did not observe signals for TRPC 1,2, 4, and 5
in any of the preparations, despite positive RT-PCR controls
demonstrating that these PCR conditions were optimal. To confirm
TRPC6 protein expression, we assayed crude membrane prepara¬
tions from freshly isolated human neutrophils using Western
blotting techniques. A specific antibody for TRPC6 revealed a
strong band in the appropriate 90- to 100-kDa range, which could
be blocked by a TRPC6-blocking peptide (Figure 4B), confirming
the presence of protein and the RT-PCR data.

2Q0000

Figure 3. TRPCs mediate soluble E-selectin prolongation of
PAF-induced Ca2+ mobilization. (A) Freshly isolated neutro¬
phils were incubated with pertussis toxin (2 [xg/mL) for 1 hour,
washed, and then loaded with Fura2-AM (2 |xM) for 30 minutes at
37°C prior to stimulation with 100 nM PAF. Data shown are
expressed as mean area under each curve ± SEM from 3
separate experiments. 'Statistically different (P < .05) from PAF/
LTB4- or fMLP-treated controls, n.s. indicates not significant. (B)
U73122 (5 |iM) and U73343 (5 |xM) were added 5 minutes and
EGTA (1.25 mM) was added 10 minutes before stimulation with
100 nM PAF. A representative Ca2' trace from 3 separate
experiments that were performed is shown. (C) Calcium traces
showing the effect of calcium channel inhibitors on the prolonged
[Ca2+]i elevation induced by soluble E-selectin. Ruthenium red
(RR; 20 nM), MRS1845 (2 ^M) were added 5 minutes and
Ga3+CI3 (10 piM) was added 3 minutes before stimulation with
100 nM PAF. The calcium trace shown is representative of 3
separate experiments with similar results. (D) Bar graph represent¬
ing area under the curves of the graph in panel C, calculated using
GraphPad Prism software. Data shown are expressed as mean ±
SEM from 3 separate experiments that were performed. 'Statisti¬
cally different (P < .05) from PAF/E-selectin-treated controls.
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Figure 4. TRPC6 expression in human neutrophils. (A) Expression of TRP family
members in isolated human neutrophils. Representative results of RT-PCR analysis
with mRNA from a single isolation and cDNA preparation of neutrophils with each of
the indicated primers are given and GAPDH was used as a positive control. Lanes
are indicated as: M, markers; 1, TRPC1; 2, TRPC2; 3, TRPC3; 4, TRPC4; 5, TRPC5;
and 6, TRPC6. (B) Western blotting of neutrophil (N) or mononuclear cell (M)
membrane preparations stained with anti-TRPC6 antibody (1:400) revealed a strong
band at the predicted molecular weight (100 kDa) as indicated. Specificity was
demonstrated by incubation of the TRPC6 antibody with a 4-fold excess of the
antigenic peptide exhibited no signal. Nonspecific binding was assessed using an
IgG control stained with rabbit anti-IgG antibody (1:400). A representative immuno-
blot of 3 different experiments is shown.

E-selectin-induced SOCE is regulated by Src and PI-3K

It is now clear that critical regulatory elements that control TRPC
activity include phosphorylation and Src family tyrosine kinases in
particular.24 We therefore used specific protein kinase inhibitors to
test their involvement in soluble E-selectin-mediated SOCE.
Inhibition of p38 MAPK by SB203580 (10 pM) or the negative
control SB202474 (10 |xM) had no effect on soluble E-selectin-
induced Ca2+ influx following stimulation of neutrophils with PAF
(Figure 5B). Similarly, a lack of effect by PD98059 (10 pM) on
soluble E-selectin-induced modulation of Ca2+ influx identified
that MEK1 was not involved in mediating these responses (Figure
5B). However, the specific Src family tyrosine kinase inhibitor PP2
(5 pM) selectively inhibited the soluble E-selectin-induced SOCE
to levels observed in PAF-only stimulated neutrophils (Figure
5A-B), whereas PP3, the inactive analog, had no effect on soluble
E-selectin-induced Ca2f influx. These data suggest either a direct
role for Src in modulating TRPC6 channel activity or potentially a
role for Src in the downstream signaling events following soluble
E-selectin binding to its putative receptor on neutrophils. Because

PI 3-kinase is known to be a key regulator of ion channels in a

variety of other cell types, we pretreated neutrophils with the
specific PI 3-kinase inhibitors wortmannin (100 nM) or LY294002
(10 pM) and LY303511, an inactive structural analog. PI 3-kinase
inhibition also inhibited the soluble E-selectin-induced SOCE
to controls levels (Figure 5C-D), the inactive analog having no
effect, thus identifying PI 3-kinase as a key regulator in the
signaling pathway, which mediates the effects of soluble E-selectin
on Ca2+ influx.

Western blot analysis of neutrophil protein lysates using a
phosphorylation state-specific antibody (Tyr(P)416), which corre¬
lates with Src activation, showed significant phosphorylation above
control levels with soluble E-selectin treatment (Figure 6A).
Interestingly, stimulation of neutrophils with PAF alone had no
effect on the levels of phospho-Src. Pretreatment of neutrophils
with PP2, prior to stimulation with soluble E-selectin, inhibited
active phospho-Src to below control levels. In addition, LY294002
(10 pM) had no significant effect on soluble E-selectin-induced
phosphorylation and activation of Src (Figure 6A), indicating that
PI 3-kinase may be involved in a parallel pathway or acts
downstream of Src in regulating Ca21 influx. Soluble E-selectin
caused activation of PI 3-kinase as assessed by a significant
increase in phosphorylated Akt, a downstream target of PI 3-kinase,
compared with control untreated cells, whereas PAF did not induce
any Akt phosphorylation or activation (Figure 6B). Soluble E-
selectin-induced increases in phospho-Akt levels could be inhib¬
ited completely by LY294002, confirming that it is a target of PI
3-kinase, and interestingly the Src tyrosine kinase inhibitor PP2
also showed complete inhibition of phospho-Akt accumulation
following treatment with soluble E-selectin (Figure 6B). These data
would support the hypothesis that the pathway that regulates
permissive SOCE induced by soluble E-selectin is mediated
primarily by Src with PI 3-kinase acting downstream.

Discussion

The selectin family of receptors is critical for the appropriate
recruitment of neutrophils to sites of infection or tissue injury and

Figure 5. PI 3-kinase and Src kinase activity are required for
soluble E-selectin Ca2+ mobilization. (A) PD98059 (10 (jlM),
SB203580 (10 fxM), SB202474 (10 piM), PP2 (5 fxM), and PP3 (5
piM) were added concurrently with E-selectin for 15 minutes prior
to stimulation with 100 nM PAF. The Ca2+ trace shown is

representative of 3 separate experiments that were performed
with similar results. (B) Bar graph representing area under the
curves of graph in panel A, calculated using GraphPad Prism
software. Data expressed as mean ± SEM of 3 independent
experiments. "Statistically different (P < .05) from PAF/E-selectin-
treated controls. (C) LY294002, LY303511 (10 jxM, 5-minute
preincubation), and wortmannin (100 nM, 15-minute preincuba¬
tion) were added prior to stimulation with 100 nM PAF. The Ca2+
trace shown is representative of 3 independent experiments that
were performed. (D) Bar graph representing area under the
curves of graph in panel C, calculated using GraphPad Prism
software. Data expressed as mean ± SEM from 3 separate
experiments is shown. "Statistically different (P< .05) from PAF/
E-selectin-treated controls.
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Figure 6. Soluble E-selectln Induces Src and Akt activation in neutrophils.
Freshly isolated neutrophils were incubated in the presence or absence of PP2 (5
ixM, 15 minutes) or LY294002 (10 y.M, 15 minutes), with soluble E-selectin (5 ug/mL,
15 minutes). Western blots of neutrophil lysates were carried out as described in
"Materials and methods," and probed with (A) phospho-Src (Tyr 116) antibody (1:500)
or (B) antiphospho-Akt1/PKB« antibody (Ser473; 1:200). To verify equal loading, the
blots were probed with fi-actin (1:10 000) or total Akt (1:2000). This figure is a
representative blot from 3 independent experiments that were performed with
similar results.

the initiation and progression of the inflammatory response. We
have previously shown that soluble E-selectin acts to promote
neutrophil adhesion, inhibit migration, and amplify destructive
responses,21 raising the possibility that elevated levels of soluble
E-selectin in patients with inflammatory diseases, such as rheuma¬
toid arthritis, and associated with tumor growth, have a proinflam¬
matory effect.25

In leukocytes, PAF acts through a specific G protein-coupled
receptor to induce chemotaxis. Neutrophil activation by PAF has
been shown to be insensitive to pertussis toxin, implicating a Gq/n
family member. Neutrophil responses to stimulation by LTB4 and
fMLP are sensitive to pertussis toxin, suggesting G0 or Gj
involvement.26 28 (^-Integrin-mediated neutrophil adhesion to albu¬
min-coated latex beads induced by PAF but not fMLP and LTB4
was promoted by soluble E-selectin.21 Furthermore, we have also
shown that soluble E-selectin specifically prolongs elevation of
[Ca2+]j in response to PAF but not fMLP or LTB4.21 We have
demonstrated that pertussis toxin does not affect PAF-induced Ca2+
mobilization but abolishes fMLP- and LTB4-induced Ca2+ mobili¬
zation. Taken together, this would indicate that only signals from a

pertussis toxin-insensitive Gq/n -coupled receptor such as the PAF
receptor are able to communicate through a G protein-derived
signal to allow prolonged Ca2+ signaling to occur in the presence of
soluble E-selectin.

We provide important new information relating to the mecha¬
nism by which soluble E-selectin prolongs PAF-induced Ca2+
signaling in neutrophils. Stimulation of neutrophils with PAF
causes primarily a rapid release of Ca2+ from IP3-sensitive stores
and a relatively minor influx of Ca2+ through SKF96365-sensitive
channels, most likely receptor-operated channels.21 Soluble E-
selectin alone does not cause release of Ca2+ from intracellular
stores or via Ca2+ influx but acts to prolong Ca2+ signals induced
by PAF receptor ligation in a novel manner by allowing "permis¬
sive" SOCE. We have demonstrated that prolongation of PAF-
induced Ca2+ signaling by E-selectin is due to Ca2+ influx due to its
sensitivity to blockade by EGTA rather than further release from
ryanodine-sensitive intracellular stores. Furthermore, an obligate
requirement for IP3-mediated release of Ca2+ from intracellular
stores to act as a trigger for the Ca2+ influx permitted by soluble
E-selectin was demonstrated by inhibition of phospholipase C
causing a complete loss of any Ca2+ signaling. In addition, the
susceptibility of E-selectin-permitted Ca2+ influx to blockade by

MRS 1845, a store-operated channel (SOC) inhibitor, identified this
as SOCE. A role for TRPCs as candidates for mediating this novel
SOCE was proposed based on the ability of Gd3+ to cause selective
inhibition of prolonged Ca2+ entry following PAF stimulation in
the presence of soluble E-selectin. Proteins homologous to the
Drosophila transient receptor potential gene (trp) Ca2+ channels
that assemble into tetrameric ion channels are known to be
involved in the generation of store-operated Ca2+ entry (SOCE).
Our RT-PCR studies found that only TRPC3 and TRPC6 mRNA
were expressed in polymorphonuclear leukocytes (Figure 4A), in
agreement with Heiner et a!.29 TRPC6 appears to represent the principal
TRPC family member present, being detected at both the level of
mRNA and protein.

Thus, soluble E-selectin acts to promote a novel form of
molecular cross-talk involving TRPCs that allow a putative E-
selectin receptor to influence PAF-induced signaling pathways. Our
data also suggest that both Gq/n- and soluble E-selectin-mediated
signals are required to communicate with TRPC6 before release of
Ca2+ from intracellular stores can trigger SOCE. We are currently
investigating potential mechanisms for this effect, for example,
whether a regulatory protein becomes recruited to TRPCs to permit
SOCE, or promotion of a physical interaction between IP3 channels
in the endoplasmic reticulum (ER) with TRPC in the plasma
membrane, or alternatively, TRPCs may become sensitized to the
signals that mediate SOCE, such as calcium influx factor (CIF).30 It
has recently been shown that TRPC6 is externalized to the plasma
membrane by the stimulation of a Gq protein-coupled receptor,31
and it has also been shown that expression of TRPC6 in COS cells
increases Ca2+ entry in response to stimulation of a Gq protein-
coupled receptor.32We are therefore currently investigating whether
soluble E-selectin preincubation leads to the up-regulation of
TRPC6 on the cell surface and if this is sensitive to activation via

Gq-coupled receptor-induced signals specifically.
The recent finding that diacylglycerol directly activates TRPC3

and TRPC6 may represent an alternative mechanism for activation
of these channels via phospholipase C-linked receptors,33 allowing
regulation to occur through a lipid mediator. Recent studies have
shown that tyrosine phosphorylation by Src family protein tyrosine
kinases represents a potential regulatory mechanism of TRPC6
activity.24 It has been suggested that 2 simultaneous events,
opening of the channel by DAG and modulation by Src-induced
tyrosine phosphorylation, contribute to the efficient influx of
calcium through TRPC6. We found that PP2 specifically inhibited
soluble E-selectin-mediated SOCE without affecting PAF-induced
responses. In parallel, soluble E-selectin caused phosphorylation
and activation of Src, which was sensitive to inhibition by PP2 but
was unaffected by PI 3-kinase inhibition. These findings strongly
suggest that Src activity is involved in modulating TRPC6 activity
to regulate Ca2+ influx in human neutrophils.

Inhibition of PI 3-kinase selectively blocked the soluble E-
selectin-induced SOCE in neutrophils. Several potential intracellu¬
lar regulatory motifs have been identified on TRPC6 including
PI3K-SH2 recognition domains, suggesting a mechanism by which
these channels might interact with the PI 3-kinase signaling
pathway.34 Several groups35'36 have discovered that the PI 3-kinase
lipid product phosphatidylinositol 3,4,5-trisphosphate (PIP3) medi¬
ates calcium influx through a mechanism independent of phospho¬
lipase C (PLC) activity or store depletion in several cell lines. The
activation of receptor tyrosine kinase cascades leads to the
membrane colocalization of PLCy and PI 3-kinase, both of which
use phosphatidylinositol 4,5-bisphosphate (PIP2) as a substrate to
generate IP3 and PIP3, respectively. These 2 signaling intermediates
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trigger the activation of calcium channels at different cellular
compartments, giving rise to elevated levels of [Ca2+]j. Soluble
E-selectin was demonstrated to cause an increase in phospho-Akt, a
downstream target of PI 3-kinase. We would speculate that PI
3-kinase acts to modulate TRPC6 activity and that PI 3-kinase lies
downstream of Src in the regulation of soluble E-selectin-mediated
permissive SOCE.

Several putative glycoprotein selectin ligands have been iso¬
lated from hematopoietic cells using in vitro affinity purification
techniques, but the exact identity and contribution of physiologic
E-selectin ligands on neutrophils is unknown.37 In this paper, we
have demonstrated that E-selectin binds via the lectin domain to

cause permissive SOCE in neutrophils in response to PAF, presum¬
ably through a putative E-selectin receptor present on neutrophils.
A cell-adhesion molecule suggested to play a role in E-selectin
adhesion is CD66 or carcinoembryonic antigen (CEA). Neutrophils
are known to express several CEA family members, which are all
highly glycosylated molecules with multiple sialyl and fucosyl
residues. In preliminary experiments, CD66 ligation with antibod¬
ies caused prolonged PAF-induced Ca2' mobilization in a similar
manner to that caused by soluble E-selectin (data not shown). We
are currently investigating the possibility that CD66 and other
adhesion receptors need to coengage via soluble E-selectin to
regulate Ca2+ signaling in response to PAF.

Receptor-mediated activation of leukocytes by inflammatory
stimuli requires Ca2 t mobilization and influx as a critical common
activation mechanism. Selective modulation of distinct compo¬
nents of these Ca2+ signals may represent potentially attractive
strategies for developing anti-inflammatory drugs to attenuate
leukocyte activation. Our report is the first demonstration of
soluble E-selectin causing permissive SOCE to occur following
activation of neutrophils by PAF and that this SOCE most likely
occurs through TRPC6. We have identified a novel form of
permissive SOCE induced by soluble E-selectin in human neutro¬
phils, which occurs through a Src/PI 3-kinase-dependent pathway
and also requires a Gq/n-derived signal to sensitize or prime TRPCs
to open on increased intracellular Ca2 t and depletion of Ca2+
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1 Incorporation of a nitric oxide (NO)-releasing moiety in aspirin can overcome its gastric side
effects.
2 We investigated the NO-release patterns and antiplatelet effects of novel furoxan derivatives of
aspirin (B8 and B7) in comparison to existing antiplatelet agents.
3 Cyclooxygenase (COX) activity was investigated in purified enzyme using an electron
paramagnetic resonance-based technique. Concentration-response curves for antiplatelet agents + the
soluble guanylate cyclase inhibitor, ODQ (50 fiM) were generated in platelet-rich plasma (PRP) and
washed platelets (WP) activated with collagen using turbidometric aggregometry. NO was detected
using an isolated NO electrode.
4 The furoxan derivatives of aspirin (B8, B7) and their NO-free furazan equivalents (B16, B15; all
100/tm) significantly inhibited COX activity (P<0.01; n = 6) in vitro and caused aspirin-independent,
cGMP-dependent inhibition of collagen-induced platelet aggregation in WP. B8 was more potent than
B7 (PRP IC50 = 0.62 + 0.1 ;UM for B8; 400 + 89/rM for B7; P<0.0001. WP IC5Os = 0.6±0.l and
62+ 10;rM, respectively). The NO-free furazan counterparts were less potent antiplatelet agents (WP
IC50s — 54+3 /(M and 62+ 10/tM, respectively; P< 0.0001, B8 vs B16). Of the hybrids investigated,
only B8 retained antiplatelet activity in PRP.
5 NO release from furoxan-aspirin hybrids was undetectable in buffer alone, but was accelerated in
the presence of either plasma or plasma components, albumin (4%), glutathione (GSH; 3 pM) and
ascorbate (50 ^M), the effects of which were additive for B7 but not B8. NO generation from furoxans
was greatly enhanced by platelet extract, an effect that could largely be explained by the synergistic
effect of intracellular concentrations of GSEI (3mM) and ascorbate (1 mM).
6 We conclude that the decomposition of furoxan-aspirin hybrids to generate biologically active NO
is catalysed by endogenous agents which may instil a potential for primarily intracellular delivery of
NO. The blunting of the aspirin effects of furoxan hybrids is likely to be due to loss of the acetyl
moiety in plasma; the observed antiplatelet effects are thereby primarily mediated via NO release.
Compounds of this class might represent a novel means of inhibiting platelet aggregation by a
combination of NO generation and COX inhibition.
British Journal of Pharmacology (2006) 148, 517-526. doi: 10.1038/sj.bjp.0706743;
published online 15 May 2006

Keywords: Nitric oxide; platelets; furoxan; nitroaspirin; thrombosis; antithrombotic
Abbreviations: AA, arachidonic acid; AUC, area under the curve; cGMP, cyclic 5'-guanosine monophosphate; COX-1,

cyclooxygenase-1; CPH, l-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrroiidine.HCl; DEA/NO, 2-(/V,/V-diethyami-
no)-diazenolate-2-oxide; DMSO, dimethylsulphoxide; DTNB, 5,5'-dithio-bis(2-nitrobenzoic acid); EPR, electron
paramagnetic resonance; GSH, glutathione; NO, nitric oxide; ODQ, l//-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one;
PPP, platelet poor plasma; PRP, platelet-rich plasma; sGC, soluble guanylate cyclase; TFA, trifluoroacetic acid;
WP, washed platelets

Introduction

Aspirin is a nonsteroidal anti-inflammatory drug that has long
been used as a prophylactic against thrombotic coronary
events (ISIS-2, 1988; PHS-Committee, 1989; Manson et at.,
1991). It reduces cardiovascular risk, primarily through
irreversible inhibition of prostaglandin H synthase-1 (also
termed cyclooxygenase-1, COX-l)-mediated platelet aggrega¬
tion (for review see, Patrono, 1994). Aspirin selectively and

•Author for correspondence; E-mail: ian.megson@ed.ac.uk

irreversibly acetylates a serine residue (Ser 530) of COX-1
(Roth & Majerus, 1975; Roth et al., 1975; DeWitt & Smith,
1988). COX-1 inhibition results in reduced production of
thromboxane A2, a vital element in the induction of
irreversible platelet aggregation in response to stimuli such
as collagen (FitzGerald, 1991; Hamberg et al., 1975). The
anucleate nature of platelets makes them unable to synthesize
new proteins and replace inhibited enzyme; recovery of full
platelet activity only takes place as a function of platelet
turnover (Burch et al., 1978). Aspirin also acts to inhibit the
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formation of thrombin (Kessels et al., 1994; Szczeklik et al.,
1992), a unique action that also prevents platelet aggregation
and impacts on the coagulation pathway. Taken together,
these properties offer a degree of platelet selectivity in the
action of aspirin.
Unfortunately, gastrointestinal disorders, including ulcera¬

tion, are a common side effect of aspirin, limiting its use
(Cameron, 1975; Wallace, 1997; Tramer et al., 2000; Seager &
Hawkey, 2001). The effect is due to inhibition of prostaglan¬
dins that normally protect the gastric mucosa (Whittle, 1977;
Robert et al., 1979; Schoen & Vender, 1989; Wallace, 1997).
Aspirin esters containing a nitric oxide (NO)-donor nitrooxy
function (e.g. NCX4016) are thought to overcome the gastric
side effects through the protective actions of drug-derived NO.
NO increases blood flow in the gastric mucosa, promoting
repair and removal of toxins (Wallace & Miller, 2000). NO
also increases secretion of protective gastric mucus (Brown
et al., 1993) and is thought to promote healing of gastric
ulcers by promoting angiogenesis (Ma & Wallace, 2000).
Alternatively, the protective effects of NO aspirin could be
due to masking of the aspirin carboxylic acid moiety by the
ester function (Rainsford & Whitehouse, 1976; Cena et al.,
2003).
While NO hybrids of aspirin were primarily designed to

protect against damage to the gastric mucosa, there may be
additional benefits of drug-derived NO through its many

protective effects in the vascular system. NO is a powerful
endogenous vasodilator (Palmer et al., 1987) which acts to
keep the vasculature in an active state of dilatation by
stimulating cGMP-mediated relaxation of vascular smooth
muscle cells. NO also opposes the adherence of monocytes to
the vessel wall (Tsao et al., 1997) and displays antithrombotic
actions through its ability to inhibit platelet adhesion

(Radomski et al., 1987b,c) and aggregation (Radomski
et al., 1987a; 1990; Pasqui et al., 1991). Inhibition of platelet
aggregation occurs primarily via stimulation of cGMP; the
platelet aggregation response to sodium nitroprusside has been
shown to be entirely cGMP dependent (Sogo et al., 2000).
However, cGMP-independent signalling mechanisms have also
been identified (Gordge et al., 1998; Trepakova et al., 1999;
Sogo et al., 2000; Homer & Wanstall, 2002; Crane et al., 2005).
Reduced NO synthesis or availability is heavily implicated as a

key factor in the initiation and progression of atherogenesis
(Anderson et al., 1995; Maxwell, 2002; Shaul, 2003).
The release at NO from NCX4016 and glyceryl trinitrate has

been reported to occur through identical mechanisms (Grosser
& Schroder, 2000). Platelets have a poor capability to release
NO from organic nitrates (Weber et al., 1996) and it is possible
that compounds such as NCX4016 will fail to show additional,
NO-mediated effects in platelets, at least in vitro. A new range
of drugs, in which a NO-donating moiety (furoxan group) is
joined by an ester linkage to the aspirin molecule (B8, B7;
Figure 1) appear to overcome the problem of gastric lesions
(Cena et al., 2003). However, the NO-release mechanism is
unlikely to require the same cellular machinery as that for
organic nitrates, suggesting that they might offer a degree of
NO-mediated antiplatelet effects to complement those of the
aspirin moiety.
In the present study, we investigated the mechanism of

action of two examples (3-cyanofuroxan-4-yl)methyl 2-acet-
oxybenzoate (B8) and (3-carbamoylfuroxan-4-yl)methyl 2-
acetoxybenzoate (B7); Figure 1), with different NO-releasing
properties (Cena et a!., 2003) in human platelets in vitro. Here,
we characterize the NO-releasing and COX-inhibiting effects
of these novel furoxan derivatives of aspirin and compare their
actions to related antiplatelet agents.
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Methods

Materials

2-(/V,A'-diethyamino)-diazcnolatc-2-oxide (DEA/NO; Axxora,
Nottingham, U.K.) was dissolved in 0.01 M NaOH. 1H-
[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one (ODQ; Cookson,
Langford, Bristol, U.K.) was dissolved in dimethylsulphoxide
(DMSO) and stored at —20°C. Collagen was purchased from
Labmedics (Stockport, U.K.). l-Hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine. HC1 (CPH) was purchased from
Axxora. All other chemicals were purchased from Sigma
(Poole, Dorset, U.K.). All nitro-aspirins were synthesized at
the Universita degli Studi di Torino, as described (Cena et al.,
2003). Compound purity was assessed by high-performance
liquid chromatography before biological assays (over 98% for
all compounds; Merck Purosphere RP-18 column (Merck,
Darmstadt, Germany; 250 x 4mm2, 5 pm particle size) eluting
with flow rate of 1 ml min-1. Mobile phase consisted of 0.1%
aqueous trifluoroacetic acid (TFA) and acetonitrile containing
0.1% TFA in different ratios according with compounds
properties. The column effluent was monitored at 224/254 nm).
Compound identity was chemically confirmed by nuclear
magnetic resonance.
The nitro-aspirins were dissolved in DMSO, then diluted in

PBS to give a final concentration of 0.1% DMSO, which pilot
studies had determined not to affect platelet aggregation. No
precipitation of any drug was observed following dilution.

COX activity assay

The ability of novel and established compounds to inhibit
COX-1 was measured using an adaptation of a published
method (Schreiber et al., 1989). The assay relies on detection
of oxidizing free radicals produced as a by-product by the
peroxidase element of the COX enzyme. A spin-trapping
agent, CPH, was utilized to trap the short-lived radicals,
forming a stable adduct, 3-carboxy-proxyl. The assay makes
use of commercially available purified COX-1 from ovine
seminal vesicles (Sigma), pretreated with haematin for 5min.
The COX activity assay was performed at 37°C in 1 ml of

Tyrode's buffer. In all, 100Uml-1 purified COX-1 was
incubated with 3 nM haematin (5 min, 37°C) prior to the assay.

Aspirin, salicylic acid, a furoxan, a furazan, NCX4016
(100/tM) or a vehicle control (DMSO, 1%) was added and
left to incubate for a further 10min prior to addition of the
spin-trap, CPH (1 mM). At this point (time zero), a baseline
EPR measurement was taken (MS200, Magnettech, Germany.
Instrument settings: BO-field, 3356 G; sweep width; 50 G,
sweep time, 30 s; modulation amplitude, 1500mG; microwave
power, 20 rnW; microwave frequency, 9.3 GHz). After 2min,
0.5 mM AA (sodium salt) was added; EPR measurements were
made (50 /zl samples in micropipette tubes) after a further
1.5min incubation. The suicidal nature of COX-1 activation
means that the period of activation is complete within ~ 1 min
of AA addition (as confirmed by pilot experiments).
The EPR results were corrected for any auto-oxidation of

spin-trap by subtraction of values recorded from a duplicate
sample run in the absence of AA. The intensity scale on the
v-axis of all graphs is an arbitrary scale based upon the area
under the curve (AUC) of the first derivative traces generated.
Results graphs show the timepoint 1.5 min after the addition of

AA, as this was determined in pilot experiments to be the most
appropriate point at which to compare free radical generation
between control and furoxan-treated COX-1, given that spin-
adduct generation in response to AA had peaked - subsequent
adduct formation was at an equivalent rate in control and
AA-treated samples and was likely to be due to nonspecific
auto-oxidation of CPH.

Blood preparation

Peripheral venous blood was drawn from the antecubital fossa
of human volunteers aged 20-45 years who were non-smokers
and had not taken any platelet-active agents during the
previous 10 days. Blood was collected into tubes containing
3.8% sodium citrate and centrifuged at 200 x g for 10min at
room temperature to obtain platelet-rich plasma (PRP). An
aliquot of PRP was further centrifuged at 1200 x g for lOmin
to obtain platelet-poor plasma (PPP). Washed platelets (WP)
samples were obtained by adding 300ngml_1 prostacyclin to a
2 ml PRP sample before centrifuging at 1200 xg for 10min.
Prostacyclin is commonly used at this concentration in this
type of study (Giuliano & Warner, 1999; Kobzar et al., 2001;
Crane et al., 2002). The effect of the prostacyclin is only
temporary due to its short half-life. The supernatant was then
discarded and the pellet resuspended in Tyrode's buffer
(137 mM NaCl, 2.7 mM KC1, 1.05mM MgS04, 0.4mM
NaH2P04, 12.5mM NaHCO,, 5.6mM Glucose, 10mM HEPES
and 0.8 mM CaCl in dH20 at pH 7.4). Prostacyclin
(300ngml ') was again added before a second 10min
centrifugation (1200 xg). Finally, the pellet was resuspended
in 2 ml Tyrode's buffer. For aggregation, platelet counts were
determined using a Coulter Ac.T 8 Hematology Analyzer
(Coulter Electronics, Luton, U.K.) and standardized to
250 x 1091~' via dilution with PPP (PRP) or Tyrode's buffer
(WP).

Aggregation

Inhibition of platelet aggregation was measured using optical
platelet aggregometry in a 4-channel aggregometer (Chrono-
Log, Labmedics, Stockport, U.K.) and data captured via
an analogue-digital converter (Maclab 4e, AD Instruments,
Sussex, U.K.). The instrument was calibrated such that the
difference in light transmission between test (PRP or WP) and
reference (PPP or Tyrode's buffer, respectively) samples was
set to generate an 80 mV signal. Typically, maximal aggrega¬
tion caused ~60mV change in signal. Briefly, PRP or WP
samples were equilibrated at 37°C and stirred continuously at
lOOOr.p.m. The samples were then treated with either B8
(10nM-3pM), B7 (10/rM-lmM), their respective NO-free
structurally related furazan derivatives, (4-cyanofurazan-3-
yl)methyl 2-acetoxybenzoate (B16; 10nM-3/rM) or (4-carba-
moylfurazan-3-yl)methyl 2-acetoxybenzoate (B15; 10 pM-
1 mM), NCX4016 (3 /jM-0.3 mM) or aspirin (acetylsalicylic
acid; 3/tM—ImM) for 10 min before induction of aggregation
with supramaximal concentrations of collagen (2.5/tgml-1).
The aggregation was then recorded turbidometrically over
5 min against a reference PPP sample. Experiments were also
performed with the addition of 50 pM (supramaximal concen¬
tration (Crane et al., 2005)) of the cGMP inhibitor ODQ
15 min before addition of the drug. Aggregation was expressed
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as a percentage inhibition of control aggregation obtained with
2.5 /xgml"' collagen.

NO release

Samples of PRP, PPP or Tyrode's buffer (2 ml) were incubated
in the aggregometer at 37°C and stirred continuously at
1000 r.p.m. An isolated NO electrode (ISO-NO MARKII,
World Precision Instruments, Stevenage, U.K.), calibrated
using DEA/NO (0.1-1.6/xM), was introduced into the cuvette
and allowed to stabilize for lOmin. B8 (100//M) or B7 (500/xM)
was then added to the cuvette and the release of NO recorded
for 10 min before addition of haemoglobin (10/xM) to scavenge
any generated NO. Experiments were also carried out in
Tyrode's buffer+ 4% albumin, with the addition of glu¬
tathione (3/xM or 3mM), + 50/XM ascorbate before B8 or B7.
Ascorbate (1 mM) was also used, but only in the presence of
10 mM HEPES to buffer its acidic pH. The concentrations of
albumin, ascorbate and glutathione studied are all physiolo¬
gically relevant. The detection limit for the electrode under the
conditions of the experiment was found to be ~ 10 nM NO.
A platelet extract was also prepared from samples of PRP

and platelet count was determined using the Coulter Ac.T 8
Hematology Analyzer. The platelets were washed as above in
the presence of prostacyclin to obtain a platelet pellet. The
total platelet volume of the pellet was calculated by multi¬
plying the number of platelets by the average platelet volume
(5.14 x 10"I51; obtained from the hematology analyzer). The
pellet was resuspended in 1 ml of 0.5% Triton X in Tyrode's
buffer for 1 h and the dilution of cell contents estimated using
the total platelet volume from the above calculation. This was
then homogenized by hand for 15 min and centrifuged at
12,000 xg for 10 min to give a cell extract. B8 (100/xM) or B7
(500 /xM) was added to 1 ml of this supernatant in the assay
as described above.
A further set of experiments was carried out following

a 10 min preincubation of the platelet extract with the thiol
alkylator, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB;
500 /xM). The NO release from B8 (100/xM) or B7 (500/xM)
was then recorded as above. The samples were collected and
frozen (—20°C) and later used for thiol determination by
colorimetric analysis at 405 nm. Thiol levels of the extract
samples were determined from a standard curve created using
10/txM-30mM glutathione in 500pM DTNB.

Statistics
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Figure 2 EPR-based COX-activity assay, (a) Typical 3-peak EPR
spectra obtained in the absence (control; COX + AA) and presence
of aspirin or hybrid compound (all 100 /(M) after correction for
background autoxidation. EPR settings: BO-field, 3356 G; sweep
width; 50 G, microwave frequency, 9.3 GHz; sweep time, 30 s;
modulation amplitude, 1500mG; microwave power, 20 mW. (b)
Effect of aspirin, salicylic acid, furoxans, furazans and NCX4016 (all
100 ;xM) on EPR signals generated from COX-1 after treatment with
substrate (AA). In each case, drug incubations were for lOmin prior
to the baseline EPR reading. Readings shown were taken 1.5 min
after the addition of AA. *P<0.05, **P<0.01; one-way ANOVA
with Dunnet's post hoc test vs control: n = 6-10. Values are
mean+ s.e.m.

compared to a vehicle control (Figure 2; P<0.01; n = 8). A
significant inhibition of COX activity was also observed with
the furoxan-aspirins, B8 and B7 (100/xM; P<0.05 and PcO.Ol
respectively, n — 6). Even greater inhibition was demonstrated
with the NO-free furazan equivalents, B16 and B15 (100/xM,
P<0.01 for both, n = 6). The furazan compounds demon¬
strated a significantly greater inhibition of COX than aspirin
(P<0.01). The nitrooxy-ester, NCX4016 (100/xM) also abol¬
ished COX activity (P<0.01, n = 6). Salicylic acid (100 /iM,
tt = 6) failed to significantly inhibit generation of the spin-
adduct, as did the NO donor DEA/NO (100/xM, n = 6;
Figure 2b).

All results are expressed as the mean + s.e.m. Concentration-
response curves were analysed by two-way analysis of variance
(two-way ANOVA). EPR data were analysed by 1-way
ANOVA and NO electrode data by two-tailed paired Student's
/-test. Dunnett's or Bonferroni post-tests were carried out
where appropriate. P<0.05 was considered to be statistically
significant.

Results

COX activity

Aspirin (IOOjuM) significantly reduced the EPR signal gener¬
ated by AA-stimulated purified COX-1 in Tyrode's buffer

Effect of aspirin, salicylic acid and NCX4016 on platelet
aggregation

Aspirin (3-300/xM) caused concentration-dependent inhibition
of collagen-induced platelet aggregation in PRP and the effect
was enhanced in WP, but salicylic acid failed to show an
inhibitory effect, even at concentrations of 300/xM (Figure 3;
n = 6-8). NCX4016 (3-300 /xM) had no effect on collagen-
induced platelet aggregation in PRP (Figure 3a; n = 6), but did
cause concentration-dependent inhibition of platelet aggrega¬
tion in WP that was significantly more potent than aspirin
(Figure 3b; P= 0.002; « = 6). Responses to NCX40I6 were
insensitive to the soluble guanylate cyclase inhibitor, ODQ
(15 min preincubation; 7>= 0.88, NCX4016 + ODQ vs
NCX4016 alone in WP; Figure 3b).
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Figure 3 Collagen (2.5/rgml_1)-induced platelet aggregation in
PRP and WP. (a) Effect of NCX4016, salicylic acid and aspirin on
collagen-induced platelet aggregation in PRP. ***p<0.0001, n — 6-
7. (b) The effect of the guanylate cyclase inhibitor ODQ (50/(M;
15min preincubation) on responses to NCX4016 in WP.
**/> = 0.002, n = 6. Values are mean+ s.e.m. Statistical analysis by
two-way ANOVA.

Effect of B8 and B7 on platelet aggregation

B8 (10nM-3/rM) caused concentration-dependent inhibition
of collagen-induced platelet aggregation in PRP at concentra¬
tions ~ 100-fold lower than for aspirin (B8 IC50 in
PRP = 0.62+0.1/um; Figure 4a, (see Figure 3a for aspirin
effect)). ODQ significantly inhibited the responses to B8 in
PRP (Figure 4a; n = 6-8; PcO.0001), while the NO-free,
structurally related furazan derivative of B8 (B16; 10 nM-
1 mM) was considerably less effective at inhibiting platelet
aggregation than B8 in PRP (Figure 4a; P< 0.0001; n = 8).
The effects of B8 in PRP were largely mirrored in WP: B8

was found to be a powerful inhibitor of collagen-induced
aggregation (IC50 = 0.6 + 0.1 pM) and its actions were signifi¬
cantly inhibited by ODQ (Figure 4b; RcO.OOOl; n = 6-8). B16
had a significantly greater inhibitory effect on platelet
aggregation in WP compared to PRP (IC50 = 54 + 3 pM;
Figure 4b; P< 0.0001; PRP B16 vs WP B16; n = 6-8).
B7 (lO^M-lmM) was less effective than B8 and aspirin

at inhibiting collagen-induced platelet aggregation in PRP (B7
IC5O = 0.36 + 0.1 mM). ODQ significantly inhibited the re¬
sponse of B7 in PRP (Figure 4c; n = 6-7; P<0.0001). B15
was ineffective in PRP.
In order to make a direct comparison, concentrations

studied with WP were dictated by the PRP response curve.
B7 (10/iM-lmM) was considerably more effective in WP
(IC50 = 24+ 8^iM) than PRP. The inhibitory effects of B7 in
WP were significantly attenuated by ODQ (P = 0.002, two-way
ANOVA; n = 6-7). In stark contrast to the findings in PRP,
B15 was found to be a powerful inhibitor of platelet
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Figure 4 Collagen (2.5/igml~')-induced platelet aggregation in
PRP and WP. (a) Effect of B8 (+ODQ; 50pM, 15min preincuba¬
tion) and its NO-free equivalent, BI6, on collagen-induced platelet
aggregation in PRP. P< 0.0001 (B8 + ODQ vs B8 alone, n = 6-9).
(b) The effect of ODQ (50 pM) on responses to B8 in WP. /><0.0001
( + ODQ vs B8 alone), n = 6-9. (c) Effect of B7 (+ODQ; 50 /<M) and
its NO-free equivalent B15 on collagen-induced platelet aggregation
in PRP. ***P<0.0001, n = 6—7. (d) The effect of ODQ (50/rM)
on the B7 response in WP. ***P<0.0001, n = 6-7. Values are
mean + s.e.m. Statistical analysis by two-way ANOVA.
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aggregation in WP (B15 IC50 in WP = 62+10^m); indeed, at
concentrations of 100/rM or more, it was as effective as B7
under these conditions.

NO release from furoxan-aspirin hybrids:
effect of endogenous antioxidants

Sample recordings of NO generation from B7 and B8 in the
presence and absence of GSH and ascorbate are shown in the

inserts to Figure 5a and c. Owing to the different profile ofNO
release by the different drugs, it was established that AUC was
more representative of NO release than peak concentration in
these experiments; subsequent values quoted are all AUC over
the lOmin incubation (mmolmin), but sample peak values are
also given for information.
NO release from NCX4016 (100 yM) was undetectable in

Tyrode's buffer, PRP or WP (n = 6-8 for each). Likewise, NO
release from the furoxans B8 and B7, was undetectable in
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Figure 5 NO release recorded over lOmin from B8 (100/iM) or B7 (500/iM) in various media, (a) NO release from B8 in media
related to plasma conditions: Tyrode's buffer was reconstituted with approximate plasma concentrations of the plasma constituents,
albumin (4%), GSH (3 fiM) and ascorbate (50 fiM). Inset shows typical lOmin traces ofNO release recorded via the NO electrode in
Tyrode's buffer with or without ascorbate (1 mM) and GSH (3mM). (b) Shows typical NO release from B8 in media related to
platelet conditions: Tyrode's buffer 3 and 1 mM are approximate intracellular concentrations of glutathione and ascorbate,
respectively; n = 6-7. GSH = Glutathione. Ascorb = ascorbate. Values are mean + s.e.m. (c) Shows NO release from B7 in media
related to plasma conditions. Inset shows typical lOmin traces of NO release from B7 recorded via the NO electrode in Tyrode's
buffer with or without ascorbate (1 mM) and GSH (3mM) (d) shows NO release from B7 in media related to platelet conditions.
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Tyrode's buffer alone (Figure 5a and c). However, it was
detected in samples of PRP, WP, PPP or Tyrode's buffer in the
presence of approximate plasma concentrations of albumin
(4%), GSH (3/iM) or ascorbate (50//M; Figure 5b and d).
NO was released from B8 in platelet-containing samples

(PRP and WP; mean NO release = 33.2 + 2.9 and
33.0+ 2.5mmolmin, respectively, with both peaking at
— 1.25 pM NO; Figure 5b), and in PPP (mean NO release for
B8 = 21.0+ 2.8mmolmin, peak at — 0.6//M NO; Figure 5a).
Reconstitution of Tyrode's buffer with approximate plasma

concentrations of either albumin (4%), glutathione (3/tM) or
ascorbate (50/(M) enhanced NO generation from B8. A
combination of these three constituents failed to enhance
NO release from B8 beyond the effects seen with the individual
components alone (2.7+0.7mmolmin, peak at ~0.040/iM for
GSH alone and ~0.038/At NO in the presence of plasma
concentrations of albumin, GSH and ascorbate; Figure 5a;
P= 0.78 vs GSH alone, 2°= 0.13 vs ascorbate alone, both
unpaired Student's /-test).
Reconstitution of Tyrode's buffer with approximately

intracellular concentrations of GSH (3 mM) generated margin¬
ally less NO from B8 (14.4+ 2.5mmolmin; Figure 5b; peak at
— 0.124 /iM NO) compared with samples containing platelets.
Ascorbate (1 mM) in Tyrode's buffer caused minimal NO
release from B8 ( = 2.2+ 0.9mmolmin; Figure 5b; peak at
~ 0.004 pM NO), but a combination of GSH and ascorbate
caused a considerable increase in NO generation from B8
(247+19mmolmin, n — 6, Figure 5b, PcO.OOOl vs individual
components alone, unpaired Student's /-test; peak at
-2.31 pM NO).
Relatively low levels of NO were released from B7 in PRP

and WP (1.6+ 0.4 and 3.8+ 0.7mmolmin, respectively; n = 6,
Figure 5d. Peaks at —0.085 and — 0.120 pM NO, respectively)
despite the higher drug concentration used. Reconstitution of
the Tyrode's buffer with approximate plasma concentrations
of either albumin (4%), glutathione (3/iM) or ascorbate
(50 /iM) enhanced NO generation from B7 and a combination
of these three constituents had an additive effect on the release
of NO from B7 (3.8+ 0.8mmolmin; peak at — 0.295/rM NO),
where release was equivalent to that seen in PPP (unpaired
Student's /-test P = 0.628; Figure 5c).
Reconstitution of Tyrode's buffer with approximately

intracellular concentrations of GSH (3mM) increased NO
release from B7 (8.5+ 1.1 mmolmin; peak at — 0.504/iM NO).
Ascorbate (1 mM) in Tyrode's buffer caused minimal NO
release from B7 (3.1 + 1.6mmolmin; peak at — 0.004/iM NO),
but a combination of GSH and ascorbate caused a consider¬
able increase in NO generation from B7 (47+ 4mmolmin
n = 6, Figure 5d; peak at — 0.642/iM NO).

Effect ofplatelet extract on NO generation from B8
and B7

There was a relationship between the dilution factor of platelet
extract and the amount of NO released from both B8 and B7

(Figure 6a and b). NO generation by B8 (100/iM) failed to
increase at platelet extract dilutions below — 1 in 30, with
a maximum NO generation of —90mmolmin. Pretreatment
of platelet extracts with the thiol alkylator, DTNB (500/iM),
all but abolished NO generation.
A similar pattern was observed with B7 (500/iM), but the

amount of NO generated in the presence of platelet extracts
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Figure 6 A sample of WP was suspended in l ml 0.5% Triton X
and then homogenized to release platelet extract before centrifuga-
tion to remove membrane fraction. The dilution factor on x-axis was
calculated by volume Triton X (1 ml)/(number of platelets x average
platelet volume), (a) NO release from 16 platelet extracts treated
with 100/iM B8. The triangles show samples treated in the same way
but with a lOmin preincubation with 500/iM DTNB before addition
of B8. (b) NO release from 13 platelet extracts treated with 500/iM
B7. The triangles show samples treated in the same way but with a
lOmin preincubation with 500/iM DTNB before addition of B7.

was > 10-fold lower than from B8, despite the higher drug
concentration. In the case of B7, dilutions of platelet extract
lower than — 1 in 75 failed to generate detectable NO, but
there was a direct relationship between NO generation and
dilution factor at dilutions of 1 in 75 to 1 in 25 (Figure 6b).
DTNB again showed a marked inhibitory effect on NO
generation in the presence of platelet extract. Colorimetric
analysis of DTNB-treated samples yielded intracellular total
reduced thiol concentrations of 22+ 4mM (corrected for
dilution; n = 5).

Discussion

Our results show that two novel furoxan-aspirin hybrids drugs
effectively inhibit collagen-induced platelet aggregation and
the relative contribution of NO to the inhibitory effect was
dependent on the characteristics of the specific furoxan
involved. The potent effects of B8 were considered to be
largely NO dependent on account of the fact that the closely
related NO-free furazan, B16, had only a very weak antiplate¬
let effect. B7 was a less potent inhibitor of aggregation than B8
but the effects were also primarily NO mediated in PRP, where
the furazan counterpart was largely ineffectual. However, in
WP, it was apparent that the antiplatelet activity of B7
comprised both NO-dependent and -independent components.
The existing nitrooxy ester, nitro-aspirin (NCX4016), was also
an effective antiplatelet agent in WP but the effects were
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entirely sGC independent and were altogether lost in PRP. The
release of NO from the furoxans was found to be critically
dependent on the presence of endogenous reducing agents. NO
generation was most striking in the presence of intracellular
levels of ascorbate + GSH. which acted synergistically to
release NO. By contrast, the nitrooxy ester, NCX4016, failed
to generate detectable NO in samples containing either
platelets or plasma.
Both the nitrooxy ester, NCX4016, and the furoxan-aspirin

hybrids were demonstrated to significantly inhibit COX-1. The
alterations to the chemical structure in the hybrids perhaps
play a role in bringing about the enhanced inhibition that was
observed compared to the unaltered aspirin compound. The
powerful inhibitory effect of the furoxan-aspirin hybrids in
the purified COX-1 assay, together with the equally powerful
effects of the furazan equivalents and the lack of significant
inhibition observed with the NO donor DEA/NO, suggests
that the COX-1-inhibitory activity of B8 and B7 is more likely
to be aspirin-mediated than NO-mediated. This assay demon¬
strates that, in addition to their ability to inhibit platelet
aggregation via NO, the furoxan-aspirin hybrids retain an
aspirin-like action in vitro. At face value, these data would
indicate that any antiplatelet effects of the furoxan-aspirin
hybrids should be at least partially mediated by aspirin-
mediated inhibition of COX-1. However, it is important to
recognize that this effect might be lost in biological media or
in vivo, depending on how these compounds are hydrolysed
under physiologically relevant conditions. Previous studies
(Cena et al., 2003) have demonstrated complete hydrolysis of
the furoxan-aspirin acetyl group in serum. This feature would
suggest that in plasma, there is at least a partial loss of the
acetyl group, resulting in formation of the salicylic acid
equivalent. As salicylic acid was demonstrated to have no
effect in this assay of COX activity and failed to affect platelet
aggregation, modifications to the chemical structure to
improve retention of the acetyl group in plasma is likely to
be necessary to avoid loss of the COX-inhibiting effects of the
compounds. Other groups have also demonstrated that COX
inhibition by the hybrid NCX4016 has a similar requirement
for the acetyl group but not the NO moiety (Corazzi et al.,
2005).
The present study extends findings from preliminary

aggregation studies which have been published previously
(Cena et al., 2003). Here, we further investigated the relative
contribution of the NO- and aspirin moieties to the antiplatelet
effect. The furoxan-aspirin hybrid drugs inhibited platelet
aggregation in both WP and PRP, although the effects of both
compounds, and B7 in particular, were attenuated in PRP. The
comparatively weak inhibitory effects of the NO-free furazan
counterparts is indicative of a major role for NO in platelet
inhibition, while the inhibitory effect of ODQ confirmed that a
major component of the effects is sGC dependent, especially in
PRP. The impact ofODQ on responses was less pronounced in
WP, particularly in the case of B7, due in part to the greater
influence of NO-independent effects, as illustrated by in¬
creased sensitivity of WP to the furazan counterparts of B7
and B8. The effects of the furazan derivatives were weak

compared to aspirin, but were nevertheless more potent than
salicylic acid under the conditions of these experiments. The
lower activity of these agents in PRP compared to WP is in
keeping with the complete hydrolysis of the furoxan-aspirin
acetyl group in serum (Cena et al., 2003), resulting in

formation of relatively ineffectual salicylic acid. These hybrid
molecules are likely to undergo hydrolysis at two positions:
firstly, at the acetyl group, converting aspirin to salicylic acid
and secondly at the other ester linkage to release the furoxan.
The order and rates at which hydrolysis occurs will greatly
influence the ability of these compounds to retain aspirin
activity.
The high levels of NO release by B8 and the loss of its

aspirin effect in PRP imply that its antiplatelet actions are
mainly NO mediated. By comparison, B7, which releases NO
more slowly, has an IC50 closer to that of aspirin. These
characteristics are more suitable for a NO-aspirin hybrid drug
because they provide potential for a more balanced action
between NO and aspirin antiplatelet effects. The unfortunate
loss of the aspirin effect in PRP, however, is an issue that needs
to be addressed by appropriate modification of the chemical
structure.

The finding that NCX4016 is an effective inhibitor of
platelet aggregation in WP is in keeping with previous in vitro
studies using NCX4016 (Lechi et al., 1996) and the related
drug, NCX4125 (Minuz et al., 1995; Wallace et al., 1995).
However, our results go on to show that the effect is lost in
PRP, possibly due to sequestration by a plasma constituent
such as albumin or due to breakdown in the plasma to the
inactive salicylic acid. Interestingly, the inhibitory effect of
NCX4016 was significantly enhanced compared to aspirin but
was not affected by the sGC inhibitor, ODQ. While a cGMP-
independent effect of NCX4016-derived NO cannot be ruled
out, our inability to detect NO generation from this
compound, coupled with the known inability of platelets to
effect NO release from organic nitrates (Weber et al., 1996),
and the COX assay data demonstrating powerful anti-COX
activity of NCX4016, suggests that the antiplatelet action of
NCX4016 is most likely NO independent. Although our study
shows NCX4016 to be a poor inhibitor of platelet function,
its effects in other cell types may still make it a useful
cardiovascular drug. Antiplatelet effects may still be retained
in vivo through remote nitrooxy-ester activation in cells other
than platelets (e.g. smooth muscle cells), although this would
appear to be a rather inefficient method of NO delivery
specifically to platelets. Nevertheless, antiplatelet effects of
NCX4016 have been demonstrated ex vivo, in animals and
humans (Wainwright et al., 2002; Fiorucci et al., 2003; 2004;
Momi et al., 2005). Furthermore, NCX4016 has beneficial
effects in vivo, where it has been demonstrated to protect the
vascular endothelium in diabetic rats (Pieper et al., 2002), to
reduce blood pressure in hypertensive rats (Muscara et al.,
2001), to prevent restenosis in hypercholesterolemic mice
(Napoli et al., 2001) and to reduce infarct size in a model of
cardiac ischaemia in pigs (Wainwright et al., 2002).
The furoxan drugs are very stable compounds that appear

only to decompose to release significant NO when they
encounter appropriate media. There was no release of NO
from the furoxans in Tyrode's buffer, but NO generation was
detected in PPP, WP and PRP. These observations suggest
that some elements of plasma can stimulate decomposition of
the furoxans and that the platelets themselves enhance the
effect to a greater extent for B8 than B7.
The plasma components, albumin, glutathione and ascor-

bate, chosen for their reducing properties, were all found to
have a limited capacity to stimulate furoxan decomposition
to release NO. In the case of B7, these constituents could
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individually stimulate moderate NO release, and the additive
effect of all three could fully emulate NO release in PPP, The
effect of these constituents on B8 were similar, if less dramatic,
for the individual reducing agents, but here there was no
additive effect when coincubated, suggesting that an as yet
unidentified plasma constituent is responsible for a proportion
of NO release from B8.
Reconstitution of Tyrode's buffer with intracellular levels of

GSH and ascorbate demonstrated that both these reducing
agents were mildly effective in stimulating release of NO from
the compounds. Interestingly, however, they acted synergisti-
cally in coincubation experiments to massively increase NO
generation. The separate experiments using platelet extracts
established that there was a relationship between the concentra¬
tion of platelet extract and amount of NO generated from the
furoxans. The ability of platelet extracts to generate NO from
both furoxans was found to be dependent on the presence of
reduced thiol groups and, in keeping with our other NO release
data and the platelet aggregation experiments, B8 generated
considerably more NO in the 10min incubation period than B7.
Taken together, these results indicate that low-level decomposi¬
tion of B7 in plasma can be explained by the additive effects
of albumin, GSH and ascorbate but that there is also likely to
be much greater NO release inside platelets mediated by the
synergistic action of ascorbate and reduced intracellular thiols.
B8 is more sensitive to the same agents, and its plasma
decomposition is also affected by an as yet unidentified plasma
component. Given the reactive nature of NO, the apparent
preferential release inside target cells is a likely advantage for
successful NO delivery over compounds that can only generate
NO remotely in cell types other than platelets.

Previous studies have shown that both furoxan-aspirins
(Cena et al., 2003) and NCX4016 (Fiorucci et al., 1999; 2003;
Fiorucci & Del Soldato, 2003) have a preferential gastro-
toxicity profile over aspirin, suggesting either a masking of the
toxic aspirin effect or an active NO element in the gastro¬
intestinal tract. However, the activity of both the NO and
aspirin elements of the hybrids in platelets is questionable.
NCX4016 has no antiplatelet action in PRP, and in WP it fails
to demonstrate aspirin-independent effects, possibly due to
sequestration by a plasma constituent. Unlike NCX4016, the
furoxans demonstrate aspirin-independent effects on platelet
aggregation in both PRP and WP in vitro, but their ability
to retain the action of aspirin is compromised, particularly
in PRP. The furoxans appear to display a more effective
antiplatelet activity over NCX4016, but further molecular
modifications are necessary in an effort to retain the aspirin
actions, in addition to achieving the added benefits of NO.
In summary, furoxan-aspirin hybrids are stable antiplatelet

compounds, the decomposition of which is catalysed by
endogenous agents which may instil a potential for primarily
intracellular delivery of NO, on account of the differential
distribution of glutathione and ascorbate within cells com¬

pared to plasma and extracellular fluid. While the furoxan
hybrid examples tested in these experiments carry a number of
limitations, they also highlight the therapeutic potential of
future exponents of this class of drugs.
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Topically Applied Nitric Oxide Induces
T-Lymphocyte Infiltration in Human Skin,
but Minimal Inflammation
Megan Mowbray1,3, Xuejing Tan1,3, Paul S. Wheatley2, Russell E. Morris2 and Richard B. Weller1

Nitric oxide (NO) plays an important role in the cutaneous response to UV radiation and in cutaneous
inflammation. The presence of inducible NO synthase protein in a number of inflammatory dermatoses,
coupled with the induction of an intense cutaneous inflammatory infiltrate following topical application of the
NO donor-acidified nitrite (NO2), has set the paradigm of NO being an inflammatory mediator in human skin.
Using zeolite NO (Ze-NO), a chemically inert, pure NO donor, we have shown that NO perse produces little
inflammation. Biologically, relevant doses of Ze-NO induce a dermal CD4-positive T-cell infiltrate and IFN-y
secretion. In contrast acidified nitrite, releasing equal quantities of NO (measured by dermal microdialysis and
cutaneous erythema), induces an intense epidermal infiltrate of macrophages with a similar dermal infiltrate of
CD3-, CD4-, CD8-, and CD68-positive cells and neutrophils. Suction blisters were created in Ze-NO-treated and
control skin. IFN-y, but not IL-4, was detected in Ze-NO-treated skin (mean control 0.1 ±0.07 pg mg~1 protein,
mean IFN-y 0.6 + 0.4 pg mg 1 protein). We suggest that the potent inflammation induced by acidified NO2 is
secondary to the release of additional mediators.
Journal of Investigative Dermatology (2008) 128, 352-360; doi: 10.1038/sj.jid.5701096; published online 4 October 2007

INTRODUCTION
Nitric oxide (NO) is produced both in and on human skin,
and has a wide range of biological actions. It is synthesized
by a number of different mechanisms. Oxidation of L-arginine
by a family of NO synthases (NOS) is the best known of these,
with all three isomeric forms of NOS being found in human
skin (Becherel etal., 1994; Baudouin and Tachon, 1996; Bull
eta/., 1996; Romero-Graillet eta/., 1996; Sakai eta/., 1996;
Wang eta/., 1996). Endothelial NOS and neuronal NOS are
constitutive NOS isoforms, which produce picomolar to
nanomolar amounts of NO for short periods and have
homeostatic roles such as limiting UV-induced epidermal
apoptosis, maintaining blood pressure, inhibiting platelet
aggregation and leukocyte adhesion, and promoting gastro¬
intestinal motility (Abramson et al., 2001). In contrast to the
constitutive NOS isoforms, inducible NOS (iNOS) is regarded
as playing a more pathological role. It is expressed following
stimulation with agents such as inflammatory cytokines and
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UV radiation, and generates significantly greater and more
sustained amounts of NO.

In addition to arginine-derived NOS-mediated production,
we have also described NO generation by sequential
reduction of nitrate to nitrite (NO^) and then NO on the
skin surface (Weller et al., 1996). Although initially described
on the skin surface and in the stomach, this nitrate reductive
process may be common to many epithelial and mucosal
surfaces, and growing evidence suggests that NOT itself has
physiologically important functions. NOT and S-nitrosothiols
are found in ex vivo skin specimens and NO may be
generated from them after exposure to UVA radiation (Paunel
et al., 2005).

NO is well known for its divergent effects, in particular in
the processes of apoptosis and inflammation. The effects of
NO are dependent on a number of factors, including the
source of NO, the redox form and pH of the microenviron-
ment, and the target cells in tissue. The pleiotropic actions of
NO are exemplified when studying its role in inflammation.
NO has many anti-inflammatory properties, such as the
effects that it has on vascular permeability: NO diminishes
endothelial permeability (Granger and Kubes, 1996) and NO
donors have been found to reduce edema formation in
various experimental models (Hinder et al., 1999). NOS
inhibitors can exacerbate edema formation (Mundy and
Dorrington, 2000). Leukocyte and platelet adherence to the
endothelium are inhibited by NO (Kubes et al., 1991;
Clancy et al., 1992), as is the production of superoxide
anions by leukocytes (Clancy etal., 1992). In addition, NO
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inhibits macrophage degranulation (Clancy and Abramson,
2000).

Evidence also exists of pro-inflammatory properties of NO:
in experimental models of inflammation, it has been shown
to promote carrageenin-induced edema in the mouse footpad
(lanaro et al., 1994); it also induces vasodilation in the
neurogenic inflammatory reaction of the rat hindpaw skin to
topical application of mustard oil (Lippe et al., 1993). iNOS
protein has been demonstrated immunohistochemically in
many inflammatory diseases, including a number of different
inflammatory dermatoses: psoriasis (Kolb-Bachofen et al.,
1994; Sakai et al., 1996), atopic dermatitis (Rowe et al.,
1997; Clancy et al., 1998), and lupus erythematosus (Clancy
etal., 1998).

Subsequent to the isolation of iNOS in psoriasis, contact
dermatitis, and atopic dermatitis, Ormerod et al. (1999a, b)
studied the effects of topical acidified NOT on the skin. This
NO donor was made by mixing ascorbate and NOT at
concentrations of either 0.5 or 5% with a vehicle control of

aqueous cream (Ormerod et al., 1999a). An intense
inflammatory infiltrate with CD3-, CD4-, CD8-, CD68-, and
neutrophil elastase-expressing cells was seen at sites of
acidified NOT application and this set the paradigm that NO
is a pro-inflammatory mediator in human skin.

Synthesis of topical NO donors for use on the skin is a
recent development. An important feature of such donors is
the inert nature of the carrier molecule or vehicle. Zeolites
are a class of highly crystalline aluminosilicate microporous
materials. They have an inorganic, infinitely extending rigid
three-dimensional network of channels, cages, and rings,
composed of fully linked, corner-sharing tetrahedra built from
an open network composed of Al04 and Si04. The open
structure of the framework allows ion exchange, reversible
dehydration, and the adsorption of small molecules such as
NO. Zeolites are used extensively in washing powder
formulations as water softeners and are generally regarded
as being inert. We have used zeolites to store gaseous NO,
which is released on hydration (as after application to the
skin). The kinetics of NO release can be adjusted by varying
the structure, metal ion content, and vehicle containing the
zeolite (Wheatley et al., 2006; Xiao et al., 2007). We have
experience with the topical NO donors acidified NOT
(Weller et al., 1998) and S-nitrosothiols (Seabra et al.,
2004), and zeolite NO (Ze-NO), and have observed little
clinical inflammation following S-nitrosothiol and Ze-NO
application. This suggests to us that NO itself is not as potent
a pro-inflammatory mediator as the early data show, but that
the release of species other than NO might have accounted
for the inflammatory effects of acidified NOT-

Since our first description of production of NO on the skin
surface of man a decade ago (Weller et al., 1996), the range
of functions in skin in which the involvement of NO has been
described has grown. Development of topical NO donors for
therapeutic uses such as the encouragement of wound
healing, or as antiapoptotic agents, has been discouraged
by the early suggestion that it might be a potent inducer of
inflammation. The advent of Ze-NO, a donor of pure gaseous
NO, now allows us to revisit the question of NO's effects on

healthy human skin. Topical NO donors have been shown to
be mediators in the treatment of cutaneous fungal and viral
disease (Weller et al., 1998; Ormerod et al., 1999b),
Raynaud's phenomenon (Tucker et al., 1999), diabetic
wound healing (Witte et al., 2002), melanogenesis
(Romero-Graillet et al., 1996, 1997), and the control of
keratinocyte apoptosis following UV radiation (Suschek etal.,
1999, 2001; Weller etal., 2003).

The aim of this study was to elucidate the inflammatory
properties of NO itself, when delivered through an inert
topical NO donor Ze-NO (Wheatley et al., 2006) and to
compare this with the effects of topical acidified NOT-

RESULTS

Topically applied Ze-NO (0.02 ml of 33%) and acidified
NOJ (0.04 ml of 5%) produce similar increases in dermal blood
flow and NO
We have previously shown that dermal blood flow correlates
directly with the concentration of NO delivered trans-
epidermally (Seabra et al., 2004). A range of different
concentrations of acidified NOT and Ze-NO (data not
shown) were applied to a 1 cm2 area on the volar forearm,
and blood flow at each site was measured using a laser
Doppler flow meter. Based on this bioassay, 33% Ze-NO was
found to produce similar effects on dermal blood flow as 5%
acidified NOT (Figure 1). Microdialysis was then used to
measure transepidermal NO diffusion by these two donors
(Figure 2). Dialysate was collected continuously for 60 min¬
utes in four equal aliquots of 15 minutes each. NO is oxidized
to NOT in aqueous solution, and the dialysate NOT was
reduced back to NO by tri-iodide reduction and 'stripped' in
nitrogen carrier gas to the chemiluminescence analyzer
for analysis. Slightly higher concentrations of NO were
recorded from the Ze-NO-treated site, although this was not
significant.

Acidified NOT causes marked erythema, edema, and ulceration
in comparison with Ze-NO and controls
In all six subjects, clinical inflammation was observed at the
sites of acidified NOT application with significant discomfort,

If1 s4 U N fc IIlTT
— 5% Acidified N02~

33% Ze-NO

U 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160

Time (minutes)

Figure 1. Erythema following application of topical NO donors. Ze-NO
(0.02 ml 33%) and acidified NO2 (0.04 ml 5%) were applied to a 1 cm2 area
on the volar forearm. The treated area was covered with a Tegaderm'
transparent dressing. Cutaneous blood flow was measured by laser
Doppler placed on top of the dressing. With both topical preparations, peak
erythema occurred 20-30 minutes after application and thereafter gradually
tapered off, reaching baseline levels 120 minutes after the initial application
(n = 6, +SEM).
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Figure 2. NO delivered to superficial dermis by topical NO donors.
Cutaneous microdialysis was used to quantify NO delivered to the superficial
dermis in the first 60 minutes following topical application of 0.02 ml 33%
Ze-NO and 0.04 ml 5% acidified NO? {n = 6, ±SEM). Statistical significance
was determined by the two-tailed Student's paired f-test: *P<0.05. NO
concentration was calculated by measuring the NOJ present in the dialysate
using a chemiluminescence-based technique (see Materials and Methods).
Dialysate was collected continuously and processed in 15 minute aliquots.

2% Ascorbic acid 5% Acidified N02 33% ze-NO 33% zeolite

Figure 3. Clinically visible cutaneous inflammation following topical
acidified N02~, but not Ze-NO application. This subject shows the cutaneous
changes seen following topical application of (left to right) 2% ascorbic acid,
5% acidified NOJ, 33% Ze-NO, and 33% Ze.

erythema, edema, and superficial cutaneous ulceration. This
developed in the first 36hours of application. A representa¬
tive example is shown in Figure 3. The Ze-NO used contains
the metal ion manganese (Mn), which induced orange
discoloration, attributable to the delocalized electrons within
the metal-ligand Mn-NO bond, but there were no clinically
visible changes or discomfort consistent with inflammation.

Epidermal results
Acidified N02, but not Ze-NO, causes infiltration of
macrophages and neutrophils into the epidermis. A
significant increase in macrophages and neutrophils was
seen in the epidermis, following the application of topical
acidified NOT compared with its own control (2% ascorbic
acid), zeolite control, and Zc-NO (Figures 4 and 5a).

Acidified N02, but not Ze-NO, reduces Langerhans cells in
the epidermis. A highly significant loss of Langerhans cells
from the epidermis was seen following topical application of
acidified N02. This finding was significantly different from
that seen with the ascorbic acid control, Ze-NO, and Zeolite
alone (Figures 4 and 5a).

Dermal results
Both acidified N02 and Ze-NO result in a moderate
increase in dermal T cells. A significant increase in dermal
CD3-, CD4-, and CD8-positive T cells was seen following

topical application of acidified NOT and a less marked but
significant increase was seen in CD4-positive T cells
following topical application of Ze-NO (Figures 4 and 5b).
Suction blister fluid in Ze-NO-treated skin had significantly
increased IFN-y when compared with control blister fluid
(mean control 0.1 +0.07 pgmg-' protein, mean IFN-y
0.6±0.4pgmg_1 protein; Figure 6), and there was no
detectable IL-4 (data not shown). Although CD4 can be
expressed on macrophages, the finding of elevated IFN-y in
association with CD3- and CD4-positive cells strongly
suggests the presence of infiltrating T lymphocytes of the
Th1 family.

Acidified N02 causes infiltration of macrophages and
neutrophils into the dermis. A significant increase in macro¬
phages and neutrophils was also seen in the dermis following
topical acidified N02 application in comparison with acid
control and both zeolite preparations (Figures 4 and 5b).

DISCUSSION
The data we present in this paper give a clear indication that
pure NO from Ze-NO leads to a CD4-positive lymphocyte
infiltration of the skin, with IFN-y cytokine secretion typical
of Th1 lymphocytes. We have taken great care to ensure that
the amounts of NO delivered to the skin by Ze-NO match
those of acidified N02 in our experiments by measuring both
NO donor-induced changes in dermal blood flow and also
dermal NO concentration by microdialysis. We are confident
that the biological effects of NO are more specific and limited
than the generalized inflammation produced by a mix of
NOT and ascorbate.

Psoriasis is characterized by a CD4-positive T-lymphocyte
infiltration to the upper dermis (Baker and Fry, 1992) with a
predominantly Th1 pattern of cytokine secretion, and by
hyperproliferative, poorly differentiated keratinocytes in the
epidermis. The iNOS enzyme is consistently found in the
dermis and basal epidermis of psoriatic plaques (Rowe et al.,
1994; Bruch-Gerharz et al., 1996), and the characteristic
erythema seen clinically indicates vasodilatation and thus
presumably biologically significant NO production. Measure¬
ments with a chemiluminescence meter from the surface of

psoriatic plaques show elevated NO release (Weller and
Ormerod, 1997), and serum NOT, an indicator of systemic
NO production, is elevated in psoriatics with active disease
(Tekin et al., 2006). Niedbala et al. (2006) have shown that
NO, in a low concentration, upregulates IL-12R/12 expression
on naive T cells, which allows for induction of Th1 cells but
has no influence on Th2 cell differentiation. The selective
enhancement of Th1 differentiation by NO is dependent on it
being at low concentration, with high NO concentrations
being cytotoxic to this T-cell population. Similarly, mode¬
rately elevated levels of NO cause hyperproliferation of
keratinocytes in vitro, whereas higher levels lead to
differentiation (Krischel et al., 1998).

Our data provide early evidence of Th 1 lymphocyte
infiltration being induced by NO in vivo in man and are
consistent with the animal models and in vitro work

previously mentioned. The effects of NO are frequently dose
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Figure 4. Hematoxylin and eosin and immunohistochemical staining of skin following topical application of NO donors and controls. Ascorbic acid
<0.04 ml 2%), acidified NOT (0.04 ml 5%), Ze-NO (33%), zeolite (33%)were applied to a 1 cm2 area of volar skin, 8 hourly for 48 hours, (a-d) Hematoxylin
and eosin staining reveals marked epidermal edema, some ulceration, and an inflammatory infiltrate in the dermis of skin treated with acidified N02 compared
with Ze-NO and controls, (e-h) Loss of Langerhans' cells from epidermis in acidified NOJ-treated skin. (i-J) T-cell dermal inflammatory infiltrate in
acidified N02 and to a lesser extent acid- and Ze-NO-treated skin, (m-p) moderate dermal infiltrate of CD4-positive cells in acidified N02- and Ze-NO-treated
skin compared with controls, (q—t) Increase in CD8-positive dermal T cells in acidified NOj-treated skin, (u-x) Increase in macrophages in the dermis of
acidified N02-treated skin compared with Ze-NO and controls, (y-bb) Large neutrophil infiltrate in the dermis of acidified NOj-treated skin. Bar—0.1 mm.
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dependent, but in a nonlinear manner with opposing effects
seen at low and high concentrations. Although iNOS and
elevated NO are present in psoriatic plaques, arginase, which
competes for arginine with NOS, is also found. It has been
suggested that this reduces NO production by NOS (Bruch-
Gerharz et al., 2003). Our data are consistent with this
hypothesis. The Th1 upregulation we observed in the skin
following Ze-NO application represents the response to a
relatively low and physiologically relevant concentration of
NO. The Ze-NO produced a just perceptible erythema as
would be scored as 1 minimal erythemal dose following UVB
exposure, and thus a physiologically increased level of NO.

We concur with Kolb-Bachofen's hypothesis that iNOS
activity in psoriatic plaques produces a relatively slight

elevation in NO levels owing to substrate competition by
arginase. This is sufficient to cause proliferation of poorly
differentiated keratinocytes and induce CD4-positive Th1-
lymphocyte infiltration to the skin.

Acidified NOT produced by the combination of NOT and
ascorbic acid produces potent inflammatory effects on
human skin in vivo, as Ormerod initially showed (Ormerod
et al., 1999a) and we have confirmed. We suggest that
acidified N02 is not an ideal topical NO donor, as, in
addition to NO, it also releases a number of other potentially
pro-inflammatory mediators.

The chemically simplest form of acidified NOT's sodium
NOT to which hydrochloric acid has been added. This gives
rise to NO as well as to other nitrogen oxides (Figure 7). The
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Figure 5. Immunohistochemical staining of inflammatory cells epidermis
and dermis, (a and b) Immunohistochemical staining of inflammatory cells
in epidermis and dermis. Immunohistochemical staining was performed on
full-thickness skin biopsies following topical application of NO donors and
controls: 0.04 ml 2% ascorbic acid, 0.04ml 5% acidified N02/ 33% zeolite,
and 33% Ze-NO. All topical applications used aqueous cream as a vehicle
and were applied to a 1 cm2 area on the volar forearm 8 hourly for 48 hours
(n = 6, mean±SEM). Statistical significance was determined by the two-tailed
Student's paired f-test. (a) Inflammatory cells in epidermis quantified by
immunohistochemical staining. * Acidified N02 compared with acid control,
zeolite control, and Ze-NO P<0.05. (b) Inflammatory cells in dermis
quantified by immunohistochemical staining. Dermis *a acidified NOJ
compared with all other preparations, P<0.05. *b acidified NOJ compared
with acid and zeolite controls, P<0.05. *c Ze-NO compared with zeolite
control, P<0.05. *d acid control compared with Ze control.
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Figure 7. Formation of acidified N02 using sodium NOJ and hydrochloric
acid. Acidified N02 is formed by mixing sodium N02 with hydrochloric
acid, which releases NO.
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Figure 6. ELISA analysis of epidermal suction blister fluid. ELISA analysis
was performed on suction blister fluid from Ze-NO and control-treated
skin for IL-4 and IFN-y. Data show IFN-7 concentration in epidermal suction
blister fluid after correction for protein concentration (n = 4, mean±SEM,
control 0.10pg mg"1 protein, Ze-NO 0.57 pg mg 1 protein, P<0.05).

weak acid ascorbic acid may seem like an ideal candidate for
a formulation of acidified NOT, but the reaction between
ascorbic acid and sodium NOT, which also gives NO, is

Figure 8. The reaction between ascorbic acid and sodium N02. Ascorbic
acid and N02 when placed on the skin form nitrous anhydride from N02 and
H + ; this is reduced with subsequent release of NO and ascorbyi radicals.

different (Dahn et al., 1960). When ascorbic acid and NOT
are mixed, the nitrous anhydride (N203), formed from NOT
and H+, is reduced with subsequent release of NO and
ascorbyl radicals (Figure 8). We suggest it is these ascorbyl
radicals, and additional species formed downstream of them,
which give the NOT-ascorbic acid mix such potent pro¬
inflammatory properties. In addition to being an inflamma¬
tory stimulus itself, the ascorbyl radical has the potential to
form further pro-inflammatory species: (a) in the presence of
oxygen, hydrogen peroxide is formed (Figure 9), (b) the
ascorbyl radical may react with cysteine or tyrosine to give
cysteinyl or tyrosyl radicals, (c) the ascorbyl radical may also
react with lipids in cell membranes producing a pro¬
inflammatory hydroxyl radical (Figure 10).

In contrast to acidified NOT, Ze-NO produces effects
caused directly by NO itself. Zeolite-based compounds are
already used clinically as MRI gastrointestinal contrast agents
and as clotting enhancers. Zeolite-A (LTA) consists of
alternating Si04 and AI04 tetrahedra that share corners to
produce an open framework. It has a natural affinity for NO,
which is bound within the framework, and NO is released
(delivered) from this stable storage material in biologically
relevant amounts on contact with water. Ze-NO has
antithrombotic properties, by inhibiting platelet aggregation
and adhesion in plasma (Wheatley et al., 2006). The release
kinetics of NO from zeolites can be tailored by altering the
type and number of metal cations in the structure, allowing
NO delivery patterns to be modulated to specific clinical
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Figure 9. Potential reaction of the ascorbyl radical with oxygen. In the
presence of oxygen, the ascorbyl radical has the potential to form hydrogen
peroxide.
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Figure 10. Potential reaction of the ascorbyl radical with lipids in cell
membranes. The ascorbyl radical may also react with lipids in cell
membranes producing a pro-inflammatory hydroxyl radical.

requirements. In previous experiments (not shown), we have
found that using manganese (Mn) or cobalt (Co) within the
zeolite structure leads to a more prolonged release of NO
than other cations. We used Mn-Ze-NO in these experiments
as cobalt may induce an allergic contact dermatitis.

The potency of an ascorbic acid/NOJ mix in inducing
inflammation is shown by the greatly reduced Langerhans'
cell density in the acidified NOT-treated epidermis. Langer¬
hans' cell migration is a characteristic finding following UV
radiation and a component of UV-induced immunosuppres¬
sion. NO has been shown to be a mediator of Langerhans cell
migration in UV radiation-induced immunosuppression to
nickel contact hypersensitivity (Kuchel et al., 2003). Our
Ze-NO donor produced a small, but nonsignificant fall in
Langerhans' cell density. The degree of reduction in
Langerhans' cells is almost certainly dose dependent, as
Kuchel was using 5 minimal erythema doses of solar
simulated radiation (Kuchel et al., 2003), whereas the
erythema (and thus NO delivery) produced by our Ze-NO
donor was equivalent to one minimal erythema dose.

The majority of significant inflammatory cell infiltration
occurred in the dermis as opposed to the epidermis. Ze-NO
induced a mild Th1 infiltrate and acidified NOT a much
greater mixed infiltrate of CD3-, CD4-, CD8-, and CD68-
positive cells and neutrophils. The charge neutrality of NO
facilitates its free diffusibiIity through aqueous solutions and
across membranes. Pure NO released from Ze-NO can thus
diffuse across the epidermis to the dermis to exert its
biological effects, where it can be oxidized to form aqueous
NOT, an active storage form of NO, which serves to prolong
its activity.

In summary, we conclude that Ze-NO is an effective NO
donor in man without the dramatic pro-inflammatory effects
that were previously attributed to NO. A moderate Thl-cell
response is induced by these low concentrations of 'pure
NO', which is in keeping with current views on the role of
NO in the regulation of T-cell functions (Niedbala et al.,
2006). We show that an ascorbic acid-NOT combination is a

potent pro-inflammatory mix, and discuss the potential
mediators that are active in this process. These findings are
of importance for determining the cutaneous pathophysiolo¬
gical role of NO in man, and introduce the use of Ze-NO as
an inert topical NO donor in research on this biologically
important gas.

MATERIALS AND METHODS

Study volunteers
Three healthy volunteers participated in the study to determine
biologically equivalent doses of Ze-NO and acidified NOT. Six
healthy volunteers participated in the study to assess cutaneous
inflammation following application of topical NO donors (three
male). A further six healthy volunteers participated in the study to
determine NO delivery to the superficial dermis by NO donors (three
male). Three normal healthy volunteers participated in the study to
measure IL-4 in epidermal suction blister fluid and four participated
in the study to measure IFN-y levels (three applied Ze-NO with two
of the three and one additional volunteer repeating the procedure to
attain control samples). None of the subjects were using either
topical or systemic medications at the time of the study. The Lothian
Regional Ethics Committee approved the study and all volunteers
gave written informed consent. The study was conducted according
to the principles of the Declaration of Helsinki Principles.

Determination of biologically equivalent effects of Ze-NO and
acidified NOT
We have previously shown that dermal blood flow correlates
directly with the concentration of NO delivered transepidermally
from topically applied nitrosothiols (Seabra et al., 2004). Using this
technique, we determined the concentrations of acidified NOT ar>d
Ze-NO that would deliver the same amount of NO. Biologically
equivalent concentrations of acidified NOT, and zeolite (Ze)
manganese (Mn) NO (Wheatley et al., 2006), were determined by
assessing the erythema induced by application of varying volumes,
and concentrations, of each product. Both products were recon¬
stituted in aqueous cream BP®: acidified NOT 0.5%, acidified NOT
5% (each with 2% ascorbic acid), and Ze-Mn-NO 20, 30, 40, and
50%. Either 0.02 or 0.04 ml of the topical donors was applied to a
1 cm2 area on the volar forearm, the area was covered with
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Tegaderm™ (3M Health Care, St Pauls, MN), and laser Doppler
probes were then secured to the Tegaderm overlying each
application. Cutaneous blood flow, measured as red blood cell flux
using a laser Doppler perfusion monitor (Moor Instruments Ltd,
Axminster, UK), was used as an index of erythema. The laser
Doppler unit consisted of one main unit and two satellite units
connected to the server, thus allowing flux readings from three laser
probes to be recorded simultaneously. The perfusion monitor was
connected to a PC and recordings were displayed continuously by
MoorSoft for windows/moorLAB v1.31 (Moorsoft Instruments Ltd,
Axminster, Devon). At 3-minute intervals for 120 minutes, real-time
recording was paused and the mean blood flow was recorded, a
mean of three 10-second duration readings was taken at each 3-
minute interval.

Preparation and application of topical NO donors
To assess cutaneous inflammation following topical NO donor
application, the following formulations were prepared using aqu¬
eous cream BP as a vehicle:

1. 0.02 ml zeolite zinc (33% wt/wt)
2. 0.02 ml zeolite manganese NO (33% wt/wt)
3. 0.04 ml acidified NOJ, ascorbic acid (2% wt/wt) + NOJ

(5% wt/wt)
4. 0.02 ml ascorbic acid (2% wt/wt)

Each preparation was applied to a 1 cm2 area of skin on the volar
aspect of the forearm 8 hourly for 2 consecutive days. The area was
occluded with Tegaderm after each application, and fresh Ze-Mn-
NO was prepared on day 2 for each subject. The last application
of cream was made 12 hours before the assessment of response
and biopsy.

Tissue specimens
Forty-eight hours after the application of NO, donor and control
4 mm full-thickness skin punch biopsies were taken from the center
of each site of topical application. Biopsies were fixed in 4%
buffered formaldehyde and then processed for routine histology.
Tissues were embedded in paraffin and 4 /im sections were cut.
Sections were stained with hematoxylin and eosin or processed for
immunohistochemical staining using a Dako EnVision™ K5007
system (DakoCytomation, Carpi ntera, CA) with subsequent
3,3'diaminobenzidine incubation. The EnVision system is a two-
step procedure: the primary antibody incubation is followed by
incubation with an enzyme and antibody labeled inert 'spine'
molecule of dextran.

Immunohistochemical quantification of inflammation in
epidermis and dermis post-topical NO donor application
A panel of antibodies were used for immunohistochemical stainings:
CD1a—Dako M3571, CD3—Dako A0452, CD4—Novocastra NCL-
L-CD4-368 (Novocastra, Newcastle Upon Tyne, UK), CD8—Dako
M7103, CD68—Dako M0876, myeloperoxidase—Dako A398 (for
neutrophils and other myeloid cells). Following incubations with the
primary antibody and Envision, the peroxidase label is visualized
with Dako 3,3'diaminobenzidine solution with hydrogen peroxide
substrate at pH 7.4. Finally, slides were counterstained in
hematoxylin before coverslipping. For analysis of the staining
results and preparation of images, a multicolor microscope (Leitz),

Q imaging monochrome camera, and Q Capture Pro computer
software (Media Cybernetics, Bethesda, MD) were used. Positively
stained cells across each entire section were counted in the

epidermis and dermis, by a blinded observer, and expressed as
number of cells per high-power field ( x 125).

Quantification of NO delivery to superficial dermis using
cutaneous microdialysis
In six subjects, dermal microdialysis catheters were used to measure
NO concentrations within the superficial dermis. Three sites, at least
4 cm apart, on the volar aspect of the forearm, were anesthetized
with topical 5% EMLA1" cream applied for 1 hour. Six microdialysis
catheters were inserted into the superficial dermis of the anesthe¬
tized sites (two at each site), using the Seldinger technique and a

23-gauge needle (BD Microlance™ 0.6 x 2.5 mm) inserted parallel to
the skin surface for 2 cm under sterile conditions. Noradrenaline

(1:1,000; Abbott Laboratories Ltd, Maidenhead, Berkshire, UK) was
diluted by 1:80 and dialyzed through each catheter at a rate
of 2 /rl minute-', using 1 ml Micro-Fine™ insulin syringes (BD
Consumer Healthcare, Franklin Lakes, NJ) and a microinfusion
pump (PHD 2000 infusion pump, Harvard Apparatus, Holliston,
MA). The infusion of noradrenaline was maintained throughout the
experiment in order to prevent the removal of NO by the cutaneous
microvasculature. Dialysate was collected continuously in aliquots
covering 15 minute periods. Samples were immediately stored at
-70°C for future analysis. Microdialysis catheters were made by the
technique of Clough et al. (1998) and sterilized by ethylene
oxidization. Following insertion of the microdialysis catheters, the
dialysate was collected for 30 minutes before the application of
0.02 ml Ze-NO (catheters 1 and 2), 0.04 ml acidified NOJ (catheters
3 and 4), and 0.02 ml aqueous cream (catheters 5 and 6); thereafter,
the sampling was continued for a further 90 minutes in 15 minute
aliquots.

Determination of NOz concentration in dialysate
All dialysate samples were analyzed within 24 hours of collection.
N02 concentrations were determined by reductive denitrosation by
an iodide/triiodide containing reducing mixture and subsequent
measurement of gaseous NO released by its chemiluminescent
reaction with ozone (O3), as described by Feelisch (Marley et al.,
2000; Feelisch et al., 2002). The dialysate samples were introduced
using a gastight syringe (SCE International Pty Ltd, Victoria,
Australia) into a sealed reaction vessel containing the reducing
mixture of 45 mmol I-' potassium iodide and 10mmol I-1 iodine in
glacial acetic acid. A constant flow of nitrogen gas was bubbled
through the reaction vessel, which was maintained at a temperature
of 60°C in a thermostatically controlled water bath (Grant Instru¬
ments (Cambridge) Ltd, England). The outlet gas was passed through
a scrubbing bottle containing sodium hydroxide (1 mol I-1; 0°C) to
trap traces of acid and iodine before transfer into the chemilumi-
nescense meter (42C NO-N02-NOx Analyser, Thermo Environ¬
mental Instruments Inc., Franklin, MA). The chemiluminescense
meter was connected to an analog-digital converter (PowerLab®
2/25 AD Instruments, Bella Vista, Australia) and the output was

processed by PowerLab System Chart & Scope for Windows®
(v5.1.1, AD Instruments). Before the analysis of the dialysate samples
of each subject, a range of NO/ standards (sodium NOJ, AnaIR,
BDH Chemicals Ltd, Poole, UK) were injected into the reaction
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vessel, in order to calibrate the gaseous NO released as equivalent
NOJ concentration. Assay reproducibility was determined by
comparison of the peak area from each of the NOJ standards
(1 x 10-3-1 x 10~8mmol) measured in triplicate.

Identification of CD4 + TH cell type in epidermal suction blister
fluid
For analysis of IL-4 and IFN-y in suction blister fluid, volunteers
applied 33% Ze-NO (250 mg Ze-Mn-NO in 500 mg aqueous cream)
and 500 mg aqueous cream (under Tegaderm) to two separate
25 cm3 areas on the volar aspect of the forearm. Applications were

repeated eight hourly for 48 hours after which topical applications
were removed and the skin was cleaned with an alcohol wipe
(Alcotip swab, Universal Hospital supplies Ltd, UK). Five 5 mm
diameter epidermal suction blisters were created overlying each of
the two sites of topical application using dermovac® suction blister
cups (Ventipress Oy, Lappeenranta, Finland). Epidermal suction
blister fluid was removed using a sterile 1 ml insulin syringe (BD
Plastipak™) and stored at —20°C before further analysis. IL-4 and
IFN-y concentrations in epidermal blister fluid were analyzed using
human IL-4 and endogen human IFN-y ELISA kits (Pierce Biotech¬
nology Inc., Rockford, IL). Protein concentrations of epidermal
suction blister fluid were determined using a Bradford protein
(Bradford reagent, Bio-Rad Labs., Hercules, CA) assay in a microtiter
plate format (Tekin S, Department of Animal Sciences, University of
Florida). Samples were analyzed in triplicate at dilutions of 1:60,
1:80, and 1:100. All the results were expressed as cytokine
concentration (pg) per mg protein.

Statistical analysis
Means and SEM were calculated from the pooled data, and
differences were judged as significant if the P-value was lower than
0.05, as determined by the paired two-tailed Student's f-test. Data
analyses were conducted using Microsoft®1 Excel Software, v5 and
MINITAB® release 14 for windows.
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Abstract

Background: The cytoprotective nature of nitric oxide (NO) led to development of NO-aspirins
in the hope of overcoming the gastric side-effects of aspirin. However, the NO moiety gives these
hybrids potential for actions further to their aspirin-mediated anti-platelet and anti-inflammatory
effects. Having previously shown that novel NO-aspirin hybrids containing a furoxan NO-releasing
group have potent anti-platelet effects, here we investigate their anti-inflammatory properties.
Here we examine their effects upon TNFa release from lipopolysaccharide (LPS)-stimulated human
monocytes and monocyte-derived macrophages and investigate a potential mechanism of action
through effects on LPS-stimulated nuclear factor-kappa B (NF-kB) activation.
Methods: Peripheral venous blood was drawn from the antecubital fossa of human volunteers.
Mononuclear cells were isolated and cultured. The resultant differentiated macrophages were
treated with pharmacologically relevant concentrations of either a furoxan-aspirin (B8, B7; 10 pM),
their respective furazan NO-free counterparts (BI6, BI5; 10 pM), aspirin (10 pM), existing
nitroaspirin (NCX40I6; 10 pM), an NO donor (DEA/NO; 10 pM) or dexamethasone (I pM), in
the presence and absence of LPS (10 ng/ml; 4 h). Parallel experiments were conducted on
undifferentiated fresh monocytes. Supernatants were assessed by specific ELISA for TNFa release
and by lactate dehydrogenase (LDH) assay for cell necrosis. To assess NF-kB activation, the effects
of the compounds on the loss of cytoplasmic inhibitor of NF-kB, IxBa (assessed by western
blotting) and nuclear localisation (assessed by immunofluorescence) of the p65 subunit of NF-kB
were determined.

Results: B8 significantly reduced TNFa release from LPS-treated macrophages to 36 + 10% of the
LPS control. B8 and BI6 significantly inhibited monocyte TNFa release to 28 ± 5, and 49 ± 9% of
control, respectively. The B8 effect was equivalent in magnitude to that of dexamethasone, but was
not shared by 10 pM DEA/NO, B7, the furazans, aspirin or NCX40I6. LDH assessment revealed
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none of the treatments caused significant cell lysis. LPS stimulated loss of cytoplasmic kBa and
nuclear translocation of the p65 NF-kB subunit was inhibited by the active NO-furoxans.
Conclusion: Here we show that furoxan-aspirin, B8, significantly reduces TNFa release from both
monocytes and macrophages and suggest that inhibition of NF-kB activation is a likely mechanism
for the effect. This anti-inflammatory action highlights a further therapeutic potential of drugs of
this class.

Background
Aspirin (acetylsalicylic acid) was first synthesized in 1899
and was the first example of the family of nonsteroidal
anti-inflammatory drugs (NSAIDs). Its therapeutic uses
include the treatment of headache, rheumatic pain and
inflammation, in addition to being utilised as an effective
prophylactic against thrombotic events in the cardiovas¬
cular system. The anti-inflammatory effects of aspirin are
achieved primarily through inhibition of cyclooxygenase-
mediated synthesis of pro-inflammatory prostanoids [1];
it causes irreversible inhibition by selectively and rapidly
acetylating a serine residue (Ser 530) near the C-terminus
of the cyclooxygenase (COX) family of enzymes, forming
an impediment to the binding of arachidonic acid [2-4].
The acetylation evokes a requirement for new COX to be
synthesised for subsequent production of prostaglandins.
Unfortunately, gastrointestinal disorders, including ulcer¬
ation, are a common side-effect of aspirin, limiting its
long-term use [5-8], The effect is primarily believed to be
due to inhibition of the production of prostaglandins that
normally protect the gastric mucosa [8-11].

Aspirin esters containing a nitric oxide (NO)-donor moi¬
ety overcome the gastric side-effects [12,13] likely via the
cytoprotective effects of drug-derived NO. NO increases
blood flow in the gastric mucosa, promoting repair and
removal of toxins [14], NO also increases secretion of pro¬
tective gastric mucus [15] and is thought to promote heal¬
ing of gastric ulcers by promoting angiogenesis [16].
Alternatively, or in addition, the protective effects of NO-
aspirin could be due to masking of the carboxylic acid
moiety by the ester function [12,17]. Two main subtypes
of NO-aspirins have so far been developed: the nitrooxy
ester (organic nitrate) derivatives and the furoxan deriva¬
tives. The first NO-aspirin hybrid drugs to be synthesised,
the NicOx® compounds, NCX4016 (3-(nitroxyme-
thyl)phenyl 2-(acetoxy)benzoate; Fig. la) and the related,
NCX4215 [18] are both nitrooxy ester derivatives of aspi¬
rin, often referred to as "nitroaspirins". More recently,
another series of NO-aspirin hybrid drugs, the furoxan
derivatives, which utilise a furoxan NO-donor moiety
have been developed [12,19]. These drugs link an NO-
donating moiety (furoxan group) by ester linkage to the
aspirin molecule (Fig. lb). Furoxan hybrids of aspirin
with NO donor moieties have shown some benefit in

avoiding acute gastric injury [12], and to be effective

antiplatelet agents [19]. As the compounds have been
demonstrated to inhibit COX, they have the potential to
retain an aspirin-like anti-inflammatory action. Through
their NO release [19], these drugs gain further potential to
be anti-inflammatory through the multiple actions ofNO
[for review see; [20]].

This manuscript explores the impact of two of these novel
hybrid compounds and of the furazan analogues, devoid
of NO-release capacity (Fig. lc), on release of the pro-

ONO,

X
it y-°
N-0

R = CH3, CONH2, CN n = 0, m = 0
R = Ph, PhS02 n = 2. m = 1

OCT'CHa
Aspirin

Figure I
Structural formulae: a. The structural formula of NO-

aspirin, NCX4016. b. The general structural formula of a
furoxan-aspirin hybrid drug. c. The structural formulae of
furoxans (B8 and B7), their NO-free equivalents, the furazans
(BI6 and BI5) and, for comparison, aspirin.
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inflammatory cytokine, TNFa from human monocyte-
derived macrophages and monocytes. Cytokines are
polypeptide or glycoprotein factors that act in an auto¬
crine and/or paracrine fashion to signal in a variety ofbio¬
logical processes. They are generally considered to be
either pro-inflammatory (e.g. TNFa and interleukin (IL)-
8) or anti-inflammatory [e.g. TGFp and IL-10] although
they can have paradoxical actions. Cytokines act in vari¬
ous cell types and perform diverse functions. TNFa is
secreted by monocytes, macrophages and neutrophils fol¬
lowing their stimulation by bacterial LPS. The various
activities of TNFa include mediation of cell adhesion
molecules [21], regulation of cell death in tumour cells
[22], enhancement of neutrophil responsiveness [23],
control of neutrophil adherence to the endothelium [21]
and synthesis of IL-1 production by macrophages [24].
LPS is known to stimulate TNFa production via the acti¬
vation of the transcription factor, NF-kB [25-27]. It is well
known that anti-inflammatory glucocorticoids such as
dexamethasone can inhibit release of cytokines such as
TNFa from cells stimulated with LPS [28-30]. Possible
mechanisms include the ability ofglucocorticoids to effec¬
tively suppress pro-inflammatory transcription factors
such as NF-kB [31] through stimulation of glucocorticoid
receptors, which subsequently translocate to the nucleus
preventing histone acetylation, a vital step in the NF-kB-
induced gene transcription [31,32]. Other mechanisms by
which the glucocorticoid receptor reduces TNFa expres¬
sion include decreasing mRNA stability, inducing expres¬
sion of the inhibitor IkB, and altering co-factor (AP-1)
activity [33]. NO and aspirin have both been previously
shown to influence the release of TNFa likely through
modulation of NF-kB function [34-42], thus hybrid NO-
aspirins may have increased anti-inflammatory potential
through the dual action of NO and aspirin moieties on
this pathway. Here, we set out to determine if novel NO-
releasing furoxan derivatives of aspirin possess anti¬
inflammatory properties in LPS-activated human mono-
cyte-derived macrophages and monocytes through analy¬
sis of TNFa release and the NF-kB pathway. The relative
contribution of the aspirin and NO moieties on these
effects were also addressed through the use of NO-free
furazan counterpart drugs, the NO donor, DEA/NO and
aspirin compounds.

Methods
Materials

General laboratory supplies were purchased from Sigma
(Poole, UK) unless otherwise stated. 2-(N,N-
diethyamino)-diazenolate-2-oxide (DEA/NO; Axxora,
Nottingham, U.K.) was dissolved and stored frozen in
0.01 M NaOH prior to final dilution with phosphate-buff¬
ered saline (PBS) immediately prior to use. All NO-aspirin
hybrids were synthesized at the Universita degli Studi di

Torino, as described [12], Theywere dissolved in dimethyl
sulfoxide (DMSO) then diluted in PBS to give a final
DMSO concentration < 0.1%.

Preparation ofMonocytes and Macrophages
Peripheral venous blood was drawn from the antecubital
fossa of human volunteers (non-smokers; age 20-45
years). Mononuclear cells were isolated by dextran sedi¬
mentation and discontinuous Percoll gradient centrifuga-
tion as described [43]. Mononuclear cells were
resuspended at a concentration of 4 x 105 cells/ml in
Iscove's DMEM. Monocytes were plated out in 48-well
plates at a concentration of 2 x 106 per well or 6-well
plates at 12 x 106 per well. After 1 h, non-adherent cells
were removed by washing wells with Hank's buffered salt
solution (HBSS). Macrophages were derived from mono¬
cytes by culturing the monocytes in Iscove's DMEM (sup¬
plemented with 10% autologous serum) at 37 °C for a
week, with the medium being changed after 3-4 days
[44].

Stimulation of Cells
For macrophages, on day 7, the medium in each well was
changed and fresh medium containing 10 pM test drug or
a DMSO vehicle control added to wells with or without
the inflammatory stimulant, LPS (10 ng/ml). Drug con¬
centrations were selected based on results from pilot stud¬
ies and on realistic plasma concentrations, where these
data are available; 10 pM was deemed a relevant plasma
level for aspirin, and so was utilised in this study. In order
to facilitate direct comparisons, the effects of the hybrid
compounds were also investigated at 10 pM. Drugs inves¬
tigated were the furoxan-aspirin hybrids (3-cyanofuroxan-
4-yl)methyl 2-acetoxybenzoate (B8) and (3-carbamoyl-
furoxan-4-yl)methyl 2-acetoxybenzoate (B7), their
respective NO-free counterparts (furazans), (4-cyanofura-
zan-3-yl)methyl 2-(acetoxy)benzoate (B16) and (4-car-
bamoylfurazan-3-yl)methyl 2-acetoxybenzoate (B15),
nitroaspirin NCX4016, NO donor, DEA/NO or dexame¬
thasone (1 pM). Cells were then incubated at 37°C for 4
h before removal of the cell supernatants, which were sub¬
sequently frozen at -70 °C for future studies. The same
procedure was also carried out on monocytes that had not
been matured into macrophages with drug treatments and
4 h incubations taking place immediately after the final
cell washing step of the isolation procedure.

Enzyme-Linked Immunosorbent Assay (ELISA)
A human TNFa ELISA kit was purchased from BD Bio¬
sciences (cat no; 550610) and performed as per kit
instructions on the supematants removed from macro¬
phage or monocyte cultures. The absorbance of each well
was read at 45 0 nm using a Thermo Labsystems Multiskan
Ascent plate reader running Ascent software Version 2.6.
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Lactate Dehydrogenase (LDH) Assay
The cytotoxic impact of the compounds was assessed by
measuring release of the enzyme LDH in the supernatant
using a kit purchased from Roche (cat no. 1 644 793).

Western blotting for IkBu
Using 6-well plates, mononuclear cells were prepared as
above. Following washing, cells were treated with Iscove's
DMEM supplemented with 10% autologous serum con¬
taining either B8 (1 pM, 10 pM, 20 pM, 100 pM), glio-
toxin (0.1 pg/ml), buffer or a DMSO vehicle control
(0.2%) for 30 min at 37°C. LPS (10 ng/ml) or medium
was then added to appropriate wells and left to incubate
for a further 45 min as described for the immunofluores¬
cence experiment (see below). Lysates were prepared at
4°C using a protease inhibitor cocktail in TBS with 1%
Nonidet P40 in order to minimise proteolysis problems.
An aliquot of each lysate was used for total protein deter¬
mination using a BCA protein assay kit (Pierce, Rockford,
IL) and an equivalent of 24 pg ofprotein perwell was run
on a 12% SDS-PAGE gel and transferred to PVDF. Blots
were blocked with 5% skimmed milk in TBS/0.1% Tween-
20 before probing with rabbit hcB-a (AbCam, cat no.
32518-100) [45] diluted 1:2500, incubated overnight at
4°C. Subsequently, the blots were washed and incubated
with goat anti-rabbit HRP (DakoCytomation, cat no.
P0448), also diluted 1:2500, and developed using stand¬
ard ECL (GE Healthcare).

Immunofluorescence for NF-kB p65 Subunit
Immunofluorescence for the p65 subunit was used to vis¬
ualise the translocation ofNF-kB. Mononuclear cells were
isolated and resuspended as described above. 4 x 106 (1
ml) cells were placed on a glass coverslip within a 6-well
plate and left in an incubator (37°C; 1 h) to adhere. Non¬
adherent cells were then removed by washing wells with
HBSS. Following washing, medium was changed to
Iscove's DMEM (supplemented with 10% autologous
serum) containing either gliotoxin (0.1 pg/ml), B8 orB16
(20 pM) or no drug (DMSO 0.1% control). Cells were left
to incubate (37 °C) for 30 min. Drug concentration and
incubation times were chosen from pilot studies that
demonstrated them to give optimum results in this sys¬
tem. LPS (10 ng/ml) or vehicle (Iscove's DMEM supple¬
mented with 10% autologous serum) was then added on
top of the coverslip and left to incubate for a further 45
min. The cell-covered coverslips were then washed 3 times
with PBS and 1 ml of3% paraformaldehyde (in deionised
water; dH20) was added and the cells left to fix (RT) for
20 min. Coverslips were then washed a further 3 times
with PBS and subsequently incubated for 10 min at RT
with 1 ml of 50 mM glycine to quench any aldehyde
groups. Following another 3 PBS washes, 1 ml ofblocking
solution (10% sheep serum in 0.2% fish skin gelatin
(Sigma) was added to the coverslips and they were left

overnight at 4°C. The following morning, after washing
the cells, 100 pi of primary antibody (NF-kB p65 mouse
anti-human, BD Biosciences cat no. 610868 [46]; 1:50
dilution in blocking solution) was added to the cells. 1 h
later, following three PBS washes, 100 pi of a 1:250 dilu¬
tion (in blocking solution) of secondary antibody (Alexa
Fluor* 488 goat anti-mouse IgG, Invitrogen cat no. A-
11001) was added and left to incubate for 1 h at RT in the
dark. Finally, three PBS washes, followed by three dH20
washes were carried out to prevent crystal formation. Cov¬
erslips were then mounted onto slides usingMoviol (Cal-
biochem, Merck, Nottingham, UK) and the slides were
then stored in the dark at 4°C. Images from the immun¬
ofluorescence slides were captured with a camera con¬
nected to a Zeiss Axiovert SI00 microscope using
Improvision Openlab 3.1.5 software. Images were cap¬
tured at a magnification of x 100.

Statistical analyses
Statistical analysis was by 1-way analysis of variance
(ANOVA) with Dunnett's post-test where applicable and
was performed using GraphPad Prism version 4 (Graph-
Pad Software, San Diego, USA). * * is used to represent a P
value < 0.01, * denotes a P value < 0.05 and P values
greater than 0.05 were deemed not significant. Where
expressed, data are in the form mean ± standard error of
the mean (S.E.M.).

Results
Effect on NO-furoxans on TNFa Release
B8 had a significant inhibitory effect on TNFa release in
human monocyte-derived macrophages treated with LPS
(36 ± 10% of LPS control, P <0.01; n = 5-10 separate
donors, Fig. 2). The effect was equivalent in magnitude to
that of dexamethasone, but was not shared by DEA/NO,
B7, the furazans, aspirin or NCX4016. In monocytes, B8,
and to a lesser extent, its NO-free equivalent, B16, signifi¬
cantly inhibited TNFa release [to 28 ± 5% (P < 0.01), and
49 ± 9% (P < 0.05) of control respectively, n = 4-6). Basal
TNFa levels were 0.9 + 0.2 pg/ml for macrophages and 1.6
± 0.4 pg/ml for monocytes. After LPS-treatment these rose
to 5.5 ± 0.5 and 9.6 ± 0.3 ng/ml respectively.

Effect on NO-furoxans on LDH Release
None of the treatments studied caused significant cell
death (Fig. 3) compared with untreated macrophages and
monocytes. Levels of LDH released following the treat¬
ments were comparable with that from untreated control
samples (~0.5 x 105 cells/treatment).

Effect on NO-furoxans on NF-kB activation
In order to investigate the potential molecular mechanism
of action of the inhibitory effect of B8 on macrophage
TNF-a release we investigated the effect of the compound
on LPS-stimulated NF-kB activation. For this we assessed
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Figure 2
Effect of potential anti-inflammatory agents on LPS
(10 ng/ml)-induced TNFa release in human (a)
monocyte-derived macrophages and (b) monocytes
after 4 h treatment with 10 pM of either DEA/NO,
B8, B16, B7, B15, NCX4016 or aspirin or I pM of dex-
amethasone (Dex). For macrophages n = 5-10 and for
monocytes n = 4—6 separate donors. ** = p < 0.01 * = p <
0.05 determined by One-Way ANOVA followed by Dun-
nett's test.

the effect of B8 on the loss of the cytoplasmic inhibitory
subunit ofNF-kB, IicBa (Fig. 4a and 4b shows two typical
western blots of cytoplasmic IkBoc). In both blots LPS
causes a dramatic loss of cytoplasmic IkBoc, an effect that
was completely inhibited by the NF-kB inhibitor glio-
toxin. Similarly, B8 at 100 pM also blocked LPS-induced
loss of cytoplasmic IkBci (Fig. 4a and 4b) whereas 1 and
10 pM B8 (Fig. 4b) did not affect LPS loss of IkB. The con¬
centration of B8 that appears to be on the threshold of
inhibition appears to be around 20 pM (Fig. 4a). In order

Figure 3
Bar graphs show LDH measurement in (a) mono¬
cyte-derived macrophages and (b) monocyte super-
natants after treatment with 10 pM of either DEA/
NO, B8, B16, B7, B15, NCX4016 or aspirin or I pM of
dexamethasone (Dex) and stimulated with LPS (10
ng/ml). For macrophages n = 5-15 and for monocytes n = 6
separate donors. One-way ANOVA revealed that there
were no significant differences between groups in either cell
type.

to confirm that B8 inhibits NF-kB activation more

directly, we used immunofluorescence to investigate its
effect on LPS stimulation ofNF-kB p65 subunit transloca¬
tion from the cytoplasm to the nucleus. NF-kB p65
immunofluorescence revealed that the subunit location
varied according to the drug treatment. Control cells dis¬
played uniform staining throughout the cytoplasm, but
following stimulus with LPS, strong staining was observed
in the nucleus and much less in the cytoplasm (Fig. 5a, b).
Incubation with gliotoxin before the LPS stimulus inhib¬
ited the nuclear translocation of p65 as demonstrated by
the presence of cytoplasmic staining (Fig. 5c). Pre-incuba-
tion with the NO-aspirin B8 gave a dramatic shift in the
staining compared to the LPS control. Location of the NF-
kB p65 subunit was now revealed to be cytoplasmic (Fig.
5d). Cells treated with the NO-free equivalent of B8, B16,
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Tigure 4
Western blots showing the effects of varying concen¬
trations of B8 on IfcBa. Mononuclear cells were prepared
as per methods, plated on 6-well plates, allowed to adhere
for I h then treated with varying concentrations of B8 (I pM,
10 pM, 20 pM, 100 pM), gliotoxin (0.1 pg/ml), buffer or a
DMSO vehicle control (0.2%) for 30 min at 37°C. After this
interval LPS (10 ng/ml) or buffer was added to appropriate
wells and left to incubate for a further 45 min. Lysates were
prepared, total protein determined and 24 pg of protein per
well was run on a 12% SDS-PAGE gel, transferred to PVDF.
Blots were blocked before probing with rabbit IxB-a diluted
1:2500, incubated overnight at 4°C. Subsequently, the blots
were washed and incubated with goat anti-rabbit HRP, also
diluted 1:2500, then developed using standard ECL. Blots are
representative of at least 6 similar experiments.

displayed cytoplasmic staining but with a greater amount
of nuclear staining than B8 treated cells (Fig. 5e).

Discussion

Impact ofNO-furoxans on TNFa-Release byMacrophages
and Monocytes
The NO-aspirin, B8, had a significant inhibitory effect on
TNF-a release from human monocyte-derived macro¬
phages treated with LPS. In monocytes B8, and to a lesser
extent, its NO-free equivalent, B16 again caused signifi¬
cant inhibition of TNF-a release. In monocyte-derived
macrophages, the lack ofeffects ofB16 and aspirin suggest
that the inhibitory effect of B8 on TNFa release is NO-
mediated. However, as this effect is not mimicked by the
NO-donor, DEA/NO, it is apparently a specific property of
B8 that is possibly related to amount, duration or site of
NO release. The possibility of diminished release ofTNFa
by B8-treated cells being simply due to a cytotoxic effect of
the compound was not supported by results from the
LDH assay. None of the treatments significantly affected
cell death when compared with untreated cells.

d e

Figure 5
Representative immunofluorescence images. Image a
shows a control treated monocyte. Image b shows a mono¬
cyte following a 45 min LPS stimulus. Image c shows a mono¬
cyte treated with gliotoxin (0.1 pg/ml, 30 min) and stimulated
with LPS (10 ng/ml, 45 min). Image d shows a monocyte
treated with B8 (20 pM, 30 min) and stimulated with LPS (10
ng/ml, 45 min). Image e shows a monocyte treated with BI6
(20 pM, 30 min) and stimulated with LPS (10 ng/ml, 45 min).
C = cytoplasm. N = nucleus. Scale bar represents 100 pm.
Similar images were obtained on at least 3 separate experi¬
ments.

In monocytes, TNFa release was inhibited by the NO-
aspirin, B8, but also by its NO-free furazan counterpart,
B16. Aspirin showed no significant difference from the
LPS control. Similar to the macrophage results, DEA/NO
did not cause significant inhibition. Again, B8 could be
acting via an NO-mediated mechanism specific to the
amount, duration or site of NO release. However, the
interesting observation that NO-free, B16 also causes a
significant inhibition suggests a possible further mecha¬
nism. As previously demonstrated, the acetyl group of
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these compounds is lost in plasma [12], leaving salicylic
acid, through which, inhibition of cytokine release has
been reported [47-49], It may therefore be possible that
under these experimental conditions, a salicylic acid-
mediated mechanism is responsible for the inhibition of
TNFa release observed with B8- and B16-treated cells. It is

probable that the result obtained with B8 is achieved
through combination of the effects of NO (as illustrated
by DEA/NO) and that of the NO-free B16. We have previ¬
ously shown that the furoxan-aspirin B7 releases signifi¬
cantly less NO than B8 [19] and thus suggest that the NO
release from B7 is insufficient to result in an anti-inflam¬

matory effect similar to that of B8. Our result obtained
with B16 indicates that altering the chemical structure of
aspirin clearly has an impact on the ability to achieve anti¬
inflammatory properties in this assay. Furthermore, the
alteration to the aspirin structure in B15 and B7 likely
contributed to their poor performance in this assay.

In this study, aspirin did not significantly reduce TNFa
release from LPS-stimulated monocytes or macrophages.
This is consistent with a similar study in which aspirin
failed to have an effect even at a 30-fold higher concentra¬
tions than was used in the present study [50], A further
study did report an inhibitory effect of aspirin on TNFa
release from LPS-stimulated monocytes but this was at
concentrations of 5-10 mM [49], which may not be rep¬
resentative of pharmacologically relevant plasma concen¬
trations [51]. We show here that NCX4016 did not
significantly reduce the release ofTNFa. In a study carried
out by others, NCX4016 did not inhibit TNFa release at
the same concentration used here (10 pM), but was
shown to inhibit the release ofTNFa and IL-6 from LPS-
stimulated macrophages at higher (100 and 300 pM) con¬
centrations and following a 6 h incubation [50]. Despite
not being affected by the soluble guanylate cyclase inhib¬
itor ODQ, the authors suggest that the inhibitory effect of
NCX4016 is NO-mediated due to the failure of aspirin to
inhibit cytokine release. A further study also showed that
NCX4016 (again at concentrations 10-fold higher than
used in this study), inhibited the release of IL-1 [} and IL-
18 from LPS-stimulated monocytes, via NO-mediated
inhibition of the enzyme required for intracellular
processing and maturation of IL-1 and IL-18 (caspase-1)
activity [52], It is likely that the differing outcomes
observed between this and other studies are purely due to
drug incubation time or concentrations. The concentra¬
tion studied here is based on the realistic relevant plasma
concentrations of aspirin [51] and so is more demonstra¬
tive of the true therapeutic potential of the drug. The
results here show that at a concentration at which the
furoxan compound, B8, causes a significant 72% reduc¬
tion in TNFa release from monocytes and a 64% reduc¬
tion from macrophages, its organic nitrate counterpart
does not.

Possible explanations for the differential effects of the
same treatments observed between monocytes and mac¬
rophages effect may be the differential expression and
activity of receptors and signalling pathways between the
two cell types. It has previously been reported that the
anti-inflammatory effect of IL-4 on the release of TNFa
and other cytokines, varies between LPS-stimulated
monocytes and macrophages [53]. This effect is due to
loss of a receptor for IL-4 during monocyte differentiation
[53]. Other differences reported between monocytes and
macrophages include those showing that LPS activates
cytosolic PLA2 in monocytes but not in macrophages. A
similar activation in monocytes, but not macrophages, is
seen after LPS-stimulation in the following signalling
pathways: the MAP kinase, ERK, phosphatidylinositol-3
kinase and p70S6 kinase [54,55], Further variations
include increased expression of Ca2+-dependent protein
kinase C isoforms in monocytes when compared to mac¬
rophages [56] and also that maturation into macrophages
results in slower production of the cytokine, IL-1 P [57]. It
is, therefore, possible that changes such as these to recep¬
tor expression, signalling pathways and to the biosynthe¬
sis of cytokines, which normally occur during the
maturation ofmonocytes with macrophages, may impact
on the ability of the studied compounds to have a signifi¬
cant effect.

Impact ofNO-furoxans on NF-kB Activation in Monocytes
The western blot and immunofluorescence experiments
further suggested a possible mechanism for the B8-medi-
ated inhibition ofTNFa release. The transcription factor,
NF-kB, exists as a dimer (can be either a homodimer or
heterodimer). The most common form is a heterodimer
composed ofthep65/p50subunits [58]. Normally, NF-kB
is kept in an inactive state in the cytoplasm, bound to an
inhibitory subunit named iKBa [59]. The phosphoryla¬
tion of iKBa by a kinase known as IKK and the subsequent
degradation of IKBa leads to the activation of the NF-kB
[60]. The NF-kB dimer containing the p65 subunit; the
dominant factor in the induction of the TNFa gene, then
translocates from the cytoplasm to the nucleus where it
activates transcription of target genes such as TNFa
[25,27,61,62], To investigate the effect of the NO-aspirin
on stimulus (LPS)-induced NF-kB activation, we used two
independent assays; namely loss of cytoplasmic IkBu
assessed by western blotting and translocation of the p65
subunit of NF-kB assessed by immunofluorescence. For
consistency, LPS was used as our NF-kb-activating stimu¬
lus and epipolythiodioxoperazine (gliotoxin), a known
immunosuppressive agent that inhibits NF-kB activation
by preventing IKBa degradation [43,63], was used as the
positive control. LPS caused a dramatic loss of cytoplas¬
mic IKBa and translocation of cytoplasmic p65 to the
nucleus, effects that were inhibited by NO-aspirin B8 and
the positive control gliotoxin. Thus, the inhibition ofNF-
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kB activation provides a plausible explanation for the B8-
induced reduction in TNFa release as observed in the
ELISA studies. It has been shown that NO inhibits LPS-
induced IicB-phosphorylation and inhibits the activation
of NF-kB [35], further supporting our paradigm of NO-
mediated inhibition of TNFa release by B8. B16-treated
and LPS-stimulated monocytes also displayed some evi¬
dence of cytoplasmic staining, but with more nuclear
staining than its NO counterpart. This result is consistent
with the ELISA data, where significant inhibition ofTNFa
release, albeit lesser than B8-treated cells, was observed
following B16 treatment.

Therapeutic Implications
The data here show that the fiiroxan-aspirin compound
B8 has anti-inflammatory effects in LPS-stimulated
monocytes and macrophages through its reduction in NF-
KB-mediated TNFa release. This action of B8 may be use¬
ful in inflammatory diseases (arthritis, Crohn's disease
and asthma [64-67] where anti-TNFa therapy is, or has
potential, to be of therapeutic benefit. Rheumatoid arthri¬
tis is a chronic inflammatory autoimmune disorder char¬
acterised by inflammation of the lining (synovium) of
joints. Joint deterioration, together with the pain associ¬
ated with synovial inflammation can lead to substantial
loss of mobility. Pro-inflammatory cytokines are abun¬
dant in the joints of sufferers [65], Anti-TNFa drugs have
been recently licensed for use in arthritis in a bid to limit
the contribution of this cytokine to the chronic joint
inflammation [67], Treatment of arthritis with dmgs of
the NSAID class is severely limited due to the gastric side-
effects associated with the high doses and chronic nature
of the treatment required. However it is hoped that NO-
aspirins might offer a preferable alternative to therapy
with conventional NSAIDs. The multifaceted actions of
B8 on COX inhibition [19] the anti-TNFa effects demon¬
strated here, its observed resistance to gastrotoxic effects
[12] and its potential for targeted intracellular release of
NO [19,68] could indicate B8 to be a promising anti-
arthritic drug. A summary of the effects of the furoxan-
aspirin hybrid drugs is provided in Fig. 6. A further, more
speculative application for drugs such as B8 is in athero¬
sclerosis therapy. It is nowwidely accepted that inflamma¬
tion is a key element in atherogenesis and atherosclerotic
plaque rupture leading to acute cardiovascular events such
as myocardial infarction or stroke [69], The release of
TNFa by monocytes and macrophages causes various
effects involved in destabilising the atherosclerotic plaque
[70-74]. Such evidence may suggest that drugs with an
anti-TNFa action, such as B8, maybe ofbenefit in athero¬
sclerosis.

Conclusion
Taken together, these studies provide evidence that treat¬
ment with NO-aspirin B8, significantly reduced TNFa

Figure 6
A schematic representation of the effects and poten¬
tial uses of furoxan-aspirin hybrid drugs.

release from both LPS-stimulated monocytes and mono-
cyte-derived macrophages. A possible mechanism for this
anti-inflammatory action is through the inhibition of its
transcription factor, NF-kB by NO. Such an action instils
a potential for drugs of this NO-aspirin hybrid class to be
utilised as anti-inflammatory agents for the treatment of a
wide range of inflammatory conditions such as arthritis.
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Abstract

Background: Prostaglandin H2 synthase (PGHS) is the enzyme that catalyses the two-stage
conversion of arachidonic acid to prostaglandin H2 (PGH2) prior to formation of prostanoids that
are important in inflammation. PGHS isozymes (-1 and -2) are the target for nonsteroidal anti¬
inflammatory drugs (NSAIDs).
Given the rekindled interest in specific anti-inflammatory PGHS inhibitors with reduced unwanted
side effects, it is of paramount importance that there are reliable and efficient techniques to test
new inhibitors. Here, we describe a novel in vitro electron paramagnetic resonance (EPR)-based
assay for measuring the activity of PGHS-1.
Methods: We validated a novel in vitro PGHS-1 activity assay based on the oxidation of spin-trap
agent, l-hydroxy-3-carboxy-pyrrolidine (CPH) to 3-carboxy-proxy (CP) under the action of the
peroxidase element of PGHS-1. This quantifiable spin-adduct, CP, yields a characteristic 3-line
electron paramagnetic (EPR) spectrum.
Results: The assay is simple, reproducible and facilitates rapid screening of inhibitors of PGHS-1.
Aspirin (100 pM, I mM) caused significant inhibition of spin-adduct formation (72 ± I I and 100 +
16% inhibition of control respectively; P < 0.05). Indomethacin (100 pM) also abolished the signal
(114 ± 10% inhibition of control; P < 0.01). SA and the PGHS-2-selective inhibitor, NS398, failed
to significantly inhibit spin-adduct generation (P > 0.0S).
Conclusion:We have demonstrated and validated a simple, reproducible, quick and specific assay
for detecting PGHS-1 activity and inhibition. The EPR-based assay described represents a novel
approach to measuring PGHS activity and provides a viable and competitive alternative to existing
assays.

Page 1 of 7
(page number not for citation purposes)



Journal of Inflammation 2006, 3:12 http://www.journal-inflammation.eom/content/3/1/12

Background
Prostaglandins are derived from arachidonic acid (AA) in
a pathway dependent on the PGHS (EC 1.14.99.1) family
of enzymes, which are commonly known as cyclooxygen-
ase (COX), referring to the first step of enzymatic activity.
PGHS converts AA to prostaglandin H2 (PGH2), the pre¬
cursor of all prostanoids. The enzyme contains two active
sites: a COX site, where AA is converted into the hydroper-
oxy endoperoxide, prostaglandin G2 (PGG2), and a haem
with peroxidase activity that reduces PGG2 to PGH2 (For
review see [1]). The reduction of PGG2by the peroxidase
element generates the corresponding alcohol. This reac¬
tion has previously been demonstrated to concurrently
oxidise aminopyrine molecules to aminopyrine free radi¬
cals [2], Here, a spin-trapping agent, l-hydroxy-3-car-
boxy-pyrrolidine (CPH) is oxidised to 3-carboxy-proxy
(CP), probably under the action of the peroxidase, in a
similar fashion to that previously seen with aminopyrine
(Fig- !)■

Two structurally similar PGHS isoforms exist (PGHS-1
and PGHS-2) which are encoded by different genes and
the expression ofwhich varies between tissues [3]. PGHS-
1 is often referred to as the 'house-keeping' isoform due to
its regulatory functions in many tissues. PGHS-2 is virtu¬
ally undetectable under normal conditions in most tissues

aaoo"

385Jyr
pgh2
(roh)

385Tyr + Tyr"'

Figure I
Schematic diagram showing the peroxidase activity of PGHS.
The process requires prior formation of a tyrosine radical
from a tyrosine residue in close proximity to the haem group
(Tyr 385). The tyrosyl radical is either recycled or partici¬
pates in the suicide inactivation of the enzyme (for review of
this process see [39], Following incorporation of oxygen and
formation of PGG2, the peroxidase reduces the peroxyl moi¬
ety to the equivalent alcohol. The process allows for the con¬
comitant oxidation of spin-trap CPH to CP which is detected
by EPR.

and is often referred to as the 'inducible' isoform due to its

tendency to be expressed in response to inflammatory
stimuli. The exception to this is in the brain and spinal
cord, where PGHS-2 is constitutively expressed and plays
a role in nociception signaling [4].

The importance of PGHS as a therapeutic target has long
been highlighted by the actions of aspirin, [5,6] the first
drug of the family of nonsteroidal anti-inflammatory
drugs (NSAIDs) for use as analgesics, anti-inflammatory
agents and antithrombotic agents. In contrast to other
NSAIDs, such as indomethacin, which reversibly bind at
the COX active site [7], aspirin causes an irreversible inhi¬
bition of PGHS by rapidly and selectively acetylating the
hydroxyl group of a serine residue (Ser 530) near the C-
terminus of the enzyme, forming an impediment to the
binding ofAA [8-10], The ensuing irreversible PGHS inhi¬
bition requires de novo synthesis of the enzyme for subse¬
quent production of prostaglandins.

Interest in PGHS has been re-ignited recently on account
of two advances in the development of novel NSAIDs.
Firstly, nittoaspirins [11-14] are being developed in an
effort to overcome the gastrotoxic side-effects of aspirin
that represent the major limitation to its therapeutic use
[15-17]. Nitroaspirins make use of the protective effects of
nitric oxide (NO) to compensate for the potentially dam¬
aging impact of aspirin-mediated depletion of protective
prostaglandins in the gastric mucosa. Secondly, the sug¬
gestion that the gastrotoxic side effects of aspirin are due
to the inhibition of housekeeping PGHS-1, whereas its
anti-inflammatory effects are due to inhibition of PGHS-
2, led to the development of selective inhibitors of the
COX-2 activity of PGHS-2, in the hope that the beneficial
effects could be retained without injury to the gastric
mucosa [18]. However, recently, several of these new
selective PGHS-2 inhibitors have been withdrawn due to

mounting evidence of an increased risk of sUoke. The
increased risk of thrombus is thought to be due to inhibi¬
tion of PGHS-2 in endothelial cells leading to down regu¬
lation of anti-thrombotic prostaglandins (such as
prostacyclin) in relation to the unaffected PGHS-1 derived
thromboxanes [19-21].

Given the intense interest in PGHS activity and inhibition,
it is perhaps surprising that relatively few assays for the
activity of this enzyme have been developed. Amongst the
most popular techniques is the measurement of throm¬
boxane B2 (TXB2), the stable metabolite of PGH2-derived
TXA2, as a marker of PGHS activity [22]. Alternatively,
measurement of oxygen consumption using an oxygen
electrode [23,24], assays using radio-labelled substrate
[25] and immunoassays for the prostaglandin products
[23] can also be applied. More recently, a commercial
chemiluminescent assay (Axxora, Nottingham, UK) has
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been developed for use on purified enzyme. The assay
involves the use of labelled substrate that generates a
luminescent product under the action of the hydroperox-
idase element of PGHS, most likely via the generation of
oxidising free radicals.

Electron paramagnetic resonance (EPR) has been previ¬
ously utilized to measure free radicals generated by PGHS
as a measure of its activity [26,27], However these tech¬
niques can involve complex mechanisms to trap the short¬
lived radical species. For instance in an in vitro assay using
purified PGHS, liquid nitrogen was utilised to stop the
reaction and was required to stabilise the tyrosyl radical
species generated, in order that it could be recorded by
EPR [26]. Another technique which recorded PGHS activ¬
ity in mouse keratinocytes relied on the use of the antioxi¬
dant glutathione to stabilize the generated radical before
trapping it with DMPO [27],

Here, we present a novel method for assaying the activity
ofPGHS-1 in which EPR is used to detect the stable adduct
CP, formed from oxidation of commonly available spin-
trap, CPH [28], under the action of the peroxidase ele¬
ment of PGHS-1. The aim of the studies described was to

validate this technique for assaying PGHS-1 activity in
vitro, to determine its effectiveness at establishing the
inhibitory effects of conventional NSAIDs and to confirm
that a COX-2-selective inhibitor was ineffective in this

assay.

Methods
Unless otherwise stated, all drugs and chemicals were pur¬
chased from Sigma, Dorset, UK. The assay was performed
at 37°Cin 1 ml ofTyrode's buffer (137 mM NaCl, 2.7 mM
KC1, 1.05 mM MgS04, 0.4 mM NaH2P04, 12.5 mM
NaHC03, 5.6 mM Glucose, 10 mM HEPES and 0.8 mM
CaCl2 in deionised water at pH 7.4. 100 units/ml ovine
seminal PGHS-1 was incubated with 1.5 pM haematin (5
min, 37°C) prior to the assay. Data from the manufactur¬
ers of the PGHS-1 reveals that 1 unit ofenzyme consumes
1 nanomole of oxygen at 37°C in the presence of 1 pM
haematin and 100 pM AA. Aspirin, salicylic acid,
indomethacin, NS398 (Merck Biosciences, Nottingham,
UK) or vehicle control (DMSO, 1%) was added and left to
incubate for a further 10 min prior to addition of the spin-
trap, CPH (1 mM; Axxora). At this point (t = -2 min), a
baseline EPR measurement was taken (MS200, Magnet-
tech, Germany. Instrument settings: BO-field, 3356 gauss;
sweep width; 50 Gauss, sweep time, 30 sec; modulation
amplitude, 1500 mGauss; microwave power, 20 mW). 2
min later, 100 pM AA (as sodium salt) was added (t = 0).
Further EPR readings were taken at t = 1.5 (the earliest
timepoint at which readings could consistently be taken
after addition ofAA), 4 and 6 min. The suicidal nature of
PGHS-1 activation means that the period of activation is

anticipated to be complete within ~1 min of AA addition
[3],

The results are corrected for any auto-oxidation of spin-
trap by subtraction of values recorded from a duplicate
sample run in the absence ofAA. The intensity scale on the
y-axis of all graphs is an arbitrary scale based upon the
area under the curve of the first derivative traces generated.

Statistical analyses
All statistical tests were performed using GraphPad Prism
version 4. P < 0.05 was considered to be statistically signif¬
icant. Tests performed were either 1-way ANOVA with
Dunnett's post-test or 2-way ANOVA, as indicated in the
text.

Results
Time-dependent adduct generation by PGHS-1
Addition of AA caused a time-dependent increase in the
characteristic 3-line EPR spectrum for a spin-adduct with
the unpaired electron in the vicinity of a nitrogen atom
(Fig 2a). The majority of the reaction was complete by the
time the first reading was taken (t = 1.5 min). The signal
developed rapidly before the first reading (244 intensity
units.min1), but subsequently slowed to a relatively con¬
stant rate (65 intensity units.min1) over the following 4.5
min of the assay (Fig 2b, n = 9-12); the equivalent exper¬
iment without AA failed to show the initial rapid rise and
was significantly lower than the AA-treated sample
throughout (p = 0.02, 2-wayANOVA, repeated measures).
An inter-sample coefficient ofvariation of 0.18 (18%) was
calculated from the control data obtained. From these
data, it was determined that t = 1.5 min was an appropri¬
ate point at which to compare free radical generation
between control and NSAID-treated PGHS-1, given that
spin-adduct generation in response to AA had peaked -
subsequent adduct formation was at an equivalent rate in
control and AA-treated samples and was likely to be due
to non-specific auto-oxidation of CPH.

Inhibitory effect of aspirin and salicylic acid
The impact of pre-incubation of PGHS-1 with different
concentrations of aspirin that spanned the known thera¬
peutic range (10 pM - 1 mM) is shown in Fig 3. Our
results indicate that aspirin concentrations of 100 pM and
1 mM caused significant inhibition of spin-adduct forma¬
tion at the 1.5 min time-point (to 72 ± 11 and 100 ± 16%
ofcontrol respectively; P < 0.05 for both compared to con¬
trol, 1-way ANOVA followed by Dunnet's post-hoc analy¬
sis).

Parallel experiments with salicylic acid (SA, 10 pM - 1
mM; n = 6) showed that a 10 min pre-incubation with SA
failed to significantly inhibit generation of the spin-
adduct, even at the highest concentration (P > 0.05).
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Figure 2
(a) Sample EPR spectra obtained in the absence (control;
PGHS + AA) and presence of aspirin (100 pM or I mM) after
correction for background autoxidation. EPR settings; B0-
field, 3356 gauss; sweep width; 50 Gauss, sweep time, 30 sec;
modulation amplitude, 1500 mGauss; microwave power, 20
mW. (b) Mean data for development of EPR signal intensity
(AU) with time in the absence (control; PGHS + AA) and
presence of aspirin (100 pM). In both cases, substrate (AA)
was added at t = 0 min. P = 0.02, 2-way ANOVA, repeated
measures: n = 9-12.

Comparative pharmacology of PGHS-1 and PGHS-2
inhibitors

Equivalent concentrations (100 pM) of the recognized
non-selective PGHS inhibitors, aspirin and indomethacin
both significandy (P < 0.05 and P < 0.01 respectively)
inhibited generation of the EPR-detectable spin adduct at
1.5 min (72 ±11 and 114 ± 10% inhibition of control
response respectively), but the PGHS-2-selective inhibi¬
tor, NS398 had no effect (P > 0.05) on this assay of PGHS-
1, despite its use at a concentration which is in excess of
that required to significantly inhibit PGHS-2 [29] (Fig 4).

Discussion
Here we have validated a new, quick, simple and repro¬
ducible method for detecting PGHS-1 activity and inhibi¬
tion in vitro. The principle of the assay was based on the
concomitant oxidation which occurs with the reduction
of PGG2 by the peroxidase element of PGHS [2]. This oxi¬
dation can be exploited in the absence of antioxidant glu¬
tathione to oxidise spin-trapping agent CPH to the stable

10 pM 100 pM 1 mM

Figure 3
Effect of aspirin and salicylic acid (10 pM - I mM) on EPR sig¬
nals generated from PGHS-1 after treatment with substrate
(AA). In each case, incubations with aspirin or SA were for
10 min prior to the baseline EPR reading (t = -2 min, not
shown). AA was added at t = 0 min and readings shown were
taken at t = 1.5 min. *P < 0.05, **P <0.01; I-way ANOVA
with Dunnett's post-hoc test vs. control: n = 8-10.

adduct, CP which generates a characteristic 3-line EPR
spectrum. The amplitude of the EPR signal is proportional
to the amount of adduct generated.

Our results indicated that oxidation of CPH by the iso¬
lated PGHS-1 enzyme upon addition of the enzyme sub¬
strate, AA, was sufficient to be easily detectable by EPR.
The initial peak in the detected signal recorded at the first
reading, had by the subsequent time-points slowed to a
rate that was equivalent to the signal generation from sub¬
strate-free enzyme, most likely due to autoxidation of the
spin trap. The loss of specific enzyme-mediated radical
generation is unsurprising, given the well-recognised sui¬
cidal nature of activated PGHS-1 [3], From these time-
course experiments, we selected a 1.5 min time-point for
subsequent comparative studies because by this time the

CUControl
ESS1SA
■■Aspirin
rttn Indomethacin

EZ3NS398

Figure 4
Comparative effects of SA and recognized NSAIDs (all 100
pM) on EPR signal intensity measured at t = 1.5 min. *P <
0.05, **P < 0.01; I -way ANOVA with Dunnett's post-hoc
test vs. control: n = 6-10.
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AA-dependent free radical generation was complete but
the signal was not significantly enhanced by autoxidation
of the spin trap.

Aspirin pretreatment (10 min) was shown to have a con¬
centration-dependent inhibitory effect in the published
range [30], but the acetyl-free counterpart, SA, failed to
significantly inhibit enzyme activity. The lack of effect of
SA indicates that aspirin-mediated inhibition of the
enzyme is dependent on the acetyl group, the moiety
involved in PGHS inhibition, and not due to a non-spe¬
cific antioxidant effect. SA was not expected to have any
effect in this assay because it is known not to affect PGHS-
1 or 2 activity [31] except in intact cells [30], possibly by
suppressing PGHS-2 transcription in response to exoge¬
nous stimuli [32]. Furthermore, the reversible, non-spe¬
cific PGHS inhibitor, indomethacin [33] was
demonstrated to have a powerful inhibitory effect, whilst
the PGHS-2 specific inhibitor, NS398 at a concentration
known to inhibit PGHS-2 [29] failed to do so. Signal
intensities shown in the figures are after subtraction of an
AA-free control from a parallel experiment to account for
autooxidation of the spin trap. A negative signal (as
observed with indomethacin for example) therefore indi¬
cates that the control value was greater than the AA-treated
sample, which might suggest that AA has a slight antioxi¬
dant effect on its own.

These results confirm that the assay is relevant for NSAlDs
with different modes of inhibitory action. As purified
PGHS-2 is now available commercially (Sigma), itmay be
possible to adapt this assay system to help determine the
specificity of novel PGHS-2 inhibitors.

This assay provides a convenient screening method for
inhibitors of the PGHS enzyme. Whilst various tech¬
niques exist to assay the activity of PGHS isoforms, each
has its own disadvantages. For instance, recording the oxy¬
gen uptake by PGHS is an option to measure its activity
but this requires high enzyme concentrations and also
accurate control of the initial oxygen concentrations [24],
Optical techniques are prone to interference from col¬
oured assay constituents (such as haematin) and require
high AA concentrations. Techniques recording uptake of
radiolabelled substrate [25] can be complex and expen¬
sive. Our technique provides quick inexpensive results
that give real-time determination ofCOX-inhibition. Data
obtained, as demonstrated by percentage inhibition of
control response achieved with aspirin, is comparable to
other in vitro techniques [34-36].

The technique described in the present study also offers a
simpler alternative than previous EPR techniques where
generated radicals are detected following complex radical
stabilization steps [26,27] and thereby providing poten¬

tial for less loss of signal. Tsai et al. [26] used dry ice and
liquid nitrogen to stop the reaction and trap the radical.
The recording of spectra was then carried out under liquid
nitrogen. By comparison, our method uses direct oxida¬
tion of a spin-trap to generate an adduct that is sufficiendy
stable to allow successive time-point readings to be taken
without the need to freeze the sample at the required
time-point. The method by Schreiber et al. [27] did use a
spin-trap, but required the use of glutathione to reduce an
amine radical to the parent amine, liberating a thiyl radi¬
cal which was trapped by DMPO. In ourmethod, the spin-
trap is oxidised directly, thus reducing the potential for
loss of signal. Furthermore, there is some evidence of
rapid signal decay in the Schreiber method; the spectra
show a decrease of the DMPO-thiyl signal during the
course of the measurement, whereby the spectral lines no
longer conform to the expected 1:2:2:1 ratio. By compari¬
son, the EPR signal generated in the present technique is
much more resilient and does not decay during the time-
course of experiments.

It is important to recognize the potential limitations of
this assay. Its reliance on the oxidation ofCPH might pre¬
clude its use in cells, given that the cellular environment
is usually very rich in antioxidants such as GSH, and its
presence at intracellular concentrations (~5 mM) could
effectively compete out the spin-trap and nullify the assay.
The susceptibility of polyunsaturated fatty acids such as
AA to peroxidative attack by reactive oxygen species may
impact on the recorded level of radical if radicals are con¬
sumed by free AA in the samples [37,38]. Furthermore, it
is important to recognize that the in vitro nature of the
assay does not account for any absorption, metabolic or
availability issues that might relate to applied NSAIDs.

Conclusion
In summary, we have validated a new, simple, EPR-based
assay for detecting PGHS-1 activity and inhibition. We
have demonstrated it to be sensitive to the inhibitory
effects of conventional NSAIDs (aspirin and indometh¬
acin) and not to SA or a PGHS-2 specific inhibitor. In
principle, this assay should be equally applicable to meas¬
uring PGHS-2 activity in isolated enzyme. As such, this
assay might prove to be a useful research tool in the ongo¬
ing search for novel PGHS inhibitors of both isoforms of
the enzyme.
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Targeting ViA-vasopressin receptors with [Arg6,
D-Trp7'9, NmePhe8]-substance P (6-11) identifies a
strategy to develop novel anti-cancer therapies
Alison C. MacKinnon1, Uzma Tufail-Hanif1, Mark Wheatley2, Adriano G. Rossi1,
Christopher Haslett1, Michael Seckl3 and Tariq Sethi1
1University ofEdinburgh, Centre for Inflammation Research, Queen's Medical Research Institute, Edinburgh, UK, and 2School
ofBiosciences, University ofBirmingham, Edgbaston, Birmingham, UK, and 3Cancer Research UK Laboratories, Faculty of
Medicine, Imperial College London, Hammersmith Hospitals Campus, London, UK

Background and purpose: The anti-cancer agent [Arg6, D-Trp7-9, NmoPhe8]-substance P (6-11) (SP-G) modulates gastrin
releasing peptide (GRP) and arginine vasopressin signalling in small cell lung cancer cells leading to growth arrest and
apoptosis. We have shown that SP-G acts as a biased agonist at GRP receptors. This work examines the hypothesis that SP-G
acts as a biased agonist at the VM vasopressin receptor.
Experimental approach: The human VM receptor was expressed in CHO-K1 cells. Extracellular regulated kinase (ERK)
activation and intracellular Ca2' were measured using activation state-specific antibodies and Fura-2-AM respectively. The effect
of SP-G on tumourigenicity was assessed by colony assay.
Key results: In Via receptor expressing cells, SP-G caused a sustained activation of ERK via a stimulation of Via receptor
coupling to Gj. Inhibition of G( with Pertussis toxin attenuated the inhibition by SP-G of the growth of CHO-K1 cells stably
expressing the Via receptor. Chimeric Via receptors containing the second or third intracellular loop of the V2 receptor were
capable of binding vasopressin and SP-G but had altered ability to activate phospholipase C (PLC) and ERK. The second
intracellular loop of the V,A receptor was essential for vasopressin-stimulated PLC and ERK activation but not for SP-G-induced
ERK activation.
Conclusions and implications: This work provides mechanistic insight, for biased agonists at ViA receptors and highlights a
potential role for such agents as anti-cancer agents.
British journal of Pharmacology (2009) 156, 36-47; doi:10.1111 /j.1476-5381,2008.00003.x

Keywords: [Arg6, D-Trp7'9, NmePhe8]-substance P (6-11); vasopressin; ViA receptor; cancer; directed signalling; biased agonist
Abbreviations: SP-G, [Arg6, D-Trp7'9, NmePhe8]-substance P (6-11); PLC, phospholipase C; PKC, protein kinase C; GPCR,

G-protein coupled receptor; ERK, extracellular signal regulated kinase; JNK, c-jun-N-terminal kinase; Fura-2-
AM, Fura-2-tetraacetoxymethylester; PBS, phosphate buffered saline; PMSF, phenyl methyl sulphonyl fluoride;
AVP, arginine vasopressin; GRP, gastrin releasing peptide; BSA, bovine serum albumin; PTX, Pertussis toxin

Introduction

Studies on neuroendocrine tumours such as small cell lung
cancer (SCLC) have shown that these tumours show altered
expression and sensitivity to neuropeptides which act as
mitogens and promote SCLC cell growth via their G-protein
coupled receptors (GPCRs) (Sethi and Rozengurt, 1991; Sethi
etal, 1992). Gastrin releasing peptide (GRP) receptors are
frequently aberrantly expressed in human neuroendocrine
lung tumours (Cuttitta etal., 1985; Moody etal., 2003) and
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2A11 a monoclonal antibody that binds GRP, thus prevent¬
ing receptor interaction, has been shown to inhibit the
growth of SCLC in vitro and as xenografts in nude mice
(Cuttitta etal., 1985). SCLC cells also secrete arginine vaso¬
pressin (AVP) and express Via receptors implying the exist¬
ence of an autocrine growth loop (North etal., 1998a,b).
SCLC patients frequently display symptoms of inappropriate
AVP secretion such as hyponatremia and urinary hyperos-
molality 0ohnson et al., 1997). Independent studies have
shown expression of V1A receptors in 5/5 SCLC lines and 0/4
non-small cell lung cancer (NSCLC) lines (Ocejo-Garcia
etal., 2001) while we showed expression of ViA receptors in
4/4 SCLC lines (Waters et at, 2003). repression of ViA recep¬
tors and AVP is the most useful diagnostic tool for differen¬
tiating SCLC from NSCLC and other cancers (Coulson et al.,
2003). SCLC cells can also express the AVP gene as



SP-G-induced selective signalling at V1A receptors
AC MacKinnon et a I 37

pro-vasopressin, which remains attached to the cell mem¬
brane and could possibly contribute to the autocrine-driven
mitogenesis (Friedmann etal., 1994). Antibodies recognising
this cell surface antigen have been developed as a potential
diagnostic and therapeutic tool that targets SCLC tumours
in vivo (Keegan etal., 2002). Taken together, these findings
demonstrate that the AVP/V1a axis represents a novel target
for new therapies for SCLC.
Gastrin releasing peptide and ViA receptors couple predomi¬

nantly to Gq causing an increase in phospholipase C (PLC)
activation, generation of inositol trisphosphates (IP3) and an
increase of intracellular free calcium (Woll and Rozengurt,
1989; Sethi and Rozengurt, 1991) and increase activation of
the extracellular signal regulated kinase (F.RK) cascade
through both protein kinase C (PRC) dependent and inde¬
pendent mechanisms (Ghosh et al., 2004; Sinnett-Smith et al.,
2004). Stimulation of these pathways by GRP and AVP leads
to an enhanced overall transcriptional activity, which con¬
trols cell proliferation and increases cell survival (Gutkind
etal., 1997; Rozengurt, 1998).
Analogues of substance P such as [Arg6, D-Trp7 9, NmL'Phe8]-

substance P (6-11) (SP-G), [D-Arg1, D-Phe5, DTrp7-9, Leu"-]-
substance P (SP-D) and [D-Arg1, DTrp5'7'9, Leu"-]-substance P
(SP-A) while being relatively poor tachykinin antagonists,
block the mitogenic effects of AVP and GRP in fibroblasts and
SCLC cells (Woll and Rozengurt, 1988; Langdon etal., 1992;
Sethi etal., 1992). These analogues have been termed 'broad
spectrum neuropeptide antagonists' and block the prolifera¬
tion of SCLC cells in liquid culture and in vivo as xenografts in
nude mice (Langdon etal., 1992; Sethi etal., 1992). SP-A has
also been demonstrated to block angiogenesis in pancreatic
cancer xenografts in vivo (Guha etal., 2005). SP-G has been
taken into phase I clinical studies for SCLC where therapeutic
plasma levels were achieved without dose-limiting toxicity
(Clive etal., 2001).
Our work has focused on the mechanism of action of

these analogues. SP-G and SP-D block GRP and AVP-induced
calcium elevations but can also activate the receptors inde¬
pendently leading to a protracted increase in ERR and c-jun-
N-terminal kinase (JNR) activation leading to apoptosis
(Jarpe etal., 1998; MacRinnon etal., 2001; Waters etal.,
2003). The results suggest that substance P analogues induce
ligand-specific receptor conformations which result in
opposing efficacy for two sets of responses; a property called
'biased agonism' (Jarpe etal., 1998; MacRinnon etal., 2001).
Given that this pharmacological activity may have a clinical
utility for cancer therapy, the molecular mechanisms of this
biased agonism required more rigorous investigation.
Using CIIO-Rl cells expressing V1A receptors we sought to

dissect the mechanisms of SP-G biased agonism at V1A recep¬
tors by examining the effects of AVP and SP-G on intracellular
Caz+ and ERR activation and the subsequent effects on cell
growth. We show that SP-G activates a Grdependent pathway
to stimulate sustained ERR activation, but blocks AVP/Gq-
stimulated increase in intracellular Ca2+. Blocking Gi with
Pertussis toxin (PTX) inhibits SP-G-induced inhibition of cell
growth in transfected CITO-R1 cells and SCLC cells. Using
V,A/V2 receptor chimeras we show that the second intracellu¬
lar loop of ViaR is essential for PLC activation and increased
intracellular Ca2+ but not for SP-G-induced ERR activation.

This study provides experimental evidence for agonist selec¬
tive V1A receptor conformations and gives mechanistic insight
into the therapeutic utility for V1A receptor biased agonists as
anti-cancer agents in SCLC.

Methods

Cell culture and transfections
H69-SCLC cells were cultured in RPMI-1640 medium supple¬
mented with 10% (v/v) foetal calf serum (FCS) 50 U mL"1
penicillin, 50 pg mL"1 streptomycin and 5 pg mL"1 L-
glutamine. For experimental purposes, H69-SCLC cells were
cultured in SITA medium consisting of RPMI-1640 medium
supplemented with 30 nmol-L"1 selenium, 5 pg mL"1 insulin,
10 pg mL"1 transferrin and 0.25% (w/v) bovine serum
albumin (BSA). CHO-R1 cells were maintained in Dulbecco's
modified Eagles medium (DMEM) supplemented with 10%
(v/v) FCS, 50 U mL"1 penicillin, 50 pg mL"1 streptomycin and
5 pg mL"1 L-glutamine in a humidified atmosphere of 5%
C02/95% air at 37°C. CHO-R1 cells were transfected with
full-length Via receptor or V,A receptor chimeras using lipo-
fectamine plus (Invitrogen) according to the manufacturer's
instructions. Stable cell cultures were maintained in the pres¬
ence of 400 pg mL"1 G418-sulphate.

Liquid growth
Exponentially growing L169-SCLC or CHO-R1 cells were sus¬
pended in SITA medium (FI69-SCLC cells) or DMEM with 5%
FCS (CHO-R1 cells) at a density of 5 x 104 cells per plate in the
presence or absence of mediators in triplicate. Cells were
grown for 1-9 days and cell number determined using a
Coulter Counter (model Zl, Coulter).

MTT assay
In some assaysMTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyl
tetrazolium bromide) formazan production (Sigma) was used
to measure proliferation according to the manufacturer's
instructions.

Clonogenic assay
U69-SCLC cells or CHO-R1 (2 x 104) cells were suspended in
SITA (H69-SCLC) or DMEM with 5% FCS (CHO-R1) contain¬
ing 0.3% agarose in the presence or absence of mediators and
layered over a solid base of 0.5% agarose in 35 mm plastic
dishes. The cultures were incubated at 37°C for 1-10 days, and
then stained with 1 mg mL"1 MTT overnight at 37°C. Colo¬
nies from 10 separate fields were counted using a microscope
with a x4 objective. Cloning efficiency was calculated as the %
of original number of seeded cells forming colonies of >6 cells.

Aggregation assay
CHO-R1 cells (2 x 104) were suspended in DMEM in the pres¬
ence of 5% FCS and seeded into low adhesion tissue culture

plates on top of a layer (1 mL) of 0.5% agar. Under these
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conditions the cells did not adhere. Cells were maintained in
culture for 7 days briefly trypsinized to disaggregate clusters
and viable cells counted.

Receptor binding
Confluent cultures of CHO-K1 cells expressing V1A receptor
were washed twice in ice-cold phosphate buffered saline (PBS).
The cells were lysed in ice-cold lysis buffer (10 mmol-L"1 Tris
HC1 pH 7.4, 5 mmol-L"1 EDTA, 5 mmol-L"1 EGTA, 1 mmol-L"1
phenyl methyl sulphonyl fluoride) and briefly homogenised
using a Polytron tissue homogeniser. After centrifugation at
500x g for 4 min, the supernatant was centrifuged at 49 OOOx g
for IS min at 4"C and the pellet washed twice by repeated
homogenisation and centrifugation in lysis buffer. The final
pellet was suspended in 50 mmol-L"1 Tris HC1 (pH 7.4),
adjusted to 1 mg mL"1 protein, and stored at -80°C. Protein
was determined using Pierce BCA protein assay reagent (Pierce
UK). Membranes (150-250 pg protein) were incubated with
1 nmol-L-1 [3H]-AVP and test agents for 30 min at 37°C in
50 mmol-L"1 Tris HC1 (pH 7.4), 0.5% BSA, 3 mmol-L"1 MgCl2.
The assay was terminated by immediate filtration over GFB
glass fibre filters using a Tomtec 96 cell harvester. The filters
were washed with 2x3 mL binding buffer, dried and counted
for 3H in a Wallac Betaplate scintillation counter. Non-specific
binding was determined with 1 pmol-L"1 AVP. The binding
parameters Ka and Bmax were calculated from competition
binding isothermswith unlabelled ligand (DeBlasi et al., 1989).
The IC50 (concentration of drug displacing 50% specific
binding) was converted to the inhibitory constant (Ki), where
Ki = IC50/(1 + [ligand|/jK,i) (Cheng and Prusoff, 1973).

PLC activation

[3H]-inositol phosphate formation was measured by labelling
cells overnight in serum-free and inositol-free medium con¬
taining 1 pCi mL"1 myo-[2-3H]-inositol. Cells (2 x 106 per
assay point) were washed and incubated in Hank's balanced
salt solution containing 20 mmol-L"1 HEPES, 1.8% glucose,
0.2% BSA and 20 mmol-L"1 LiCl, for 30 min at 37°C prior to
addition of agonist for a further 30 min. Reactions were
extracted by removal of assay buffer and addition of ice-cold
10 mmol-L"1 formic acid for 60 min on ice. [3H]-inositol phos¬
phates were separated by anion exchange chromatography on
Dowex (200-400 mesh, formate form) columns, and [3H]
determined by scintillation counting.

P5S]-GTPyS binding and immunoprecipitation ofGa submits
[35S]-Guanosine 5'-0-(y-thio)triphosphate ([35S]-GTPyS)
binding was carried out essentially as previously described
(Weiland and Jakobs, 1994). Briefly, cell membranes (-10 pg
protein) were incubated in a final volume of 100 pL binding
buffer (20 mmol-L"1 HEPES, pH 7.4, 100 mmol-L"1 NaCl,
3 mmol-L"1 MgCl2, 10 pmol-L"1 GDP, 0.2 mmol-L"1 ascorbic
acid) with 0.2 nmol-L"1 [35S]-GTPyS for 60 min at 4°C in the
presence or absence of test compounds. Bound radioactivity
was determined by filtration onto GF-B glass fibre filters and
scintillation counting. Non-specific binding was determined
in the presence of 100 pmol-L"1 unlabelled GTPyS. [35S]-GTPyS

binding to Gai or Gaq/n was determined as above and mem¬
brane pellets solubilised in 50 pL 1.5% Triton, 0.2% SDS.
Pellets were diluted in 1 mL immunoprecipitation buffer
[50 mmol-L"1 Tris HC1 pH 7.4, 150 mmol-L"1 NaCl. 2 mmol-L"1
KC1, 1 mmol-L"1 EDTA, 20 mmol-L"1 MgCl2, 1% Triton and
protease inhibitors (Complete inhibitor tablet, Roche
Belgium)] and subunits immunoprecipitated overnight at 4°C
with 1 pg rabbit anti-Gui or G„xl/n. Complexes were captured
with protein A agarose and washed x4 with immunoprecipi¬
tation buffer. Bound [35S]-GTPyS was eluted in SDS-PAGE
buffer and counted by scintillation counting.

Determination of intracellular Ca2> concentration
CHO-K1 cells stably expressing the V1A receptor chimeras were
grown to confluence on 10 cm plates and rested overnight
in DMEM containing 0.1% FCS. Cells (5 x 106 cells per
data point) were trypsinised and loaded with FURA-2-
tetraacetoxymethylester (Fura-2-AME 1 pmol-L"1) in calcium-
free Hank's balanced salt solution for 10 min at 37°C. The
cells were pelleted and resuspended in 2 mL of Hank's bal¬
anced salt solution containing 1.8 mmol-L"1 CaCl2. Fluores¬
cence was recorded in a Model F2000 fluorescence

spectrophotometer (Hitachi). Alternate dual wavelength exci¬
tation at 380 nm and 410 nm allowed ratiometric analysis of
bound and unbound Fura-2 when measured at 505 nm. [Ca2+]
was calculated according to the equation [Caz ] = K(F - Fmin)/
(Fmax - F), where F is the ratio of the unknown sample, Fm„ is
the ratio after the addition of 0.1% triton X-100 and Fmin is the
ratio after Ca2+ chelation with 10 mmol-L"1 EGTA. K is the
dissociation constant for Fura-2, which is 224 nmol-L"1.

Western blotting/ERK phosphorylation
Quiescent cell cultures (1 x 106 cells) were treated as described
in figure legends and lysed at 4°C in lysis buffer containing;
25 mmol-L"1 HEPES pH 7.4, 0.3 M NaCl, 1.5 mmol-L"1 MgClz,
0.2 mmol-L"1 EDTA, 0.5% Triton X-100, 20 mmol-L"1
P-glycerophosphate, 0.5 mmol-L"1 dithiothreitol, 1 mmol-L"1
sodium orthovanadate and protease inhibitors [protease
inhibitor cocktail (Boehringer Mannheim, Sussex, UK)].
Lysates were clarified by centrifugation, equalised for protein
content using Pierce BCA protein assay reagent and denatured
by boiling (5 min) in SDS-PAGE loading buffer. A total of
20 pg lysate per lane was resolved on 12% SDS-PAGE gels and
electroblotted onto nitrocellulose membranes. Membranes
were blocked in 3% BSA in PBS containing 0.05% tween-20.
Blots were probed with primary antibody followed by the
appropriate horseradish peroxidase-labelled goat IgG (DAKO,
UK). Bands were visualised using enhanced chemilumines-
cence (ECL plus, Amersham) and quantified by Image J.

Statistical analysis
Results are presented as means ± SEM. Significance of the
differences between means was assessed using Student's t-test
or by ANOVA for comparison between groups. When
ANOVA showed a significant treatment effect, Dunnet's post
hoc test was used to compare individual means. Differences
were considered statistically significant at P < 0.05. Unless
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Figure 1 Receptor binding and ["Sl-GTPyS binding assay. A. Membranes of CHO-K1 cells stably expressing the V,A receptor were incubated
with [3H]-AVP and increasing concentrations of SP-G or unlabelled AVP. Binding isotherms for Kd and 8max were calculated from AVP competition
curves as described in the Methods. B. SP-G inhibition is non-competitive. Membranes were incubated with increasing concentrations of
[3H]-AVP in the presence of 1 or 5 pmol-L"1 SP-G as indicated. C. [35S]-GTPyS binding. [35S]-GTPyS binding to the whole membrane fraction
was determined as described in the Methods. Membranes were incubated with SP-G in the presence or absence of 100 ng mL"' PTX for 60 min
at 4°C. D. [3SS]-GTPyS binding to specific Ga subunits. Membranes were incubated with ["SJ-GTPyS in the presence of LPA (1 pmol-L-1), AVP
30 nmol-L-1, or SP-G at 3 or 10 pmol-L"1 as indicated. Solubilised pellets were immunoprecipitated with anti-Gaq/n or anti-Gai as described in
the Methods. Results represent the mean ± SEM of four independent experiments. (*P< 0.05 vs. untreated control membranes ANOVA with
Dunnets's post-test.) Representative Western blots (WB) of whole-cell lysate and immunoprecipitated Goq/n or Ga, confirm expression of these
a subunits in VtA receptor transfected CHO-K1 cells. Immunoprecipitating antibody heavy chain (he).

stated otherwise, studies were performed on 3-6 indepen¬
dent occasions.

Materials
CHO-K1 cells and H69-SCLC cells were purchased for the
European Cell Culture Collection; DMEM, RPMI-1640, AVP,
d(CH2)-5-TyrMe-AVP and monoclonal antibody to diphos-
phorylated ERK 1 and 2 (M 8159) were from Sigma (Poole,
UK); polyclonal antibodies to Go, (sc-26761) and Goq/n (sc-
392) and ERK2 were from Insight Biotechnology; Rabbit anti-
caspase-3 (Asp-175) from Cell Signalling Technology; [Arg6,
D-Trp7,9, NmoPhe8]-substance P (6-11) (SP-G) was synthesized
by Cancer Research UK (London, UK). PTX was from Alexis
Biochemicals (Nottingham, UK). The human Via receptor
construct in pcDNA3.1 was a kind gift from M. Thibonnier
(Case Western Reserve University School of Medicine, OH,
USA). The Via receptor mutants V,i2 and Vn3 were kindly
provided by Dr Wess (National Institute of Health, Bethesda,
MD, USA). The following sequences were exchanged between
the rat V,A and the human V2 receptor: Vli2 (V!A 152-172 for V2
140-161), V,i3 (V1A 237-303 for V2 225-277). [3H]-AVP (60 Ci/
mmol) was from New England Nuclear (Perkin Elmer).

Results

Via receptor expression in CHO cell line
Previous studies have shown that V1A receptors can activate Gq
and Gi linked signalling pathways in response to different
agonists (Thibonnier et al., 1993; Abel et al., 2000; Chiu et al.,
2002). To examine SP-G-induced biased agonism we stably
expressed V,A receptors in CHO-K1 cells. In membrane
preparations from these cells, pH]-AVP bound with
high affinity, Kd = 3.3 ±1.6 nmol-L-1, Bmax = 383 ± 74 fmoles
mg protein-1 (n = 4, Fig. 1A). SP-G inhibited [3H]-AVP binding
in CHO-V1A cells with a K, = 3.1 ± 0.6 pmol-L"1 and nH = 1.25
(n = 6). The inhibition of [3H]-AVP binding by SP-G was non¬
competitive as it significantly decreased saturable binding
(Bmax) from 383 ± 74 fmoles mg protein-1 in control cells
to 285 ± 25 and 82 ± 12 fmoles mg protein-1 for 1 and
5 qmol-L-1 SP-G (P < 0.05 and PcO.Ol, respectively, by Stu¬
dent's t-test), while having no appreciable effect on affinity
(Kd = 3.3 ± 1.6, 3.8 ± 1.38 and 4.8 ±1.6 nmol L-1 for control,
1 and 5 |imoM,-1 SP-G respectively, P> 0.05, Fig. IB). More¬
over, in kinetic experiments, SP-G at 5 pmol-L-1 significantly
accelerated the dissociation of [3H]-AVP from receptor express¬
ing cells (data not shown).
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We next sought to determine whether SP-G could promote
receptor coupling to G-proteins by measuring [35S]-GTPyS
binding to ViA receptor transfected cells. This assay measures
GTP/GDP exchange on G-proteins and is a measure of Ga
activation. As shown in Figure 1C SP-G increased [35S]GTPyS
binding to V1A-CHO-Kl membranes. PTX catalyses ADP-
ribosylation of the a subunits of Gi-like proteins thus blocking
their coupling and activation. Treatment with PTX com¬
pletely abolished [35S]GTP-yS binding induced by SP-G suggest¬
ing that SP-G induced coupling to Gi-like proteins. Activation
of Gi proteins by SP-G was confirmed by increased [35S]GTPyS
binding to G( proteins immunoprecipitated from solubilised
cell membranes. SP-G increased binding to Gai subunits by
45 ± 10 and 68 ± 9% at 3 and 10 pmol-L-1 respectively (n = 4,
Fig. ID). AVP did not significantly increase activation of Gi
suggesting that the natural agonist does not induce V\A recep¬
tor coupling to G in these cells. Receptor-mediated activation
of Gi was confirmed in cells stimulated with lysophosphatidic
acid (LPA; 1 pmoll.1, 102% increase over basal). LPA and AVP
but not SP-G stimulated [35S]GTPyS binding to Gq (35 ± 7 and
34 ± 9% increase over basal, respectively, Fig. ID). These data
establish that SP-G selectively activated Gi in V1A receptor
transfected cells.

SP-G induced growth inhibition of V,A expressing CHO-K1 cells
We have shown previously that AVP stimulates SCLC cell
growth and colony formation (Sethi and Rozengurt, 1991;
Sethi etal., 1992). To examine the ability of substance P ana¬
logues to inhibit V1A receptor-mediated growth we compared
proliferation of V1A receptor transfected CHO-K1 cells with
the ViA receptor expressing SCLC cell line H69. As shown in
Figure 2A SP-G significantly inhibited growth of H69-SCLC
cells in liquid culture (1CS0 = 5.1 ± 0.5 pmol-L-1, n = 4) and
inhibited colony formation in semi-solid agarose (Fig. 2B,
IC50 = 2.5 ± 0.4 pmol-L-1, n = 4). CHO-K1 cells transfected
with the human V,A receptor showed a significant increase in
proliferation compared with vector transfected cells (Fig. 2C)
and formed significantly more colonies in soft agar (Fig. 2D).
The expression of the ViA receptor also increased the number
of viable cell aggregates formed after 72 h culture in low
adhesion culture plates (Fig. 2E). This is in agreement with
our previous observations suggesting that V,A receptor expres¬
sion allows for anchorage- and semm-independent growth
consistent with transformation (MacKinnon etal., 2005).
Moreover, it suggests that these receptors show some consti¬
tutive activity, as wild-type receptor expression alone was
sufficient to increase transformation in the absence of

SCLC CHO-K1

2100
colony
formation

10-6 10-5
[SP-G] M

10-4

Figure 2 Effect of SP-G on proliferation of SCLC cells and VIA expressing CHO-K1 cells. A, B. H69-SCLC cell growth. The effect of SP-C on
liquid growth over 7 days (A) and on colony formation in soft agarose (B) was carried out in the presence or absence of 100 ng ml 1 PTX, as
indicated. The results represent the mean ± SEM or four independent experiments. (*P < 0.05, Student's t-test compared with SP-G in non-PTX
treated.) C. CHO-K1 cells stably expressing the V1A receptor or empty vector were grown in liquid culture and viable cells counted at the time
points indicated. Results represent the mean ± SEM of four experiments. (*P < 0.05 Student's t-test compared with vector transfected cells.)
D. Colony formation. Control or V,A receptor expressing CHO-K1 cells were cultured in 0.3% agarose for up to 11 days and colony formation
calculated as % cloning efficiency. Results represent the mean ± SEM of four experiments. (*P< 0.05 Student's t-test compared with vector
transfected cells.) E. Effect of PTX. CHO-K1 cells were cultured in low adhesion plates in the presence or absence of 100 ng mL"1 PTX for 7 days.
Viable cells were counted by propidium iodide exclusion and Coulter counting. Results represent the mean ± SEM of four experiments.
(*P< 0.05 Student's t-test compared with untreated V1A receptor expressing cells.) F. SP-C induces cleavage of caspase-3. ViA-CHO-Kl cells
were incubated with SP-C for 48 h. Cells were lysed and Western blots probed for cleaved caspase-3.
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Figure 3 Signalling pathways activated by SP-C. A. Intracellular calcium. Quiescent CHO-K1 cells expressing VtA receptors were incubated
with FURA-2-AM for 15 min at 37°C before stimulation with the indicated concentrations of AVP. Ratiometric fluorescence was monitored at
37°C following addition of AVP at the indicated concentrations. Results represent the mean ± SEM of four experiments. B. SP-G inhibits
AVP-induced calcium elevation. CHO-K1 cells expressing V,A receptors were incubated with FURA-2AM for 15 min at 37°C and ratiometric
fluorescence monitored at 37°C. Concentration response curves to AVP were carried out in control cells and in cells pretreated for 2 min with
1 or 10 pmol-L-1 SP-G. Results are expressed as % maximum control response to AVP and represent the mean ± SEM of four experiments. C.
ERK activation. CHO-K1 cells were incubated with AVP (left) or SP-G (right) at the indicated concentrations for 10 min at 37°C. Cells were lysed
and Western blots probed for pERK1/2 or total ERK2. Representative blots from four separate experiments are shown, with quantitative
summary data below (band densities were quantitated by Image J).

exogenously added neuropeptide. This increase in prolifera¬
tion by V[A receptor expression was significantly blocked by
co-incubation with SP-G (ICS0 = 5.1 ± 0.9 pmol-L-1, Fig. 2E).
Figure 2E shows that PTX (100 ng mL"1) attenuated SP-G-
induced inhibition of cell growth in ViA expressing CHO-K1
cells suggesting that SP-G can inhibit growth in part by induc¬
ing ViA receptor-mediated G, activation.
As has been shown previously, PTX did not affect basal

growth of SCLC cells in culture (Codignola etal., 1998).
However, PTX attenuated SP-G-induced inhibition of SCLC
colony formation (Fig. 2B) suggesting that SP-G-induced
growth inhibition is in part mediated via G,. Our previous
work has shown that SP-G induces apoptosis in SCLC cells
(MacKinnon etal., 1999; MacKinnon and Sethi, 2003). In
Figure 2F we show that SP-G induced cleavage of caspase-3
in V1A receptor expressing CHO-K1 cells suggesting that the
anti-proliferative activity, induced by SP-G through the ViA
receptor, may be in part due to an induction of apoptosis.

Signalling pathways activated by AVP and SP-G
Arginine vasopressin has been shown to produce a
Gq-dependent elevation of intracellular calcium in CHO-K1
cells and other cell types (Laszlo et al., 1991; Thibonnier et al.,
1993; Liu and Wess, 1996; Hawtin etal., 2006). In this study,
AVP produced an elevation of intracellular calcium in ViA-
CHO cells (ECso = 2.4 ± 0.64 nmol-L"1, Fig. 3A). SP-G had no
effect on calcium elevation alone suggesting that SP-G does

not stimulate Gq-mediated PLC activation which is in agree¬
ment with our previous studies (Waters et al., 2003). SP-G did
however inhibit AVP-stimulated increase in intracellular
calcium with pA2 = 6.28 ± 0.21 (Fig. 3B). These data suggest
that SP-G acts as a competitive antagonist of AVP-mediated
intracellular calcium elevation which is mediated by
Gq-stimulated PLC activation in V1A-receptor expressing
CHO-K1 cells (Thibonnier et al., 1993).

ERK activation

Arginine vasopressin also caused a concentration-dependent
stimulation of ERK in cells expressing V1A receptors (Fig. 3C).
AVP gave a 3.6-fold stimulation of ERK activity with an EC50
value of 2.8 ± 0.3 nmol-L"'. Although SP-G was an antagonist
for calcium elevation, it was also an agonist for ERK stimula¬
tion in ViA receptor expressing cells (Fig. 3C) producing a
2.2-fold stimulation at 100 pmoMr1 and an EC5o of
11.1 ± 1.9 pmol-L"1. SP-G-induced activation of ERK was

rapid and sustained. Figure 4 shows that AVP-induced ERK
phosphorylation was maximal at 5 min and declined there¬
after to baseline levels after 30 min. SP-G-induced ERK phos¬
phorylation was maximal after 10 min and showed sustained
activation after 60 min stimulation. We investigated whether
ERK activation by SP-G was mediated via Gi and show that
SP-G-induced, but not AVP-induced, ERK activation was
inhibited by pretreatment with PTX in V1A receptor cells
(Fig. 4B). These data confirm that SP-G promotes V]A coupling
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Figure 4 Mechanisms of ERK activation. A. SP-G-induced ERK activation is sustained. CEiO-KI cells expressing Via receptor were stimulated
with 30 gmol-L"1 SP-G or 1 nmol-L"1 AVP for various times prior to lysis. Cells were lysed and immunoblotted for pERK1/2 or total ERK.
Representative blots from four separate experiments are shown, below the summary data in the graph [band densities were quantitated by
Image J]. B. Effect of PTX. Cells were pretreated for 18 h with 50 ng mL"1 PTX and stimulated with 30 gmol-LSP-G or 1 nmol-L"1 AVP for
5 min. (*P < 0.05 compared with SP-G alone.) C. Effect of AG1478. Cells were incubated with AG1478 (1 gmol-L-1) for 30 min at 37°C prior
to stimulation for 5 min with 10 gmol-L"1 SP-G or 1 nmol-L"1 AVP as indicated. Aliquots of cell lysate were resolved by SDS-PAGE and Western
blots probed with monoclonal anti-pERK1/2 antibody. Representative Western blots are shown.

to G, proteins which mediate an activation of ERK. Figure 4C
shows that the EGF receptor tyrosine kinase inhibitor AG1478
(1 gmol-L"1) inhibited SP-G-induced ERK activation but only
partially inhibited AVP-stimulated ERK activation, suggesting
different mechanisms of ERK activation by AVP and SP-G in
CHO cells.

ViA receptor chimeras
It has been previously shown that the second intracellular
loop of the Via receptor is essential for V|A receptor coupling
to Gq (Liu and Wess, 1996). However, it is not known what
region of the receptor may be involved in coupling to G,. To
address this, V1A receptor mutants expressing the second
(V112) or third (Vu3) intracellular loop of the V2 receptor were
transiently transfected into CHO-K1 cells. Table 1 shows that
both chimeric receptors bind [3H]-AVP with similar affinity
(wild-type Kd 5.71 ± 2.54 nmol-L"1, Vu2 Kd 2.64 ±
0.65 nmol-L"1, Vn3 K(l 1.14 ± 0.57 nmol-L"1, n = 3); however,
there was a marked difference in the ability of the chimeras
to activate PLC. AVP at concentrations up to 100 nmol-L"1
was unable to increase generation of total inositol phos¬
phates in VH2 receptor expressing cells, whereas in Vi13 cells a
fourfold increase in inositol phosphates was observed which
was comparable to the activation observed in wild-type

Table 1 AVP binding and PLC activation in CHO-K1 cells with V,A
receptor chimeras

Via VI i2 Vli3

[3H]-AVP binding
Ki (nmol-L"1)
Bma* (fmoles nag1)
SP-G K, (gmol-L-1)

PLC activation
SP-G ICso (gmol-L"1)

5.7 ± 2.5
151 ±45
4.2 ± 1.3

7.1 ± 0.4

2.6 ± 0.7
103 ± 68
3.9 ± 1.1

>100

1.1 ± 0.6
226 ± 140
1.5 ± 0.6

1.0 ± 0.1

CHO-K1 cells were transiently transfected with Via receptor chimeras as
described in the Methods. The binding parameters Kd and 8m„ were calculated
from competition binding isotherms with unlabelled AVP. The inhibitory con¬
stant K was calculated from the ICso using the equation of Cheng and Prusoff
(1973). [3H]-lnositol phosphate formation was measured as described in the
Methods. Cells were stimulated with 10 nmol-L"1 AVP for 30 min at 37°C in
the presence of various concentrations of SP-C. The results represent the
mean ± SEM of three independent experiments.

receptor expressing cells. (EC50 for AVP was 0.89 ± 0.10 and
1.04 ± 0.12 nmol-L"1 in V]A and V]i3 receptor expressing cells
respectively, Fig. 5A.) SP-G inhibited AVP-induced inositol
phosphate production in V1A and Vll3 cells (Table 1). This
suggests that the second intracellular loop of the V1A receptor
is essential for V1A receptor activation of PLC.
Figure 5B shows that the Vi13 chimera potently stimulated

ERK in response to AVP, with higher potency than observed
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in the wild-type receptor. However, SP-G was less able to
activate ERK in these cells producing significant stimulation
only at 30|imol-L_1. Conversely, the V]i2 chimera which has
the second intracellular loop replaced with that of the V2
receptor, was less able than the wild-type receptor to activate
ERK in response to AVP but produced a robust stimulation of
ERK in response to SP-G which was similar to its effects in
the wild-type cells. It is of note however that the Vn2
chimera was able to activate ERK in response to AVP even
though it was unable to activate PLC at these concentra¬
tions. These data suggest that SP-G induces a conformational
change in the V]A receptor at a region within the third intra¬
cellular loop which promotes coupling to Gi and subsequent
activation of ERK.

Discussion

The key findings of this study are: (i) SP-G selectively activates
Gi and inhibits cell growth of SCLC cells and CHO-K1 cells
stably expressing ViA receptors; (ii) SP-G favours coupling to
Gi and blocks AVP activation of Gq in ViA CHO-K1 cells thus
supporting a biased agonist mechanism; (iii) PTX attenuates
SP-G-induced growth inhibition in SCLC cells and Via
CHO-K1 cells suggesting that activation of Gi is an important
aspect of its antiproliferative activity; and (iv) Mutant recep¬
tors containing the second intracellular loop of the V2 recep¬
tor were unable to respond to AVP in terms of PLC activation
but were able to activate ERK in response to SP-G suggesting
that V1A receptor coupling to G, involves a region of the
receptor outwith the second intracellular loop. Given that

a single receptor can couple to more than one G-protein,
traditional receptor theory as proposed by Furchgott (1966)
would predict that an agonist at the receptor would have
similar efficacies for different signalling pathways. Llowever,
there are a number of reports that show differential effector
activation by agonists that cannot be explained by this
mechanism (Berg et al., 1998). For example, a2A receptor ago¬
nists show different efficacies for Grmediated adenylyl cyclase
inhibition and Gi-mediated adenylyl cyclase stimulation in
transfected CLIO cells (Brink et al., 2000), and the neurotensin
receptor-1 agonists EISA-1 and neuromedin B show reverse
potency orders for Gq- and Gs-mediated responses (Skrzydelski
etal., 2003). This type of activity can be explained by the
hypothesis of agonist-dependent trafficking of receptor stimu¬
lus (ADTRS) originally described by Kenakin (1995). This
hypothesis predicts that when a receptor couples to more
than one stimulus, the relative efficacies of a series of agonists
may differ depending on their abilities to stabilise different
receptor/G-protein activation states. It is therefore theoreti¬
cally possible to design 'biased' agonists which activate a
selective subset of responses triggered by the receptor. As yet
however there has been little description of such pharmaco¬
logical agents providing any therapeutic benefit in disease.
In CLIO cells expressing V1A receptors, SP-G showed the

highest antagonist potency in inhibiting calcium elevation
(pA2 = 0.53 pmol-Ir1), a Gq-coupled response, but its potency
for ERK activation and all other functional responses demon¬
strated IC50/EC50 values in the low micromolar range. This
suggests that stimulation of Gi correlates better with func¬
tional effects on growth and this is corroborated by the
finding that PTX blocks these responses. Our results illustrate
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the characteristics of ADTRS, namely that two agents can
show reverse efficacies for two pathways and that one (SP-G)
directs signalling via a G-protein usually considered to be less
efficiently coupled to this receptor. The higher potency of
SP-G to antagonise calcium elevation may be reflected by a
higher affinity of SP-G for the receptor conformation coupled
to Gq. This is adequately explained by the ADTRS hypothesis
which states that agonists can differ in their rank order
of potency/efficacy between responses mediated by the
same receptor. The affinity for SP-G for agonist binding
(K, = 3.1 (imol-If') is intermediate between its affinity for inhi¬
bition of intracellular calcium and ERK activation. SP-G must

therefore interact differently with the receptor to induce a
different agonist conformation and would suggest that SP-G
must act at a site distinct from the AVP binding site on the ViA
receptor. This is corroborated by the finding that SP-G-
induced ERK activation was dependent on receptor expres¬
sion, but was non-competitive in nature as shown by its
ability to decrease saturable [3H]-AVP binding and accelerate
[3H]-AVP dissociation.
Our data suggest different pathways for ERK activation

recruited by AVP and SPG. SP-G-induced ERK activation was
abolished by PTX whereas AVP-stimulated ERK activation was

largely unaffected. Moreover, the SP-G-induced ERK activa¬
tion was blocked by the EGFR tyrosine kinase inhibitor
AG1478. These data support a multi-track signalling complex
leading from the neuropeptide receptor to ERK activation,
where one track (stabilised by AVP) is mediated by Gq and
most likely involves PKC, whereas another (stabilised by
SP-G) feeds into a receptor transactivation pathway (Wetzker
and Bohmer, 2003). Although originally described for the EGF
receptor activated by thrombin and LPA (Daub etal., 1996),
this mechanism occurs in many cell types and via many
different GPCRs and RTKs. GPCRs can also induce persistent
ERK activation via a G-protein independent recruitment of
P-arrestins (see Reiter and Lefkowitz, 2006). Activation of ERK
by P-arrestin is slower in onset, persistent and sequestered in
the cytosol, whereas G-protein-mediated activation of ERK
is normally transient and translocates to the nucleus. The
finding that SP-G-induced ERK activation was inhibited by
PTX suggests the involvement of Gi and argues against a
P-arrestin-mediated pathway.
Persistent ERK activation has been suggested to be consis¬

tent with Grdependent growth inhibition by the oxytocin
'biased agonist' atosiban (Rimoldi etal., 2003; Reversi etal.,
2005). Selective activation of Gt has been suggested to inhibit
proliferation and induce apoptosis in other endocrine
tumours. Specific activation of G, by GnRH antagonists may
induce apoptosis in type 1 GnRl I receptor expressing tumour
cells (Maudsley etal., 2004). Although activation of ERK is
normally associated with cell survival, prolonged ERK activa¬
tion has been shown to induce apoptosis by RRR-a-
tocopheryl succinate (You etal., 2001; Yu etal., 2001) and
phenethyl isothiocyanate (Xiao and Singh, 2002), via mecha¬
nisms involving p53. In addition, prolonged ERK activation
has been shown to have a primary role in the regulation of
neuronal cell apoptosis (Cheung and Slack, 2004; Subrama-
niam et al., 2004), and in particular, sustained ERK is reported
to be involved in Gl-specific cell cycle arrest of human breast
cancer cells (Alblas et al., 1998), NIII 3T3 murine fibroblasts

(Sewing et al., 1997) and human myeloblasts leukaemia cells
(Yen et al., 1998).
In endocrine cancers such as SCLC, mitogenic neuropeptide

receptors such as the V1A receptor and the GRP receptor acti¬
vate downstream signals which control proliferation and
differentiation but also activate death signals leading to JNK
activation and apoptosis. An agent that blocks the prolifera¬
tive effects of Ca2+ mobilising mitogenic neuropeptides, while
stimulating receptor-dependent apoptosis, would be highly
advantageous in the management of tumour growth. This
present study suggests that SP-G acts as a biased agonist pro¬
moting an agonist state of the ViA receptor which couples to
G, leading to prolonged activation of ERK but which blocks
AVP-induced activation of PLC and subsequent elevation of
intracellular Caz+. Selective activation of G, coupled with an
inhibition of elevation of intracellular Ca2+ may represent a
common sequence of events leading to growth arrest and
apoptosis in endocrine tumours (Figure 6). As our previous
work has shown that SP-G causes Grdependent ERK activa¬
tion in cells expressing GRP receptors, we hypothesise that
SP-G may interact with a common binding pocket within
these neuropeptide receptors to induce biased agonism.
Many GPCRs interact with their various G-proteins via their

intracellular domains. Previous studies have shown that the
second intracellular loop of the V1A receptor is critical to
interactwith Gq and subsequently activate PLC (Liu and Wess,
1996; Erlenbach and Wess, 1998). Moreover, active peptide
mimetics of the second intracellular loop specifically block
AVP probably by disrupting intermolecular interactions
between the i2 region of endogenous V1A receptors and
another core region of the receptor (Demene et al., 2003). The
present study shows that replacement of the second intracel¬
lular loop with that of the V2 receptor (V,l2) resulted in an
abolition of PLC activation without affecting AVP-induced
binding of Gq, suggesting that this region is involved in recep¬
tor coupling to Gq. However, the Vi12 chimera was able to
partially activate ERK in response to AVP suggesting that AVP
can activate ERK by additional mechanisms. The Vi12 muta¬
tion did not markedly affect the stimulation of ERK by SP-G,
although the Vi13 chimera was less able to activate ERK in
response to SP-G, than the wild-type receptor. Given that
substitution of the second intracellular region of the V1A
receptor did not affect SP-G-induced ERK activation coupled
with the finding that SP-G increases ERK via G, suggests that
the i2 region may not be involved in ViA receptor coupling to
Gi although it is crucial for receptor binding to Gq. This lends
further credence to the existence of agonist selective states, as
different agonists would be expected to alter receptor confor¬
mation to expose these different G-protein interacting
sequences leading to selective activation of downstream sig¬
nalling events.
Our previous results have demonstrated that SCLC tumours

which have become resistant to chemotherapy express higher
levels of neuropeptide receptors and become more sensitive to
substance P analogues (Waters etal., 2003). Through direct
activation of anti-proliferative effects, SP-G and its analogues
would be more valuable anti-tumour agents than silent
antagonists as they would not be dependent on high levels of
circulating AVP and may be more beneficial in cancers which
have become resistant to conventional chemotherapy.
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Figure 6 Schematic representation showing activation of V,A-mediated signalling pathways by AVP and substance P analogues. Substance
P analogues such as SP-G inhibit calcium mobilisation but induce sustained ERK and JNK activation leading to apoptosis.
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Abstract

Aim of the study: To investigate the anti-inflammatory activities of Barleria lupulina Lindl and Clinacanthus nutans (Burm.f.) Lindau extracts
using two neutrophil-dependent acute inflammatory models and, in order to elucidate underlying cellular mechanisms, the effects of the extracts
on human neutrophil responsiveness was investigated.
Materials andmethods: The in vivo inflammatorymodels examined were carrageenan-induced paw oedema and ethyl phenylpropiolate-induced ear
oedema in rats. Myeloperoxidase (MPO) activity was assayed as an indicator of neutrophil migration. Human neutrophil functional responsiveness
was determined by measuring fMLP-induced chemotaxis, superoxide anion generation (SAG), and release of MPO and elastase. Apoptosis was
assessed morphologically and llow-cylometrically. Neutrophil viability was assessed by trypan blue exclusion and MTT cytotoxicity assays.
Results: Both extracts induced powerful dose-dependent inhibitory effects in both edema models in rats. Importantly, there was a significant inhibi¬
tion ofMPO activity in the inflamed tissue indicating that the anti-inflammatory effect ollhe extracts is associated with reduced neutrophil migration.
Although both extracts did not affect neutrophil viability or apoptosis, treatment ofneutrophils with the extracts concentration-dependently inhibited
fMLP-induced chemotaxis, SAG, and MPO and elastase release.
Conclusions: These findings suggest that the powerful anti-inflammatory properties ofBarleria lupulina Lindl and Clinacanthus nutans (Burm.f.)
Lindau extracts are mediated, in part, by inhibition of neutrophil responsiveness.Barleria lupulina Lindl, Clinacanthus nutans (Burm. f.)Lindau;
Oedema formation; Neutrophil responsiveness
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Barleria lupulina Lindl; Clinacanthus nutans (Burm. f.) Lindau', Oedema formation; Neutrophil responsiveness

1. Introduction

Barleria lupulina Lindl and Clinacanthus nutans {Burm.
f) Lindau, both belonging to the family Acanthaceae, are
well-known medicinal plants widely used in Thai traditional
medicine (Tiangburanatam, 1996) and are categorized as essen¬
tial medicinal plants for primary healthcare by the Thai

Corresponding author. Tel.: +66 2 2015644; fax: +66 2 3547157.
E-mail address: scpwt@mahidol.ac.th (P. Wanikiat).

Ministry of Public Health (National Drug and Committee,
2006). Important constituent of Barleria lupulina extracts
are iridoid glucosides (Byrne et al., 1987; Kanchanapoom
et al., 2001; Suksamrarn, 1986; Suksamrarn et al., 2003;
Tuntiwachwuttikul et al., 1998) and principle constituents of
Clinacanthus nutans are flavonoids, stigmasterol, (^-sitosterol,
lupeol, betulin, C-glycosyl flavones, vitexin, isovitexin,
shaftoside, isomollupentin, 7-0-(3-gluco pyranoside, orientin,
isoorientin, cerebrosides monoacylmonogalactosylglycerol and
sulfur-containing glucosides (Dampawan et al., 1977; Teshima
et al., 1998; Tuntiwachwuttikul et al., 2004). The aerial part of

0378-8741/$ - see front matter © 2007 Elsevier Ireland Ltd. All rights reserved,
doi: 10.1016/j.jep.2007.11.035
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Barleria lupulina has been traditionally used for mental ten¬
sion, diabetes, rheumatoid arthritis and snake bite (Chopra et
al., 1968). Clinacanthus nutans extract has been widely used
as an anti-hepatitis and anti-herpes agent. Extracts from the
leaves of both Barleria lupulina and Clinacanthus nutans have
been used as anti-inflammatory agents for the treatment of
insect bites and allergic responses and as remedies for her¬
pes simplex and varicella zoster virus lesions. Clinical trials
for the efficacy of topical application of Clinacanthus nutans
preparation in the treatment of recurrent genital herpes sim¬
plex virus infections (Sangkitporn et al., 1993) and herpes zoster
(Charuwichittratana et al., 1996) have been reported. Barleria
lupulina extract exhibited high antiviral activity against HSV-
2 while Clinacanthus nutans showed reduced antiviral activity
(Yoosook et al., 1999). The methanol extract of the aerial part
of Barleria lupulina was recently shown to have a protective
effect against experimental gastric and duodenal ulcer forma¬
tion (Suba et al., 2004). It was reported that ethanolic extract of
Clinacanthus nutans leaves at the highest dose of 1.3 g/kg given
orally, subcutaneously or intraperitoneally did not produce any
signs of acute toxicity in mice (Chavalittumrong et al., 1995).
A subchronic toxicity study was also performed in rats by giv¬
ing the extract daily for 90 days at the oral doses up to 1 g/kg
and the results from histopathological examination showed
no abnormalities of internal organs (Chavalittumrong et al.,
1995).

Despite these widely reported biological effects, many of
which involve properties associated with limiting the inflamma¬
tory response, understanding the mechanisms involved remain
to be elucidated. Polymorphonuclear neutrophils play an impor¬
tant role in host defense and contribute to the propagation and
maintenance of acute and chronic inflammation. Dysregulated
recruitment, activation or clearance of neutrophils leads to
the liberation of granule products, release of toxic oxygen
metabolites (e.g., C>2~) and production of various inflammatory
mediators which can contribute to tissue damage associated
with inflammatory disorders (e.g., myocardial infarction,
ischaemia/reperfusion injury, adult respiratory distress syn¬
drome, rheumatoid arthritis and atherosclerosis) (Cuzzocrea
et al., 2001). Neutrophils undergo apoptosis (programmed
cell death), a process that can be modulated by cytokines
or other pro-inflammatory agents prior to their removal by
macrophages (Walker et al., 2005). Thus, apoptosis is regarded
as a crucial process controlling the resolution of inflammation.
However, if neutrophil clearance is impaired they rapidly
undergo secondary necrosis with the release of potentially
toxic intracellular contents with macrophage phagocytosis of
post-apoptotic cells leading to release of pro-inflammatory
mediators, potentially prolonging the inflammatory response
(Gilroy et al., 2004). In acute inflammation, neutrophil
infiltration and the potential for inflammatory neutrophils to
cause tissue damage via the release of toxic reactive oxygen

species (ROS) and granule enzymes is very high. Suppression
of neutrophil functions would likely limit the inflammatory
response and this effect has been implicated in the mechanisms
of action of some non-steroidal anti-inflammatory agents
since inhibition of constitutive and inducible cyclo-oxygenase

(COX) does not seem to account for all their anti-inflammatory
effects (Kankaanranta et al., 1994).

Although, Barleria lupulina and Clinacanthus nutans have
been widely used in primary health care in Thailand as
anti-inflammatory agents, the molecular and cellular mech¬
anisms underlying their anti-inflammatory activities remain
elusive. Therefore, the purpose of this study was to investi¬
gate the anti-inflammatory activity of the Barleria lupulina
and Clinacanthus nutans extracts using in vivo models of
inflammation and to investigate whether the cellular mech¬
anism may be mediated by effects on neutrophil functional
responsiveness.

2. Materials and methods

2.1. Plant materials and plant extracts

The whole plants were collected in Nan and Chonburi
provinces, Thailand, respectively, during September 2000.
Leaves and twigs of Barleria lupulina and the whole plant
of Clinacanthus nutans were collected and voucher speci¬
mens of Barleria lupulina (BKF 102216) and of Clinacanthus
nutans (BKF 130056) have been deposited at the forest Herbar¬
ium, Royal Forestry Department, Ministry of Agriculture and
Co-operatives, Bangkok, Thailand. The specimens were air-
dried at room temperature (30 °C) and pulverized plants were

percolated repeatedly with methanol at room temperature for
6-7 days. The extracts were filtered through Whatman filter
paper no. 1 and evaporated using a rotary evaporator below
40 °C and freeze-dried to remove any remaining trace solvent.
The weights of the crude extracts were 51.2 g from 0.9 kg
of Barleria lupulina and 233.5 g from 2 kg of Clinacanthus
nutans. They were dissolved in acetone, solubilized by com-

plexingwith polyvinyl pyrrolidone (ratio 1:4, w/w), freeze-dried
and kept at 20 °C. Appropriate amounts of the extracts were
reconstituted in culture medium and filtered through 0.45 pirn
membranes before use. This procedure removed undefined
polyphenolic compounds, if any, from the extracts (Tan et al.,
1991).

2.2. Assessment of lipopolysaccharide contamination

Barleria lupulina and Clinacanthus nutans extracts were
checked for bacterial LPS contamination using a commercial
test kit of limulus amebocyte lysate (LAL) as indicated by the
supplier (Pyrogent®-5000, Biowhittaker, Inc., USA).

2.3. Animals

Male Sprague-Dawley rats weighing 40-60 g and 100-120 g
(Brattsand et al., 1982) purchased from the National Labo¬
ratory Animal Centre, Nakom Pathom, Thailand, were used.
Animals, with unrestricted access to water and food, were kept
in a room with a temperature of 24 ± 1 °C and a 12 h light/dark
cycle. All animals were acclimatized for at least 1 week before
starting the experiments and experiments were performed in
accordance with the General Guidelines for Methodologies
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on Research and Evaluation of Traditional Medicine (WHO,
2000).

2.4. Ethyl phenylpropiolate (EPP)-induced rat ear oedema
and assessment of tissue MPO activity

Ear oedema was induced, as described (Brattsand et al„
1982) with some modification, by the topical application of
EPP (Fluka Chemie AG, Switzerland) (dissolved in acetone
and administered 1 mg/20 pJ/ear) to the inner and outer sur¬
faces of both ears of male rats (40-60 g) by means of an
automatic microlitre pipette. Barleria lupulina extract (3, 6,
9 mg/20 |xl acetone per ear) or Clinacanthus nutans extract (3,
6,9 mg/20 p.1 acetone per ear) or indomethacin (2 mg/20 pi ace¬
tone per ear) was applied topically to the inner and outer surfaces
of the ear just before the irritant. The thickness of each ear was
measured with vernier callipers before and at 15, 30, 60 and
120min after oedema induction. The increase in ear thickness
was compared with the control group and percent inhibition
was calculated. After 2 h, animals were decapitated and equal
sections of both ears were punched out and weighed immedi¬
ately.

Tissue samples of each ear were assessed for the neu¬
trophil marker enzyme, MPO, as described (Bradley et al.,
1982) with some modifications. The entire tissue of each
ear was homogenized in 50 mM phosphate buffer (Na2HP04)
(pH = 5.4) containing 0.5% hexadecyl trimethyl ammonium bro¬
mide (HTAB) using an Ultra-Turrax homogenizer-dispenser.
This was then taken through three cycles of freeze-thaw
followed by centrifugation (10,000 xg; 15 min; 4°C). The
resulting supernatant was assayed spectrophotometrically for
MPO activity. Briefly, a portion of supernatant (30 (jcl) was
aliquoted into a 96 well-plate and mixed with 200 pi of 0.05M
citrate phosphate buffer (pH = 5) containing 1 mg/ml 3,3',5,5'-
tetramethylbenzidine (TMB) (Sigma chemical company, USA),
serving as MPO substrate, and 0.012% (v/v) hydrogen perox¬
ide. The absorbance was measured at a wavelength of 450 nm
during a 20min period. One unit of MPO activity is defined as
the quantity of enzyme degrading 1 pM of peroxide per min at
25 °C expressed in units per mg of tissue.

2.5. Carrageenan-induced hind paw oedema

The anti-inflammatory activity of Barleria lupulina and
Clinacanthus nutans extracts was assessed by the carrageenan-
induced hind paw oedema model in rats (Winter et al., 1962).
Male Sprague-Dawley rats (100—120 g) were used. Barleria
lupulina or Clinacanthus nutans extracts (50-200 mg/kg) or
vehicle (5% Tween 80) was given orally to the animals (in
an equivalent volume of 0.5 ml/kg) 1 h before oedema was
induced on the plantar side of the right hind paw by intra¬
dermal injection of carrageenan (0.05 ml of 1 % carrageenan,
Sigma chemical company, USA). One group received the ref¬
erence drug indomethacin (20 mg/kg). Foot volumes of animals
were determined prior to and at 3 h after induction of oedema
by means of a volume displacement technique using a plethys-
mometer.

2.6. DPPH scavenging activity

Reduction of the stable free radical was determined as

described (Cavin et al., 1998) with some modifications.
2,2-diphenyl-l-pycryl-hydrazyl (DPPH) (Sigma chemical com¬
pany, USA), in methanol (1.8 ml; 0.15 mM) was added to
200 p.1 of Barleria lupulina or Clinacanthus nutans extracts
(1^400 pg/ml). Absorbance at 517 nm was determined spec¬

trophotometrically for 10 min and the scavenging activity was
calculated as a percentage of radical reduction. Trolox (Sigma
chemical company, USA), a known radical scavenger, at the
concentration of 3.125^400 pg/ml was used as a reference com¬

pound.

2.7. Electron paramagnetic detection ofsuperoxide anion

The possible direct scavenging effect of Barleria lupulina
or Clinacanthus nutans extracts was determined using electron
paramagnetic resonance (EPR) technique. Spin-trapping experi¬
ments were performed in PBS containing a superoxide generator
[pyrogallol (10 pM)], the chemical spin trap [1-hydroxy-
2,2,6,6-tetramethyl-4-oxo-piperidine. HC1 (Tempone-H) 1 mM]
(Dikalov et al., 1997) prepared in water containing EDTA
(10 mM) and in the presence or absence of Barleria lupulina or
Clinacanthus nutans extracts. Reaction mixtures were incubated
at 37 °C throughout the experiments and the intensity of the EPR
signal corresponding to the formation of the stable radical adduct
4-oxo-Tempo (triplet centred at 3365G) was measured (arbitrary
units) at 10 and 60 min (Magnettech® Miniscope MS 100 X-
band spectrometer) with the following parameter settings: field
sweep 51.2G, microwave frequency 9.5 GHz, microwave power
20mW, modulation amplitude 1500 mG. In control experiments
in the absence of pyrogallol, small increases in the EPR signal
corresponding to the auto-oxidation of Tempone-H to 4-Oxo-
Tempo were subtracted from the corresponding experimental
signals.

2.8. Preparation ofhuman neutrophils

Human neutrophils were isolated by Polymorphprep™
(Axis-Shield) density gradient centrifugation. Briefly, venous
blood obtained from healthy donors, using heparin as an antico¬
agulant, was mixed with an equal volume of polymorphprep™,
and the mixture centrifuged at 400 x g for 35 min at room tem¬
perature. After centrifugation, PMN were harvested and washed
with phosphate-buffered saline (PBS). Any contaminating red
cells were removed by hypotonic lysis. The cells were >99%
viable as determined by trypan blue exclusion and were re-

suspended as required (see below).

2.9. Cytotoxicity assay

Barleria lupulina and Clinacanthus nutans extracts were
tested for their cytotoxicity of cultured neutrophils by a colouri-
metric assay (Mosmann, 1983) prior to the investigation of
their effects on human neutrophil functional responsiveness
and apoptosis. Tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyl tetrazolium bromide (MTT) (Sigma chemical
company, USA) was used as a substrate which is metabol-
ically reduced by mitochondrial dehydrogenase enzymes to
yield a soluble, coloured formazan product. Human neutrophils
(3 x 106 cells/ml in RPMI 1640 with 10% autologous serum)
were incubated with Barleria lupulina or Clinacanthus nutans
extracts (1-1000 p.g/ml) in a 96 well-plate for 45 min or 4 h at
37 °C, and then MTT (5 mg/ml) was added and incubated at
37 °C for an additional 4 h. The reaction was stopped by adding
0.04 N HC1 in isopropanol. The formazan product of MTT is
measured spectrophotometrically at a reference wavelength of
630 nm and a test wavelength of 570 nm using a microplate
reader (SpectraCount™, PACKARD). Results are expressed in
absolute absorbance readings; a decrease in absorbance indi¬
cating a reduction in cell viability. The cytotoxicity of the herb
extracts was expressed as 50% cytotoxic concentration (CC50).
All experiments were done at least six times with each treatment
performed in triplicate.

2.10. Chemotaxis assay

An in vitro assay for chemotaxis of neutrophils was per¬
formed using a 96 well chemotaxis chamber (Neuroprobe,
Cabin John, MD, USA) as described previously (Wanikiat et
al., 1997). In brief, neutrophils (3 x 106 cells/ml in RPMI 1640)
were treated with Barleria lupulina or Clinacanthus nutans
extract (0.1-100 p-g/ml) or indomethacin (0.01-100 p.g/ml) for
lOmin at 37 °C. The bottom wells of the chamber were filled
with A-formyl-methionyl-leucyl-phenylalanine (1 p,M fMLP)
(Sigma chemical company, USA). The top plate with the
installed polyvinylpyrrolidone-free polycarbonate filter (3 pirn)
was placed onto the filled bottom plate, and upper wells were
filled with neutrophils. After incubation for 45 min at 37 °C
under a 5% CO2 atmosphere, the filter removed, washed, fixed
and stained with DiffQuik™ (Baxter Diagnostics AG, U.K.).
Chemotaxis was quantified spectrophotometrically by measur¬
ing absorbance at 550 nm and the magnitude of the absorbance
taken as being directly proportional to the number ofcells which
migrated and were trapped in the filter. Basal absorbancc was
taken as cells without fMLP. Each treatment was carried out in

triplicate.

2.11. Chemokinesis assay

In order to study the effects ofBarleria lupulina or Clinacan¬
thus nutans extract on neutrophil chemotaxis and chemokinesis,
an in vitro assay for neutrophil chemokinesis was also performed
using a 96 well chemotaxis chamber. For the study of chemo¬
taxis, fMLP (0.1 p.M) in 30 p,l chemotaxis buffer was added to
the bottom wells of the chamber. For the study of chemokinesis,
fMLP in 30 pi chemotaxis buffer was added to the bottom wells
of the chamber and in 30 pi chemotaxis buffer to the upper wells
of the chambers. Neutrophils (3 x 106 cells/ml in RPMI 1640)
were treated as mentioned above and were added to the upper
wells. In both cases, the chamber was incubated for 45 min at
37 °C under a 5% CO2 atmosphere. The number of cells that
migrated to the bottom wells was quantified microscopically

using a Neubauer hemocytometer. Viability (assessed by trypan
blue exclusion) at the end of the assay in the lower chamber
remained >95 ± 2%, even in the presence of both extracts.

2.12. Superoxide anion generation (SAG)

Neutrophil SAG was determined by spectrophotometry eval¬
uation of the SOD-inhibitable reduction of ferricytochrome C
to ferrocytochrome C (A 550 nm) as described (Talpain et al.,
1995). Briefly, aliquots of neutrophils (1.5 x 106 cells/ml) were
pre-incubated with Barleria lupulina or Clinacanthus nutans
extracts, indomethacin (0.01-100 pg/ml) or the vehicle (PBS)
for 10 min at 37 °C followed by addition of fMLP (100 nM) and
incubated for further 10 min at 37 °C. SAG was measured by
the reduction of cytochrome C at 550 nm. Basal absorbance was
taken as cells without fMLP. Each treatment was carried out in

triplicate.

2.13. Myeloperoxidase (MPO) production

Human neutrophil MPO production was determined spec¬
trophotometrically using 3,3',5,5'-tetramethylbenzidine (Sigma
chemical company, USA) as a substrate. The assay is based
on the oxidation of TMB by MPO in the presence of
H2O2 (Suzuki et al., 1983) with some modification. Briefly,
cells (2.5 x 106 cells/ml) were pre-incubated with Barleria
lupulina extract, Clinacanthus nutans extract, indomethacin
(0.01-100 p-g/ml) or vehicle for 10 min at 37 °C and then stim¬
ulated with cytochalasin B (5 p-g/ml) and fMLP (lOOnM) for
10 min at 37 °C. After centrifugation (320 x g; 10 min; 4°C),
supernatants were incubated with the reaction mixture (1 mg/ml
TMB in 0.05M citrate phosphate buffer (pH = 5.0) supple¬
mented with 0.012% (v/v) H2O2). Oxidized TMB formed a
soluble chromophore. The reaction was terminated after 5 min
by the addition of 4M H2SO4 and the absorbance was mea¬
sured spectrophotometrically at a wavelength of 450 nm. The
possible direct inhibitory effects of the extracts on MPO activity
were also measured. Briefly, a sample of Barleria lupulina or
Clinacanthus nutans extracts was aliquoted into a 96 well-plate
and mixed with 0.05 M citrate phosphate buffer (pH = 5) con¬
taining 1 mg/ml TMB and 0.012% (v/v) H2O2. The absorbance
was measured at a wavelength of450 nm during a 20 min period.
One unit ofmyeloperoxidase activity is defined as the quantity of
enzyme degrading 1 p,M of peroxide permin at 25 °C expressed
in units per mg of tissue.

2.14. Elastase release by human neutrophils

Neutrophil elastase activity was determined as described
(Barrett, 1981) using V-/ert-butoxy-carbonyl-L-alanine p-

nitrophenyl ester (t-Boc) (ICN Biomedicals Inc., USA) as a
substrate andp-nitrophenol release was measured spectrophoto¬
metrically. Briefly, cells (2.5 x 106 cells/ml) were pre-incubated
with Barleria lupulina extract, Clinacanthus nutans extract,
indomethacin (0.01-100 p,g/ml) or vehicle for 10min at 37 °C
and then stimulated with cytochalasin B (5 |xg/ml) and fMLP
(lOOnM) for lOmin at 37 °C. After centrifugation (2000 x g;
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10min; 4 °C) supernatants were incubated with t-Boc (200 pM)
for 20min at 37 °C and the extent ofp-nitrophenol release was
measured spectrophotometrically at a wavelength of 414 nm
in a microplate reader. Possible direct inhibitory effects of the
extracts on elastase activity were also assessed (Barrett, 1981).

2.15. In vitro culture ofneutrophils for assessment of
apoptosis

In vitro culture ofneutrophils for assessment ofapoptotic neu¬
trophils was performed (Ward et al., 1999a). Briefly, neutrophils
(5 x 106 cells/ml) were re-suspended in Iscove's DMEM (Life
Technologies, Paisley, U.K.) containing 100 U/ml penicillin and
lOOU/ml streptomycin and supplemented with 10% autologous
serum. They were cultured in flat-bottomed 96 well polypropy¬
lene plates (37 °C, 5% CO2) for 20 h in the presence of either
Iscove's DMEM (control) or Barleria lupulina or Clinacanthus
nutans extracts at various concentrations (10-500 pg/ml). Dex-
amethasone (Sigma chemical company, USA) (1 pM) was used
as a reference drug. All experiments were done at least three
times with each treatment performed in triplicate.

2.17. Annexin V binding

Assessment of neutrophil apoptosis was also performed
by flow cytometry using FITC-labelled recombinant human
annexin V (Bender Med Systems, Vienna, Austria) that binds
to phosphatidylserine exposed on the surface of apoptotic cells
(Koopman et al., 1994). FITC-annexin V (180 pi) diluted 1:2000
in HBSS plus 5 mM CaC^, was added to 20 pi of neutrophils,
which were incubated either in the presence or absence of Bar¬
leria lupulina orClinacanthus nutans extracts or dexamethasone
(used as a reference drug) for 20 h of culture, and incubated
(4°C, 10min) before flow cytometric analysis using a FACS
Calibur (Beckton Dickinson, Oxford, U.K.).

2.18. Statistical analysis

Results were expressed as mean ± S.E.M. Statistical anal¬
ysis of data was performed by one-way analysis of variance
(ANOVA) followed by the Dunnett's test for multiple compar¬
isons of paired data. P values <0.05 were considered significant.
Percentage of inhibition was calculated from the difference
between drug-treated group and control group.

3. Results

2.16. Morphological assessment ofneutrophil apoptosis 3.1. Lipopolysaccharide contamination

After 20 h of culture either in the presence or absence of
Barleria lupulina or Clinacanthus nutans extracts at various
concentrations (10-500 pg/ml), neutrophils were gently mixed
and 100 pi harvested from each well, cytocentrifuged (Shan-
don Cytospin II, Shandon U.K.) and the slide preparations
air-dried, fixed in methanol and stained with DiffQuik™. Cell
morphology was examined by x 100 objective oil immersion
light microscopy to determine the proportion of apoptotic neu¬

trophils (Ward et al., 1999b). For each treatment, slides were
prepared in duplicate, a total of at least 500 neutrophils were
counted over a minimum of five high power fields. The data
were expressed as the mean percent apoptosis ± S.E.M. Cell
viability was determined in parallel by assessing the ability of
neutrophils to exclude the vital dye trypan blue, determined by
light microscopy.

The LPS concentrations in the Barleria lupulina and Cli¬
nacanthus natans extracts determined by the LAL test were
2.4 x 10"4 and 4.87 x 10_4EU/pg, respectively.

3.2. EPP-induced rat ear oedema and measurement of
MPO activity

The average basal values of rat ear thickness (t = 0) of
control animals, indomethacin-treated animals, and Barleria
lupulina and Clinacanthus nutans extracts treated animals were
353 ± 8, 350 ± 10, 348 ± 8 and 349 ± 5 pm, respectively. Bar¬
leria lupulina and Clinacanthus nutans extracts were found
to significantly inhibit ear oedema formation after topical
application of EPP in a dose-dependent manner (Table 1).
The most potent inhibition of both extracts at all concentra-

Table 1

Inhibitory effects of Barleria lupulina and Clinacanthus nutans extracts on EPP-induced ear oedema in rats

Group Dose Oedema thickness (p.m) Oedema inhibition (%)

(mg/ear) 15 min 30 min lh 2h 15 min 30min 1 h 2h

Control _ 63 ± 3 163 ± 3 150 ± 7 143 ± 3 _ - - -

Indomethacin 2 20 ± 5*" 90 ± 4*" 90 ± 4*** 90 ± 4"* 68 45 40 37

Barleria lupulina 3 37 ± 3"* 103 ± 6*" 107 ± 4*" 87 ± 4"* 41 37 29 39

6 10 ± 7*" 70 ± 4*** 63 ± 6"* 50 ± 4*" 84 57 58 65

9 13 ± 4"* 53 ± 8*" 50 ± T" 50 ± 9*" 79 67 67 65

Clinacanthus nutans 3 37 ± 3"* 117 ± 3*" 110 ± 4*** 103 ± 6"* 41 28 27 28

6 29 ± 4"* 90 ± 4*" 77 ± 3*" 60 ± 5*" 54 45 49 58

9 13 ± 7*** 77 ± 3*" 77 ± 3*** 70 ± 4"* 79 53 49 51

Results are expressed as mean =h S.E.M. of six animals. ***p< 0.001 indicates statistically significant difference from control group.



P. Wanikiat etal. / Journal ofEthnopharmacology 116 (2008) 234-244 239

Table 2
Effects of Barleria lupulina and Clinacanthus nutans extracts on MPO activity
in EPP-induced rat ear oedema

(A)

Group Dose MPO (U/mg Inhibition

(mg/ear) tissue) (%)

Control _ 2.7 ± 0.1 _

Indomethacin 2 1.2 ± 0.08* 55.6
Barleria lupulina 9 1.3 ± 0.05* 51.8
Clinacanthus nutans 9 1.5 ± 0.1* 44.4

Results are expressed as mean ± S.E.M. of six animals. P< 0.05 indicates
statistically significant difference from control group.

tions was observed at 15min. Indomethacin, a non-steroidal
anti-inflammatory agent, at the dose of 2mg/ear, significantly
inhibited the ear oedema formation. The two extracts at a

dose of 9mg/ear, when separately performed to measure the
effect on MPO, significantly inhibited MPO activity after
120min of ear oedema induction by EPP (/J < 0.05, ANOVA,
Table 2).
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3.3. Carrageenan-induced rat paw oedema

The average basal foot volumes (t=0) of control animals,
indomethacin-treated animals, Barleria lupulina and Clinacan¬
thus nutans extracts treated animals were 139 ±4, 133 ±1,
132 ±3 and 136 ±5 ml, respectively. As shown in Table 3,
carrageenan-induced oedema in the hind paw was significantly
reduced after oral administration of Barleria lupulina or Cli¬
nacanthus nutans extracts at doses of 50, 100 and 200mg/kg.
Indomethacin at a dose of 20mg/kg exerted pronounced inhibi¬
tion of the oedema formation of the paw.

3.4. DPPH scavenging activity

Both extracts of Barleria lupulina (EC50 of 500 ±21.2 pg/
ml) and Clinacanthus nutans (EC50 of 240.1 ± 15.3 mg/ml)
exhibited very low radical scavenging activity compared to
Trolox (EC50 of 7.5 ± 2.3 pg/ml) which showed high radical
scavenging activity.

Table 3

Effects of Barleria lupulina and Clinacanthus nutans extracts on carrageenan-

(B)

induced hind paw oedema in rats

Group Dose (mg/kg) Paw oedema (ml) Inhibition (%)
3h 3 h

Control (5% Tween 80) - 0.63 ± 0.03 -

Indomethacin 20 0.15 ± 0.02*** 76

Barleria lupulina 50 0.46 ± 0.02*** 27

100 0.38 ± 0.02*** 40

200 0.33 ± 0.01*** 48

Clinacanthus nutans 50 0.44 ± 0.02*** 30

100 0.32 ± 0.01*** 49

200 0.26 ± 0.01*** 59

■ Tcmpone-H + Pyrogallol
□ B. Lupulino + Tempone-H + Pyrogallol
M C. Nutans + Tcmpone-H + Pyrogallol

24000

Results are expressed as mean ± S.E.M. of six animals. * PcO.001 indicates
statistically significant difference from control.

10 60
Measurement interval (min)

Fig. 1. Direct scavenging activity ofBarleria lupulina and Clinacanthus nutans
extracts. Representative EPR spectra (A) and relative intensities (arbitrary units)
(B) showing the EPR signals of the stable radical adduct 4-oxo-Tempo generated
after incubation ofpyrogallol (100 pM) and Tempone-H (1 mM) in the absence
or presence ofBarleria lupulina or Clinacanthus nutans extracts (100 pg/ml) at
37 °C for 10 min (B) and 60min (A and B). Results are mean ± S.E.M. (n = 3).
*P < 0.05 indicates statistically significant difference from control. The value of
control spectra (Tempone-H) was subtracted from each treatment (B).

3.5. Direct scavenging activity ofBarleria lupulina and
Clinacanthus nutans extracts assessed by EPR

The direct scavenging activity of Barleria lupulina and Cli¬
nacanthus nutans extracts was not observed when the two

extracts were incubated with Tempone-H (the spin trap) and
pyrogallol (a superoxide generator) for 10min (Fig. IB), but
they showed significant direct scavenging activities when the
incubation time was extended to 60min (Fig. 1A and B, P < 0.05,
ANOVA).
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Fig. 2. Inhibitory effects of Barleria lupulina extract (0.1-100 pg/ml), Cli-
nacanthus nutans extract (0.1-100 pg/ml) and indomethacin (0.01-100 pg/ml)
on fMLP-induced human neutrophil chemotaxis. Chemotaxis was quantified
spectrophotometrically at A550 nm • Results are mean ± S.E.M. of seven experi¬
ments using cells from different donors.

3.6. Cytotoxicity

Reconstituted extracts ofBarleria lupulina and Clinacanthus
nutans were assessed for their cytotoxicity on neutrophils prior
to the determination of their effects on neutrophil functional
responsiveness and apoptosis. Barleria lupulina and Clinacan¬
thus natans extracts at the concentration up to 500 pg/ml did not
affect neutrophil viability both during, 45 min and 4 h incuba¬
tion periods. Only a slight cytotoxic effect was observed at the
concentration of 1000 p-g/ml (IC50 > 1000 pg/ml).

3.7. Neutrophil chemotaxis and chemokinesis

When cells were pre-incubated with Barleria lupulina or Cli¬
nacanthus nutans extracts at concentrations of 0.1-100 pg/ml
for 10min at 37 °C, neutrophil chemotaxis induced by fMLP
(1 pM) was significantly suppressed in a concentration-
dependent manner (P < 0.05, ANOVA) (Fig. 2), with an IC50 of
1.8 ± 0.2 pg/ml (n = 8) and an IC50 of 2.7 ± 0.6 pg/ml (n = 8),
respectively. The inhibitory effect of the two extracts did
not differ significantly (P > 0.05), whereas indomethacin more
potently (IC50 of56.3 ±3.5 ng/ml; 0.16 ± 0.01 pM, n = 8) inhib¬
ited fMLP-induced neutrophil chemotaxis.

Barleria lupulina and Clinacanthus nutans extracts
(0.1-100 pg/ml) also exerted significant inhibitory effects on

neutrophil migration (control) in the absence of fMLP where
Barleria lupulina extract exerted stronger inhibitory effect than
that of Clinacanthus nutan extract (P<0.05; IC50 = 24.4 ± 6.4
and > 100 pg/ml, n = 3, respectively, Fig. 3A and B) and
their inhibitory effects were significantly different from each
other (P<0.05, ANOVA). fMLP-induced (0.1 pM) neutrophil
chemotaxis which was represented as 100% maximal control
(6.1 ± 0.7 x 104 cells/ml, n = 3) and caused neutrophil chemoki¬
nesis which was represented as 100% maximal control for
chemokinesis (1.5 ± 0.05 x 104 cells/ml, n = 3). Pre-incubation
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Fig. 3. Inhibitory effects of Barleria lupulina extract (0.1-100 fJig/ml) (A) and
Clinacanthus nutans extract (0.1-100 fxg/ml) (B) on fMLP-induced human
neutrophil chemotaxis and chemokinesis induced in the absence ofan fMLP gra¬
dient. Neutrophil migration was quantified microscopically using a Neubauer
hemocytometer. Results are mean ± S.E.M. of three experiments using cells
from different donors.

of neutrophils with Barleria lupulina or Clinacanthus nutans
extracts were found to attenuate fMLP-induced neutrophil
chemotaxis in a concentration-dependent manner with IC50
of 2.9 ± 0.5 pg/ml, n = 3 (Fig. 3A) and 5.5 ± 0.6 pg/ml, n = 3
(Fig. 3B), respectively. Neutrophil chemokinesis induced
in the absence of an fMLP gradient was also attenuated by
the two extracts with an IC50 of 2.4 ± 0.4 pg/ml for Barleria
lupulina (Fig. 3A) and 5.0 ± 0.5 pg/ml for Clinacanthus nutans,
n = 3 (Fig. 3B). The inhibitory effects of the two extracts on
chemokinesis were comparable.

3.8. Neutrophil superoxide anion generation

Upon stimulation with fMLP (100 nM), neutrophils released
C>2~ into the extracellular medium, as determined by SOD-
inhibitable cytochrome C reduction. When the cells were

pre-incubated with Barleria lupulina or Clinacanthus nutans
extracts at the concentration of 0.1-100 pg/ml for 10 min at

— B. lupulina
- - - - C. nutans

afc-— Indomethacin
100
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Fig. 4. Inhibitory effects of Barleria lupulina extract (0.1-100 |xg/ml), Cli-
nacanthus nutans extract (0.1-100 |JLg/ml) and indomethacin (0.01-100 }xg/ml)
on fMLP-induced C>2~ generation in human neutrophils. Superoxide anion gen¬
eration was measured by the reduction of cytochrome c at Assonm- Results are
mean ± S.E.M. of eight experiments using cells from different donors.

37 °C, fMLP-induced SAG by human neutrophils was sig¬
nificantly suppressed in a concentration-dependent manner
(P< 0.05, ANOVA), where Barleria lupulina extract (IC50
of 8.8 ±1.1 p-g/ml, n = 8, Fig. 4) exerted stronger inhibition
than that of the extract from Clinacanthus nutans (IC50 of
23.4 ± 3.1 pg/ml, n = 8, Fig. 4). Indomethacin (0.01-100 p-g/ml)
caused strong inhibition of fMLP-induced SAG in human
neutrophils, with IC50 of 0.82 ± 0.2 pg/ml (2.3 ± 0.17 pM),
n = 8.

3.9. Neutrophil MPO production

The MPO production induced by lOOnM fMLP was
1.74 ±0.5 (OD 450 nm). The extracts of Barleria lupulina and
Clinacanthus nutans (0.1-100 pg/ml) caused significant inhibi¬
tion of fMLP-induced MPO production in human neutrophils
(P< 0.05, ANOVA) with an IC50 of 84.0 ± 8.9 p.g/ml, n = 8 and
IC50 of 219.5 ±25.7 pg/ml, n = 8, respectively (Fig. 5). Barleria
lupulina extract exerted a stronger inhibition than that of the
extract from Clinacanthus nutans on human neutrophil MPO
production (P<0.05). Indomethacin exerted strong inhibitory
effect on fMLP-induced human neutrophil MPO production
with and IC50 of 7.1 ±1.6 pg/ml (19.8 ±4.4 pM), n = 8. Direct
inhibitory effects of both extracts on MPO activity were not
observed (data not shown).

3.10. Neutrophil elastase release

Pre-incubation of isolated human neutrophils with Bar¬
leria lupulina or Clinacanthus nutans extracts (0.1-100 pg/ml)
elicited a weak, but significant inhibition of human neutrophil
elastase release induced by fMLP (100 nM) (P<0.05, ANOVA)
with an IC50 for Barleria lupulina of 89.8 ± 10.8 pg/ml (n = 8)
and for Clinacanthus nutans of 186.8 ± 20.5 pg/ml (n- 8)
(Fig. 6). Indomethacin (1-100 pg/ml) also caused inhibition of

Herb concentration (pg/ml)

Fig. 5. Inhibitory effects of Barleria lupulina extract (0.1-100 pg/ml), Cli-
nacanthus nutans extract (0.1-100 |i.g/ml) and indomethacin (0.01-100 |xg/ml)
on fMLP-induced MPO production in human neutrophils. MPO production
was determined spectrophotometrically by the measurement of oxidized TMB
formed at A45onm- Results are mean ± S.E.M. of seven experiments using cells
from different donors.

fMLP-induced human neutrophil elastase release with an IC50
of 69.0 ±9.5 pg/ml (192.5 ±26.5 pM), n = 8. Direct inhibitory
effects of both extracts on elastase activity were not observed
(data not shown).

3.11. Neutrophil apoptosis

Neutrophil apoptosis is characterised by dramatic mor¬
phological changes where apoptotic neutrophils exhibit
hyperchromatic pyknotic nuclei. Cellular necrosis at 20 h was

negligible with >98% cell viability, assessed by trypan blue
exclusion. After 20 h culture, neutrophils underwent approxi¬
mately 71.9 and 73.5% apoptosis as assessed by morphology
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Fig. 6. Inhibitory effects of Barleria lupulina extract (0.1-100 pg/ml), Cli¬
nacanthus nutans extract (0.1-100 pg/ml) and indomethacin (0.01-100 p.g/ml)
on fMLP-induced elastase release in human neutrophils. Results are
mean ± S.E.M. of seven experiments using cells from different donors.
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and analyses of annexin V binding, respectively. Both Barleria
lupulina and Clinacanthus nutans extracts up to the concentra¬
tion of 500 p-g/ml showed no significant effect on neutrophil
apoptosis as assessed by both methods. Dexamethasone (1 p.M)
significantly inhibited neutrophil apoptosis with 54.5% being
apoptotic.

4. Discussion

The methanolic crude extracts of Barleria lupulina and
Clinacanthus nutans were studied for their anti-inflammatory
activities in models of EPP-induced ear oedema and

carrageenan-induced paw oedema in the rat. EPP-induced ear
oedema has a good predictive value for the screening of anti¬
inflammatory agents and these extracts dose-dependently and
signi licantly inhibited oedema formation in this model al all time
points examined. The methanolic extract of Barleria lupulina
however possessed more efficacious inhibitory effects than did
Clinacanthus nutans extract. As EPP causes the release of

many inflammatory mediators such as kinin, serotonin and
prostaglandins, itmight be possible that these extracts also affect
the release and/or synthesis of these mediators. The most potent
inhibition of both extracts at all concentrations was observed at

15 min suggesting that both extracts strongly inhibit the release
and/or the effect of histamine and serotonin which are the first

released inflammatory mediators of inflammation in this model
(Brattsand et al., 1982). The two extracts also significantly inhib¬
ited MPO activity in the rat ear (Table 2) indicating the likely
involvement ofneutrophils in their cellular mechanism ofaction.
However, they were found to be less potent than the COX
inhibitor indomethacin.

Carrageenan-induced rat paw oedema has also been success¬

fully used for the evaluation of anti-inflammatory drugs, since
relative potency estimates obtained from anti-inflammatory
agents tend to reflect clinical experience (Winter et al., 1962).
Paw oedema formation is a result of a synergism between inflam¬
matory mediators that increase blood flow and microvascular
permeability (Ialenti et al., 1992). The carrageenan-induced rat
paw oedema is characterised by an early phase (1 h) caused by
the release of histamine, 5-hydroxytryptamine and bradykinin
followed by a late phase (2 h) mainly sustained by prostaglandin
release which causes oedema dependent on mobilisation of neu¬
trophils (Di Rosa et al., 1971). Thus this model has also been
successfully used for identifying inhibitors of COX (Winter
et al., 1962). In this model, both extracts showed significant
inhibitory effects on oedema formation at 3 h after intradermal
injection of carrageenan (Table 3) suggesting that the extracts
may be affecting the synthesis and/or release ofmediators during
both phases of the response. Our results confirm previous reports
of Clinacanthus nutans extract exhibiting anti-inflammatory
activity (Satayavivad et al., 1987). The leafextracts ofClinacan¬
thus nutans (540-1300 mg/kg) showed no acute or subacute
toxicity in rats when given daily for 6 weeks (Satayavivad et
al., 1987). However, the cytotoxic effects of these herbs have
never been investigated. In our study, both Barleria lupulina
and Clinacanthus natans extracts (1-1000 p,g/ml) at concentra¬
tions up to 500 p-g/ml did not affect the viability of neutrophils

both during the 45 min and 4 h incubation periods. A number of
factors, including cytokines, chemical mediators and bacterial
products such as LPS, have been shown to induce neutrophil
functional responsiveness and to prolong the functional lifespan
of neutrophils (Walker et al., 2005; Ward et al., 1999b). It is
possible that the herb extracts may be contaminated with small
amount of LPS. To ascertain that the effects of both Barleria

lupulina and Clinacanthus nutans extracts on neutrophil func¬
tions are not related to the actions of contaminating LPS, we
determined the amounts ofLPS in both herb extracts before other
assessments. The results showed that these extracts contained

negligible quantities of LPS. Furthermore, since the extracts did
not induce neutrophil responses per se and inhibited neutrophil
function, not delaying neutrophil apoptosis (see below), rules out
the possibility that LPS is a biologically significant contaminant.

During inflammation neutrophils migrate to sites of trauma
(e.g., injury or infection) and can release superoxide anions and
tissue destructive enzymes such as MPO and elastase; a pro¬
cess that can exacerbate the inflammatory response and leads
to tissue destruction (Fujie et al., 1999). Formylated peptides
such as fMLP are liberated from bacteria and are powerful neu¬
trophil agonists (Ferrante and Thong, 1980; Liang et al., 1990).
Pre-treatmentofneutrophils withBarleria lupulina or Clinacan¬
thus nutans extracts (0.1-100 p.g/ml) significantly inhibited
fMLP-induced chemotaxis in a concentration-dependent man¬
ner. Barleria lupulina and Clinacanthus nutans extracts were
also found to attenuate neutrophil chemokinesis. Activation of
neutrophils also results in both the extracellular release of C>2~
and the intracellular production of the radical, which may be
attributed to distinct pools of NADPH oxidase (Karlsson et al.,
2000). In this study, fMLP concentration-dependently triggered
neutrophil C>2_ generation; an effect significantly inhibited by
both herb extracts, where Barleria lupulina showed stronger
inhibitory effects than Clinacanthus nutans. The two extracts
possess very low radical scavenging activity as observed by
the DPPH scavenging activity test. In addition, the inhibitory
effects of the two extracts on fMLP-induced C>2~ generation
in neutrophils are not related to their direct scavenging activ¬
ity as the extracts showed no direct activity as assessed by
EPR. Neutrophil activation also results in degranulation with
consequent release of several enzymes such as MPO and elas¬
tase. MPO, an abundant chloride peroxidase found in neutrophil
azurophilic granules, is involved in microbial killing and inflam¬
matory tissue damage (Kettle and Winterbourn, 1991), and the
anti-inflammatory activities ofcertain drugs have been attributed
to the inhibition of leukocyte MPO activity (Ramos et al.,
1995). Barleria lupulina and Clinacanthus nutans extracts were
found to significantly inhibit fMLP-induced MPO production
in a concentration-dependent manner where Barleria lupulina
exerted stronger inhibitory effects than did the Clinacanthus
nutans extract. In response to divergent stimuli, recruited neu¬
trophils at the site of infection or inflammation, also release
elastase from the gelatinase granules. Neutrophil elastase pro¬
motes inflammation and inhibits the healing process in chronic
inflammatory processes. The effects of the methanolic extracts
ofBarleria lupulina and Clinacanthus nutans on fMLP-induced
elastase release in neutrophils was also assessed and the results
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showed that Barleria lupulina and Clinacanthus nutans extracts
also significantly suppressed elastase release in agreement with
a previous report (Gil et al., 1995). Flavonoids (Dampawan et al.,
1977) and glucosides (Teshima et al., 1998) are known as impor¬
tant constituents of Clinacanthus nutans and previous studies
have reported that glucosides and flavonoids exert inhibitory
effects on human neutrophil elastase release (Melzig et al.,
2001). Therefore, it is possible that inhibitory effects of Cli¬
nacanthus nutans on neutrophil elastase release might be related
to its flavonoids and glucoside content. Apoptosis provides a

granulocyte clearance mechanism that would tend to limit tis¬
sue injury and promote resolution of inflammation (Walker et
al., 2005). Failure to remove neutrophils and their toxic products
from tissues would likely result in chronic persistent inflamma¬
tion. Thus, in this study, we determined whether or not Barleria
lupulina and Clinacanthus nutans extracts affected constitutive
neutrophil apoptosis. In contrast to the glucocorticoid dexam-
ethasone (Meagher et al., 1996), both Barleria lupulina and
Clinacanthus nutans extracts did not affect neutrophil apoptosis
or viability.

In conclusion, we have demonstrated that the methanolic
extracts from Barleria lupulina and Clinacanthus nutans pos¬
sess significant anti-inflammatory properties as seen in both
the rat paw oedema model induced by injection of carrageenan
and the EPP-induced rat ear oedema model and the mechanism
is clearly related to the neutrophil migration as confirmed by
the reduction of MPO activity in EPP-induced rat ear oedema
model. Both Barleria lupulina and Clinacanthus nutans extracts
exerted their in vitro inhibitory effects on neutrophil functional
responsiveness without having a significant cytotoxic effect. In
addition, these herb extracts caused no effecton neutrophil apop¬
tosis. The anti-inflammatory activity of both herb extracts may
be attributed to their inhibitory effects on neutrophil functions
other than neutrophil migration. However, further investiga¬
tion to fully identify the biologically active ingredients and to
define the underlying molecular mechanisms of the inhibitory
effects of these extracts on neutrophil functional responsiveness
is required.
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Enzyme-Independent NO Stores in Human Skin:
Quantification and Influence of UV Radiation
Megan Mowbray1, Sara McLintock2, Rebecca Weerakoon2, Natalia Lomatschinsky2, Sarah Jones2,
Adriano G. Rossi3 and Richard B. Weller1

Nitric oxide (NO) has many functions in the skin, including the mediation of inflammation and antimicrobial
defense, wound healing, regulation of keratinocyte homeostasis, and regulation of apoptosis following UV
radiation. NO is synthesized by a family of NO synthase enzymes, but its rapid release following UV exposure
suggests the existence of preformed stores. NO can be converted into nitrite or nitrosothiols that are stable
until cleaved by UV to release NO. Using dermal microdialysis, suction blister epidermal samples, and sweat
collection, we demonstrated cutaneous concentrations of total NO-related products of 12±5.97gM,
0.03 ± 0.03 pmol mg 1 epidermal protein, and 22±9.34gM, respectively. The predominant oxyanion was nitrate
(60-75%) followed by nitrite. S-Nitrosothiols were barely detectable. Serum total NO-related products
correlated directly with those of the upper dermis and sweat (R2 = 0.62 and 0.3, respectively). UVA irradiation
OOmWcm"2) increased the yield of NO-related products by microdialysis, peaking after 30 minutes. Dialysis
with noradrenaline abrogated this rise. Both the skin and the dermal vasculature contain biologically significant
stores of NO, particularly nitrite, which can be directly mobilized by UVA irradiation. The level of circulating
NO-related products probably determines skin-bound stores.
Journal of Investigative Dermatology (2009) 129, 834-842; doi:10.1038/jid.2008.296; published online 25 September 2008

INTRODUCTION
Nitric Oxide (NO) has important physiological properties in
the skin. It is involved in the promotion of wound healing
(Yamasaki et al., 1998; Lee ef a/., 1999; Witte et a!.,
2002a, b), control of keratinocyte proliferation and differ¬
entiation (Krischel et al., 1998), regulation of hair follicle
activity (Wolf et al., 2003) and of cutaneous inflammation
and immune reactions (Bruch-Gerharz ef al., 1998; Mowbray
et al., 2008). It also has antimicrobial activities (Mancinelli
and McKay, 1983; Adams et al., 1991; Liew et al., 1991;
Cenci et al., 1993; Klebanoff, 1993; Jones-Carson et al.,
1995; Wei et al., 1995). NO plays a major role after UV
radiation in the development of erythema (Warren, 1994),
edema (Teixeira et al., 1993), and melanogenesis (Romero-
GraiI let et al., 1996, 1997). We have previously shown that
autologous NO protects against UV-induced apoptosis in
murine skin (Weller et al., 2003).
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NO is formed endogenously by three NO synthase
enzymes (Moncada and Higgs, 1993). Two constitutive and
one inducible NO synthase isoenzyme exist, each of which
has been isolated in human skin (Becherel ef al., 1994;
Baudouin and Tachon, 1996; Bull ef al., 1996; Romero-
Grail let ef al., 1996; Sakai ef al., 1996; Wang ef al., 1996).
The half-life of NO (0.05-1.18 milliseconds; Borland, 1991;
Liu et al., 1998; Vaughn ef al., 2000) is very short, and thus it
was initially regarded as having actions only in close
proximity to its site of production. It is now accepted that
NO can form additional bioactive stable carriers/donors in
the blood and tissues by reacting with sulfhydryl (SH) groups
to form S-nitrosothiols (RSNOs; Stamler et al., 1992). These
regulate proteins by S-nitrosation of specific cysteine residues
(reviewed in Hess ef al., 2001). A major proportion of
endogenous NO is also inactivated by oxidation to nitrite and
the more stable nitrate. Using ex vivo skin biopsy specimens,
UVA irradiation has been shown to induce photolysis of
RSNO and nitrite stored in human skin with subsequent high-
output enzyme-independent NO formation. This reaches a
maximum 20 minutes after the onset of irradiation (Paunel
ef al., 2005).

NO reduces UV-induced apoptosis (noninflammatory cell
death) in mouse dermis and epidermis (Weller ef al., 2003),
and a protective role of inducible nitric oxide synthase has
also been shown in endothelial cells in vitro following UVA
irradiation (Suschek ef al., 1999). It has been hypothesized
that the rapid enzyme-independent release of NO after UV
irradiation is biologically important and potentially "bridges
the gap" between UV challenge and the enzymatic
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upregulation and activity of inducible nitric oxide synthase,
which is maximal 8-10 hours after irradiation (Paunel et al.,
2005).

The purpose of the this study was to quantify total NO-
related products in human skin in vivo, and determine in vivo
the extent to which NO release could be demonstrated

during UVA irradiation. We used a gas-phase chemilumines-
cence-based technique to measure total NO-related products
at the level of the superficial vascular dermis, epidermis, and
sweat. Tissue sampling was performed by cutaneous micro-
dialysis, epidermal suction blister formation, and anaerobic
sweat collection, respectively.

RESULTS
The concentration of total NO-related products in human saliva
is 10 times greater than that in the superficial vascular dermis,
plasma, and sweat
The concentration of total NO-related products in saliva
(267 ± 194.67 (im) was significantly greater than that found in
human superficial vascular dermis (12±5.97|tm), plasma
(27 ± 16.28pM), and sweat (22 ±9.34pM) (Figure 1; Table 1).
These findings are consistent with those of Lundberg and
Govoni (2004) who found the mean total NO-related
products concentration of nine subjects to be 294 um in
saliva and 30 um in plasma. Ingested nitrate is absorbed from
the gastrointestinal tract into the bloodstream where it mixes
with endogenously synthesized nitrate. Most nitrate is
excreted in urine but some is secreted in saliva, sweat, and
the gastrointestinal tract (Lundberg and Govoni, 2004). The
high salivary concentrations of total NO-related products are
explained by this enterosalivary circulation, in which up to
25% of plasma nitrate is taken up by the salivary glands and
secreted with saliva (Spiegelhalder et al., 1976). Although
mammalian cells cannot reduce nitrate, microorganisms such
as those found on the tongue surface can anaerobically
reduce nitrate to nitrite (Lundberg and Govoni, 2004). On
passing to the stomach acidification of nitrite releases large
amounts of NO and other reactive nitrogen intermediates.

1,000

100

10

0.1

Superficial Plasma (n=18) Saliva (n=10) Sweat (n=10)
dermis (n=18)

Figure 1. Total NO-related products in human superficial vascular dermis,
plasma, saliva, and sweat. A technique of gas-phase chemiluminescence was
used to quantify total NO-related products in biological samples from four
different sites. Superficial vascular dermis was sampled using the technique of
cutaneous microdialysis and sweat was sampled using an anaerobic method
of sweat collection. Box plots represent median and interquartile range, ■
maximum and minimum values, • median.

Nitrate accounts for the majority of the total NO-related
products in saliva, plasma, sweat, and epidermis
In all biological samples in which individual NO-related
products were quantified nitrate was found to be the
predominant species. 60-75% of plasma, saliva, and sweat
total NO-related products were nitrate, with the majority of
the remainder being nitrite (Figure 2). A similar proportional
split between nitrate and nitrite was observed when measur¬
ing individual NO-related products in epidermal suction
blisters and blister fluid (Figure 3). Epidermal suction blister
data are shown as pmolmg 1 protein and therefore not
directly comparable to the other biological species measured.
Paunel et al. (2005) are the only other group to have
measured NO-related products in human skin. In contrast to
our data they used frozen sections combining epidermis and
dermis of ex vivo human skin specimens. Following
adjustment of our data to |tm with equivalent protein
concentrations, our results are consistent with those of
Paunel et al. (Table 1). In addition to analyzing epidermis
from suction blister roofs, blister fluid was also examined for
the concentration of total NO-related products. In contrast to
the epidermis, epidermal suction blister fluid was high in
protein content but contained negligible NO-related products
(Figure 3).

The concentration of total NO-related products in human
plasma corresponds to one-third of the concentration of total
NO-related products in sweat and two-thirds of the
concentration of total NO-related products of the superficial
dermis
The concentration of total NO-related products in human
sweat and plasma was measured in 10 subjects, and in the
superficial vascular dermis and plasma in 18 subjects.
Regression analysis suggests that the concentration of NO-
related products in plasma influences the concentration of
NO-related products found in sweat (ft2 = 0.34; Figure 4a)
and in the superficial dermis (ft2 =0.62; Figure 4b). Paunel
et al. (2005) demonstrated a correlation between the
concentration of nitrite and RSNOs in the skin and the
formation of NO from the skin within 20 minutes of exposure
to UVA. Our data thus suggest that NO-related products in
plasma may be linked to an individual's response to UVA
exposure.

The concentration of total NO-related products in the resting
dermis may vary between individuals
Cutaneous microdialysis was used to quantify aqueous NO-
related products in the superficial vascular dermis in vivo.
Over a 90minutes period of sampling, using normal saline
(NaCI) as dialysate fluid, the concentration of total NO-
related products showed minimal variation within subjects
(Figure 5). There was however an approximately fourfold
interindividual variation in total NO-related products of the
superficial dermis (median 10.49|xm nitrite, interquartile
range 6.3 pM nitrite; Figures 1 and 5), which is consistent
with the known wide variation in levels of tissue NO-related

products observed following nitrite and nitrate intake
(Gladwin et al., 2005).
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Table 1. Summary of the concentration of NO-related products found at different sites and comparison with
published data

Total NO-related products Nitrate Nitrite RSNOs and RNNOs

Measured using nitrite standards (/im)
Saliva (n=10) 267.13 197.38 69.55 0.21

Plasma (n=10) 27.38 20.60 6.59 0.20

Sweat (n=10) 21.97 13.13 8.66 0.19

Superficial dermis (NaCI, n=18) 12.31 Not measured Not measured Not measured

Saliva (Lundberg and Govoni, 2004) 294.03 190.00 104.00 0.03

Plasma (Lundberg and Govoni, 2004) 30.13 30.00 0.12 0.01

Sweat (Weller et at, 1996) 43.12 39.70 3.42 Not measured

Measured as gmol nitrite/mg protein
Epidermis 0.028915 0.027815 0.000837 0.000289

Epidermal suction blister fluid 0.003578 0.003082 0.000493 0.000005

Epidermis adjusted to compare with Paunel data (gM nitrite) 278.15 8.37 2.89

Epidermis and dermis(gM nitrite) (Paunel et at, 2005) 82.4 5.1 2.6

ND RSSNOs + RNNOs

13 Nitrite

0 Nitrate

100 i

■- 90 ■
co

| 80 ■

Saliva Plasma Sweat

Figure 2. The proportion of individual NO-relaied products found in human
saliva, plasma, and sweat. NO-related products were quantified using gas-
phase chemiluminescence. Nitrate is the predominant NO-related product
contributing to 60-75% of the total, nitrite makes up the majority of the
remainder (24-39%), negligible amounts of RS/NNOs were found (0-1%).

UVA irradiation increases the yield of aqueous NO-related
products from the superficial vascular dermis. This is reduced
by local vasoconstriction.
The yield of aqueous NO-related products from the super¬
ficial dermis was lower on dialyzing with noradrenaline
(NAd) than NaCI. UVA irradiation significantly increased the
yield of total NO-related products from the dermis after
30 minutes when NaCI was used as a dialysate, but this was
abrogated when NAd was used as a dialysate. Mean total
NO-related products of the superficial dermis during irradia¬
tion: unirradiated NaCI 12.49 ±0.64pjvt, irradiated NaCI
15.50 ± 0.93 pM, unirradiated NAd 11.12 ± 1.02 |±m, and
irradiated NAd 12.45 ± 0.65 pM (Figure 6a). The cumulative

0.045
0.04

| 0.035
2 0.03

0.025

'<? 0.02
- 0.015

E 0.01
^

0.005

0

Figure 3. Suction blister fluid contains negligible NO related products
compared to epidermis. NO-related products in human epidermis and
epidermal suction blister fluid were quantified using gas-phase
chemiluminescence. Epidermal suction blister fluid contains negligible NO-
related products in contrast to epidermis (mean total NO-related products
epidermis 0.03 ± 0.03 pmol mg_1 protein, mean total NO-related products
suction blister fluid 0.004 ±0.007 pmol mg-1 protein), n=10, error
bars = SEM.

concentration of total NO-related products during the period
of irradiation was significantly higher in the irradiated than
unirradiated skin when dialyzed with NaCI, but there was no
significant difference in NAd dialyzed skin (Figure 6b). These
findings suggest that the superficial dermal vasculature is
important in the delivery of NO and NO-related products to
the skin following UVA exposure.

UVA exposure induces NO release within the superficial
vascular dermis that is maximal 30 minutes after the onset of

exposure
When NaCI is used as a dialysate there is a significant
increase in aqueous NO-related products 30 minutes after the
onset of UVA irradiation (30Jcm~2; Figure 7). Paunel et al.
(2005)examined the impact of UVA on NO production in ex
vivo human skin specimens and skin homogenates and
demonstrated NO release maximal 20 minutes after the onset

" RSNOs and RNNOs
n Nitrite
D Nitrate

Epidermis Blister fluid
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Figure 4. The relationship between plasma NO-related products and sweat
or superficial dermal NO-related products. NO-related products were
quantified in human plasma and sweat (r?= 10) and in plasma and superficial
dermis (n = 18). (a) Regression analysis suggests that one-third of the
concentration of NO-related products in sweat is determined by the
concentration of NO-related products in an individual's plasma (R2 = 0.34).
(b) A stronger relationship is suggested by plasma and superficial dermis
where it appears that two-thirds of the concentration of NO-related products
in the superficial dermis is determined by the concentration of NO-related
products in an individual's plasma (R-' = 0.62).
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Figure 5. Aqueous NO-related products in the superficial dermis over a
90minute period of sampling. Cutaneous microdialysis was used to sample
aqueous NO-related products in the superficial dermis of 18 different
subjects. NaCI was infused at 2 pi min 1 and dialysate analyzed in 15 minutes
aliquots. Following a nitrate reductase step NO-related products were
quantified using gas-phase chemiluminescence. Mean dermal concentration
of NO-related products is represented by ♦. Mean 12.31 ±5.97pM nitrite,
error bars = SEM.

of UVA exposure (40J crrT2). Both our in vivo results and the
ex vivo results of Paunel et al. are consistent, and suggest that
UVA exposure results in photolysis of NO stores in human

Figure 6. NO-related products in the superficial dermis following UVA
exposure, with comparison between NaCI and NAd as dialysate. Cutaneous
microdialysis was used to sample aqueous NO-related products from the
superficial vascular dermis. NO-related products were quantified using gas-
phase chemiluminescence following a nitrate reductase step and using nitrite
standards. At 30 minutes after the onset of dialysate collection, irradiation was
commenced with UVA for a further 60 minutes (60Jcm 2). Both NaCI
(n = 18) and NAd (n= 12) were used as dialysate to assess the influence of the
local vasculature on the yield of NO-related products, (a) Mean total NO-
related products of superficial dermis measured every 15 minutes:
unirradiated NaCI 12.49 ± 0.64pM (n = 18), irradiated NaCI 15.50 ± 0.93 pM
(n = 14), unirradiated NAd 11.12±1.02pM (n = 12), irradiated NAd
12.45 ± 0.65 pM (rr= 11). (b) Mean sum of NO-related products of all
15 minute aliquots collected during period of irradiation: unirradiated NaCI
51.95±23.61 pM, irradiated NaCI 64.95 ±34.90pM, unirradiated NAd
50.93 ±26.27 pM, irradiated NAd 51.74 + 30.50pM. *P<0.05 on comparison
of unirradiated with irradiated using NaCI as dialysate, error bars = SEM.

skin and the acute release of NO. This process is maximal
20-30 minutes after the onset of UV exposure, corresponding
to 3(M0J crrG2.

DISCUSSION
It is widely accepted that NO-related products in the form of
nitrate, nitrite, and RSNOs are important storage forms of
NO, the latter two offering potential sources of recyclable
bioactive NO (Lundberg and Govoni, 2004; Rassaf et al.,
2004). Nitrite has been shown to act as a signaling molecule
in its own right (Bryan et al., 2005), and can also provide a
bioavailable pool of NO during periods of hypoxia and
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Figure 7. NO-related products in the superficial dermis following UVA
exposure using NaCI as diaiysate. Cutaneous microdialysis, using NaCI as
dialysate, was used to sample aqueous NO-related products in the superficial
dermis. Total NO-related products were quantified using gas-phase
chemiluminescence following a nitrate reductase step and using nitrite
standards. Data are normalized to the 30minute collection values that

represent the time at which UVA exposure commenced. UVA exposure
results in a gradual increase in aqueous NO-related products measured in the
superficial dermis. This increase is maximal 30 minutes after the onset of
exposure (30 J cm-2); n = 14, error bars = SEM, *P<0.05.

ischemia (Zweier et al., 1995; Wink et al., 1996). RSNOs
have also been implicated as important storage and transport
systems for NO. Low molecular weight RSNOs exert NO-like
activity in vivo (Ignarro et al., 1981) and circulating RSNOs
can release NO when required (Rassaf et al., 2004). The
relative importance of nitrite and RSNOs in NO bioactivity
continues to be debated, in part fueled by the different
methods used to quantify these species in blood and tissues.
A wide range of basal nitrite concentrations in human plasma
have been reported, from undetectable to 26 pmol I-1, but the
majority fall in the nmol I-1 range (Meulemans and Delsenne,
1994; Gorenflo eta!., 2001; Moriel et al., 2001; Rassaf et al.,
2002; Lundberg and Govoni, 2004; Rocks et al., 2005;
Pelletier et al., 2006). A similar variation exists for
documented quantities of RSNOs in human plasma from
undetectable to 930 nM (Rocks et al., 2005). The principal
explanation for the continued debate regarding the contribu¬
tion of individual nitroso species to normal physiology and
pathophysiology lies in the lack of sensitive assays for their
detection and the influence that proteins, varying redox
conditions, and trace contamination with nitrite may have on
these assays.

Chemiluminescence-based detection is a method of

quantifying NO-related products that is simple, sensitive,
reproducible, and suitable for the analysis of a high number
of samples within a short period of time (Marley eta!., 2000).
It was thus ideal for the purpose of our experiments.
Nanomolar levels in basal RSNO concentration have been
found in human plasma using the same chemiluminescence
method as we employed (Marley et al., 2000). Kleinbongard
et al. (2003) compared three different detection methods
including chemiluminescence, an HPLC technique and flow
injection analysis, and demonstrated similar concentrations
of NO-related products across species with all three methods.

We have demonstrated that in human epidermis and in
sweat on the skin surface nitrate is the predominant NO-
related product, followed by nitrite, with only very low
concentrations of RSNOs being present. Both nitrate and
nitrite are available from exogenous and endogenous
sources. Green leafy vegetables make up 60-80% of the
daily nitrate intake of those on a typical Western diet (Ysart
et al., 1999) whereas nitrite is used as a preservative for meat
and fish (Lundberg et al., 2004). The main endogenous source
of nitrate and nitrite is the L-arginine-NO pathway, which is
constitutively active in all cell types in the body. L-arginine is
converted to NO by inducible nitric oxide synthase, an
enzyme which is upregulated in human skin 8-10 hours after
UV exposure (Kuhn et al., 1998). Nitrite can also be
generated from commensal bacteria in the digestive system
by nitrate reduction. An enterosalivary recirculation pathway
exists, with 25% of all circulating nitrate being taken up by
the salivary glands and secreted in saliva. The oral cavity
contains large numbers of nitrate-reducing bacteria, with the
result that saliva is the main source of plasma nitrite
(Benjamin eta/., 1994). Lundberg and Govoni (2004) have
demonstrated that dietary nitrate ingestion influences both
plasma nitrate and nitrite but not RSNO levels. Analysis of
our data suggests that the concentration of NO-related
products in an individual's plasma will influence the
concentration of NO-related products found in their sweat
and superficial vascular dermis. Thus, dietary nitrate may
offer a source for manipulation of cutaneous NO-related
products.

Historically, evidence for the existence of stored forms of
NO dates back to experiments performed in the 1950s on the
relaxant effect of light on vascular smooth muscle (Furchgott
et al., 1961). Photorelaxation in rabbit aorta was shown by
Furchgott et al. to peak near 310nm with a shoulder near
350 nm. The role of nitrite in photorelaxation was implicated
when a dominant peak was shown at 355 nm following
incubation with nitrite (Furchgott, 1971). More recently,
Rodriguez et al. (2003) have shown that in rat vascular tissue
RSNOs, RNNOs, and nitrite have photoactivity in vitro but
nitrate shows no appreciable activity. They calculated the
action spectra for NO release from RSNOs to be 310-340 nm
and from nitrite 310 and 350 nm.

It has been hypothesized that NO-related products stored
in human skin may be involved in the acute response to UV
(Paunel et al., 2005). Paunel et al. demonstrated formation of
NO due to photodecomposition of nitrite and RSNOs
maximal within 20 minutes of LJVA exposure of ex vivo
full-thickness human skin (Paunel etal., 2005). We have now
demonstrated this effect in human skin in vivo with
cutaneous microdialysis. Dialysate sampling of the super¬
ficial vascular dermis revealed an increase in NO-related

products maximal 30 minutes after exposure to a biologically
relevant dose of UVA1 (30J cm-2). Gaseous NO released
within the dermis will undergo oxidative decomposition on
entering the extracellular vascular space forming aqueous
nitrite. Although both RSNOs and nitrite will release NO in
the UVA spectrum, the relative concentrations of nitrite and
RSNOs that we demonstrated in human skin suggest that
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nitrite is likely to be the predominant photoactive NO-related
product. NO may play an anti-apoptotic role in human skin
following UVR (Suschek et al., 1999, 2003; Weller et al.,
2003) and it is likely that cutaneous NO-related products
offer an immediate enzyme-independent source of NO,
allowing protection within 30minutes of exposure to UVR.
As proposed by Paunel et al. (2005), this enzyme-indepen¬
dent NO release bridges the time gap following UV exposure
before the upregulation of inducible nitric oxide synthase and
enzyme-dependent NO release is maximal.

Interindividual variation in the concentration of NO-
related products in human saliva, plasma, sweat, epidermis,
and superficial vascular dermis was seen in our subjects and
was similar in each of the different biological samples.
Gladwin (Gladwin et al., 2005) has suggested that the
majority of nitrite in tissues originates from the exogenous
intake of nitrite and nitrate and not from endogenous sources,
thus resulting in great variation in tissue nitrite levels with
nitrate and nitrite intake. In contrast plasma levels of nitrite
vary only slightly suggesting the existence of regulatory
pathways in blood (Bryan et al., 2005).

Enzyme-dependent NO production occurs in all cell types
of human skin by at least one of the three NO synthase
isoenzymes. NO is produced constantly by the endothelium
at 4nm per second (Marley et al., 2001). We have confirmed
the presence of NO-related products in the dermis and
epidermis but have not isolated the storage site to a particular
cell type. On exposure to UVA a significant increase in
aqueous NO-related products is detected by cutaneous
microdialysis, and this increase is reduced in the presence
of a local vasoconstrictor. Both nitrite and RSNOs are

transported in the bloodstream and are susceptible to
photolysis by UVA. We suspect that much of the observed
increase in NO-related products following UVA exposure
comes directly from the vasculature, but with locally bound
stores also contributing. Hypertension and ischemic heart
disease both correlate with latitude (Fleck, 1989; Rostand,
1997), increasing in incidence with distance from the
equator. Much of this is probably due to racial and dietary
factors, and a correlation has been also recently shown
between UV-induced vitamin D synthesis and reduced
ischemic heart disease (Wang et al., 2008). Our data,
showing UV release of skin-bound NO-related products,
suggest this as an alternative mechanism by which UV
exposure may have beneficial cardiovascular effects.

We present data that confirm and quantify the presence of
NO-related products both in human epidermis, superficial
vascular dermis and skin surface sweat. These species have
the capability of releasing NO, and we have demonstrated
such release within 30 minutes of UVA exposure. We believe
these findings to be of great significance, in the context of the
skin as the largest "organ" of the human body (10-20dm1),
which thus offers a considerable store. We believe that

enzyme-independent NO release is an acute mechanism
preventing UV-induced keratinocyte apoptosis (Paunel et al.,
2005). It is known that NO-related products in plasma can be
influenced by dietary intake of nitrate and we have
demonstrated a relationship between the concentration of

NO-related products in plasma and that of the superficial
vascular dermis and sweat. We postulate that an individual's
dietary consumption of green leafy vegetables may in part
influence their cutaneous response to UVR.

MATERIALS AND METHODS

Study volunteers
Three individual studies were performed, each using healthy
volunteers, none of whom were using either topical or systemic
medications at the time of the study. All studies were approved by
the Lothian Regional Ethics Committee and were conducted
according to the Declaration of Helsinki Principles. Written consent
was obtained from all subjects. Ten subjects participated in the study
to quantify NO-related products in epidermal suction blisters (age
range 22-A1 years, three men) and a further ten subjects in the study
to quantify NO-related products in human sweat, plasma, and saliva
(age range 20-29 years, six men, three women). Eighteen subjects
participated in the study to quantify NO-related products in the
superficial vascular dermis. Fourteen of these also underwent UVA
irradiation during cutaneous microdialysis and eight had plasma
nitrite measured at the time of their microdialysis (age range 20-50
years, 4 men, 14 women).

Chemiluminescence assay for nitrate, nitrite, and RSNOs in
biological samples
Total concentration of NO-related products and individual concen¬
trations of nitrate, nitrite, RSNOs, and RNNOs were quantified in
samples of epidermal homogenate, sweat, saliva, and plasma. All
samples were frozen at -70°C immediately after collection, and
analyzed within 3 days. Cutaneous microdialysis samples were
analyzed within 24hours of collection for total, but not individual,
NO-related products, due to the small sample volume. Unless
otherwise indicated samples were kept on ice in the dark during
processing. Epidermal suction blisters were stored in /V-ethylmalei-
mide (NEM)/EDTA/trypsin before analysis (final concentration 5 itim/
2mM/x1). Suction blister fluid, sweat, blood, and saliva samples
were stored in NEM/EDTA (final concentration 5 mM/2 mM). NEM
alkylates free thiols and stabilize RSNOs preventing any further 5-
nitrosation (Marley et al., 2000). EDTA forms inert complexes with
transition metals, several of which can accelerate RSNO degradation
even at low concentration (Mcaninly eta/., 1993).

Nitrate, nitrite, RSNO, and RNNO concentrations were deter¬
mined by reductive denitrosation with an iodide/triiodide containing
reducing mixture and subsequent measurement of the gaseous NO
released by its chemiluminescent reaction with ozone (03), as
described by Feelisch et al. (Marley et al., 2000; Feelisch et al.,
2002). Samples (volume 10-100 pi) were introduced using a gastight
syringe (SGE International Pty Ltd, Ringwood, Australia) into a sealed
reaction vessel containing the reducing mixture of 45mmoll~'
potassium iodide and lOmmoll-1 iodine in glacial acetic acid. A
constant flow of nitrogen gas was bubbled through the reaction
vessel that was maintained at a temperature of 60 °C in a

thermostatically controlled water bath (Grant Instruments (Cam¬
bridge) Ltd, UK). The effluent gas was passed through a scrubbing
bottle containing sodium hydroxide (1 mol I-1; 0°C) to trap traces of
acid and iodine before transfer into the chemiluminescence meter

(42C NO-N02-NOx Analyser, Thermo Environmental Instruments
Inc., Franklin, MA). The chemiluminescence meter was connected
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to an analogue-digital signal converter (PowerLab 2/25 ADInstru-
ments, Castle Hill, NSW, Australia) and the output processed by
PowerLab System Chart and Scope for Windows (v5.1.1; ADInstru-
ments).

Before analysis of each batch of biological samples, a range of
nitrite standards (Sodium nitrite, AnaIR; BDH Chemicals Ltd, UK)
were injected into the reaction vessel to calibrate the gaseous NO
released as equivalent nitrite concentration. Assay reproducibility
was determined by comparison of the peak area from each of the
nitrite standards (1 x1CT3-l x1CT8mmol) measured in triplicate.
Nitrite standards were analyzed at the beginning and end of each set
of biological samples to ensure reproducibility throughout the period
if analysis. Nitrite standards were replaced every 2 weeks and new
standards compared with the old before discarding the latter. All
gastight syringes were washed out with acetone between sample
batch analysis to minimize nitrite and organic contaminants. Control
solutions of NEM/EDTA were analyzed for contamination with NO-
related products where appropriate.

Without having to change reduction mixture or conditions,
nitrate, nitrite, RSNOs, and RNNOs can be differentiated by
pretreatment with group-specific reagents before analysis according
to the technique of Feelisch et al. (2002).

Nitrite assay. Nitrite measurements were made by dividing
samples into two aliquots. Direct injection of one aliquot into the
triiodide-reducing mixture measured NO derived from nitrite,
RSNO, and RNNO. Sulfanilamide reacts specifically with nitrite to
form a stable diazonium ion which is unaffected by the reducing
mixture. The second aliquot was pretreated with 10% (v/v) of a 5%
solution of sulfanilamide in 1 n HCI (final concentration
29mmolU1) and incubated for 15 minutes at room temperature.
Subtracting pretreated aliquot-derived NO from the untreated
aliquot-derived NO gave the amount of nitrite.

RSNO assay. Incubation with HgCI2 results in cleavage of the
S-NO bond (Saville reaction; Feelisch eta/., 2002) without affecting
peak shape or recovery of nitrite or NO. RSNO concentration in
each sample was quantified by subtraction of the peak area of
sample aliquots pretreated with a solution of sulfanilamide and
mercuric chloride at room temperature for 30 minutes (10% (v/v) of
5% sulfanilamide+ 0.2% HgCI2 in 1 n HCI (final concentration
7.3 mmol I ') from that of sample aliquots just treated with
sulfanilamide at room temperature for 15 minutes (10% (v/v) of 5%
sulfanilamide in 1 n HCI).

RNNO or metal nitrosyls assay. The peak remaining after
preincubation with HgCI2/sulfanilamide/H + represents the presence
of RNNOs or metal nitrosyls in the sample.

Nitrate assay. Nitrate was reduced to nitrite by enzymatic
reduction (Schmidt and Kelm, 1996). A 1:30 mix of nitrate reductase
solution/biological sample was incubated at 37 °C for 15 minutes.
The nitrate reductase solution was premixed using Aspergillus
purified nitrate reductase (final concentration 0.1 UmL') (Sigma-
Aldrich, Germany), flavine adenine dinucleotide (final concentration
5pm) (Sigma-Aldrich), and reduced P-nicotinamide adenine dinu¬
cleotide phosphate (final concentration 0.03 itim; Sigma-Aldrich) in
double-distilled water. The amount of nitrate was quantified by

subtracting the peak area of the untreated aliquot from that of the
aliquot pretreated with nitrate reductase solution.

Epidermal suction blister harvest and homogenization
Up to 10 epidermal suction blisters were formed on the volar
forearm of each volunteer using two suction blister cups (dermovac;
Ventipress Oy, Lappeenranta, Finland). Each cup creates five 5 mm
diameter blisters, with the split occurring at the dermoepidermal
junction. Epidermal suction blister fluid was removed using a sterile
1 ml insulin syringe (BD Plastipak) and the blister cavity filled with
Xylocaine 1% with epinephrine 1:200.000 (AstraZeneca Ltd, Luton,
UK). The blister roof was harvested aseptically using fine scissors.
Epidermal suction blister samples were placed immediately into
ceramic bead beating tubes (CK-14; Stretton Scientific Ltd, Stretton,
UK) containing NEM/EDTA/trypsin. Epidermal suction blister fluid
was placed immediately into eppendorfs containing NEM/EDTA. A
Precellys 24 homogenizer (SS-Bertin-01; Stretton Scientific Ltd) was
used to homogenize the epidermal suction blister samples; two
cycles with a 3 minute break (on ice) at 5,500r.p.m. per minute (a
cycle consists of three 20 seconds active periods with 30 seconds rest
between each). After homogenization, samples were centrifuged and
supernatant transferred into eppendorfs for storage before nitroso
species quantification.

Saliva and plasma collection
One hour before commencing sweat collection and cutaneous
microdialysis, samples of venous blood (5 ml) were taken from each
subject. Samples of saliva (3 ml) were also taken from subjects
attending for the sweat study. Blood and saliva samples were stored
in NEM/EDTA solution and centrifuged immediately at 1,300gfor
8 minutes. Supernatants were collected and stored at -70 °C for a
maximum of 3 days before analysis.

Sweat collection
An anaerobic method of sweat collection was used that allows for
the collection of relatively large volumes of sweat with minimal
epidermal contamination (Boysen et al., 1984). Sweat samples were
collected into eppendorfs containing NEM/EDTA and stored at
—70 °C for a maximum of 3 days before analysis.

Cutaneous microdialysis and UVA exposure
Dermal microdialysis catheters were used to measure the concen¬
tration of NO metabolites within the superficial dermis and to
quantify NO release following UV exposure. Two sites, one on the
volar aspect of the forearm and the second on the flexor aspect of the
upper arm, were anesthetized with topical 5% EMLA cream applied
for 1 hour. Using the Seldinger technique and a 23-gauge needle (BD
Microlance, 0.6 mm x 2.5 mm; BD Consumer Healthcare, Franklin
Lakes, NJ), four microdialysis catheters were inserted into the
superficial dermis parallel with the skin surface at each of the two
anesthetized sites. Normal saline was dialyzed continuously through
two catheters at each site at a rate of 2 pi min-1, using 1 ml Micro-
Fine insulin syringes (BD Consumer Healthcare) and a microinfusion
pump (PHD 2000 infusion pump; Flarvard Apparatus, Flolliston,
MA). Nad (1:1,000; Abbott Laboratories Ltd, Kent, UK) was diluted
1:80 with normal saline and dialyzed through the two other
catheters at each site. Dialysate was collected continuously in
15 minutes aliquots. Following insertion of the microdialysis
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catheters dialysate was collected for 30minutes before the onset of
UVA exposure. Catheters in the volar forearm were irradiated with
UVA whereas those in the flexor aspect of the upper arm remained
unirradiated. Microdialysis catheters were made by the technique of
Clough (Clough et al., 1998) and sterilized using ethylene oxide.

UV source

The UVA source used was a bespoke cabinet containing a panel of
12 bulbs (Philips TLK 40W/10R R-UVA; Philips, Hamburg,
Germany) emitting a UVA spectrum 35CM00 nm, peak 360 nm,
10mWcnrT2. Volunteers were positioned so that the skin to be
irradiated was parallel to the light source and irradiated for
60minutes (60Jcm~2).

Statistics
Data for individual subjects are presented as means of duplicate or
triplicate samples. Box plots showing the median and interquartile
range with points representing maximum, minimum, and mean
values are used to display interindividual variation. Pooled data are

presented as means + standard error of the mean (SEM) and
differences are judged as significant if the P-value was lower than
0.05, as determined by the paired two-tailed Student's f-test.
Relationships between an independent variable (plasma nitroso
species) and a dependent variable (sweat or superficial dermal
nitroso species) are shown by regression analysis. The proportion of
variation is displayed by the (correlation coefficient)2 (R2). Data
analyses were conducted using Microsoft Excel Software, v5 and
Minitab release 14 for windows.
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Nitric oxide (NO) is important for the regulation of a number of diverse biological processes, including
vascular tone, neurotransmission, inflammatory cell responsiveness, defence against invading pathogens
and wound healing. Transition metal exchanged zeolites are nanoporous materials with high-capacity
storage properties for gases such as NO. The NO stores are liberated upon contact with aqueous environ¬
ments, thereby making them ideal candidates for use in biological and clinical settings. Here, we demon¬
strate the NO release capacity and powerful bactericidal properties of a novel NO-storing Zn2+-exchanged
zeolite material at a 50 wt.% composition in a polytetrafluoroethylene polymer. Further to our published
data showing the anti-thrombotic effects of a similar NO-loaded zeolite, this study demonstrates the anti¬
bacterial properties of NO-releasing zeolites against clinically relevant strains of bacteria, namely Gram-
negative Pseudomonas aeruginosa and Gram-positive methicillin-sensitive and methicillin-resistant
Staphylococcus aureus and Clostridium difficile. Thus our study highlights the potential of NO-loaded zeo¬
lites as biocompatible medical device coatings with anti-infective properties.

© 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Medical device-associated infections account for the majority of
nosocomial infections [1,2]. The duration of hospitalization and de¬
vice placement significantly increases the likelihood of patients
contracting a bacterial infection [3], resulting in prolonged drug
therapy and lengthier hospital stays. Not only is this a significant
cause of morbidity and mortality, it can be a greater financial bur¬
den on the healthcare system due to increased hospital care costs
[4], The conventional treatment of bacterial infection involves the
administration of antibiotics, which carry inherent risks of toxicity
and the emergence of antibiotic resistant pathogens. The increas¬
ing prevalence of multi-resistant bacterial strains, in particular
methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium
difficile, is a major concern in hospitals and requires the develop¬
ment of new, efficient anti-bacterial protocols.

Localized delivery of anti-microbial compounds from engi¬
neered medical device surfaces is one strategy currently re¬
searched in the bid to improve infection rates associated with
medical device usage. A silver-alloy/hydrogel-incorporating uri¬
nary catheter has been shown to successfully reduce infections

* Corresponding author. Tel.: +44 131 242 6661.
E-mail address: sfox1@staffmail.ed.ac.uk (S. Fox).

by 27-73% [1,3,5-7], demonstrating the effectiveness of silver as
an anti-microbial agent. However, these catheters are expensive
and the economic impact of their application is a major
consideration.

NO has a number of well-characterized immunomodulatory ef¬
fects [8-11]. The production of high concentrations of NO during
the inflammatory response is mediated via iNOS, the inducible
form of the NO synthase enzyme to produce micromolar concen¬
trations of NO contributing to the pro-inflammatory response
and microbial killing [12,13], Research into the use of NO as an
anti-microbial therapy has produced promising results, with stud¬
ies indicating that it is cytotoxic to a large number of species of
fungi, bacteria, viruses and parasites [14-17]. However, the multi¬
ple physiological targets of NO and the potential cytotoxicity of
high NO levels to host tissue makes systemic delivery of NO using
NO-donors potentially harmful and has limited the translation of
these agents into a clinical setting. Nevertheless, the use of NO as
a specific anti-microbial agent has recently come closer to reality
through the use of NO donor-incorporating polymers that direct
NO treatment to a localized area. NO-releasing polymer materials
are comprehensively researched for the development of coatings
for medical devices to improve their biocompatibility. Here, the
uses of NO can range from inhibition of thrombus formation in
blood-contacting devices [18-20], prevention of smooth muscle

1742-7061/$ - see front matter © 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved,
doi: 10.1016/j.actbio.2009.10.038
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proliferation in stenting [21,22], prevention of vasospasm and in
the design of anti-infective surfaces for medical devices [23]. A
range of studies by Nablo et al. [24-29] demonstrate the effective¬
ness of an NO-releasing sol-gel-derived material at reducing bac¬
terial adhesion to the surface of sol-gel/polymer-based medical
devices. The flux of NO from these materials can be tailored by
altering the composition of the NO-releasing sol-gel with the poly¬
mer matrix and by using NO-donor compounds with different rates
of decomposition. The limited time of NO release from these mate¬
rials would mean any viable bacteria surrounding could colonize
the surface when NO stores have been exhausted, thereby reducing
the therapeutic value of these materials in long-term device place¬
ments where infection rates are most troublesome [30,31 ]. A direct
bactericidal effect together with the anti-adhesive properties of a
NO-releasing material could serve to eliminate medical device-re¬
lated infections completely by eradicating all infectious agents
from the surfaces surrounding the device. Furthermore, the bacte¬
ricidal properties of NO have enormous potential in clearance of
infectious agents ex vivo, e.g. as hospital surface disinfectants.

Zeolites are porous aluminosilicate materials and have found
many commercial uses. Their applications are invariably associ¬
ated with their structural architecture, which allows active species
to be adsorbed, stored and delivered depending on the intended
use. One particular feature of aluminosilicate zeolites is that the
framework has a negative charge, which needs to be balanced by
so-called extraframework cations. These cations can be exchanged
relatively readily in and out of the pores in the solid, and this ion
exchange forms the basis of many zeolite applications. Silver-
and zinc-exchanged (and mixed silver/zinc) zeolites have been sold
commercially as anti-bacterial agents for several years, and they
are used extensively for many different applications [32,33], The
mechanism of action involves the slow release of anti-microbial
metal ions from the solid into the environment. This is an extre¬

mely successful technology that is now found in many household
items, as well as being used as coatings for devices in medicine
and dentistry [32,34,35],

Zeolites have also been extensively researched as gas storage
materials due to their large surface area available for binding
[36-40]. Transition metal ion-exchanged zeolites are high-affinity
storage materials of NO, capable of storing 1 mmol of NO per g of
zeolite [41], The chemical properties of zeolites allow for the
tailoring of NO storage and release capacity and kinetics by varying
several aspects of zeolite design; namely, the transition metal ion
exchanged in the structure, the type and composition of polymer
used to bind the zeolite, and the type of zeolite structure itself
(of which there are more than 100). Previous work by our group
using Co2+-exchanged Linde-Type A (LTA) zeolites revealed power¬
ful anti-thrombotic properties in human platelets due to the
release of high concentrations of NO for approximately 1 h [41 ].
The biological properties of NO released from these zeolite systems
is further expanded by the work of Mowbray et al. [42], which
demonstrates the potential of NO-loaded Mn2+-exchanged zeolites
as topical NO delivery materials for the treatment of skin condi¬
tions. The release of high concentrations of NO from these materi¬
als draws similarities with the kinetics of NO released by the action
of iNOS during inflammatory responses in the body, suggesting a
benefit of these materials in localized clearance of infectious

agents. Here, we demonstrate the effectiveness of a novel,
high-capacity NO-storing and -releasing Zn2+-exchanged LTA
zeolite at reducing bacterial growth in vitro with the view to their
potential use as anti-bacterial coatings for medical devices.

Pseudomonas aeruginosa and S. aureus are prevalent nosocomial
pathogens commonly implicated in colonization of medical devices
including vascular lines, endotracheal tubes and urinary catheters
[43,44], P. aeruginosa (strain PA01) and methicillin-sensitive S. aur¬
eus (MSSA) were therefore studied to reflect their clinical relevance

and to encompass both Gram-negative and Gram-positive organ¬
isms. Further to this, the anti-bacterial action of our materials
against the two widely publicized hospital "superbug" pathogens,
MRSA and C. difficile, were also investigated. Here we report a com¬
parison between NO-loaded Zn-exchanged zeolite with NO-free
Zn2+-exchanged zeolite. Importantly, the NO-releasing zeolite
shows significantly increased activity as compared with the NO-
free zeolites, the like of which are already used commercially as
anti-bacterial agents.

2. Methods

2.1. Materials

Zn2*-exchanged zeolites were synthesized at the University of
St. Andrews as described in Ref. [37], Briefly, Zn2t-ions were ex¬
changed for Na2+ into zeolite framework configuration LTA
(Fig. 1). The resulting zeolite powder was loaded with NO gas un¬
der 2 atm pressure and pressed into 5 mm diameter 1 mm thick
discs composed of 50 wt.% zeolite and 50 wt.% polytetrafluoroeth-
ylene (PTFE; total weight ~20 mg). Unless otherwise stated, 50%
Zn2*-exchanged zeolites were used. NO-loaded zeolite samples
were stored in sealed Schlenk tubes under argon gas prior to use.
The bacterial strains used were clinical isolates kindly provided
by Professor John Govan (PA01) [45-47] and Dr. Olga Moncayo-
Nieto (MSSA, MRSA). C. difficile was provided by Dr. Alistair
Sutherland. LB (Luria-Bertani) and BHI (brain heart infusion)
nutrient broth and LB agar were purchased from Sigma (Hertford¬
shire, UK) and made up according to manufacturer's instructions.

2.2. NO electrode

NO measurements were carried out using an isolated (2 mm)
NO electrode (ISO-NOP; World Precision Instruments, Stevenage,
UK), calibrated prior to use with cumulative addition of known
concentrations of NaN02 in a solution containing 0.1 M K1 and
0.1 M H2S04. Data were captured via an analogue-digital converter
(Maclab 4e, AD Instruments, Sussex, UK).

NO released from NO-loaded 50% Zn2+-exchanged zeolites was
measured in 1 ml of 5% LB broth:phosphate-buffered saline (PBS)
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Fig. 1. Schematic representation of the Zn2+-exchanged zeolite structure. A typical
view of the cubic zeolite with the LTA framework topology ion exchanged with zinc.
Tetrahedral atoms (silicon and aluminium), oxygen and zinc are coloured grey, red
and cyan, respectively. Pore size is approximately 4.1 A.
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solution. The electrode was suspended in the solution and allowed
to reach a baseline reading prior to zeolite suspension. NO mea¬
surements were recorded for approximately 60 min following zeo¬
lite suspension. The zeolite disc was suspended in the solution
using a stainless steel holding device. Each sample was incubated
at 37 °C and contained a magnetic stir bar, which stirred the solu¬
tion at 1000 rpm for the duration of the experiment. Relevant
time-points were selected for analysis and traces of NO release
over time were plotted.

2.3. Bacterial culture

Bacteria were cultured on LB nutrient broth agar. Bacterial sus¬
pensions were prepared by inoculating 10 ml of nutrient broth
with one colony of the relevant bacteria and incubating overnight
at 37 °C in an orbital shaker. Bacteria were then subcultured with a

1/100 dilution of the original bacterial suspension and incubated
for 3 h. The bacteria were washed via centrifugation (1500g;
15 min) and resuspended in a 5% LB:PBS solution. This step was
then repeated once more to ensure adequate washing of the cells.
The suspensions were standardized each day via dilution with 5%
LB:PBS to an optical density of 0.1 at 595 nm using spectrophotom¬
etry (WPA UV 1101, Biotech Photometer). A further 1 in 1000 dilu¬
tion was performed for use in the assays. For C. difficile, LB was

replaced with BHI (Brain Heart Infusion) broth and agar.
The zeolite treatments were investigated in varying volumes

(150-1200 pi) of the bacterial suspension prepared as described
above, ensuring the suspensions contained equal concentrations
of bacteria. All dilutions were in 5% LB in PBS solution. The treat¬

ments were carried out at 37 °C on a heated block with shaking
at 400 rpm for varying times (2-45 min). The evaluation of bacte¬
rial growth following treatments was achieved using viable counts
in colony-forming units (cfu). A 100 pi aliquot of 10~2 and 10~3
dilutions of the original bacterial suspension were spread onto LB
agar plates in triplicate. The plates were left to incubate at 37 °C
overnight at 5% C02 for approximately 16 h and the number of col¬
onies formed were counted. The number of bacteria present in the
suspension following treatments was estimated, assuming that 1
colony arose from a single bacterium and by subsequent multipli¬
cation of the dilution factors to obtain the number of bacteria per
ml. Where appropriate, treatments were compared as a percentage
of the number of colony-forming units of bacteria (cfus) present at
time zero (t = 0).

2.4. Statistics

Statistical analyses were performed using one- or two-way
analysis of variance (ANOVA) with either Dunnet's or Bonferroni's
post hoc test. Statistical significance was assumed when p < 0.05 at
the 95% confidence interval.

3. Results

3.1. NO release from Zn2*-exchanged zeolites and the induction of
bactericidal effects in PA01

NO release profiles from 50% Zn2*-exchanged zeolites sus¬

pended in 1 ml 5% LB:PBS solution (37 °C; Fig. 2) demonstrated re¬
lease of high concentrations of NO in the pM range. Peak
concentration reached approximately 25 pM within the first
10 min and rapidly deteriorated to near baseline levels by
50 min. Variability in NO release from these zeolites is evident
from the error bars indicating the SEM of n = 6 experiments. The
bactericidal effects of NO released in 150 pi suspension of PA01
were evident after only 30 min incubations, with previous time-

points analysed showing no decrease in bacterial numbers com¬

pared to control (Fig. 2B). Fig. 2C shows representative photo¬
graphs of LB agar plates spread with dilutions (10 2; 100 pi) of
PA01 suspensions following control (left), NO-loaded (middle)
and NO-free zeolite treatments (45 min; 37 °C). They show a clear
reduction of colonies following NO-loaded treatments that is not
evident following NO-free disc incubations, indicating the impor¬
tance of NO in the bactericidal effect. Growth of PA01 in the assay
increases following 45 min in control circumstances. For this rea¬
son, and due to the duration of NO release from the zeolites and
the temporal induction of bactericidal effects in this assay,
45 min was the length of incubation chosen to investigate the
anti-bacterial effects in other strains.

3.2. The anti-bacterial effect of NO-loaded Zn2*-exchanged zeolites

The anti-bacterial effect of NO-loaded zeolites was investigated
in suspensions (150 pi; 5% LB:PBS) of commonly found nosocomial
strains PA01 (Fig. 3A), MSSA (Fig. 3B), MRSA (Fig. 3C) and C. difficile
(Fig. 3D) following a 45 min incubation time (37 °C) of NO-loaded
and NO-free counterpart zeolite discs. In all strains, NO-loaded disc
treatments significantly reduced bacterial numbers compared to
time-matched controls as estimated by the cfu assay (see Sec¬
tion 2). Bacterial cfus were reduced to below those estimated at
t = 0 indicating a bactericidal effect of these zeolites against all
strains. The counterpart NO-free zeolite control discs did not sig¬
nificantly reduce PA01 cfus at 45 min or following 120 min incuba¬
tions (data not shown). In the Gram-positive strains MSSA, MRSA
and C. difficile colony counts following NO-free counterpart zeolite
treatment were comparable to those estimated at t = 0, suggesting
the induction of bacterial stasis by the NO-free zeolite control disc.

3.3. The effect of zeolite disc dilution on bacterial growth

Zeolite discs were diluted in various volumes (150-1200 pi) of a
Gram-negative (PA01) and Gram-positive (MSSA) bacterial suspen¬
sions to evaluate the effect of volume, and subsequent dilution of
NO concentrations, on bacterial growth. As all Gram-positive
strains studied showed similar responses following zeolite treat¬
ments, one Gram-positive strain (MSSA) was chosen to evaluate
the effect of dilution. The reduction in bacterial numbers by NO-
loaded zeolites was inversely related to the volume of the bacterial
suspension for both PA01 (Fig. 4 A) and MSSA (Fig. 4 B). The reduc¬
tion in bacterial numbers by NO-loaded zeolites was significant in
both strains at the lowest volumes (<300 pi) in which NO concen¬
trations are likely to be highest.

4. Discussion

Zn2+-exchanged zeolites at 50 wt.% composition in PTFE poly¬
mer are high-capacity storage materials of NO, releasing high
micromolar concentrations of NO over approximately 1 h on con¬
tact with an aqueous medium (Fig. 2). The duration of release is
very brief when considering the development of these materials
as coatings for medical devices that would ideally benefit from
NO release throughout the working life of the device. However,
these materials have highly tunable properties that will allow for
future optimization of NO storage and release capacities. Changing
the composition of the NO-storing zeolite in the polymer, using
alternative transition metals exchanged in the zeolite structure
and using alternative polymer materials all impact upon the stor¬
ing capacity for NO and/or kinetics of NO release. Previous work
using a Co2+-exchanged zeolite revealed similar NO release charac¬
teristics to the Zn2*-exchanged zeolite and additionally demon¬
strated the powerful and lasting anti-aggregatory effects of NO
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Fig. 2. NO release profile and the temporal induction of bactericidal effects of 50% Zn2*-exchanged zeolites. (A) The NO release from 50% Zn2*-exchanged zeolite:PTFE disc
(5 mm diameter; ~20 mg) determined using 2 mm isolated NO-electrode suspended in 1 ml of a 5% LB:PBS solution (37 °C) for 50 min. (B) The growth of PA01 at various
time-points in the absence or presence of NO-loaded Zn2*-exchanged zeolite discs incubated (37 °C) in 150 pi (5% LB:PBS) of tile bacterial suspension. (C) Representative
photographs of typical LB agar plates from which PA01 colonies were counted to estimate bacterial numbers following control (left), NO-free zeolite (middle) and NO-loaded
zeolite (right) treatments (45 min; 37 °C). Samples from 100 pi of a 10 2 dilution of the treated bacterial suspension were spread on LB agar plates and incubated for 16 h
(37 °C; 5% C02) to allow colonies to grow.

released from these materials in human platelets [411. The short¬
lived release of high concentrations of NO from these zeolites
draws similarities with the inducible release of NO by inflamma¬
tory cells during infection, which is important for clearance of
pathogens. As a consequence of this observation, the anti-bacterial
properties of a Zn2+-exchanged zeolite was investigated against
Gram-negative and Gram-positive pathogens commonly found in
device-related infections, with a view to their suitability as bacte¬
ricidal agents in medical applications.

The cfu assay used to estimate the anti-bacterial potential of
zeolite treatments is a standard and reliable technique used to as¬
sess the efficiency of potential anti-microbial agents. The reduction

in bacterial numbers compared to control is a good indicator of the
inhibition of bacterial growth following zeolite treatment. The esti¬
mation of the number of bacteria present at t = 0 also allows the
determination of a bactericidal or bacteriostatic effect of the treat¬

ments as well as the growth potential of the bacteria in experimen¬
tal conditions. If the numbers of bacteria following treatment is
reduced to levels < t = 0, it can be inferred that the bacteria are

being killed, i.e. it has a bactericidal effect. Alternatively, a bacte¬
riostatic response is suggested when bacterial growth fails to reach
levels of the control suspensions incubated for the same time and
numbers remain comparable to those estimated at t = 0. NO-loaded
zeolite treatment produced a significant bactericidal effect in all
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(2009), doi:l0.1016/j.actbio.2009.10.038



ARTICLE IN PRESS

S. Fox et al./Acta Biomaterialia xxx (2009) xxx-xxx

300-

^ 200

2
~ 100
o

n/s

B

300q

200-

100-

O

*

1=0
KWlControl

■■H ♦ NO-loaded zeolite
l l* NO-free zeolite

PA01 Treatment |t»4Smin) MSSA Treatment (t»4S mm)

MRSA Treatment (t*45) C ckfficih Treatment (t«45)
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Fig. 4. The effect of NO-loaded zeolite disc dilution on bacterial growth. Bacterial
growth following NO-loaded zeolite incubation (45 min; 37 °C) in increasing
volumes (150-1200 pi) of PA01 (A) and MSSA (B), optical density equalized,
bacterial suspensions (5% LB:PBS). Bars represent the mean ± SEM of an average of
3-6 plates per treatment in n = 3 independent experiments. Data are expressed as X
of cfus at t - 0 (dotted line). Asterisks denote statistical significance from control
bacterial growth at t - 45 (*p < 0.05, **p < 0.01).

pathogens studied (Fig. 3). These findings are in concordance with
previously published studies describing the bactericidal effect of
NO and related species [23,27,48,49].

The bactericidal effect of NO-loaded zeolite discs was reversed

upon dilution of the zeolite disc in greater volumes of the bacterial
suspension, suggesting that high concentrations of NO are required
for bacterial killing. NO-electrode data indicate that peak NO con¬
centrations reach approximately 30 pM in 1 ml of 5% LB: PBS solu¬
tion. No significant reduction in bacterial growth was seen at
zeolite disc dilutions of 600 pi (Fig. 4), suggesting that NO concen¬
trations need to be in excess of those shown in the NO-electrode

experiment to produce a bactericidal effect. These findings are in
line with previous findings demonstrating NO-mediated reduction
in bacterial viability over large NO concentration ranges [15,23].
The time-course study using PA01 demonstrated rapid anti-bacte¬
rial effects of NO-loaded zeolites after only 30 min incubation
times (Fig. 2B). Interestingly, there was a temporal effect in the
bactericidal effects of NO-loaded zeolites. A gradual reduction in
bacterial numbers was demonstrated with increasing dilution of
the NO-loaded zeolite disc (Fig. 4); however, shorter incubation
times and presumably exposure to lower NO concentrations did
not reduce bacterial numbers after 10 and 20 min exposures, when
peak concentrations have been released. The temporal association
between NO exposure and bactericidal effects in PA01 is interest¬
ing and warrants further research. The bactericidal effect of these
zeolites on a wider range of bacterial strains together with poten¬
tial anti-fungal and anti-viral effects remains to be investigated.
However, the potency of the NO-releasing zeolites in the bacterial
strains detailed, together with the rapidity of their anti-bacterial
actions, provides promising results for their future development.
Indeed, the exposure time used in our study is far shorter than
those chosen in previous literature describing the bactericidal ef¬
fect of NO. Such rapidity of action could encompass a unique bac¬
tericidal property of NO-loaded zeolites that could be utilized in
appropriate situations where short-lived, potent bactericidal
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effects are beneficial, such as in minor surgical interventional
procedures.

The adhesion of bacterial cells to surfaces is central to the for¬
mation of biofilms, which are notoriously difficult to clear and
are linked with the production of antibiotic resistance [50]. It is
therefore important to consider the adhesive properties of materi¬
als being developed for medical grade purposes. The polymer PTFE
is one of the major medical grade polymers currently employed in
medical device designs. We have shown previously that a zeo-
lite:PTFE material inhibits platelet adhesion to its surface [41]
through the release of NO. The anti-adhesive properties of NO from
our materials are likely to be retained against bacteria, as shown by
many other NO-releasing materials [24,26,27,51,52], although this
remains to be fully confirmed. The delivery of NO by zeolite mate¬
rials in our study demonstrated direct and rapid bactericidal effects
against bacteria in suspension, further substantiating our proposal
for the development of these materials as anti-infective medical
device coatings that goes far beyond that of just anti-adhesive
properties. A recent study by Hetrick et al. [53] demonstrated the
potential of NO-releasing particles in the clearance of bacterial bio¬
films, highlighting the possibility of using NO-loaded zeolites not
only in preventative anti-infective strategies but also in the treat¬
ment of established infections.

As well as the bactericidal effect produced by the NO-loaded
zeolite, the NO-free zeolite control disc also attenuated growth of
the Gram-positive strains in vitro. The effects seen with the NO-
free disc appeared to be bacteriostatic as the bacterial numbers
present following treatments were comparable to those estimated
at t = 0. This finding suggests that the bactericidal effect of the NO-
loaded zeolite counterparts is due to release of NO. The bacterio¬
static effect observed in MSSA, MRSA and to some extent C. difficile
is likely due to the leaching of Zn2+ from the zeolite structure into
the bacterial suspension, as expected from the previous studies on
zeolite anti-bacterial materials. Gram-positive and Gram-negative
bacteria differ fundamentally in their membrane structure.
Soderberg et al. [54] demonstrated a similar bacteriostatic effect
in Gram-positive bacteria to that observed in this study following
zinc oxide treatment. Interestingly, Gram-negative strains were

generally unaffected by zinc oxide at concentrations up to
1024 pg ml"1, and thus it was speculated that the bacteriostatic ef¬
fect was due to the specific binding of Zn2+ to components of the
Gram-positive bacterial membrane, which subsequently inhibits
bacterial replication. No bacteriostatic effects were observed fol¬
lowing NO-free zeolite treatments in the Gram-negative strain
PA01 even after 120min incubations (data not shown), which
broadly supports this hypothesis and could highlight a possible
mechanism for the bacteriostatic effects of NO-free zeolites in
the Gram-positive strains studied here.

The important result from this study is that the NO-releasing
materials are highly bactericidal, and that this effect happens much
more quickly than any effects due to the release ofmetal ions from
the zeolite. This opens up the possibility of a Afunctional approach
- the quick release of NO is highly efficient at reducing bacterial
numbers, while the longer-lasting effect of metal ion release keeps
the bacterial load low, preventing recolonization.

Confirmation of the extent of the leaching is important in deter¬
mining the potential of these materials for in vivo clinical use as
toxicity to bacterial cells could translate to toxicity in host cells.
Despite this, inhibition of bacterial growth by Zn2+ within NO-
loaded zeolites could have excellent prospects in other areas. For
example, a simple ring of NO-loaded Zn2+ zeolite at the outer ends
of a urinary catheter could provide protection from bacterial infec¬
tions resulting from external sources, thereby bypassing the possi¬
ble in vivo cytotoxicity of these agents to host tissue. Additionally,
the use of powdered Zn2+ zeolites could be used as surface disinfec¬
tants. In this arena, the preliminary burst of NO could provide the

powerful disinfectant effects necessary to kill off any contaminat¬
ing microbes, then, once the NO reserves are exhausted, the Zn2+
could provide continued anti-microbial defence against susceptible
strains. This is particularly attractive when considering the prob¬
lems associated with the Gram-positive bacteria, MRSA. This path¬
ogen is a significant cause of morbidity and mortality within
hospital environments and is difficult to treat due to the develop¬
ment of antibiotic resistance [55,56]. NO-releasing Zn2+-exchanged
zeolites could be a potential solution to the management of these
antibiotic resistant organisms, in both patient-based therapies
and as novel disinfectants in hospital cleaning regimes.

Clearly, optimization of zeolite design is necessary to produce
ion-exchanged zeolites with minimal potential toxicity while
retaining the anti-microbial effects associated with the high con¬
centrations of NO. Other porous materials, such as metal organic
frameworks (MOFs) might be promising alternatives to metal ion
leaching zeolite designs that have previously been shown to exhi¬
bit similar NO-storing properties and anti-thrombotic effects in
human platelets [57],

5. Conclusions

We have shown that NO-loaded Zn2+-exchanged zeolite:PTFE
(50:50) materials have potent anti-bacterial properties against
examples of Gram-negative and Gram-positive bacteria. The mech¬
anism of the observed bactericidal effect was associated with the

exposure of high concentrations of NO. The improved bacteriocidal
activity of the NO-releasing zeolites over and above that of the NO-
free Zn2+-exchanged zeolite offers great promise for the develop¬
ment of highly effective bifunctional anti-bacterial materials. The
potential development of these materials as anti-microbial coat¬
ings for use in medical devices and their mechanism of action
and cytotoxicity in vivo requires further investigation; however,
our study clearly highlights their anti-bacterial properties that
may be exploited for biological and clinical use.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1 and 2, are
difficult to interpret in black and white. The full colour images
can be found in the on-line version, at doi: 10.l0l6/j.actbio.2009.
10.038.
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1 . Introduction

Blood platelets normally are quiescent. However, they circulate
in a potentially hostile environment in which they may be
exposed simultaneously or sequentially to a plethora of biologic¬
ally active compounds that can modulate (i.e. stimulate or
inhibit) platelet reactivity and thereby perturb or prolong the
quiescent state. Agents which induce platelet activation evoke
specific cellular responses including shape-change, aggregation,
degranulation and icosanoid formation which bestow upon the
platelet a physiological role in haemostasis and a pathological
role in thrombosis, atherosclerosis and inflammation (1). Agents
which inhibit platelet activation may impair the haemostatic
process and promote haemorrhage. Presumably it is the balance
between these stimulatory and inhibitory influences which governs
platelet reactivity in vivo.

Numerous endogenous and exogenous agents (agonists) can
modulate platelet reactivity. Those that may be of patho¬
physiological importance are heterogeneous in structure and in
biological activity. They include the following:-
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a. Hormones e.g. Adrenaline, Vasopressin (2,3), Angiotensin
II (4), Atrial Natriuretic Factor (ANF) (5).

b. Autacoids e.g. ADP, Adenosine (2,6), Icosanoids (PGG^,
PGH , TxA2, PG12, PGD 2) (7), PAF, 5HT (3).

c. Neurotransmitters e.g. Noradrenaline, Acetylcholine,
Dopamine (2 ) .

d. Coagulation factors e.g. Thrombin, Plasmin (2).
e. Vascular proteins e.g. Collagen, Elastin (2).

Stimulatory and inhibitory agonists are assumed to
interact initially with a specific recognition site (receptor)
located in/on the platelet plasma membrane. Before discussing
further such receptors it is pertinent to consider firstly the
pharmacological criteria that are used to characterise receptors
in general, and secondly the mechanisms that underlie receptor-
mediated regulation of platelet reactivity.

1.1 Criteria for receptor characterisation
Several pharmacological methods can be applied to the classific¬
ation of receptors and receptor sub-types.

a) Structure-activity relationships: the specificity of a

receptor is not defined by a single agonist, but by the range of
chemical structures (agonists and antagonists) that interact with
i t.

b) Selective antagonists: the use of such agents is
probably the simplest and most widespread means of receptor
classification (8).

c) Radioligand binding analyses: such procedures afford a

means of receptor quantification. Only binding that can be shown
to be saturable, reversible, pharmacologically specific and
consistent in time-course and concentration-dependence to the
functional responses elicited/inhibited by the ligand can be
deemed to reflect receptor occupancy (9).

d) Homologous desensitisation : agonist - specific desensitis-
ation may be related to ligand-induced changes in the state of
cellular receptors and thus can be used to distinguish between

receptor types (10).
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e) Analyses of transduction processes: there must exist
some information transfer system whereby events at the cell
surface (agonist-receptor interaction) influence the rates of
those key biochemical reactions that govern the cellular response.

Receptors for different agonists and receptor sub-types for a

single agonist may be differentiated on the basis of the trans¬
duction system to which they are coupled (11).

1.2 Receptor mechanisms for regulation of platelet reactivity
The putative sequence of events by which stimulatory and inhibit¬
ory agonists modulate platelet reactivity are depicted schematic¬
ally in Figure 1. As platelets are electrically non-exciteable
cells (12), receptor-mediated alterations in platelet reactivity
are achieved via stimulus (agoni st)-evoked changes in the intra¬
cellular concentrations of second messenger molecules including
cAMP, 1,2-Diacy1g1ycero1 (DG) and cytosolic free Ca^+ ([Ca^+]i)
(13,14). These second messengers act by combining with specific
intracellular targets or acceptors to alter the reactivity of
specific enzymes. The targets that have been identified are pre¬

dominantly phosphorylating enzymes: cAMP-dependent protein kinase
(A kinase) for cAMP, protein kinase C (C kinase) for DG and, most

2+ 2 +
probably, Ca -calmodulin dependent protein kinase for [Ca ji.
Such enzymes, in turn, catalyse the phosphorylation and altered
reactivity of specific target proteins/enzymes which govern the
cellular response (15). Changes in the intracellular concentr¬
ations of second messenger m'olecules stem from the actions of
specific effector systems, of which 3 have been identified, or

conceptualized, in platelets 1. Adenylate cyclase, which
generates cAMP (13). 2. Phospholipase C, which hydrolyses
membrane phosphoinositides , in particular phosphatidylinosito!
4,5 bis phosphate (16) to yield DG and Inositol 1,4,5 tris

2 +
phosphate (IP ^) - The latter acts to mobilise Ca from intra¬
cellular storage sites in the dense tubular system to the cyto-
sol. 3. Receptor-operated Ca^+ channels (ROC), the opening of

2 +
which permits Ca influx (17). The activity of these signal
generating effector systems is regulated by transducers which
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effectively couple agonist-receptor interaction to the effector
system. Those transducers that have been identified are GTP

binding proteins (G proteins). The G proteins that couple
receptors to inhibition (Gi) or stimulation (Gs) of adenylate

cyclase are well characterised (18). There is evidence that a

distinct G protein is involved in receptor-mediated activation of
phospholipase C in platelets (19) and by analogy with other cell
types (e.g. neutrophils) G protein involvement in ROC opening is
a distinct possibility (20). In platelets, elevation of the
intracel1u1ar cAMP concentration and activation of A kinase are

associated with inhibition of platelet reactivity. There is
much controversy as to whether a reduction in the basal intra¬
cellular cAMP concentration, perhaps via inhibition of A kinase,
can lead to platelet activation (21). In contrast, elevation of

2 +
the intracellular concentrations of DG or [Ca ]i is associated
with platelet activation (14,22).

2. Scope of the Discussion

That which follows is a modest attempt to review the (now
copious) evidence concerning the classification of platelet

receptors for endogenous stimulatory and inhibitory mediators
and the nature of the transduction processes (receptor mechanisms)
activated following agonist-receptor interaction. For the sake
of brevity and clarity, the discussion is limited to a consider¬
ation of certain soluble agonists that are alleged to be of
patho-physiological importance in modulating platelet reactivity.

3, Receptors and receptor mechanisms for platelet stimulatory
agonists

3.1 ADP

A consideration of the structure-activity relationships of

analogues reveal that alterations to the diphosphate chain, the
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ribose sugar and the adenine base of ADP all markedly influence
platelet reactivity. The stimulatory effects of ADP on human
platelets are inhibited competitively by ATP and other analogues,
e.g. 2-chloro-ATP, and non-competitively by2-alkylthio analogues,
e.g. 2-methy1thio-AMP (6). Radioligand binding analyses of human
platelet receptors for ADP is complicated by metabolism of the
natural ligand. However, studies in intact human platelets using

3 2
2-methylthioadenosine [B P ]-diphosphate as ligand identified a

single class of binding sites with Kd = 15 nM and 400-1200 sites/
cell (23). ADP-induced platelet activation displays homologous
desensitisation (24) and the purinoreceptors for ADP on intact
platelets apparently are coupled to inhibition of adenylate

2 +
cyclase (6) and to elevation of [Ca ]i (25). The former is
mediated via receptor-linked activation of Gi, but the relevance
of this response to platelet activation remains to be determined.

2 +
The latter is associated with influx of external Ca via opening

2 +
of ROC and by mobilisation of internal Ca . These effects occur

independently of inositol lipid metabolism (25,26). A comparison
with purinoreceptors in other tissues reveals that the platelet
receptor for ADP is unique and has been classified as the sole

representative of the P^j sub-type of purinoreceptors (27).

3 . 2 5-Hvdroxyt ryptamine (5HT)
The structure-activity relationships for activation of platelets
by 5HT have been documented (28) and the stimulatory effects of
5HT are selectively and competitively inhibited by Ketanserin and
other agents (29). Prior exposure of platelets to 5HT results in

homologous desensitisation and if high concentrations are used,
heterologous desensitisation may result (30). Radioligand binding
analyses of 5HT receptors on platelets is compromised by the
presence of the 5HT uptake carrier to which the radioligand may

also bind. Nevertheless, a single class of 5HT binding sites

(KD = 2 nM and 260 sites/cell) with pharmacological properties
consistent with the receptor mediating platelet activation have
been identified on intact human platelets (31) and on platelet
membranes (32). 5HT receptors on human platelets are coupled to
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phospholipase C catalysed inositol lipid hydrolysis and to
elevation of [Ca^+]i which derives predominantly via influx of

2 +
external Ca through opening of ROC (25). Pharmacologically,
platelet receptors for 5HT conform to the 5HT^ (or S£) sub-type
that are present in other tissues (29).

3.3 Thromboxane (Tx) A^
The effects of TxA^ on platelets are shared by other naturally
occurring icosanoids, PGGj and PGHg. However, the actions of
these stimulatory prostanoids on platelets proved difficult to
study because of the instability of the natural agonists or their
bioconversi on to other biologically active agents. This
necessitated the design and synthesis of stable analogues (e.g.
U44069 and U45619) which mimicked the effects of the natural

agonists. This afforded an opportunity to examine the structure-
activity relationships for prostanoid-induced human platelet
activation (7). Such agents display homologous desensitisation
(7) and their effects, as with those of the natural agonists, can

be inhibited selectively by both prostanoid (e.g. EP 045, 13-
azaprostanoic acid) and non-prostanoid (e.g. BM 13,177) drugs
(33). Human platelet receptors for stimulatory prostanoids have
been quantified by radioligand binding analyses, using [ H]-
U44069 as ligand (34). Two high affinity binding sites were

identified, one of which (Kd = 70 nM and 2000 sites/cell) has the

pharmacological characteristics of the receptor mediating plate¬
let activation. Platelet receptors for stimulatory prostanoids
are coupled to phospholipase C catalysed inositol lipid metabol-

2+
ism and to elevation of [Ca ]i. Opening of ROC is the pre-

2 +
dominant component of the elevation of [Ca ]i, which derives

2 +
also, in part, via mobilisation of internal Ca (25). TxA£
mimetics activate a high affinity GTPase in the platelet plasma
membrane which is only partially inhibited by pertussis toxin
(35). This suggests that (a) G protein(s) couple receptor
occupancy to phospholipase activation and/or ROC opening.
Platelet receptors for TxAg and other natural or synthetic
mimetics conform to the TP class of prostanoid receptors (35).
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Whether or not the platelet and vascular TP receptors are

identical remains to be determined.

3.4 PflF

Following the elucidation of the structure of this biologically
active ether lipid, numerous analogues were synthesised, in part
to screen for potential antagonists and in part to evaluate the
structure-activity relationships for PAF effects in different
tissues. With reference to the 1-0-alkyl-2-acetyl-sn-glyceryl-3-
phosphory1choline structure, current evidence suggests that
chirality of C.,, the substituents at CC^ and C^, positional
isomerism and 'the glyceryl backbone all are critical determinants
of platelet reactivity (37). PAF-induced platelet activation can
be inhibited selectively by structural analogues (e.g. CV 3988)
by derivatives of natural compounds isolated from plant (e.g.
Kadsurenone) and bacterial (e.g. Gliotoxin) sources (37) and by
prior exposure of platelets to PAF (i.e. homologous desensitis-
ation (38). Using [ H]-PAF as radioligand, binding sites for
PAF on human platelets have been quantified. Kloprogge &
Akkerman (39) identified a single class of binding sites (Kd =

17 nM and 280 sites/cell) whereas others identify 2 distinct

binding sites (40). The reason for this discrepancy is unknown.
PAF activates a high affinity GTPase activity in platelet
membranes, the activity of which is only slightly attenuated by
pertussis toxin (35). In intact platelets, PAF receptors are

coupled to activation of phospholipase C and to elevation of
[C a ^+ ] i which derives predominantly, but not exclusively, via

2 +influx of external Ca via channels that open as a consequence

of receptor occupancy (25). It is possible that receptor

occupancy is coupled to activation of phospholipase C and/or ROC
opening by a specific G protein. PAF exerts effects on numerous

cells/tissues, and based on their sensitivity to antagonism by
Kadsurenone, those receptors on platelets conform to the Paf-|
sub-type which is also present on neutrophils, but is distinct
from that (termed Paf,,) present on macrophages (41).
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3.5 Vasopressi n
The polypeptide hormone vasopressin exerts numerous pharmacolog¬
ical actions, including activation of human platelets, vaso¬

constriction and anti-diuresis (42). The platelet aggregating
activity of numerous analogues of vasopressin and related poly¬
peptides have- been evaluated and structure-activity relationships

3
established (43). Analyses of the binding of [ H]-arginine-
vasopressin to intact human platelets reveal a single class of
binding sites, around 90-150 sites/cell, the Kd of which ranges

from 1.3-24 nM depending upon the presence or absence of divalent
cations (44,45). Vasopressin-induced platelet activation and

binding of [ ]-Arginine vasopressin to platelets are inhibited
competitively and selectively by agents such as d(C H ^) 5 Tyr Me
AVP which also antagonises the pressor (vasoconstrictor) actions
of the hormone (44,45). Vasopressin receptors on intact human

platelets are coupled to activation of phospholipase C and to
2 + 2 +

elevation of [Ca ]i, which derives mainly via influx of Ca

through ROCs (25). Both the functional responses and transduct¬
ion processes activated by vasopressin display homologous
desensitisat i on (46). Vasopressin receptors on different tissues

may be differentiated using selective antagonists and on the
basis of the transduction process activated by receptor occupancy

by agonist (47,48). Thus human platelet receptors for vaso¬

pressin resemble those on vascular smooth muscle and hepatocytes
and are of the V-j sub-type.

3.6 Thrombin

Thrombin is a serine protease with catalytic activity towards the
carboxyl peptide linkage of arginyl residues and is perhaps the
most potent and efficacious platelet agonist. Thrombin interacts
initially with a component of the platelet plasma membrane:
numerous thrombin-sensitive platelet proteins (e.g. glycoprotein
V) have been identified (49) and 2 classes of binding sites
routinely are detected - a high affinity, low capacity site (Kd =

10 nM and 500 sites/cell) and a lower affinity, high capacity
site (Kd = 100 nM and 50,000 sites/cell) (50). Whether platelet
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activation is a consequence of hydrolysis of a particular sub¬
strate or of a classical agonist-receptor equilibrium remains to
be determined. Catalytic activity of thrombin is essential for
platelet activation, as evidenced by the lack of effect of active-
site blocked thrombin. However, active-site blocked thrombin
does compete with thrombin for both classes of binding sites on

platelets but does not impair thrombin-induced platelet activ¬
ation. Hence the functional significance of the binding sites
for thrombin on platelets is questionable. Clearly these observ¬
ations suggest that the integrity of the active site of thrombin
is required for platelet activation but not for equilibrium
binding. This could indicate that some processing (hydrolysis)
of the receptor is obligatory for functional responsiveness (49,
50). This claim must be moderated in view of the recent observ¬

ation that thrombin-induced platelet activation can be inhibited
selectively by the tripeptide SC40476, which does not impair the
proteolytic activity of thrombin, but behaves functionally as a

partial agonist (51). Collectively these results indicate that
thrombin-induced platelet activation shows dual characteristics
of an enzyme catalysed reaction and an agonist-receptor inter¬
action. There must exist a recognition site(s) for thrombin on
the platelet plasma membrane, and semantically such sites must
be considered as receptors which may possess characteristics
analogous to those of receptors for other agonists. Indeed,
thrombin-induced platelet reactivity displays homologous desens-
itisation (52) and in intact cells receptor activation (be it
occupancy and/or hydrolysis) is coupled to activation of phospho-

? +
lipase C and influx of external Ca through ROC opening (53).
Studies using electro-permeabilised platelets indicate the
involvement of a G protein in thrombin-induced activation of
phospholipase C (54). Thrombin exerts effects on other cells

including fibroblasts (55) and endothelial cells (56). Whether the
thrombin receptor(s) in these cells are identical to those on

platelets remains to be ascertained.
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3.7 Adrenaline

Pharmacological analyses using a range of agonists and ant¬
agonists indicate that the human platelet receptor for adrenaline
is an a, adrenoreceptor (57). Such receptors have been

3
quantified by radioligand binding analyses and using [ H ]-
yohimbine, a' pure a^ antagonist as ligand, a single class of
binding sites (Kd = 3 nM and 270 sites/cell) was identified (57).
Adrenaline-induced platelet activation displays homologous
desensitisation (58). In intact platelets a^ adrenoreceptors are
coupled via Gi to inhibition of adenylate cyclase (59). It
remains to be proven that such an effect is of importance in
platelet activation and other, as yet unidentified, transduction
processes operated by a^ adrenoreceptors may well exist.

4. Receptors and receptor mechanisms for platelet inhibitory
agonists

4.1 PGI,
In view of the therapeutic potential of a prostanoid inhibitor
of platelet activation that is stable, orally active, resistant
to metabolism in the pulmonary circulation and devoid of unwanted
side effects, a myriad of prostaglandin analogues have been
synthesised and screened for platelet inhibitory activity.
Consequently, the structure-activity relationships for inhibition
of platelet activation by PGIg'have been evaluated and reveal
that, besides the presence of a 15(S) hydroxyl substituent, which
is a pre-requisite for biological activity of all prostanoids,
the orientation of the double bond at C5-C6 and its interaction

with the oxygen atom at C9 are critical determinants of

reactivity (7,60). Although numerous compounds have been
reported to antagonise the effects of PGIg on platelets, none of
these compounds are selective. Radioligand binding analyses

3
using intact human platelets and [ H ] -PGI^ as ligand reveal 2
distinct classes of binding site: a high affinity, low capacity
site (Kd = 10 nM and 50 sites/cell) and a low affinity, high
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capacity site (Kd = 1.6 uM and 4000 sites/cell). The former
possesses the pharmacological properties of the functional PGI.,
receptor in that binding could be displaced by PG^ and PGE^ but
not by PGO^ (61). PGI^ receptors on platelets are coupled via
Gs to stimulation of adenylate cyclase and consequent increase in
cAMP formation. Prior exposure of platelets to PGI^ rendered
both intact cells (cAMP formation) and lysates (adenylate cyclase
activity) refractory (i.e. desensitised) to a subsequent addition
of P GI

^ (°r PGE-|), but responsiveness to PGD2 was unaltered (62,
63). These observations indicate that PGIg and PGE^ act at a
common receptor on platelets which is termed the PGI^ receptor as
PGIg is the most potent endogenous ligand. According to current
nomenclature, the platelet receptor for PGIg conforms to the IP
class of prostanoid receptors (36). The structure-activity
relationships for PGIg-induced inhibition of platelet activation
and vasodilatation differ. Thus it is possible that there may

exist sub-types of IP receptors on different tissues.

4.2 PGP,
The structure-activity relationships of PGD^-induced anti¬
aggregatory activity have been investigated and shown to differ
from those of PGD^-induced vasoconstriction (64) or anti¬
neoplastic activity (65). The effects of PGDg on platelets can
be selectively antagonised by AH 6809 (66). Scatchard analyses

3
of the binding of [ HJ-PGDg to intact human platelets reveal a
single class of binding sites (Kd = 50-400 nM and 200-800 sites/
cell) (60). The inhibitory effects of PGDg on platelet reactiv¬
ity are caused by elevation of the intracellular cAMP concentr¬

ation, and PGD^ receptors on platelets are coupled via Gs to
activation of adenylate cyclase (59). PGDg-induced cAMP
formation in intact platelets and adenylate cyclase activation in
platelet lysates display homologous desensitisation (62).
Platelet receptors for PGD^ conform to the DP class of prostanoid
receptors, and may differ from OP receptors in other systems.
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4.2 Adenosine

The inhibitory effects of adenosine on platelet reactivity are

shared by 2-substituted (e.g. 2 Ch1oroadenosine) and N -

monosubst i tuted (e.g. N^-Phenyladenosine ) analogues, whereas
deoxyadenosines are devoid of platelet inhibitory activity (67).
Radioligand binding studies of adenosine on platelets have not
been documented, presumably because such analyses are compromised
by the presence of uptake carriers with which adenosine combines
to enter platelets. Adenosine-mediated inhibition of platelet
activation is associated with an increment in platelet cAMP
content, and adenosine receptors on the external surface of
platelets are coupled via Gs to stimulation of adenylate cyclase.
This effect of adenosine can be inhibited by methylxanthines
(.59) and based on the structure-activity relationships of

agonists, the receptor involved conforms to the subtype of
adenosine receptors, also present in other tissues including
vascular smooth muscle (68).

Adenosine at high concentrations is known to inhibit'
adenylate cyclase. This effect is more marked with deoxy-
adenosine derivatives (e.g. 2',5 '-dideoxyadenosine ) , is not
impaired by methylxanthines, and is attributed to combination
with a P.| puri noreceptor located i ntracel 1 ul arly on the catalytic
subunit of adenylate cyclase (59).

5, Conclusions

The available evidence indicates that platelets contain receptors
for many agents that are capable of modulating platelet
reactivity. With the possible exceptions of the adreno-
receptor (for adrenaline) and the P,,^ purinoreceptor (for ADP),
the sequence of events initiated by agonist-receptor combination
and which culminates in altered platelet responsiveness have been
identified. The obvious conclusion, although still an assumption,
is that such agents and receptor mechanisms, acting alone or in
concert, may be major determinants of platelet reactivity in



58 Maclntyre et al.

vivo. This knowledge of receptors and receptor mechanisms of
platelet stimulatory and inhibitory agonists may be exploited to
devise pharmacological and therapeutic agents to control those
pathological conditions associated with platelet hyper-reactivity.
The desireable properties of any such agent would include
inhibition of platelet responsiveness to a range of stimulatory
agonists and lack of activity on other systems. The challenges
that remain are to establish whether this can be achieved using:-
a) selective antagonists of platelet receptors for stimulatory
agonists; b) analogues that selectively activate only platelet
receptors for inhibitory agonists; c) agents that impair the
transduction processes activated by platelet stimulatory
agonists; d) agents that activate or mimic the transduction
processes activated by platelet inhibitory agonists.

6. References

1. Gordon, J.L. (1981) in Platelets in Biology and Pathology 2.
(J.L. Gordon, ed.) North Holland, Amsterdam, pp 1-17.

2. Mustard, J.F. & Packham, M.A. ( 1 970 ). Pharmacol. Rev. 2_2, 97-
187.

3. Kinlough-Rathbone, R.L. & Mustard, J.F. (1986) in Platelets
in Biology and Pathology 3. (D.E. Maclntyre and J.L. Gordon,
eds.) North Holland, Amsterdam, in press.

4. Ding, Y., Maclntyre, D.E., Kenyon, C.J. & Semple, P.F. (1980).
Thromb. Haemostas. 54, 71_7-720.

5. De Caterina, R., Volpe, M., Atlas, S.A. & Ueksler, B.B.
(1985). Life Sci. 37, 1395-1402.

6. Cusack, N.J., Hourani, S.M.O. & Welford, L.A. (1985). Adv.
Exp. Med. Biol. 19J, 29-39.

7. Maclntyre, D.E. (1981) in Platelets in Biology and Pathology
2. (J.L. Gordon, ed.) North Holland, Amsterdam, pp 211-247.

8. Tallarida, R.J. & Jacob, L.S. (1979). The dose-response
relation in pharmacology. Springer, New York.

9. Birnbaumer, L., Pohl , S.L. & Kaumann, A.J. ( 1 974). Adv.
Cyclic Nucleotide Res. 4, 239-248.



Receptors and Receptor Mechanisms 59

10. Lefkowitz, R.J. & Williams, L.T. (1978). Adv. Cyclic
Nucleotide Res. 9_, 1-15.

11. Berridge, M.J. (1980). Trends Pharmacol. Sci. J_, 419-424.
12. Maclntyre, O.E. & Rink, T.J. (1982). Thromb. Haemostas. 47,

22-26.

13. Steer, M.L. & Salzman, E.W. (1980). Adv. Cyclic Nucleotide
Res. J_2, 71-92.

14. Nishizuka, Y. (1984). Science 225, 1365-1370.

15. Gerrard, J.M., Friesen, L.L., McCrea, J.M., Israels, S.J. &
Robinson, P. (1985). Adv. Exp. Med. Biol. J_92, 235-248.

16. Chap, H., Simon, M.F., Fauvel, J., Plantavid, M., Mauco, G. &
Douste-Blazy, L. (1985). Nouv. Rev. Fr. Hematol. 2_7, 229-233.

17. Doyle, V.M. & Ruegg, U.T. (1985). Biochem. Biophys. Res.
Comm. 217, 161-167.

18. Gilman, A.G. (1983). J. Clin. Invest. 73, 1-4.

19. Haslam, R.J. & Davidson, M.M.L. (1984). J. Receptor Res. 4,
605-629.

20. Naccache, P.H., Molski, M.M., Volpi, M., Becker, F.L. &
Sha'afi, R.I. (1985). Biochem. Biophys. Res. Comm. 130, 677-
684.

21. Feinstein, M.B., Rodan, G.A. & Cutler, L.S. (1981) in
Platelets in Biology and Pathology 2. (J.L. Gordon, ed. )
North Holland, Amsterdam, pp 437-472.

22. Rink, T.J., Sanchez, A. & Hallam, T.J. (1983). Nature 305,
317-319. —~

23. Macfarlane, D.E., Srivastava, P.C. & Mills, D.C.B. (1983).
J. Clin. Invest. 7J[, 420-428.

24. Evans, R.J. & Gordon, J.L. (1974). Br. J. Pharmac. 51, 123P.

25. Maclntyre, D.E., Pollock, W.K., Shaw, A.M., Bushfield, M.,
MacMi11 an, L.J. & McNicol, A. ( 1 985). Adv. Exp. Med. Biol.
192, 127-144.

26. Fisher, G.J., Bakshian, S. & Baldassare, J.J. (1985).
Biochem. Biophys. Res. Comm. 1 29, 958-964.

27. Gordon, J.L. (1986). Biochem. J. 233, 309-319.



60 kiaclntyre et al.

28. Born, G.V.R., Juengjaroen, K. & Michal, F. (1972). Br. J.
Pharmac. 44, 117-139.

29. de Chaffoy de Courcelles, D., Leysen, J.E., de Clerck, F.,
van Belle, H. & Janssen, P.A.J. ( 1985). J. Biol. Chem. 260,
7603-7608.

30. Baumgartner, H.R. & Born, G.V.R. (1968). Nature 218, 137-141.

31. Kim, B.K., Steiner, M. & Baldini, M.G. (1980). Anal. Biochem.
106, 92-98.

32. Geaney, D.P., Schachter, M., Elliot, J.M. & Grahame-Smith,
D.G. ( 1984). Eur. J. Pharmac. 9_7, 87-93 .

33. Jones, R.L., Wilson, N.H. & Armstrong, R.A. (1985). Adv. Exp.
Med . Biol . JJjl, 67-81 .

34. Armstrong, R.A., Jones, R.L. & Wilson, N.H. (1983). Br. J.
Pharmac. 7£, 953-968.

35. Houslay, M.D., Bojanic, D. & Wilson, A. (1986). Biochem. J.
234, 737-740.

36. Kennedy, I., Coleman, R.A., Humphrey, P.P.A. & Lumley, P.
(1983). Adv. PG. Tx. LT. Res. J2> 327-331.

37. Braquet, P., Touqui , L., Shen,. T.Y. & Vargaftig, B.B. (1986).
J. Med. Chem. in press.

38. Chignard, M., Laiau-Keraly, C., Nunez, D., Coeffier, E. &
Beneveniste, J. (1986) in Platelets in Biology and Pathology
3. (D.E. Maclntyre and J.L. Gordon, eds.) North Holland,
Amsterdam, in press.

39. Kloprogge, E. & Akkerman, J.W.N. (1983) in Platelet-activating
factor (J. Beneveniste and B. Arnoux, eds.) Elsevier,
Amsterdam, pp 153-159.

40. Tuffin, O.P., Davey, "P., Dyer, R.L., Lunt, D.D. & Wade, P.J.
(1985). Adv. Exp. Med. Biol. 19£, 83-96.

41. Lambrecht, G. & Parnham, M.J. (1986). Br. J. Pharmac. 87,
287-289. —

42. Michel 1, R.H., Kirk, C.J. & Billah, M.M. ( 1 979 ). Biochem.
Soc. Trans. 7, 861-865.

43. Has!am, R.J. & Rosson, G.M. (1972). Am. J. Physiol. 233,
958-967.

44. Pletscher, A., Erne, P., Burgisser, E. & Ferracin, F. (1985).
Mol. Pharmacol. 28, 508-514.



Receptors and Receptor Mechanisms 61

45. Vittet, D., Rondot, A., Cantau, B., Launay, J. & Chevillard,
C. (1986). Biochem. J. 233, 631-636.

46. Pollock, W.K. & Maclntyre, D.E. (1986). Biochem. J. 234, 67-
73.

47. Sawyer, W.H. & Manning, M. (1984). Fed. Proc. 43, 87-90.

48. Jard, S. (1983). Curr. Top. Membr. Transport. JF8, 255-285.
49. Berndt, M.C. & Phillips, D.R. (1981) in Platelets in Biology

and Pathology 2. (J.L. Gordon, ed.) North Holland,
Amsterdam, pp 43-75.

50. Detwiler, T.C. & McGowan, E.B. (1985). Adv. Exp. Med. Biol.
192, 15-28.

51. Ruda, E., Scrutton, M.C. & Tuffin, D. (1985). Thromb.
Haemostas. 54^ 248.

52. McGowan, E.B. & Detwiler, T.C. (1983). Thromb. Res. 31, 297-
304.

53. Rink, T.J., Smith, S.W. & Tsien, R.Y. (1982). FEBS Lett. 148,
21-26.

54. Haslam, R.J., Williams, K.A. & Davidson, M.M.L. (1985). Adv.
Exp. Med. Biol. J_92, 265-280.

55. Murayama, T. & Ui, M. (1985). J. Biol. Chem. 260, 7226-7233.

56. Weksler, B.B., Ley, C.W. & Jaffe, E.A. (1978). J. Clin.
Invest. 62, 923-930.

57. Kerry, R. & Scrutton, M.C. (1985) in The Platelets:
Physiology 8 Pharmacology. (G. Longeneckar, ed.), Academic
Press, New York, pp 113-15.7.

58. Motulsky, H.J., Shaltil, S.J., Ferry, N., Rozansky, 0. &
Insel, P.A. (1986). Mol. Pharmacol. 29, 1-6.

59. Aktories, K. & Jakobs, K.H. (1985) in The Platelets:
Physiology & Pharmacology. (G. Longeneckar, ed.), Academic
Press, New York, pp 271-288.

60. Whittle, B.J.R., Hamid, S., Lidbury, P. & Rosam, A.C. (1985).
Adv. Exp. Med. Biol. J_92, 109- 1 25 .

61. Siegl, A.M. (1982). Meths. Enzymol. 86, 179-190.

62. Miller, O.V. & Gorman, R.R. (1979). J. Pharmac. Exp. Ther.
210, 134-140.



t

62 Maclntyre et al.

63. Cooper, B., Shafer, A.I., Puchalsky, D. & Handin, R.I. (1979).
Prostaglandins 6, 542-560.

64. Jones, R.L. ( 1978). Acta Biol. Med. Germ. 3_7, 837-844.
65. Fufushima, M., Kato, T., Ota, K., Arai , Y., Narumiya, S. &

Hayaishi, H. (1982). Biochem. Biophys. Res. Comm. 109, 626-
633.

66. Keery, R.J. & Lumley, P. (1985). Br. J. Pharmac. 8j>, 286P.
67. Agarwal, K.C., Haskel, E.J. & Parks, R.E. (1980). Biochem.

Pharmacol. 29^, 1799-1 805.
68. Daly, J.W. (1985). Adv. Cyclic Nucleotide and Protein

Phosphorylation Res. J_9 , 29-46.

7. Acknowledgments

The authors' work was supported by grants from the M.R.C.,
S.E.R.C., and the Medical Research Funds of the University of
G1 asgow.

Dr. D. Euan Maclntyre, Department of Pharmacology, University of
Glasgow, Glasgow G12 8QQ, Scotland.

Present address Department of Biochemistry and Molecular
Biology, Merck Sharp and Dohme Research Laboratories, P.O. Box
2000, Rahway, New Jersey 07065, U.S.A.



Biologic des icosanoides
Biology o1 icosanoids
M. Lagarde Ed.
Collogue INSERM. Vol. 152. 1987. pp. 321-334.

HUMAN PLATELET RECEPTORS AND RECEPTOR MECHANISMS FOR STIMULATORY
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Blood platelets normally are quiescent, but circulate in a potentially
hostile environment where they encounter a profusion of biologically active

agents. In response to appropriate stimuLi that perturb the quiescent state
(stimulatory agonists) platelets undergo a series of cellular reactions that
bestow upon the cell a physiological role in haemostasis and a pathological
role in thrombosis, atherosclerosis and inflammation. There also exist

ageuts that act to impair platelet reactivity (inhibitory agonists) and
which effectively prolong the quiescent state. Thus platelet responsiveness
can be modulated by external influences, and presumably it is the balance
between the effects of these stimulatory and inhibitory entities that
determines platelet reactivity in vivo. (L) Numerous agents (agonists) can

modulate platelet reactivity. Those that may be of patho-physiological

importance are biologically heterogeneous, as they include neurotransmitters

(e.g. noradrenaline), autacoids (e.g. eicosanoids, PAF, 5HT), hormones (e.g.
adrenaline, vasopressin), coagulation factors (e.g. thrombin, plasmin) and

components of the connective tissue matrix (e.g. collagen, elastin).
Obviously, such agents are heterogeneous in chemical composition and include
at least 2 lipid species - eicosanoids (PGD2, PCG2, PGH2, PGI2, TXA2) and
ether lipids (PAF). (2) Besides these stimulatory and inhibitory agonists,

lipids profoundly influence platelet reactivity in other ways. Indeed, it
could be argued that the organization and lipid composition of the platelet

plasma membrane undoubtedly are the major determinants of platelet

responsiveness to all agonists. (3) Unfortunately, the profuse relationship
between membrane lipid architecture and platelet function remains unknown.

However, there is evidence that lipids are of critical importance in several

aspects of platelet reactivity. These include:
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1. Coagulation: membrane phospholipids are intimately involved in the

assembly of the prothrorabinase and factor X-activating complexes on the

platelet surface. Complex assembly is associated with changes in the

topography of membrane phospholipids resulting in increased orientation
of anionic phospholipids, in particular phosphatidylserine, to the platelet
exterior. (4)

2. Degranulation: phospholipids are intimately involved in the fusion of
the membranes of storage organelles with the plasma membrane during

exocytosis. The fusogenic activity of the neutral lipid 1,2-diacylglycerol
(DG) may promote this process. (5)
3. Eicosanoid and ether lipid biosynthesis: acyl hydrolase action on

membrane phospholipid is a prerequisite for biosynthesis of these lipid
autacoids. Arachidonic acid, the precursor of PGG2, PGH2, TXA2 an(* ^^2 can

be derived via phospholipase A2 action on phosphatidylcholine and phospha¬

tidy let hanolamine or via the combined actions^of phospholipase C and raono-

glyceride/diglyceride lipase on phosphoinositides. 1-0-alkyl glyceryl

phosphoryIcholine (lyso PAF), the precursor of PAF, is derived via the

action of phospholipase A2 on 1-0-alky1-2-acyl-glycerylphosphorylcholine (6)
4. Transmembrane signalling: phospholipase C catalysed hydrolysis of
membrane phosphoinositides to yield DG and inositol 1, 4, 3 tris phosphate

(IP3) are implicated respectively in protein kinase C activation and Ca^+
flux (vide infra.) (7).

As all of the above form part of the gamut of responses collectively known
as platelet activation, semantically phospholipids, ether lipids, neutral

lipids and eicosanoids each could be termed a 'mediator' of platelet

activation. It is beyond the scope of this article to discuss each of these

aspects. Rather we shall consider only the effects and mechanisms of action
of externally applied eicosanoids, ether lipids and DG (or DG miraetics).

Exogenous agonists interact initially with a specific recognition site

(receptor) located in/on the platelet plasma membrane. Pharmacologically,
such receptors can be classified according to several criteria:

a) Structure-activity relationships: the specificity of a receptor is
not defined by a single agonist, but by the range of chemical structures

(agonists and antagonists) that interact with it.
b) Selective antagonists: the use of such agents is probably the

simplest and most widespread means of receptor classification.
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c) Radioligand binding analyses: such procedures afford a means of

receptor quantification. Only binding that can be shown to be saturable,

reversible, pharmacologically specific and consistent in time-course and

concentration-dependence to the functional responses elicited/inhibited by
the ligand can be deemed to reflect receptor occupancy.

d) Homologous desensitisation: agonist-specific desensitisation may be
related to ligand-induced changes in the state of cellular receptors and
thus can be used to distinguish between receptor types.

e) Analyses of transduction processes: there must exist some

information transfer system whereby events at the cell surface

(agonist-receptor interaction) influence the rates of those key biochemical
reactions that govern the cellular response. Receptors- for different

agonists and receptor sub-types for a single agonist may be differentiated
on the basis of the transduction system to which they are coupled.

Transduction Processes (Receptor-Mechanisms) In The Human Platelet

The putative sequence of events by which stimulatory and inhibitory agonists
modulate platelet reactivity are depicted schematically in Figure 1. As

platelets are electrically non-exciteable cells, receptor-mediated
alterations in platelet reactivity are achieved via stimulus (agonist)-
evoked changes in the intracellular concentrations of second messenger

molecules including cAMP, 1,2-Diacylglycerol (DG) and cytosolic free Ca^+
([Ca]f). These second messengers act by combining with specific
intracellular targets or acceptors to alter the reactivity of specific

enzymes. The targets that have been identified are predominantly
phosphorylating enzymes: cAMP-dependent protein kinase for cAMP, protein
kinase C for DG and, most probably, Ca-^+-calmodulin dependent protein kinase
for [Cajf. (8,9) As DG remains within the plasma membrane, activation of
protein kinase C is associated with translocation of the enzyme from the

cytosol to the plasma membrane. These enzymes, in turn, catalyse the

phosphorylation and altered reactivity of specific target proteins/enzymes
which govern the cellular response.

Changes in the intracellular concentrations of second messenger molecules

stem from the actions of specific effector systems, of which 3 have been

identified, or conceptualized, in platelets 1. Adenylate cyclase, which

generates cAMP (8). 2. Phospholipase C, which hydrolyses membrane

phosphoinositides, in particular PIP2 to yield DG and Inositol 1,4,5 tris
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Transduction processes In the human platelet

Figure 1. Transduction processes in the human platelet

and A2 are agonists that combine with distinct receptors.
PLC = phospholipase C; N = GTP binding regulatory protein;
PI = Phosphatidylinositol; PIP = phosphatidylinositol-4-phosphate;
PIP2 = phosphatidylinositol-4, 5-bisphosphate. DAG = 1, 2 diacylglycerol;
PtdA = phosphatidic acid; Ins - inositol; IP == inositol-l-phosphate;
IP2 = inositol 1, 4 bis phosphate; IP = inositol 1, 4, 5-tris phosphate.
For details see text.
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phosphate (IP3) (10) The latter acts to mobilise Ca^+ from intracellular
storage sites in the dense tubular system to the cytosol. 3. Receptor-

operated Ca^"*" influx which can be conceptualised as a receptor-operated Ca^ +
channel (ROC), the opening of which permits Ca^+ influx (11). The activity
of these signal generating effector systems is regulated by transducers
which actually couple agonist-receptor interaction to the effector system.

Those transducers that have been identified are guanine nucleotide binding

proteins (G- or N- proteins). The N proteins that couple receptors to

inhibition (Ni) or stimulation (Ns) of adenylate cyclase are well

characterised (12). There is evidence that a distinct N protein is involved
in receptor-mediated activation of phospholipase C in platelets (13) and, by

analogy with other cell types (e.g. neutrophils), N protein involvement in

receptor-operated Ca^+ influx is a distinct possibility (14) As depicted
schematically in Figure 1, elevation of the intracellular concentrations of
DG or [Ca]f, as evoked by agonist A^, is associated with platelet activation.
However, there is mounting evidence that activated protein kinase C also may

act to impair certain aspects of platelet reactivity (vide infra). In

contrast, elevation of the intracellular cAMP concentration, as evoked by

agonist A2, is associated with inhibition of platelet reactivity.

Receptors And Receptor Mechanisms For Stimulatory Lipid Mediators

1. Stimulatory Prostanoids (TXA2, PGG2, PGH2)

The effects of TXA2 on platelets are shared by other naturally-occurring
eicosanoids (PGG2 and PGH2). Characterization of the effects of these

stimulatory prostanoids is complicated by the instability of the compounds
and cheir conversion to other biologically active agents. Therefore, of

necessity, pharmacological analyses of platelet responses to stimulatory

prostanoids were performed using stable analogues (e.g. U44069, U46619, AZO

PGH2 and EP171) that act as rairaetics of the natural compounds, or using the

precursor (arachidonate) that is converted endogenously to the natural

product. The assumption is made that effects elicited by these TXA2-mimetics
and arachidonate are identical to those of the natural agonists: although
not unreasonable, rarely has this assumption been tested rigorously.

One obvious benefit of the requirement for stable miraetics was that the

structure-activity relationships of prostanoid-induced platelet activation
could be readily evaluated. These we have described in detail elsewhere
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(15,16). The therapeutic potential of an antagonist of the vasoconstrictor
and platelet stimulatory effects of TXA2 and related prostanoids spawned the

discovery of numerous such compounds, both prostanoid (e.g. 13-azaprostanoic
acid, EP045) and non-prostanoid (trimethoquinol, L-655,240; BM13.177). The

spectrum of action of such compounds is such that they suppress the platelet

response to stimulatory prostanoids, but not to non-prostanoid agonists
(e.g. ADP, vasopressin). Such observations strengthened the concept of the
existence of a specific receptor for platelet stimulatory prostanoids.

The first definitive report of a binding site for stimulatory prostanoids on

human platelets was by Armstrong et al (17). They showed that human

platelets contained two saturable and displaceable binding sites for [^H]-
U44069, one of which (Kd = 75nM; 2000 sites/cell) had the pharmacological
characteristics of a functional receptor. More recently a binding site for
the TXA2 antagonist (-PTA-OH has been identified and solubilized. This
site also has characteristics of a functional receptor (18).

Numerous studies indicate that the receptors for stimulatory prostanoids on

platelets are coupled to phospholipase C catalysed inositol lipid metabolism
and to elevation of [Ca]f (19). TXA2_miraetics differ in their effects on

phosphoinositide metabolism; the response evoked by EP171 exceeds that
evoked by U44069 or U46619. Moreover, the latter compounds attenuate the

response to EP171. This suggests that U44069 and U466I9 behave as partial

agonists at the platelet receptor for stimulatory prostanoids, whereas EP171
acts as a full agonist. The elevation of [Ca)f evoked by TXA2~mimetics is
reduced by removal of external Ca^+ or by lanthanides (e.g. La^+, Gd-* + ).
Moreover in the presence of extracellular Mn^+, TXA2-mimetics promote

quenching of quin2 fluorescence. These observations are compatible with the
existence of a receptor-operated Ca^+ influx process that also can

accomodate Mn^+ (20).

The nature of the transducer that links receptor occupancy by TXA2 (mimetics)
to phosphoinositide metabolism and Ca^+ flux has been investigated using

platelet membranes. U44069 activates a high affinity GTPase in the platelet

plasma membrane, and this response is only partially impaired by pertussis

toxin, which inactivates Ni (21). This suggests the existence of a GTP

binding protein distinct from Ni and which couples receptors for stimulatory

prostanoids to phospholipase C and/or Ca^+ flux.
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Thus for stimulatory prostanoids, the structure-activity relationships for

agonists and antagonists have been documented, a high affinity binding site
identified and the transducer and effector systems elucidated — all of

which point to the existence of a specific receptor. This concept is
enhanced by the observation that both functional responses (aggregation) and
transduction processes (phosphoinositide metabolism, Ca2+ flux) display
homologous desensitisation when subjected to successive challenges with
U44069 (19). It can be concluded that prostanoid-induced platelet
activation is mediated by a single class of receptors which conform to the T
(thromboxane) P class of prostanoid receptors: so-called because TXA2 is the
most potent natural agonist (22).

2. Platelet-Activating Factor

Following the elucidation of the structure of this biologically active ether

lipid, numerous analogues were synthesised, in part to screen for potential
antagonists and in part to evaluate the structure-activity relationships for
PAF effects in different tissues. With reference to the

1-0-alky1-2-acetyl-sn-glycery1-3-phosphorylcholine structure, current

evidence suggests that chirality of C2, the substituents at Cj[, C2 and C3,
positional isomerism and the glyceryl backbone all are critical determinants
of platelet reactivity (23). PAF-induced platelet activation can be

inhibited selectively by structural analogues (e.g. CV 3988), by derivatives
of natural compounds isolated from plant (e.g. Kadsurenone) and bacterial

(e.g. Gliotoxin) sources, and by prior exposure of platelets to PAF (i.e.
homologous desensitisation) (23).

Using l3H]-PAF as radioligand; binding sites on platelets have been
identified by several groups. However, the classes of binding site, their
affinity and their number vary markedly. The reported Kd values for the

high affinity site range from 0.1 to 37 nM, and their number ranges from
160-2000. Despite this, in most instances the high affinity site had

pharmacological characteristics consistent with the functional receptor.

This presumably indicates that methodological differences markedly influence
radioligand binding analyses (24). As was the case with U44069, PAF
activates a high affinity GTPase activity in platelet membranes, the

activity of which is only slightly impaired by pertussis toxin (21).
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In intact platelets PAF receptors are coupled to activation of phospholipase
C and to elevation of [Ca]f which derives predominantly, but not

exclusively, via influx of external Ca^+ through channels that open as a

consequence of receptor occupancy (19). It is possible that receptor

occupancy by agonist is coupled to activation of phospholipase C and/or Ca^+
influx by a specific GTP binding protein distinct from Ni.

PAF exerts effects on numerous cells/tissues. The rank order of potency of

antagonists differ on different tissues, indicative of receptor

heterogeneity (25). The PAF receptors on human platelets, which apparently

are similar to those on lung tissue, conform to the Paf^ sub-type, which are

distinct from those (termed Paf2) present on macrophages (26).

Receptors and Receptor Mechanisms for Inhibitory Lipid Mediators

1. PGI?

In view of the therapeutic potential of a prostanoid inhibitor of platelet

activation that is stable, orally active, resistant to metabolism in the

pulmonary circulation and devoid of unwanted side effects, a myriad of

prostaglandin analogues have been synthesised and screened for platelet

inhibitory activity. Consequently, the structure-activity relationships for
inhibition of platelet activation by PGI2 have been evaluated and reveal

that, besides the presence of a 15(S) hydroxyl substituent, which is a

pre-requisite for biological activity of all prostanoids, the orientation of
the double bond at C5-C6 and its interaction with the oxygen atom at C9 are

critical determinants of reactivity (15,16). Although numerous compounds
have been reported to antagonise the effects of PGI2 on platelets, none of
these compounds are selective. Radioligand binding analyses using intact
human platelets and [^H]-PGl2 as Ligand reveal 2 distinct classes of binding
site: a high affinity, low*"capacity site (Kd = 10 nM and 50 sites/cell) and
a low affinity, high capacity site (Kd - L.6 uM and 4000 sites/cell). The
former possesses the pharmacological properties of the functional PGI2
receptor in that binding could be displaced PGI2 and PGE^ but not by PGD2
(16). 6-Keto-PGIj^ also can displace bound (^H]-PGl2, but with an affinity
much lower than would be predicted if this compound bound only to PGI2

receptors (27).
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PGI2 receptors on platelets are coupled via Ns to stimulation of adenylate

cyclase and consequent increase in cAMP formation (28). Prior exposure of

platelets to PGI2 rendered both intact cells (cAMP formation) and lysates
(adenylate cyclase activity) refractory (i.e. desensitised) to a subsequent
addition of PGI2 (or PGE^), but responsiveness to PGD2 was unaltered
(29,30). These observations indicate that PGI2 and PGEj^ act at a common

receptor on platelets which is termed the PGI2 receptor as PGI2 is the most

potent endogenous ligand. According to current nomenclature, the platelet

receptor for PGI2 conforms to the IP class of prostanoid receptors (22).
The structure-activity relationships for PGl2*~induced inhibition of platelet
activation and vasodilatation differ. Thus it is possible that there may

exist sub-types of IP receptors on different tissues.

2. PGP?

Due to the paucity of analogues synthesised (or documented) relatively
little information is available concerning the structural requirements for

PGD2~like activity. The hydroxyi substituent at C15 and the double bonds at

C5-C6 and C13-C14 are required for platelet inhibitory activity. Potency is

augmented by removal of the hydroxyi at C9, or by insertion of a hydroxyi

substituent at C9 in the unnatural configuration (16). These

structure-activity relationships for inhibition of platelet aggregation
differ from those of PGD2~induced vasoconstriction and anti-neoplastic
activity (31). The effects of PGD2 on platelets can be selectively
antagonised by AH6809 (32). Scatchard analyses of the binding of (^Hj-PGD2
to intact platelets reveal a single class of binding sites (Kd = 50-400 nM

and 200-800 sites/cell). The inhibitory effects of PGD2 on platelet
reactivity are caused by elevation of the intracellular cAMP concentration,

and PGD2 receptors on platelets are coupled via Ns to activation of

adenylate cyclase (28). PGD2~induced cAMP formation in intact platelets and
adenylate cyclase activation in platelet lysates display homologous
desensitisation (29). Platelet receptors for PGD2 conform to the DP class
of prostanoid receptors, and may differ from DP receptors in other systems

(22).

DG as a Bi-Directional Regulator of Platelet Reactivity

The elegant studies of Nishizuka and colleagues (9,33) established that

endogenous DG, produced as a consequence of receptor-mediated
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phosphoinositide hydrolyses, acts as a second messenger within platelets
(and other cells) to initiate the activation of protein kinase C by

increasing the affinity of the enzyme for Ca2+. Thus protein kinase C can

be considered as the intracellular receptor for DG. They further showed
that cellular responsiveness could be controlled by the independent or

synergistic actions of DG and [Ca)f. Another major discovery was that
tumour promoting phorbol esters (e.g. 4B phorbol myristate acetate, PMA) and

synthetic diglycerides (e.g. oleoylacetyl glycerol, OAG; dioctanoylglycerol,

DiCg) effectively mimicked the effects of endogenous DG by competing for its
binding 6ite on the kinase (9,33). The discovery of exogenous protein
kinase C activators and allegedly specific inhibitors of the enzyme (e.g.
H7, Staurosporine) (34) led to a multiplicity of investigations concerning

protein kinase 0 and cellular responses. The conclusion from those studies
is that besides promoting platelet? (and cellular) activation, protein kinase
C can exert some negative feedback control and can in fact inhibit platelet

degranulation (35). Thus endogenous activators of protein kinase C (i.e.
DG) can be considered as bi-directional regulators of cellular reactivity
(36).

By analogy with other cell types, the putative negative feedback regulation
of platelet responsiveness by activated protein kinase C may arise from
effects on receptors or on the other components of the signal-transduction
cascade. We know of no studies concerning the effects of protein kinase C

on the number or affinity of platelet receptors for stimulatory or inhibitory

agonists. However, activated protein kinase C has been shown to modulate

agonist-induced phosphoinositide metabolism, Ca^+flux and cAMP metabolism.

PMA can impair phosphoinositide metabolism evoked by several agonists that

act upon distinct receptors. These effects of PMA are mimicked by synthetic

diglycerides and are consistent temporally and pharmacologically with
activation of protein kinase C (19). Protein kinase C interferes with

phosphoinositide metabolism in at least 3 separate ways. a) they promote

phosphorylation of PI and PIP, presumably via effects on kinases or

phosphomonoesterases (37) b). they impair agonist-induced IP3 formation,
presumably by an effect on phospholipase C (38) c). They promote metabolism
of IP3 via activation of IP3 phosphatase, recently identified as the major
47K (or 40K) protein substrate for protein kinase C in plateLets (39).
Effects on the GTP binding proteins that link receptor occupancy to

phospholipase C activation also remain possible.
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There are numerous reports of the effects of protein kinase C on Ca^+
homeostasis in platelets. Exogenous protein kinase C activators inhibit
agonist-induced elevation of [Ca]f and promote a decline in elevated, but
not basal [Ca]f (19). Clearly effects on phosphoinositide metabolism and

IP3 concentration could explain some of these observations. However by

analogy with other cell-types, effects on the Ca^+ influx process per se, or

on Ca^+ sequestration and extrusion mechanisms also may occur (19).

cAMP metabolism in platelets also is modulated by activated protein kinase
C. In cell lysates, Jakobs and colleagues (40) observed no inhibition of

receptor mediated .stimulation of adenylate cyclase, but showed that the
subunit of Ni was inactivated by protein kinase C. In intact platelets, PMA

selectively inhibits cAMP formation evoked by PGD2 but not by PGI2 or

adenosine acting at A2 purinoreceptors (41). The most obvious explanation
of this phenomenon is that protein kinase C somehow inactivates the platelet
DP but not IP or A2 receptors.

One caveat that must be expressed concerning the potential negative feedback
roles of activated protein kinase C is their physiological significance. In
most instances the experiments are performed using exogenous protein kinase
C activators. There is clear evidence that phorbol esters and synthetic

diglycerides differ in their effects in several cell types (33). Indeed PMA
inhibition of PGD2~induced cAMP formation is not shared by DiCg, but is
suppressed by Staurosporine (42). The question that remains is which, if

either, of PMA or DiCg more accurately mimics the physiological events

mediated by endogenous DG?

Conclusion

Due to the major advances made in recent years in our understanding of

signal transduction processes, the receptors and receptor mechanisms
utilised by lipid agonists which stimulate (PGG2, PGH2, TXA2, PAF) and
inhibit (PGD2, PGI2) platelet reactivity have been clarified. The

challenges that remain are to characterise further these receptor mechanisms
and to isolate, purify and clone such receptors in order that our new found

knowledge can be exploited to devise pharmacological and therapeutic agents

that can regulate those pathological conditions associated with platelet
hyper-reac tivity.
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In Che interim, newer problems have emerged. One of the most challenging at

present relates to the role of endogenous DG and protein kinase C in

modulating cellular reactivity. Is protein kinase C truly a bi-directional

regulator of cellular reactivity? If so, can agents that inhibit protein
kinase C regulate platelet hyper-activity? Undoubtedly answers to these

questions will emerge in the not too distant future.
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Rdsumd

En raiaon d'avancdes majeures au cours des anndes rdcentes dens
la comprehension des processus de transmission de signal, les
rdcepteurs et les mdcanismes apparentds utilises par les agents
lipidiques qui atimulent (PGG2, PGH2, TXA2, PAF) et inhibent
(PGD2, PGI2) la rdactivitd plaquettaire ont dtd clarifies. Les
points restant A definir sont la caractdrisation des rdcepteurs,
leurs isolement et purification, et leur clonage, afin que nos

connaissances nouvelles puisaent Stre utilisdes pour des projets
d'agents pharmacologiques et thdrapeutiques qui peuvent modifier
les conditions pathologiques assocides k 1'hyperactivit6
plaquettaire. En attendant, de nouveaux problemes sont apparus.
L'un des plus saillants est lid au rflle du diacylglycdrol
endogene et de la protdine kinase C dans la modulation de la
rdactivitd cellulaire. La protdine kinase C est-elle vraiment un

rdgulateur bi-directionnel de la rdactivitd cellulaire? Si oui,
est-ce que des agents inhibant la protdine kinase C rdgulent
1'hyperactivitd plaquettaire? Des rdponses k ces questions
viendront sans doute dans un futur proche.
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Bioactions of 5-Hydroxyicosatetraenoate and its Interaction
with Platelet-Activating Factor1
Adriano G. Rossi* and Joseph T. O'Flaherty
Department of Medicine, Section of Infectious Diseases, Wake Forest University Medical Center, Winston-Salem, NC 27103

In a variety of stimulated cells, platelet-activating fac¬
tor (PAP) and numerous arachidonate derivatives are co-

products that form as a consequence of receptor-mediated
phospholipid mobilization. These lipid co-products pro¬
duce a plethora of biological effects in a wide variety of
cell systems. Furthermore, they often have a fascinating,
although less widely appreciated, interaction. 5-HETE,
at submicromolar concentrations, exerts relatively few
direct bioactions. It does, however, potently (16-160 nM)
raise cytosolic free calcium [Ca2+]j and augment PAF-
induced responses in human polymorphonuclear neutro¬
phils (PMN) by as much as 100- to 1000-fold. 5-HETE acts
on PMN by a structurally specific, stereospecific and
pertussis toxin-inbibitable mechanism. In addition, PMN
exposed to 5-HETE exhibit homologous but not het¬
erologous desensitization. These findings suggest that
5-HETE, like PAF, may bind to its own specific plas-
malemmal receptors to exert its unique set of bioactions.
However, further investigation is required to demonstrate
any putative 5-HETE receptors. Other potential mecha¬
nisms of 5-IIETE-induced bioactions together with the
possible effects of 5-HETE on PAF transduction mech¬
anisms are also discussed.

Lipids 26, 1184-1188 (1991).

Many stimuli (S) elicit function by inducing target cells
to convert their resident phospholipids into a series of
signalling molecules (Fig. 1) (1,2). They generally achieve
this by bindingwith specific plasmalemmal receptors (R)
that operate through guanine nucleotide-binding proteins
(G-proteins) to activate phospholipase(s) C (PLC). The ac¬
tivated phospholipase(s) cleaves phosphatidylinositol
4,5-bisphosphate (PIP2) into two critical secondary
messengers—inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). IP3 mobilizes storage calcium to
elevate cytosolic free Ca2+([Ca2+]i), whereas DAG acti¬
vates protein kinase C (PKC) by a Ca2+-enhanced inter¬
action (3-9). Concurrently with these events, the stimuli
also cause target cells to attack their phospholipids by
a second route involving a calcium-dependent phospho-
lipase(s) A2 (PLA2). The enzymes principally release

. PKC-
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J
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metabolites

'Based on a paper presented at the Third International Conference
on Platelet-Activating Factor and Structurally Related Alkyl Ether
Lipids, Tokyo, Japan, May 1989.
♦To whom correspondence should be addressed.
Abbreviations: [Ca2+]j, cytosolic free calcium ions; DAG, diacyl¬
glycerol; G-proteins, guanine nucleotide-binding proteins; HETE,
hydroxyicosatetraenoate; HPETE, hydroperoxyicosatetraenoate;
IP3, inositol 1,4,5-triphosphate; LT, leukotriene; PAF, platelet-
activating factor; PG, prostaglandin; PIP2, phosphatidylinositol
4,5-bisphosphate; PKC, protein kinase C; PL, phospholipase; PMN,
polymorphonuclear neutrophils; R, receptor; S, stimulus; TX,
thromboxane.

FIG. 1. Simplified schematic representation of stimulus-response
coupling. See text for details.

arachidonate from the sn-2 position of phospholipids.
When the substrate phospholipid is l-O-alkyl-2-acyl-
glycerophosphocholine, l-O-alkyl-2-lyso-glycerophospho-
choline is formed. Acetyltransferase converts this lyso
intermediate into platelet-activating factor (PAF) (10-12).
Finally, cyclooxygenase and various lipoxygenases ox¬
ygenate the arachidonate released by the phospho-
lipase(s)-mediated cleavage reaction. Products of these
oxygenations include prostaglandins (PGs), thrombox¬
anes (TXs), hydroxyicosatetraenoates (HETEs), leuko-
trienes (LTs), and lipoxins (LXs) (13-20). Many of the
above phospholipid derived products interact to influence
cellular responsiveness. This review article focuses on
some of these intriguing interactions.

PAF BIOSYNTHESIS, METABOLISM,
AND MECHANISMS OF ACTION

As already indicated, cells commonly form PAF during
stimulation by deacylating their resident l-O-alkyl-2-acyl-
glycerophosphocholine and then acetylating the lyso in¬
termediate (10-12). In addition to the deacylation/acetyla-
tion pathways, cells form PAF by a de novo pathway in¬
volving the formation of l-alkyl-2-acetyl-glycerophos-
phates and ultimate conversion of l-alkyl-2-acetyl glycerol
to PAF by a cholinephosphotransferase (12).
Cells also rapidly and quantitatively inactivate PAF.

The principal pathway of cellular PAF metabolism uses
an acetylhydrolase to convert PAF to its bioinactive
derivative, l-O-alkyl-2-lyso-glycerophosphocholine. The
product is then rapidly acylated (commonly with arachi¬
donate) by acyltransferase. 1-O-alkyl-2-acyl-glycerophos-
phocholine is stored but available for reconversion to PAF
by the deacylation/acetylation pathway during cell stimu¬
lation (10-12). Minor pathways of PAF degradation (e.g.,
cleavage at sn-3) have also been reported (21-24).
PAF possesses a broad range of bioactions upon diverse

cell types. Many, if not all, the bioactions of PAF proceed
through a classical transduction mechanism (Fig. 1). That
is, PAF binds with specific plasma membrane receptors

LIPIDS, Vol. 26, No. 12 (1991)
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that couple to G-proteins resulting in the activation of
phospholipases C and A2. Hence, PAF-challenged cells
form DAG and IP3, mobilize storage Ca2+ and PRC, and
synthesize various arachidonate metabolites (11,12,
25-34). Three unique aspects of the PAF transduction
cascade merit emphasis. First, G-proteins linked to PAF
receptors may have somewhat different sensitivities to
pertussis and cholera toxins than G-proteins linkedwith
other receptor elements (35-39). Second, PAF receptors
may couple with plasmalemmal calcium channels
(36,37,40). Third, PAF, in utilizing the standard transduc¬
tion cascade, stimulates its own synthesis (41,42). It
should also be noted that PAF stimulates 5-HETE syn¬
thesis in target cells capable of forming this arachidonate
metabolite (33,34).

5-HETE BIOSYNTHESIS, METABOLISM,
AND STRUCTURAL CONSIDERATIONS
As indicated earlier, stimulated cells release arachidonate
from phospholipids. Depending on the arachidonate pools
utilized and the active enzymatic machinery available
within a particular cell type, liberated arachidonate is con¬
verted to a variety of bioactive compounds. In leukocytes
and mast cells, for example, arachidonate is predomi¬
nantly attacked by the calcium- and ATP-dependent
5-lipoxygenase. This enzyme attaches molecular oxygen
to carbon 5 of the fatty acid. The product may ab¬
stract a proton to form 5-hydroperoxyicosatetraenoate
(HPETE), which is rapidly reduced to 5-HETE, or, alter¬
natively, form the 5,6-epoxide, LTA4. This unstable
epoxide is metabolized enzymatically to the dihydroxy
derivative, LTB4, or converted non-enzymatically into
isomers of LTB4 (13-18,43,44). LTB4, but not its iso¬
mers, is an extremely potent leukocyte (45,46) and smooth
muscle (46-49) stimulus. It operates by binding to specific
plasmalemmal receptors (50-53). While LTB4 is a 5,12-
diHETE, and therefore contains a 5-hydroxy residue, it
should be noted that LTB4 differs from 5-HETE in dou¬
ble bound positions and geometry. LTB4 is a 5(S), 12(H)-
dihydroxy-6-cis, 8-trans, 10-trans, 14-cis-eicosatetraenoate,
whereas 5-HETE is a 5(S)-hydroxy-6-traras-8-cis,ll-cis,
13-cis-eicosatetraenoate. The two compounds have re¬
markably different spacial configurations and thus may
not be structural analogs with similar bioactions. On the
other hand, two other endogenously formed diHETEs,
5,15-diHETE and 5,20-diHETE, are 5(S),15(R)-dihydroxy-
6-trans, 8-eis,ll-cis, 16-trans- and 5(S),20-dihydroxy-6-
trans, 8-cis, 11-cis, 13-cis-eicosatetraenoates. These com¬

pounds more closely resemble 5-HETE and therefore
might have biological analogies to 5-HETE.
After producing 5-HETE, cells may release the product

extracellularly or metabolize it further by one of two alter¬
nate routes. First, many cells incorporate 5-HETE into
glycerolipids, principally triglycerides but also various
species of phospholipids. This pathway proceeds rapidly
but is readily saturated (54-57). The second pathway
slowly converts 5-HETE to its C-20 hydroxy derivative,
5,20-diHETE. This C-20 hydroxylationmay be catalyzed
by the same C-20 hydroxylase that converts LTB4 to
20-OH-LTB4 (57,58). Note that 5,20-diHETE and
20-OH-LTB4 are 10-100-fold less potent than their re¬
spective parent compounds (57,59-62). The potency of
certain PGs also appears to be reduced by C-20 hydrox¬
ylation (63). Thus, C-20 hydroxylation generally results

in the inactivation of diverse bioactive arachidonate
metabolites.

BIOACTIONS OF 5-HETE

Agonist activity. In many assays, 5-HETE by itself ex¬
erts relatively weak, but nevertheless definite, bioactions
(17). For example, at concentrations >1 ^M, it activates
leukocytes (64-73), contracts smooth muscle-containing
tissues [e.g., guinea pig lung strip and human isolated
bronchial muscle (74)] and releases insulin from isolated
rat pancreatic cells (75), luteinizing hormone from
cultured rat pituitary cells (76), mucus from human air¬
ways (77), amylase from isolated guinea pig pancreatic
acini (78), and intestinal secretions from rabbit colonic
mucosa (79). In most of the above studies, various other
mono-HETEs were shown to be comparably inactive.
Given the concentration of 5-HETE required, the physio¬
logical relevancy of these bioactions remains uncertain.
On the other hand, 5-HETE exhibits one of its most po¬
tent effects in raising [Ca2+];—it mobilizes calcium in
human PMN at >16 nM (80-83).
5-HETE interaction with PAF. In addition to its direct

actions, 5-HETE has strikingly prominent influences on
certain PAF-induced responses. For example, it increases
the potency of PAF in stimulating PMN degranulation
and oxidativemetabolism by as much as 1000-fold (84,85).
Under the same assay conditions, 5-HETE by itself fails
to induce function. Thus, 5-HETE potentiates PAF bioac¬
tions. 5-HETE also potentiates the PMN stimulating ac¬
tions of DAG and, to a much lesser extent, LTB4 (86).
However, it has no influence on functional responses to
chemotactic peptides or ionophoretic stimuli. Thus, the
potentiating actions of 5-HETE are stimulus-selective
and, intriguingly, restricted to those stimuli that are
generated in activated cells. Other arachidonate metabo¬
lites have 5-HETE-like bioactions. For example, 5-
HPETE is as potent as 5-HETE at inducing many of the
above responses. In addition, 5,15-diHETE and 5,20-
diHETE also potentiate the PMN degranulating actions
of PAF: these compounds are ~30 and ^100-fold, respec¬
tively, less potent than 5-HETE. Various other analogs,
such as 8-HETE, 11-HETE, 12-HETE, 8,15-diHETE, and
LTB4 do not promote the actions of PAF (84-88).
More recent studies reveal that 5-HETE increases the

bioactions of PAF at a very fundamental level—in PMN,
it potentiates the ability of PAF to activate PKC (89-92)
and mobilize phospholipids (42,93,94). These activities
have mechanistic implications which are discussed below.
5-HETE interaction with other stimuli 5-HETE poten¬

tiates antigen-stimulated histamine release from human
basophilic leukocytes (95,96), IgE-stimulated histamine
release from rat mast cells (97), FMLP-stimulated arachi¬
donate release from dimethylsulfoxide differentiated
HL60 granulocytes (98), LTD4-induced contractions of
isolated guinea pig trachea (99) and histamine-induced
contractions of isolated human bronchial muscle (74). Un¬
fortunately, the mechanisms and consequences of these
effects have not been reported.

MECHANISMS OF ACTION
It seems quite unlikely that any single mechanism will
successfully explain the many diverse bioactions of
5-HETE. We suggest that 5-HETE has amultiplicity of
effects, any one ofwhich may be pertinent to a particular
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response, stimulus, or assay condition. The proposed
mechanisms of 5-HETE's bioactions fall into five areas.

Membrane perturbation. As noted above, PMN incor¬
porate 5-HETE into cellular triglycerides and phospho¬
lipids (54-57). Stenson and Parker (54) have suggested
that this alters membrane physiochemistry to promote
function. This mechanism, however, fails to explain the
agonist-selectiveness of 5-HETE. The arachidonate
metabolite does not promote degranulation per se, but
rather enhances the degranulation and other bioactions
of a restricted few types of stimuli.
Antimetabolic action. PMN convert 5-HETE and

LTB4 to C-20 oxidized derivatives (57-61). It is likely
that this oxidation is achieved by a common C-20 hydro¬
lase. Thus 5-HETE might compete for the hydrolase to
prolong the metabolic half-life and bioavailability of
LTB.j. This effect could potentiate the stimulatory ac¬
tions of the leukotriene. Indeed, we have observed that
5-HETE approximately doubles the half-life of LTB4 in
PMN under the same conditions in which it increases
LTB4 potency (unpublished observations). However, we
find that 5-HETE does not inhibit PAF metabolism. The
antimetabolic hypothesis, then, is unlikely to explain the
actions of 5-HETE on PAF, the actions of 5-HETE on
direct PKC activators (e.g., DAG and phorbolmyristate
acetate) or the ability of 5-HETE to stimulate responses
by itself. However, if a significant part of the response
induced by PAF or PKC activators is mediated by
LTB4, the antimetabolic hypothesis may have broader
application to the potentiating actions of 5-HETE. Fur¬
ther investigation is required to clarify this possibility.
5-HETE receptors. The bioactions of 5-HETE resem¬

ble those of other receptor-mediated agonists in several
respects. First, 5-HETE mobilizes Ca2+ and potentiates
PAF at nanomolar concentrations. Therefore, these ef¬
fects might require the amplification produced by recep¬
tors. In contrast, other actions of 5-HETE (e.g., poten¬
tiation of LTB4) occur only in the near micromolar
range—it is not certain that these findings are of more
than a pharmacological interest. Second, 5-HETE bioac¬
tions are structurally-specific, as well as stereospecific.
Thus, the unnatural enantiomer of 5-HETE, 5(R)-HETE
is 20 to 100-fold less potent than the natural 5-HETE in
raising PMN [Ca2+]j and potentiating PAF. Since this
unnatural 5-HETE preparation likely contained 1-3%
natural 5-HETE enantiomer, the potency difference may
be even more pronounced (83). In any event, these struc¬
tural effects support the receptor hypothesis. Third, in
PMN, 5-HETE rapidly desensitizes to itself in assays of
Ca2+ mobilization (82) and PAF potentiation (84,88).
Furthermore, PMN desensitized to 5-HETE raise [Ca2+]j
almost normally in response to LTB4 or PAF (82). This
stimulus-selective desensitization seems best explained
as resulting from receptor down-regulation. Finally, the
bioactions of 5-HETE are blocked by agents that interfere
with G-protein/receptor interactions like pertussis and
cholera toxins (100).
We have attempted to define PMN receptors for 5-

HETE using [3H]-labeled analogs. Unfortunately, the
cells (as well as their isolated membrane preparations)
quantitatively metabolized [3H] 5-HETE as well as
[3H] 5-HETE methyl ester even at 4°C. This has in-
terferred with our ability to assay these receptors. Never¬
theless, the four findings listed above support further

efforts to demonstrate 5-HETE receptors. Studies have
demonstrated 15-HETE receptors in selected cell types
(101,102).
Ca2+ mobilization. As discussed previously, 5-HETE

potently mobilizes storage Ca2+ in PMN. Such mobiliza¬
tion raises [Ca2+]j and appears responsible for increasing
the PKC-activating potency of DAG as well as other
direct PKC activators (81,103). It cannot explain other
potentiating effects of 5-HETE. For example, 5-HETE
does not enhance LTB,,-induced PKC mobilization (81).
Furthermore, although 5-HETE potentiates PAF-induced
PKC mobilization, studies discussed below suggest that
this effect may result from a more fundamental interac¬
tion between PAF and 5-HETE.
Effects of5-HETE on other receptors. 5-HETE exhibits

little or no ability to cross-desensitize PMN to LTB„ and
PAF, or to interfere directly with the binding of these two
latter ligands to their receptor sites (82). Nevertheless,
5-HETE may have a less direct actions on PAF recep¬
tors. This possibility is revealed by analyzing how PAF
activates PMN. As indicated by the diagram, PAF
operates in at least six discrete steps: step 1, PAF-
receptor (R) binding; step 2, formation of a ternary com¬
plex with G-protein; step 3, activation of phospholipase
C to cleave PIP2; step 4, DAG mediated activation of
PKC; and step 5, release of Ca2+ by IP3. Concurrently,
PAF also triggers a parallel pathway involving sn-2-
cleavage of l-O-alkyl-2-arachidonoyl-glycerophosphocho-
line (step 3a) and furthermetabolism of the cleavage prod¬
ucts (step 4a and 5a). Following these steps, a complex
set of poorly understood events (here termed steps 6 and
6a) produce function. Initial studies on the effects of
5-HETE in potentiating PAF-induced function indicated
a site of action at or before step 6. More recent studies,
however, show that 5-HETE enhances PAF-induced PKC
mobilization (step 4) (81), Ca2+ transients (step 5) (un¬
published observations) and PAF synthesis (step 4a) (42).
Thus, 5-HETE appears to influence the actions of PAF
at a very early stage, i.e., possibly at the PAF receptor
or the receptor linked G-proteins. It therefore seems likely
that 5-HETE will have a fundamental effect on the PAF
transduction mechanism: the arachidonate metabolite
may up-regulate PAF receptors and/or enhance these
receptors' interactions with G-proteins.

CONCLUSION

5-HETE, one of many phospholipid derived products of
activated cells, exerts unique bioactions and potently
enhances specific agonist-induced responses. Its effects
are structurally specific, stereospecific, and pertussis
toxin sensitive. Furthermore, cells exposed to 5-HETE
are desensitized to a second 5-HETE challenge but not
to other receptor-mediated agonists. These observations
suggest that 5-HETE operates through a specific receptor
mechanism. However, the presence of putative 5-HETE
receptors has not been demonstrated and therefore awaits
documentation. In any event, the influences of 5-HETE
on the bioactions of other agonists seem to reflect various
mechanisms. Some of these may be "5-HETE-receptor"
independent. Thus, 5-HETE may promote the bioactions
of LTB„ as well as LTB4-dependent stimuli by directly
interferring with LTB4 metabolic inactivation. On
the other hand, 5-HETE may potentiate direct PKC
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activators by raising [C|+]; through a receptor-
dependent route. Finally, 5-HETE/PAF interactions
could reflect 5-HETE-induced up-regulation of PAF
receptors. The many other effects of 5-HETE on diverse
agonists in other systems have yet to be explored. These
studies will not only help decipher novel mechanisms in¬
volved in stimulus-response coupling, but also give in¬
sight into the role of multiple mediators in various
biological processes.
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It is well established that leukocytes are often present in seminal fluid and conse¬

quently there exists an overwhelming potential for interactions between different types of
leukocytes and spermatozoa. However, the precise role of leukocytes in the semen and the
fate of spermatozoa are not fully understood. For comprehensive descriptions of the bio¬
logical significance of leukocytes in semen we recommend reviews by Wolff (1995) and
Aitken and Baker (1995) and for a discussion of the immunosuppressive mechanisms in
semen we suggest a recent review by Kelly (1995). The purpose of this mini-review is to
highlight some of the pertinent, largely unanswered, questions regarding the role of inter¬
actions between inflammatory cells and the male reproductive system. In addition, we dis¬
cuss the ill-defined fate of senescent spermatozoa in comparison to the relatively well
understood fate of apoptotic somatic cells.

Given the potential immunogenenicity of sperm surface antigens, it is remarkable
that inflammatory reactions are not more commonly observed in the male reproductive
tract. In the testes, male germ cells develop and are sequestered from the immune system
by the blood-testis barrier. Thus, the male gamete resides for set periods of time in an im¬
munologically privileged milieu. However, in the rete testes and epididymis no such bar¬
rier exists, and yet immunological and inflammatory responses are not mounted against
the millions of spermatozoa stored in this organ. The epididymis is clearly an immu-
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nologically competent tissue (Pollanen & Cooper 1994) that can elicit inflammatory reac¬
tions as in the case of infection generating epididymitis (Purvis & Christiansen 1996).
Taken together, this information then begs the question as to why spermatozoa are not rec¬
ognized as foreign and an immunological response not elicited? Indeed it has been sug¬
gested by Tomlinson et al. (1992) that the quality of sperm morphology is directly
correlated with the size of the seminal leukocyte population. Such observations have led
to the suggestion that phagocytic cells, particularly macrophages, are able to move
through spermatozoa stored in the male reproductive tract, identifying morphologically
abnormal cells and then removing them. The epididymis would be the logical site for such
surveillance to be conducted, although there is little evidence to support this contention.

At some time during the life of most fertile and infertile men significant levels of
leukocytes are present in their seminal fluid. The upper limit of normality for leukocyte
numbers in semen has been defined as 1 x 106 /ml with values greater than this termed
leukocytospermic by the World Health Organization. The precise source of these seminal
leukocytes is currently unknown although histological studies have revealed leukocyte
populations in virtually all tissues of the male reproductive tract. In order to gain a better
understanding of the immunology of the interactions between leukocytes and the male
genital tract, the following series of questions should be addressed and ultimately an¬
swered. (i) What is the principle site of origin for leukocytes present in semen? (ii) Is
there a different route of entry for different leukocyte species? For example, is it possible
that the dominant leukocyte species in the ejaculate, the neutrophil (Aitken et al. 1994),
enters via the secondary sexual glands whereas the much smaller numbers of macrophages
enter via the epididymis? In the absence of secondary sexual gland infection, do they enter
the male tract at the level of the rete testes or epididymis or is their entry via the male sec¬
ondary sexual glands? (iii) If macrophages do enter via the epididymis and are involved in
surveying the integrity of the sperm population, how are the abnormal cells located? (iv)
What is the activation status of the recruited leukocytes? i.e., are they in a quiescent,
primed or activated state? A primed cell which is hyper-responsive for further stimulation
by secretagogue agonists or a fully activated leukocyte may lead to liberation of granule
enzymes and toxic oxygen metabolites (Rossi et al. 1993, O'Flaherty & Rossi 1993,
Kitchen et al. 1996) that are potentially damaging to cells including spermatozoa, (v) Do
abnormal or senescent spermatozoa give out chemotactic signals? This latter question has
been partly addressed in that seminal fluid and spermatozoa appear to be chemotactic for
neutrophils (Maroni et al. 1972) and macrophages (Maroni & Wilkinson 1971) although
the precise chemotactic stimuli have not been elucidated, (vi) How do macrophages at¬
tracted to the epididymis distinguish the surfaces of normal and abnormal spermatozoa?

During the classical inflammatory response, the body mounts a protective tissue re¬
sponse to injury or damaged tissues which serves to destroy, dilute, partition off or re¬
move the injurious agent and the injured tissues. This type of response, however, is not
usually mounted against the allogenic spermatozoa in the male and when millions of sper¬
matozoa are introduced into the female genital tract. In inflammatory situations highly
complex, inter-dependent biochemical and physiological mechanisms have evolved to
deal with the inflammatory insult. When this crucial and normally beneficial response oc¬
curs in an uncontrolled or exaggerated manner the host's own tissues are damaged often
resulting in chronic inflammation. Toxic products liberated by recruited leukocytes, such
as reactive oxygen species (e.g., 02", H,02, OH", NO) and proteases (e.g., elastase and col-
lagenase) can be deleterious to cells and tissues including male germ cells. It is well rec¬
ognized that seminal plasma contains immunosuppressive and anti-inflammatory agents
(e.g., prostaglandins, complement inhibitors, antioxidants, anti-proteases and certain cy-
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tokines). Thus the potentially damaging leukocytes in the semen are rendered impotent
due to the large repertoire of anti-inflammatory material in the seminal plasma (Kelly
1995). Spermatozoa are extremely susceptible to oxidative stress (Aitken 1996) and the
epididymis protects spermatozoa from this kind of damage by secreting unique forms of
superoxide dismutase and glutathione peroxidase (Hinton et al. 1996). In light of such fac¬
tors, it would clearly be extremely counterproductive if macrophages, actively engaged in
phagocytosing defective cells, were to liberate products of the oxidative burst. Thus one
might expect phagocytosis in the epididymal lumen to be "silent", raising the question of
whether there is inhibition of activation of macrophages in the epididymal lumen and how
this suppression might be achieved?

Similar considerations might be applied to the interactions of spermatozoa with neu¬
trophils. Spermatozoa coated with antisperm antibodies and complement can interact with
neutrophils in vitro in such a way that phagocytosis occurs with an inhibited oxidative
burst (D'Cruz et al. 1992) and the adhesive events involved in the immune destruction of
motile sperm by neutrophils is dependent upon the CD1 lb/CD 18 glycoprotein complex
(D'Cruz & Haas 1995). Histochemical studies employing nitroblue tetrazolium to detect
superoxide anion generation suggest that, under such circumstances, the oxidative burst is
initiated at the point of sperm-neutrophil contact but does not propagate through the cell
(D'Cruz et al. 1992).

Questions concerning the ability of spermatozoa to suppress certain aspects of
phagocyte function are particularly pertinent in the case of vasectomy. Following this op¬
eration spermatogenesis is not impaired and so millions of spermatozoa must be phagocy-
tosed near the ligation site every day. The fact that this process is completely
asymptomatic again suggests that the spermatozoa are able to suppress leukocyte activa¬
tion and prevent the induction of an inflammatory reaction. In an inflammatory context, if
recruited leukocytes are not rapidly removed once their primary purpose has been
achieved (e.g., destruction of invading bacteria), there is potential for these cells to liber¬
ate their toxic intracellular contents resulting in further tissue damage. Indeed, before the
seminal work of Wyllie and colleagues (Kerr et al. 1972, Wyllie et al. 1980), who de¬
scribed a physiological mode of cell death termed apoptosis (programmed cell death), it
was widely believed that cells simply died by necrosis in an uncontrolled manner (Hurley
1983). If this were the case, most cells, and especially inflammatory cells, would liberate
their intracellular contents, many of which can lead to an exaggerated inflammatory re¬
sponse. Virtually all cells, including spermatocytes (Dix et al. 1996) under normal condi¬
tions undergo controlled physiological death by apoptosis, a process known to play a
fundamental role in almost all aspects of life (Wyllie et al. 1980). Cells that have under¬
gone apoptosis show remarkably similar structural, morphological and biochemical
changes. These similarities are perhaps indicative of a common underlying molecular
mechanism. Apoptotic cells are often smaller (due to cytoplasmic shrinkage), vacuolated
and exhibit major changes on their cell surface. Importantly, apoptotic cells remain intact,
retaining their cytoplasmic granules and maintaining plasma membrane integrity such that
they exclude vital dyes. It is the ultrastructural changes observed in the nucleus which are

strikingly characteristic of an apoptotic cell; there is condensation of nuclear chromatin
into dense crescent shaped aggregates with the nucleolus becoming more conspicuous.
Biochemically, apoptosis is typically characterized by endogenous endonuclease activa¬
tion resulting in internucleosomal cleavage of chromatin. When DNA is extracted from
apoptotic cells and separated electrophoretically on an agarose gel there is a characteristic
"ladder" pattern of DNA fragments, representing multimers of the 180—200 base pairs of
DNA associated with nucleosomes. Apoptotic cells have altered cell surfaces; for exam-
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pie, most apoptotic cells express on the external surface of the plasma membrane, phos-
phatidylserine molecules; a process which appears to be highly regulated, important in
phagocyte recognition (see table 1) and useful for assessing apoptosis per se (Koopman et
al. 1994). Other cell surface changes may be unique to a particular cell system such as
shedding of the surface molecule CD 16 (FcyRIII) from apoptotic neutrophils (Dransfield
et al. 1994, Rossi et al. 1995). Importantly, apoptotic cells are functionally isolated, i.e.,
they become down regulated to further receptor-dependent stimulation (Whytc et al. 1993)

During in vitro culture, apoptotic cells will inevitably undergo disintegration (ne¬
crosis) with release of potentially histotoxic contents. This highly undesirable scenario, if
occurring in vivo, would result in an exaggerated inflammatory response and destruction
of host tissue cells leading to an uncontrolled chronic situation where the normally highly
effective recognition and clearance mechanisms (see below) are overwhelmed or defec¬
tive. In contrast, during resolution of inflammation the majority of senescent cells undergo
apoptosis leading to rapid recognition and engulfment by local phagocytes. Indeed, it was
over one hundred years ago, using recently developed intravital light microscopic tech¬
niques on a number of transparent invertebrates, that the Russian biologist Elie Metchnik-
off first described phagocytosis of bacteria and senescent leukocytes by macrophages.
Although there have been numerous accounts of macrophage phagocytosis of different
cells over the last century it is only relatively recently that the major developments regard¬
ing recognition of apoptotic cells have been described. Macrophages and other "semi-pro¬
fessional" leukocytes have been demonstrated to phagocytose apoptotic cells but not fresh
or aged, non-apoptotic cells, rapidly and efficiently (Savill et al, 1989, Stern et al. 1992,
1996). Isolated apoptotic cells are observed relatively infrequently in inflammatory foci
and in order to visualize intact apoptotic cells within a macrophage by electron micros¬
copy the cells have to be fixed within minutes. When macrophages ingest particles such as
zymosan (yeast cell walls) in vitro their response is to liberate pro-inflammatory media¬
tors (e.g., eicosanoids, granular enzymes and cytokines). However, macrophages, capable

Table 1. Molecular mechanisms of recognition of apoptotic cells by phagocytes

References

Lectin-like receptors. Specific carbohydrates on the surface of apoptotic
cells are recognized by phagocytic cells containing lectin-like receptors
such as the asialoglycoprotein, mannose or mannose/fucose receptor.

av(3,/CD36/thrombospondin (TSP). It is hypothesized that a TSP binding
moiety expressed on the surface of apoptotic cells binds to nearby TSP
which in turn acts as a bridging molecule between the apoptotic cell and
the ingesting phagocyte. The phagocyte expresses two receptors on its
surface; the avp3 "vitronectin receptor" integrin and an 88 kD monomer
termed CD36 which co-operate to bind TSP.

Phosphatidylserine (PS) and PS receptors. Exposure of
phosphatidylserine on the surface of apoptotic cells is believed to be
recognized by putative phosphatidylserine receptors located on the
surface of the ingesting phagocyte. Recently, it has been suggested that
members of the scavenger receptor family may act as PS receptors.

61D3 antigen. The mAb 61D3 can specifically attenuate the recognition
of apoptotic cells by human monocyte-derived macrophages. The 61D3
antigen has not been fully characterized.

Duvall et al. 1985.
Dini et al. 1992, 1995.
Hall et al. 1995

Savill etal. 1989. 1990, 1992.
Ren et al. 1995,
Ren & Savill 1995

Fadok etal. 1992a, 1992b, 1993,
Martin et al. 1995, Verhoven et
al. 1995, Piatt etal. 1996,
Ramprasad et al. 1995, Rigotti et
al. 1995, Satnbrano et al. 1994,
Sambrano & Steinberg 1995
Flora & Gregory 1994
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of ingesting multiple apoptotic cells simultaneously, do not liberate pro-inflammatory me¬
diators or potentially injurious products, either derived from the macrophage per se or
from the apoptotic cell, into the surrounding medium (Meagher et al. 1992). Thus, re¬
moval of apoptotic cells by phagocytes, together with limitation of cell function associ¬
ated with apoptosis (Whyte et al. 1993) effectively neutralizes any existing
pro-inflammatory potential. This non-inflammatory clearance was subsequently shown to
be due to the molecular mechanisms by which macrophages recognize and ingest apop¬
totic cells (see Savill & Haslett 1994, Haslett et al. 1994). Since apoptotic cells are avidly
ingested by these cells (non-apoptotic cells are not) surface changes on the apoptotic cell
that are recognizable by the phagocyte have evolved. There are a number of known mo¬
lecular mechanisms for recognition of apoptotic cells (see table 1) but for a more detailed
description of these mechanisms we recommend reviews by Savill & Haslett 1994 and
Hart et al. 1996. It is important to note that these putative mechanisms may only apply to a
particular cell system, they may occur in combination with one another and in view of the
multiple genes involved in phagocytosis of apoptotic cells in the nematode Caenorhabdi-
tis elegans it is likely that other mechanisms exist.

Given the information presented in this chapter on the resolution of the inflamma¬
tory response, is it possible that spermatozoa do not stimulate release of toxic oxygen radi¬
cals and other pro-inflammatory mediators by phagocytic cells because they have
undergone some form of programmed cell death? If so, this process would have to be dis¬
tinguished from the apoptosis seen in somatic cells because spermatozoa are transcription¬
ally inactive. In spermatozoa, this process would comprise an "outside-in" programmed
destruction of the cell rather than the usual "inside-out" apoptotic event. Indeed, Gorczyca
et al. 1993 demonstrated the presence of DNA strands and an increased sensitivity of
DNA in situ to denaturation in abnormal human sperm cells analogous to the effect of en-
donuclease activity characteristic of programmed cell death of somatic cells. Thus, if sper¬
matozoa undergo a form of apoptosis, it raises questions about the surface changes that
occur on senescent spermatozoa that enables them to be recognized by phagocytes. Inter¬
estingly, it has recently been demonstrated that apoptotic spermatogenic cells, expressing
phosphatidylserine on the outer leaflet of their plasma membranes, are recognised and
phagocytosed by Sertoli cells (Shiratsushi et al., 1997). Would the manner in which sper¬
matozoa die influence the subsequent behaviour of phagocytes towards them? It would be
interesting to compare the nature of sperm-phagocyte interaction under circumstances
where the former had been allowed to undergo a senescent death with spermatozoa that
had been killed by other means including heat, freeze-thawing, complement-mediated cy-

tolysis, oxidative stress and incubation with spermicidal compounds including surface-ac¬
tive agents and membrane stabilizers. Such questions become particularly important when
we consider the fate of the spermatozoa in the female reproductive tract. At insemination,
hundreds of millions of potentially immunogenic cells are deposited in the female repro¬
ductive tract. Hundreds of these cells will end up in the pelvic cavity in the search for an
ovum while millions will perish lower down the reproductive tract in an abortive attempt
to reach the site of fertilization. All of the cells that penetrate the cervix must presumably
be phagocytosed with the possible exception of the single spermatozoon that successfully
fertilizes the egg. What fate befalls the millions of spermatozoa that enter the female re¬
productive tract following insemination? The limited studies that have been performed
suggest that the response of the female tract is to mount a leukocytic infiltration which is
particularly marked in the cervix of vaginal inseminators, such as the rabbit, but is focused
on the uterine lumen of species exhibiting an intra-uterine mode of insemination such as
the rat. The molecular identity, and origin, of the chemotactic factors, the cellular compo-
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sition of the leukocytic infiltration and the presence or absence of an oxidative burst are
all unknown. If the apparent silence of the phagocytic response depends on senescent
spermatozoa undergoing a programmed form of death, what happens in the case ofwomen
using synthetic spermicides, when the spermatozoa are killed by detergents such as
nonoxynol 9 or benzylkonium chloride?

Answers to such questions are particularly important in relation to the transmission
of viral infections such as HIV. Insemination not only deposits free virus or infected T
cells in the vagina, it also enhances the risk of transmission by (i) stimulating a local leuk¬
ocytic infiltration, which may include CD4+ T-cells and (ii) suppressing certain elements
of the immunological defense system. Clearly any factors, including spermicides, that in¬
fluence the nature of the local leukocytic infiltration following insemination and the char¬
acteristics of the subsequent immune response mounted by the female tract, will have a

bearing on the transmission of HIV.
In conclusion, the interaction between spermatozoa and the immune system is

poorly characterized. Leukocytic infiltrations involving large scale phagocytosis of sper¬
matozoa are observed following vasectomy in the male or as a consequence of insemina¬
tion in the female. However, in neither of these situations is an inflammatory response
observed. These results suggest that spermatozoa either suppress, or fail to ignite, key ele¬
ments of the immune response. Elucidation of the biochemical mechanisms controlling the
interaction between spermatozoa and the immune system have important implications for
our understanding of immunological infertility and the spread of sexually transmitted dis¬
ease, including HIV.
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This review examines the therapeutic potential and mechanisms of action of
drugs known as nitric oxide (NO)-aspirins. Drugs of this class have an

NO-releasing moiety joined by ester linkage to the aspirin molecule.
NO-aspirins have the capability to release NO in addition to retaining the
cyclooxygenase-inhibitory action of aspirin. The protective nature of NO led
to the development of NO-aspirins in the hope that they might avoid the
gastric side effects associated with aspirin. However, it has become apparent
that the drug-derived NO instils potential for a wide range of added benefi¬
cial effects over the parent compound. In this review, the authors focus on
the analgesic, anti-inflammatory, cardiovascular and chemopreventative
actions of compounds of this emerging drug class.
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1. Introduction

1.1 Nitric oxide

Nitric oxide (NO) is an ubiquitous signalling messenger molecule involved in diverse
physiological and pathophysiological processes, including vasodilatation, inhibition of
platelet activation and inflammatory cell adhesion [1-6]. Furthermore, NO functions as
a neurotransmitter at non-adrenergic, non-cholinergic neurons [7].
The enzyme soluble guanylate cyclase (sGC) is the primary target for NO. NO

binds sGC with high affinity, prompting it to undergo a conformational change,
resulting in a 400-fold increase in the rate of enzyme catalytic activity (81. Activated
sGC converts guanosine-5'-triphosphate (GTP) to 3',5'-cyclic guanosine mono-

phoshate (cGMP) (9-11). There are a number of cGMP-dependent effector pathways
that involve cGMP-dependent protein kinases, cGMP-regulated phosphodiesterases
and cGMP-gated ion channels. Low levels of NO acting primarily via these
pathways are responsible for several protective physiological processes including
vasodilatation, antithrombotic effects and anti-inflammatory actions.

1.2 Aspirin
Aspirin (acetylsalicylic acid) was first synthesised in 1899 and was the first example
of the family of NSAIDs. Its therapeutic uses include the treatment of headache,
rheumatic pain and inflammation; low-dose aspirin is also an effective prophylactic
against thrombotic events in the cardiovascular system.
Aspirin causes irreversible inhibition of the cyclooxygenase (COX) family of

enzymes by selectively and rapidly acetylating a serine residue (Ser 530) near the C-ter-
minus of the protein, forming an impediment to the binding of AA (12-141.
The acetylation evokes a requirement for new COX to be synthesised for subsequent
production of prostaglandins, which are derived from arachidonic acid in a
COX-mediated process. There are two structurally similar COX isoforms named
COX-1 and COX-2, which are encoded by different genes. The expression of the
COX isozymes varies between tissues and aspirin is more selective for COX-1 than
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NCX4016

Figure 1. Structural formula of NO-aspirin, NCX4016.

COX-2. Other NSAIDs, such as naproxen and ibuprofen,
reversibly bind at the active site of COX and have different
selectivity profiles to aspirin for the different COX isoforms [15].

1.3 Why make an NO-aspirin?
The long-term use of aspirin for pain and inflammation asso¬
ciated with conditions such as rheumatism and arthritis is

limited due to its serious side effects in the gastrointestinal

^ tract, which are reported to cause 16,000 deaths each year in
"g the US [16J. The first evidence for gastric damage caused by
| aspirin was presented in 1938 [17] and there is now clear evi-
"| dence for an association between gastric and duodenal ulcers
§ and NSAID use [18-22].
1)

£■ NSAIDs cause gastric mucosal injury through their topical
O

irritant effect and, more importantly, through suppression of
gastric prostaglandin synthesis [23,24]. Many components of
mucosal defense rely on prostaglandins, including mucus and
bicarbonate secretion, blood flow [25,26], epithelial cell turn¬
over and repair, as well as mucosal immunocyte function. It is
believed, therefore, that inhibition of prostaglandin synthesis
by aspirin depresses these defences, providing an opportunity
for further damage by endogenous agents, such as acid, pepsin
and bile salts [22].

1.4 Overcoming gastrotoxicity
NO-aspirins are hybrid drugs that have been designed to
combine the cytoprotective effects of NO with aspirin, with a
view to their use as 'gastric-friendly' NSAIDs [27,28].
NO has various effects on the gastric mucosa which might

contribute to enhanced mucosal defense. It increases blood

flow in the gastric mucosa, promoting repair and removal of
toxins [29]. It also increases secretion of protective gastric
mucus [30] and is thought to promote healing of gastric ulcers
by promoting angiogenesis [31]. NO from NO-aspirins can
inhibit neutrophil adhesion to the blood vessel wall in a sim¬
ilar fashion to prostacyclin (PGI2) [32], It is, therefore, plausi¬
ble that NO could replace aspirin-inhibited PGI2 as an
inhibitor of neutrophil adherence and also of mucosal
vasodilatation [16]. Wallace etal. documented the role of

neutrophils in gastropathy [33]. They reported neutrophil
adherence to the vascular endothelium of the gastric
microcirculation as one of the earliest events following
NSAID administration to laboratory animals [34]. Further¬
more, they showed, with the use of antibodies, that
by preventing neutrophil adherence, mucosal injury was
avoided [35]. As NO is known to prevent neutrophil adhe¬
sion, the idea of combining an NO group with an NSAID
was suggested to prevent gastropathy [33].
Given that some of the gastrotoxic effects of aspirin have

been suggested to be due to actions of the carboxylic acid
moiety [36], it would be expected that esterification at this
group might reduce such an outcome. NO-aspirin hybrids
have been shown to have reduced acute gastric toxicity,
thought to be primarily via prevention of the carboxylic acid
effect, rather than a direct protective effect of NO, although
the latter may contribute [27], It is worth noting, however, that
under the acid conditions of the stomach, aspirin will exist
primarily in the non-ionised form and would not, therefore,
be expected to significantly affect the pH through ionisation
at the carboxylic acid.

1.5 NO-aspirins
Two main subtypes of NO-aspirins have so far been developed:
the nitro-oxy ester derivatives and the furoxan derivatives.
The first NO-aspirin hybrid drugs to be released were the

NicOx compounds, NCX4016 (2 acetoxy-benzoate
2-(2-nitroxymethyl)-phenyl ester; Figure l) and the related,
NCX4215 [37]. Both are nitro-oxy ester (organic nitrate)
derivatives of aspirin, often referred to as nitroaspirins.
NCX4016 consists of an aspirin molecule linked by an

ester bond to a molecular spacer, which, in turn, is linked to a

nitro-oxy ester group [38]. NCX4016 has been demonstrated
not to be ulcerogenic at equivalent concentrations to those of
aspirin that are capable of inducing ulcers. Furthermore, it
causes a dose-dependent protection against gastric lesions
induced by hydrochloric acid/ethanol mix in rats [39].
More recently, another series of NO-aspirin hybrid drugs

have been developed with a furoxan NO-donor moiety [27,40].
These drugs link the NO-donating furoxan group by ester
linkage to the aspirin molecule (Figure 2). These compounds
also appear to overcome the problem of gastric lesions [27],
although the precise mechanism and the possible role of NO
has not yet been fully determined.
The NO release mechanism of the different NO-aspirin

drugs varies. The ester linkage of NCX4016 requires enzymatic
cleavage, as has been identified for other organic nitrates, such as

glyceryl trinitrate [41]. In contrast, the furoxan derivatives appear
to release NO intracellularly on encountering antioxidant
species glutathione and ascorbate [40].
In addition to their intended use as gastric-sparing

NSAIDs, NO-aspirins have been demonstrated to bring
about various therapeutic effects, which are explored
throughout this review.
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Figure 2. General structural formula of a furoxan-aspirin
hybrid drug and structural formulae of two typical
examples (B8 and B7).

2. Anti-inflammatory and analgesic effects

NO-aspirins have the potential to be anti-inflammatory
through the actions of both the NO-moiety and the parent
compound. The anti-inflammatory effects of aspirin are well
covered in the literature (see [42-47J for reviews). Both major
types of NO-aspirin have been shown to retain an inhibitory
action on COX-1 in vitro 140,48] and, thus, have the potential
to retain the anti-inflammatory, analgesic and antithrombotic
actions of the parent compound, aspirin.
The analgesic effect of aspirin is brought about through sup¬

pression of prostaglandin E2 (PGE2) and I2 (PGI2) production
via inhibition of COX. These prostaglandins, whether synthe-
sised during inflammation or in the spinal cord, play a role in
firing of nociceptors (for review see [49|). NO-aspirins have the
potential to be analgesic through COX-mediated inhibition of
prostaglandin production, but the impact of the NO moiety is
more difficult to predict due to the impact of NO on pain

pathways apparently varying with the type, location and cause
of pain [50-52]. A study into the antinociceptive properties of
NCX4016 revealed that in models of inflammatory pain, such
as carrageenan-induced hindpaw hyperalgesia and acetic
acid-induced abdominal constrictions, as well as acute pain
(tail flick), NCX4016 demonstrated a very similar antinocicep¬
tive profile to aspirin itself 153]. Both furoxan-aspirin hybrids
and NCX4016 cause similar anti-inflammatory effects to
aspirin in the carrageenan model of inflammation [27,53,54].
NO derived from NCX4016 inhibits the action of caspase 1

(also known as IL-1(3 converting enzyme) in lipopolysaccha-
ride (LPS)-stimulated monocytes in vitro [55], Caspases are a

family of proteases that are involved in cytokine release and
apoptosis [56]. Caspase 1 is upregulated in inflammatory dis¬
eases and is responsible for the generation of IL-ip and IL-18,
which themselves are responsible for stimulating formation of
further pro-inflammatory cytokines such as TNF-a and IL-8.
The anti-inflammatory effects of NCX4016 are due to inhibi¬
tion of the formation of these pro-inflammatory cytokines
through imitrosation of a cysteine residue in caspase 1 [57].
A similar effect on caspase 1 has also been suggested to be
responsible for the gastric-sparing property of NCX4016.
Inhibition of gastric caspase activity in rats was determined to
occur through both cGMP-dependent and -independent path¬
ways [58]. Furthermore, NO-aspirins have also been reported to
inhibit the release of inflammatory cytokines, such as TNF-a
from LPS-stimulated macrophages (59,60]. This anti-TNF-a
action by the NO-aspirins may provide clinical benefit in
inflammatory diseases such as arthritis, Crohn's disease
and asthma [61-64].
Rheumatoid arthritis is a chronic inflammatory autoim¬

mune disorder characterised by inflammation of the lining
(synovium) of joints. Joint deterioration, together with the
pain associated with synovial inflammation can lead to sub¬
stantial loss of mobility. Pro-inflammatory cytokines are
abundant in the joints of sufferers [64]. Anti-TNF-a drugs
have been recently licensed for use in arthritis to limit the
contribution of the cytokine to inflammation [62]. Treatment
of arthritis with drugs of the NSAID class is severely limited
due to the gastric side effects associated with the high doses
and chronic nature of the treatment required. However, it is
hoped that NO-aspirins might offer a preferable alternative to
therapy with conventional NSAIDs; the dual action of the
COX-mediated aspirin action and the anti-TNF-a response,

together with their resistance to gastrotoxic effects mediated
by NO, is a promising antiarthritic profile for this target.
It is now widely accepted that inflammation is a key element

in atherogenesis and atherosclerotic plaque rupture that leads to
acute cardiovascular events (myocardial infarction or stroke) [65].
Given its potential to prevent the gastrotoxicity associated with
aspirin, NO-aspirin hybrids might be a useful means of chronic
delivery of aspirin, not only to help prevent thrombosis associ¬
ated with vascular disease, but also to limit progression of
disease itself. The potential of NO-aspirins in cardiovascular
disease is explored in the following section.

Expert Opin. Ther. Targets (2006) 10(6) 913
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3. Cardiovascular effects

NO-aspirins have the potential to bring about cardiovascular
benefit through both the aspirin and the NO moieties.
There are extensive protective effects of NO in the vascular
system to complement those of aspirin. NO is a powerful
endogenous vasodilator [66], which acts to keep the vascula¬
ture in an active state of dilatation by stimulating
cGMP-mediated relaxation of vascular smooth muscle cells.

NO also opposes the adherence of monocytes to the vessel
wall 167]. The reduction of endogenous NO synthesis or

availability is heavily implicated as a key factor in the initia¬
tion and progression of atherogenesis [68-71). Furthermore,
NO displays antithrombotic actions through its ability to
inhibit platelet adhesion [4,72] and aggregation [3,73,74].

3.1 Antiplatelet action
The antithrombotic action of aspirin comes about through
its ability to inhibit the action of platelet COX-1-derived
thomboxane A2 (TxA2). TxA2 exerts its effect by action on
G-protein-coupled TP receptors, which activate phospho-
lipase C to bring about Ca2+-mediated platelet shape change
and aggregation 175].
The inhibition of platelet COX-1 by aspirin occurs

"g through a selective and rapid acetylation as outlined above.
| The acetylation causes irreversible COX inhibition and a
1 requirement for new COX to be synthesised for subsequent
§ production of prostaglandins. As platelets are widely thought
S" to lack the necessary cellular machinery to synthesise new pro-
o
^ teins, the effect of aspirin will last for the lifetime of the plate¬

let (~ 10 days). An overall recovery of COX activity by 10%
per day has been observed, in line with platelet turnover [76].
Following aspirin-mediated COX inhibition, there is a cumu¬
lative reduction in platelet TxA2 production [77], leading to a
prolonged antithrombotic effect.
The NO element of the hybrids instils potential for a sec¬

ondary antithrombotic effect. NO-mediated inhibition of
platelet aggregation occurs primarily via stimulation of cGMP,
although cGMP-independent signalling mechanisms have
also been identified [71,78-81].
The mechanism of NO release can impact on the ability of

the clinical effectiveness of the drug. For instance, NCX4016
is a nitro-oxy ester (organic nitrate) that relies upon enzymatic
breakdown to yield NO [82]. The metabolism of both
NCX4016, and the organic nitrate compound, glyceryl trini¬
trate, has been reported to occur through identical mecha¬
nisms [41], Due to the poor capability of platelets to release
NO from organic nitrates [83], an NO-mediated antiplatelet
effect is not detected in vitro [40]. This lack of ability of plate¬
lets to release NO from NCX4016 is demonstrated in its lack

of antiplatelet effects in plasma [40]. Antiplatelet effects with
organic nitrate hybrids have been demonstrated in washed
platelets [37,84,85], but it is likely that these occur through the
aspirin moiety [40]. Furthermore, antiplatelet effects of
NCX4016 have been demonstrated ex vivo, in animals and

humans [86-89], presumably through remote nitro-oxy ester
activation in vascular cells other than platelets (e.g., smooth
muscle cells); a rather inefficient method of NO delivery
specifically to platelets.
In contrast to NCX4016, the NO release mechanism of

furoxans is dependent on the presence of intracellular anti¬
oxidants glutathione and acorbate 140] and, therefore, furoxans
release NO without the requirement for the same cellular
machinery as that for organic nitrates. The reliance of furoxan
hybrids upon such endogenous agents to catalyse decomposi¬
tion may instil potential for primarily intracellular delivery of
NO, on account of the differential distribution of glutathione
and ascorbate within cells compared with plasma and extracel¬
lular fluid. The antiplatelet effects of the furoxan compounds
have been demonstrated in vitro to display a degree of
NO-mediated antiplatelet effects to complement those of the
aspirin moiety [40].

3.2 Vasodilatory effects
In healthy blood vessels, NO is synthesised by endothelial NO
synthase in response to shear stress, hypoxia and endogenous
mediators [90-92], whereupon it acts directly on the adjacent
smooth muscle cells to bring about local vasodilatation.
NO-induced vasodilatation is almost exclusively
cGMP-dependent; NO acts on sGC to increase cGMP, which
results in a reduction of intracellular calcium in smooth muscle

cells and, thereby, relaxation [1,2,92-95], NO also has a range of
effects on COX activity (see [96] for review). Although it has no
impact on purified COX-1 and can suppress LPS-induced
COX-2 expression [97,98|, it has been demonstrated to stimu¬
late PGI2 production in endothelial cells possibly by a
cGMP-independent mechanism [99], Given that PGI2 is a
potent vasodilator, this may be another means by which NO
causes vasodilatation.

An interesting situation arises with regard to the role of the
NO-aspirin moiety in the vasculature. The dual inhibition by
aspirin of the COX-mediated generation of the vasocon-

stricting agent, TXA2 [100], and the vasodilatory substance,
pgi2 [101,102], raises uncertainties as to whether aspirin will
cause vasodilatation or vasoconstriction. TXA2 acts through
specific TP receptors leading to phospholipase C activation,
release of inositol triphosphate and an increase in the intra¬
cellular Ca2+ level, thus triggering smooth muscle contraction
[103,104], The source of vasoconstricting TXA2 is platelet
COX-1 [105] and, due to their anucleate nature, full TXA2
recovery will only take place as a function of platelet turnover
following aspirin washout [106], In contrast, in the vasculature,
pgi2 is predominantly COX-2-derived and the main source is
endothelial cells [107]. pgi2 brings about endothe-
lium-dependent vasodilatation through activation of ip recep¬
tors [108] and the consequent stimulation of adenylate cyclase
to generate cAMP [108,109]. Interestingly, studies with cultured
vascular smooth muscle cells demonstrate that the vasodilator

pgi2 is produced only on stimulation by thrombin 1110,111] or
when in co-culture with platelets [112], suggesting that pgi2 is
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produced endogenously to overcome the vasoconstrictive
effects of TXA2. It was further shown that following treat¬
ment with aspirin, PGI2 is restored within only a couple of
hours [ill]. The reason behind the recent withdrawal of the

COX-2-specific inhibitors valdecoxib and rofecoxib [107,113] is
their instigation of an imbalance between vascular PGI2 and
platelet TXA2, ultimately resulting in an increased risk of
stroke. This is most likely due to inhibition of COX-2 in
endothelial cells and the resultant loss of the antithrombotic

and vasodilator agent, PGI2, whereas COX-1-derived TXA2
remains unaffected [107]. It is generally accepted that in vivo,
aspirin treatment will result in a vasodilatory effect due to the
predominant inhibition of platelet-derived TXA2 over that of
endothelium-derived PGI2. Due to platelets only possessing
COX-1 [114] and aspirin being nearly 170-fold more selective
for COX-1 than COX-2 [43], low-dose aspirin that is effective
at inhibiting platelet COX-1-derived TXA2 without affecting
endothelial COX-2-derived PGI2 [115,1161 can be administered.
These facts, combined with the ability of endothelial cells to
restore PGI2 production quickly [110,117], suggest that aspirin
will bring about a vasodilatory action. It is worth noting, how¬
ever, that some reports suggest that very high concentrations
of PGI2 can paradoxically act as a vasoconstrictor [118,119].
The vasorelaxant effects of the nitro-oxy ester,

NCX4016, have been investigated in vitro. Unlike platelets,
vascular smooth muscle cells are able to metabolise

NCX4016 to release NO and thus this class of compound
has the potential for NO-mediated vasodilatory effects.
NCX4016 causes vasodilatation in noradrenaline-precon-
stricted rat tail arteries in a process that relies on cGMP and
not the aspirin moiety [120]. The lack of platelets in the iso¬
lated preparation likely excludes a vasodilatory role for the
aspirin moiety in such a system. Interestingly, NCX4016
does not have a significant impact on blood pressure at
therapeutically relevant concentrations on account of the
slow release of NO [121,122], The furoxan-aspirin hybrid
drugs have also been demonstrated to cause NO-mediated,
cGMP-dependent vasodilatation in isolated rat aortae
(authors' unpublished data).

3.3 Restenosis

Restenosis is the reocclusion through vascular remodelling of
a blood vessel after a procedure such as angioplasty. Aspirin is
commonly administered following angioplasty to prevent
thrombotic events [123], but it carries the risk of gastric ulcer¬
ation outlined above. The lack of endothelium-derived NO
has been implicated in restenosis [124] and administration of
NO or its precursor, L-arginine, can help prevent its progres¬
sion [125-128]. NCX4016, but not aspirin, reduced experimen¬
tal restenosis in aged rats, an effect attributed to a reduction
in vascular smooth muscle cell proliferation [129], The use of
NCX4016 was demonstrated to significantly reduce resten¬
osis when compared with aspirin in hypercholesterolaemic
mice [130]. The effect was also shown to be greater than that
achieved with an NO-donor [130].

3.4 Myocardial ischaemia and infarction
NCX4016 has been shown to reduce damage to the myocar¬
dium in an NO-dependent manner following ischaemia-reper-
fusion in a rabbit model [131]. It was further shown to reduce
infarct size caused by myocardial ischaemia-reperfusion in
pig [89] and anesthetised rat models [132]. The beneficial effects
have been attributed to the release ofNO preventing inflamma¬
tion, obstruction of the coronary microcirculation, arrhythmias
and myocardial necrosis [132],

4. Cancer therapy

The use of aspirin is reported to reduce the risk of several
cancers, including colorectal, oesophageal, breast, lung and
bladder cancer (for review see [133-136]) via inhibition of
prostaglandin synthesis [137,138]. Colon cancer has been asso¬
ciated with high COX-derived prostaglandin output,
particularly PGE2 [139], which enhances tumour growth [140].
It is thought that these prostaglandins are derived from
COX-2 [137,141], giving rise to the perceived benefits of
COX-2 inhibitors in cancer prevention 1141-143].
However, the use of NO-aspirin compounds would ide¬

ally inhibit the cancer-promoting prostaglandins to the same
extent as aspirin, but would avoid gastrotoxicity and the car¬
diovascular risk of the specific COX-2 inhibitors [107,142].
Indeed, in an in vitro model using colon cancer cell lines, an
NO-aspirin that shares many of the molecular characteristics
of NCX4016 was up to 250-fold more potent than aspirin
at inhibiting the growth of cancer cells [144]. The NO-aspirin
was also determined to be more potent than the parent com¬
pound in pancreatic, prostate, lung, skin, leukaemia and
breast cancer cell lines, in some cases up to 6000-fold more
effective [144]. The increase in potency over the parent com¬
pound is likely an effect of the structural change [145]. Inter¬
estingly, a further nitro-oxy ester hybrid, NCX 4060, has
been shown to have benefit in human prostate cancer cell
systems [146], an area where the effect of the parent
compound is unclear [147,148],
In vivo, NCX4016 has been demonstrated to reduce cancer

growth in a rat model of colonic adenocarcinoma to a greater
extent than aspirin [149]. The beneficial effect of NCX4016
appears not to be related to COX-inhibition [149] and, thus,
may be due to as yet undetermined effects of the NO and not
the aspirin moiety.

5. Type 2 diabetes

NiCox are soon to initiate Phase II trials on NCX4016 in

Type 2 diabetes. The company claims that previous clinical
studies with the drug show an increased sensitivity to insulin
in patients with Type 2 diabetes [201]. Interestingly, it is inti¬
mated that the effect is due to release of salicylic acid with
high dose treatment, perhaps acting synergistically with NO
to increase insulin sensitivity. These data do not appear to
have yet been published, although some of them were
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presented at the American Heart Association meeting in
2005. This approach represents an interesting new angle in
development of this compound in particular; here it is being
used as a vector for delivery of high concentrations of salicylic
acid rather than aspirin. The protective effects of NO facili¬
tate delivery of sufficient salicylic acid to have a therapeutic
effect without inducing gastric side effects.

6. Expert opinion and conclusion

It has become apparent that compounds of the so-called
NO-aspirin drug class have beneficial effects that exceed their
intended use as gastric-friendly' alternatives to aspirin. The
drugs have been demonstrated to retain the COX-inhibitory
effect of the aspirin moiety, thus providing analgesic,
anti-inflammatory and antithrombotic effects on a par with the
parent compound. The introduction of the NO moiety does
not prevent these actions and provides at least the potential for
a beneficial range of anti-inflammatory and cardiovascular
effects to complement those of the aspirin moiety.

Despite being the most commonly used drugs over the past
century, there have been few advances in measures to reduce the
gastroenteropathy associated with NSAIDs (for review see [33]).

^ The search for gastric-friendly NSAIDs has recently encoun-
"g tered a major setback with the withdrawal of some
| COX-2-speciflc inhibitors due to mounting evidence of
1 increased risk of stroke [107]. Clearly, there is still a market for a
| safer alternative to aspirin and it is possible that NO-aspirin
^ drugs may fulfil such a requirement.

NO-aspirins have been demonstrated to have potent
antiplatelet, vasodilatory and anti-inflammatory actions con¬
tributed to by both moieties of the hybrid. It is hoped that
such actions, along with their favourable gastric profile, will
enable them to replace aspirin as a prophylactic against
thrombotic events or for use as an anti-inflammatory agent in
patients with arthritis. Furthermore, data obtained with
NO-aspirins are leading to more speculative applications to
those envisaged for them and it is likely yet more will arise as
future studies are carried out. Such applications include anti¬
cancer therapy where the nitro-aspirin family has been dem¬
onstrated to have beneficial effects in vitro [1441 and Type 2
diabetes, where NCX4016 is soon to enter Phase II trials. The
latter is a particularly interesting divergence for this com¬

pound because, in this setting, it is believed to be acting as a

precursor for salicylic acid rather than aspirin perse. Neverthe¬
less, the protective properties of NO in the gastric mucosa
remain important and developments in this setting will be
watched with interest.

A further possible application is in atherosclerosis and the
associated thrombosis, although the complexity of the disease
poses a number of challenges. NO-aspirins may provide some
clinical benefit through their antiplatelet and anti-inflamma¬
tory actions, but as NO-related species have been linked to
smooth muscle cell necrosis [1501, it is difficult to predict the
actions of the NO-aspirins in an established plaque. Future

studies utilising the Apo-E model [1511 could help to clarify
whether or not the drugs will be of benefit in this setting.
The in vitro experimental data using drugs of this class

should be viewed with a degree of caution. The results of
some studies may not translate into clinical benefits on the
basis that the drug concentrations used are unrealistically
high and if such doses were to be used in vivo, the high
plasma concentrations may result in toxic effects such as liver
and kidney damage, inhibition of de novo protein synthesis
associated with high aspirin dose [152,153], or the mutagenic
effects associated with high doses of NO [154].
Both families of NO-aspirin hybrid drugs discussed through¬

out this review have their drawbacks. NCX4016 has limited

NO-mediated antiplatelet effects due to the organic nature of
its NO moiety. Its antiplatelet effects in vitro are almost exclu¬
sively aspirin mediated and in plasma are non-existent, most
likely due to instability of the acetyl group 140], The fact that
antiplatelet effects have been demonstrated ex vivo [58.86.88,89]
suggests that NO can be released from the compounds in vivo,
probably through remote activation of the organic nitrate group
- an inefficient method of delivering NO if platelets constitute
the primary target in this therapeutic setting.
A further drawback to NCX4016, and perhaps one more

likely to limit its use, is the probability of tolerance with
long-term or high-dose use; there is no evidence to suggest
that NCX4016 will not be susceptible to the tolerance prob¬
lems associated with long-term or high dosage use of
traditional organic nitrates (for review on tolerance see [155]).
The stability of the acetyl group is a problem that appears

to affect the aspirin-like action of both NCX4016 and the
furoxan NO-aspirins in plasma. Further chemical modifica¬
tions are necessary in order that an aspirin function is
retained in plasma, although it is perhaps the instability of
the aspirin moiety in plasma which has been turned to
advantage in the use of NCX4016 to generate salicyclic acid
in situ for treatment of diabetes.

For a drug to be classed as a hybrid drug, it is reasonable to
presume that both components of the drug contribute to its
clinical effect. There are examples of furoxan derivatives (B8)
where dominance of the NO moiety suggests that it acts almost
exclusively as an NO-donor, rather than a true NO-aspirin
hybrid. The furoxan NO-aspirin B7, has a better balance
between the NO and aspirin moieties and, therefore, has
greater potential as a hybrid drug [40]. It is likely that chemical
modification may be necessary for drugs of the furoxan
NO-aspirin family to ensure that both elements remain active,
otherwise the co-administration of an independent NO-donor,
or even a phosphodiesterase V inhibitor [156,157], with aspirin
may be a more suitable option. The nitro-oxy ester compound
NCX4016 is also affected by 'balance' problems and thus does
not necessarily act as a true hybrid. Its effect in platelets is lim¬
ited to an aspirin-only mediated action due to lack of NO
release [40], at least in vitro. The effects of the novel furoxan
hybrids have not been as extensively examined as NCX4016
and further study is required before fair comparisons can be
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made. However, the furoxan class appears to be a competitive
alternative to NCX4016. The NO-release mechanism does not

rely on enzymatic degradation and their specific release in the
presence of cellular antioxidants instils potential for targeted
cellular delivery of NO 140], The furoxan NO moiety is not
nitro-oxy ester and does not require the same enzyme-mediated
mechanism to release NO, and so their long-term use would
not be expected to be limited by tolerance, although this
remains to be tested. Data obtained with NO-aspirins so far

definitely warrant further research into this class of drugs.
From a gastric safety perspective, the results seem promising
and drugs of this class may offer an effective alternative to
COX-2 inhibitors. However, further work is needed to perfect
the art of hybrids in this arena, particularly with respect to bal¬
ancing NO release with COX activity, stabilising the com¬

pounds in plasma to retain the acetyl group and looking for
alternatives to nitro-oxy esters that would avoid tolerance
issues for long-term and/or high-dose arthritis treatment.
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Abstract

A workshop to discuss anti-inflammatory approaches in the treatment of CF was held at Novartis Institutes for Biomedical Research (NIBR,
Horsham, UK) in March 2008.

Key opinion leaders in the field (Hugo De Jonge, Stuart Elborn, Erich Gulbins, Mike Konstan, Rick Moss, Scott Randell and Adriano Rossi),
and NIBR scientists were brought together to collectively address three main aims: (i) to identify anti-inflammatory targets in CF, (ii) to evaluate
the pros and cons of targeting specific cell types and (iii) to discuss model systems to profile potential therapeutic agents.

The highlights of the workshop are captured in this review.
© 2008 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cystic fibrosis (CF) is the most common lethal genetic disease
in Caucasians affecting approximately 1 in 3000 individuals. It is
an autosomal recessive disease involving a mutation in the CFTR
(cystic fibrosis transmembrane conductance regulator) chloride
ion channel, the gene for which was discovered in 1989 [ 1 ]. It is a
multi-system disorder, with onset in childhood. Morbidity
includes pancreatic insufficiency, Gl/nutritional deficiencies
including an inability to secrete digestive enzymes and critically,
pulmonary disease. In the vast majority of cases mortality results
from respiratory failure, with the median age of survival having
increased to approximately 37 years, while the median age at
death has remained at 25.2 years [2].

The classical paradigm for pulmonary morbidity in CF is
that as a result of inadequate CFTR function, impaired
mucociliary clearance develops which leads to infection and
inflammation [3]. Inflammation in the CF lung occurs early
in life: In foetal and infant airways, with neutrophils
predominating in the cellular infdtrate [4], This inflamma¬
tory response to infection is excessive relative to the burden
of bacteria [5], with the major colonising pathogen in CF
being Pseudomonas aeruginosa (Staphylococcus aureus and
Haemophilus influenzae can also be present), [6]. In
addition, viral infections, e.g.: respiratory syncitial virus,
have the potential to impair host defence to bacterial
infection in CF patients by damaging the epithelium and
further impairing mucociliary clearance. Release of elastase
and other proteinases from neutrophils is considered to be a

key contributor to lung damage associated with the
inflammatory response. In healthy individuals, constitutive
anti-proteases complex with proteinases and shield the lung
against their activity. In CF, the activity of elastase and other
proteinases are significantly elevated and overwhelm this
protective mechanism [7]. However, the concept that
infection precedes inflammation is now being questioned;
the Cftr mutation itself may directly induce inflammation
prior to infection.

2. Role of neutrophils in CF inflammation

The primary function of the neutrophil is in host defence;
phagocytosing and destroying invading pathogens. Specifically
the neutrophil generates reactive oxygen species via NADPH
oxidase [8] and secretes anti-microbial granular proteins in¬
cluding elastase (six elastase genes are known to exist, with
elastase 2 being the most prominent in human neutrophils [9]),
collagenase, cathepsins and myeloperoxidase [10] to perform
this protective role. The release of DNA from neutrophils can
form neutrophil extracellular traps (NETS) in which Gram -ve
and Gram +ve bacteria can be bound and killed [11,12], How¬
ever, if this response is not controlled, excessive tissue damage
can result, accounting for much of the lung damage and des¬
truction observed in CF. Under the hypoxic conditions found in
CF mucus, neutrophils are thought to live longer, and thus their
potential to damage the lung is enhanced [13]. As a result,
strategies to target the neutrophil and its destructive potential

have emerged as key therapeutic approaches to CF lung disease.
These include inhibition of neutrophil recruitment, activation,
release/activation of degranulation products, digestion of DNA
and targeted removal of unwanted neutrophils by apoptosis
[14,15].

To inhibit pro-inflammatory signalling, the use of broad
spectrum anti-inflammatory drugs such as oral corticosteroids
[16,17] and non-steroidal anti-inflammatory agents such as

ibuprofen [18] have been examined in CF. Disappointingly, the
beneficial effects of oral corticosteroids are limited and adverse
side-effects are prominent. Inhaled corticosteroids have no
demonstrable beneficial effects in CF patients, although these
clinical studies were only of a short duration and had small
numbers of patients [19]. It has been suggested that corticoster¬
oids can delay neutrophil apoptosis [20]; an effect which may

explain the limited efficacy ofcorticosteroids in CF. Ibuprofen is
used clinically to treat CF and has been demonstrated to slow the
rate of decline in FEVi; most dramatically in younger patients
[21], but the beneficial effect ofthis treatment in CF is notwidely
accepted and there are concerns regarding clinical safety that
have hindered its use. In addition to broad spectrum anti¬
inflammatory agents, the clinical efficacy of several compounds
targeting specific neutrophil associated pro-inflammatory med¬
iators have been examined, a notable example of which is the
trial of BI1L 284 BS, an LTB4 receptor antagonist. In this trial,
CF patients treated for 24 weeks with the drug developed
pulmonary exacerbations at twice the frequency of the placebo
group, resulting in early termination of the trial [22], Whether or
not the occurrence of pulmonary exacerbations reflects the
concept that LTB4 inhibition is detrimental in CF, or is a
compound-related phenomenon is unclear. Unfortunately no
assessment ofbacterial counts, inflammatory cells, or mediators
have been reported from this study. This highlights the need for
detailed biomarker assessment (from sputum, bronchoalveolar
lavage (BAL), urine, etc) during clinical studies, in order to
monitor factors that may be useful as early indicators ofpotential
exacerbations, and also to gain information related to drug
mechanism of action [23]. However, selecting samples for
biomarker assessment has its challenges. While sputum is
generally easy to obtain and non-invasive, it can be difficult to
obtain from paediatric patients and biomarker assessment can be
variable. BAL is an attractive alternative as samples can be
obtained from all age groups, fewer patients are required, and a

single lung lobe/segment can be evaluated several times, but it is
invasive and expensive to perform and may yield local rather
than generalized findings. Serum and urine samples may not be
suitable for biomarker assessment if inflammation is confined to

the lung. In sputum from CF patients, neutrophil elastase has
been demonstrated to provide the best correlate with lung
function [24],

Another approach to targeting inflammation in CF is the
neutralization of neutrophil activation products. Potential
therapeutic agents which have been proposed include anti-
elastases, other protease inhibitors [25], DNAse and antiox¬
idants [26]. The DNAse Pulmozyme is used clinically in CF
patients to reduce mucous viscosity and thus aid mucociliary
clearance. Indeed there is clinical evidence to suggest that this
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therapy improves lung function and decreases the incidence of
pulmonary exacerbations [27,28].

Novel strategies to promote neutrophil apoptosis are also
emerging. For example, cyclin-dependent kinase (CDK) inhibitor
dmgs, such as R-roscovitine, can induce caspase-dependent
apoplosis per se and importantly inhibit the delay in neutrophil
apoptosis induced by survival agents in vivo [29]. Indeed, in three
mouse models, a carrageenan model of acute pleurisy, a
bleomycin model of lung inflammation and a passively-induced
arthritis model, R-roscovitine has been demonstrated to promote
the resolution ofneutrophillic inflammation [29]. Roscovitine has
yet to be profiled in bacterial infection models.

In summary, the neutrophil is a promising target in CF due to
its significant contribution towards the lung pathology of the
disease, its tractable nature and because much is known about
its behaviour and function. Flowever, the difficulty of
selectively targeting this cell type may be challenging. In
addition, other cell types clearly contribute to the inflammation
in CF lung disease and thus selective inhibition of the neutrophil
alone may not be sufficiently efficacious. There are also
inevitable concerns about compromising host defence in CF
patients, given that this is the primary function of this cell type.

3. Role of epithelial cells in CF inflammation

The airway epithelium actively participates in innate immunity
and orchestrates inflammatory responses. This is in addition to its
well-characterised role in regulating airway surface liquid volume
and hydration, which is essential for normal mucus clearance. In
CF, due to inadequate chloride ion transport and the resultant
increased activity of the epithelium sodium channel (ENaC), there
is inadequate airway surface liquid hydration [30].

Over-expression of the (iENaC subunit in the mouse
(Scnnlb) results in animals that exhibit some of the key
abnormalities of cystic fibrosis including airway obstruction (as
a consequence of increased mucus secretion and impaired
mucociliary clearance) and the development of spontaneous
neutrophilic lung inflammation and prolonged eosinophilia
[31]. These findings support the concept that ENaC inhibition
may be a potential therapy in CF and therefore suggest that
CFTR is not the only ion channel target in the epithelium.

The airway epithelium recognises and responds to inflam¬
matory stimuli via the interaction of various ligands with innate
immune system receptors including the toll-like receptors
(TLRs); TLR2 (ligands include lipopeptides, peptidoglycan,
lipoteichoic acid [32], CXCR1 fragments [33]) and TLR5 (only
known ligand is flagellin [34] are considered to be of particular
importance. The role of airway epithelial TLR4 (potential
endogenous ligands include lipopolysaccharide and heat shock
proteins [35,36]) is controversial, although sentinel cells such as
macrophages and dendritic cells may respond strongly to TLR4
ligands and secrete factors affecting epithelial cells, creating
dynamic interactions. P. aeruginosa products acutely activate
TLRs although chronic exposure of epithelial cells to this
pathogen leads to adaptation and tolerance [37]. The induction
of mRNA for pro-inflammatory cytokines, including IL-8,
ENA-78, MCP-1, MIP-3a and GRO-a decreases after chronic

bacterial product exposure. However, cytokine protein produc¬
tion from epithelial cells following repeated P. aeruginosa
challenge does not necessarily decrease, which may explain
sustained inflammation in the CF airway. Pro-inflammatory
cytokine secretion is also enhanced in proportion to the degree
of mechanical wounding in vitro, and epithelial damage
suffered during a pulmonary exacerbation will likely increase
airway inflammation.

Airway epithelium controls lung inflammation and injury
through the NF-kB pathway, as demonstrated in a mouse
modular transgenic system in which NF-kB activation resulted
in inflammation and progressive lung injury [38]. Also,
inhibition of NF-kB attenuated LPS-induced inflammation
and epithelial damage [39]. Targeting this signalling pathway in
the epithelium may be an effective anti-inflammatory strategy.
However a caveat of this approach is that NF-kB is a key
pathway in the induction of immune responses to P. aeruginosa
and its inhibition could therefore impact host defence [40].

Key questions remain regarding anti-inflammatory approaches
in CF. When is inflammation greater than necessary to confine
infection, and can we exploit intrinsic anti-inflammatory
regulatory mechanisms to develop novel and more specific
therapies?

4. Role of lymphocytes in CF inflammation

Although the neutrophil is widely recognised as a key player
in CF inflammation, a lymphocytic infiltrate is also seen in the
CF lung [41,42]. In CF, lymphocytes are activated at all stages
of the disease and in people of all ages, and increased B-cell
aggregates (CD20 ) are found in the peribronchiolar tissue
together with increased CD3+ T-cells in distal bronchiolar tissue
and parenchyma from CF patients versus healthy lung tissue
[42]. CFTR is functionally expressed in lymphocytes, and in
cells from CF patients the characteristic defect in the CFTR
channel is observed; this can be reversed by anti-sense or wt
CFTR [43-45]. These cells also possess an alternative to the
cAMP-dependent pathway for CFTR activation, which is nitric
oxide/cGMP-dependent [46].

The finding that mitogen-activated CF T cell clones are
skewed towards a Th2 phenotype compared to controls
implicates Th2 pathways in CF. These activated T cell clones
secrete 50% less 1L-10 compared to controls [47] and also ~ 80%
less IFN-y following T cell receptor activation [48]. Interestingly
IL-10 but not IFN-y secretion is inhibited by chloride channel
blockade. Moreover, activated peripheral blood mononuclear
cells from P. aeruginosa infected CF patients have reduced
IFNy and increased IL-4 secretion compared to uninfected CF
patients [49]. In CF patients chronically infected with P.
aeruginosa, there is an increase in CD4+CCR4+ Th2-cells in
the lung compared to CF patients without P. aeruginosa
infection [50], Based on preclinical models and correlative
clinical data it was hypothesized that treatment of CF patients
with the Th| cytokine, IFNy might reduce the inflammatory
response to P. aeruginosa; however a controlled clinical trial
with inhaled IFN-y lb showed no significant improvement in
FEV] or alteration in sputum cytokines [51].
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Fig. 1. IL-17-induced neutrophil recruitment in CF. Production of Interleukin (IL)-6, transforming growth factor (TGF)-fi and IL-23 by airway dendritic cells (DC)
following activation by bacterial pathogens promotes Thl7 cell differentiation. The release of IL-17A and IL-17F from these cells acts on airway epithelial cells to
release neutrophil chemokines IL-6. IL-8 and growth related oncogene (GRO)-a. ICAM-1, intracellular adhesion molecule-1; MPO, myeloperoxidase; MMP, matrix
metalloprotease.

With the description of a Th|7 T cell population, the question
has arisen as to whether CF is in fact a Th17-mediated disease.
Indeed, IL-17A released from CD4 T cells is crucial for
neutrophil recruitment in response to gram negative bacterial
infection (Fig. 1). This is in part via induction of CXC
chemokines [52], Additionally, IL-23pl9, IL-22, IL-17A and
IL-17F levels have been demonstrated to be elevated in sputum
from adult and pediatric CF patients undergoing pulmonary
exacerbation [53,34]. IL-17A and IL-17F may regulate matrix
metalloproteinases, and speculatively this may underlie bronch¬
iectasis in CF.

The pathogenesis of inflammation and subsequent lung injury
in CF, involves cross-talk between epithelium, T lymphocytes and
neutrophils, all of which are potential targets for selective pro¬

inflammatory pathway inhibitors (Fig. 2).

5. Model systems for profiling anti-inflammatory agents
in CF

Model systems for profiling anti-inflammatory compounds in
CF include cultured primary cells or cell fines, human lung
xenografts in severe combined immunodeficiency (SCID) mice
and CF animal models in species such as themouse, ferret and pig.

In cultured cells and cell fines, it is questionable as to whether
the CF inflammatory state can be fully reproduced. In addition
cultured cells and cell fines can respond differently to stimuli
compared to primary cells. Although both cultured cells and cell
fines can demonstrate spontaneous activation of NFkB [55],
higher expression ofpro-inflammatory mediators [56-58] and a

greater inflammatory response to P. aeruginosa exposure [59],
there are often minimal differences in the gene expression profile

between CF and non-CF cells. In addition, increased expression
and secretion of pro-inflammatory mediators are not always
present or inducible by P. aeruginosa [60]. These discrepancies
may arise due to selection and passaging of cells and also
differences in P. aeruginosa strain variants, exposure times etc.
Nasal finishings obtained from patients or healthy volunteers
are a source of primary cells that can be cultured to create
pseudostratified mucociliary epithelium [61], This strategy has
demonstrated phenotypic differences between airway epithelial
cells from healthy volunteers and COPD patients, with greater
IL-8 release in response to LPS treatment from the latter.

Grafting of human foetal airways into SCID mice has shown
characteristics of the CF airway, such as increased IL-8 content
in airway surface liquid and an influx of mouse leukocytes to
the airway epithelium [62]. Although these characteristics make
it an attractive model, it is limited by the poor availability of
foetal CF lungs.

Pig and ferret have 91 -92% CFTR sequence homology and
similar lung structure and physiology with human. The pig in
particular has been successfully used to model many diseases
and may provide an interesting opportunity to gain new insights
into the pathogenesis of CF [63]. Flowever, despite the many
CF-relevant similarities between human and pig lungs (anat¬
omy, histology, electrolyte transport, submucosal gland func¬
tion and immune and inflammatory responses), it is still unclear
whether a CF pig will develop lung disease with features similar
to that seen in human CF [63], The utility of this species may
also be limited by expense and logistical implications. While the
mouse has only 78% sequence homology to human, mouse
models are available for all classes ofCjir mutation except class
V. Mouse models are also easier to produce/acquire than pig and
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Fig. 2. Overview of potential anti-inflammatory strategies for the treatment of cystic fibrosis. CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance
regulator; ENaC, epithelium sodium channel; TLR, toll-like receptor, NFkB, nuclear factor kappa B; LTB4, leukotriene B4; ROS, reactive oxygen species; NETS,
neutrophil extracellular traps; CDK1, cyclin dependent kinase 1.

ferret models, however there are a number of issues relating to
using the mouse. For example, there are differences between
mouse and human epithelial cell morphology and physiology,
specifically the distribution of sub-mucosal glands. In addition
CF mice rarely display spontaneous lung inflammation,
although there have been notable exceptions in animals
overexpressing the (JENaC subunit [31] and those homozygous
for the AF508 Cftr mutation [64]. Compared to wild type
control animals, the latter also exhibited increased susceptibility
to infection induced by intratracheal instillation of lipopoly-
saccharide from P. aeruginosa [65]. The use of some CF mice is
further hampered by poor fertility and high mortality. Indeed,
despite the [SENaC overcxpressing mouse exhibiting many of
the key abnormalities of CF, a postnatal mortality of -50% at
4 weeks of age may limit the use of these animals for the
evaluation of potential therapeutic interventions. Additionally,
in a more recent publication overexpression of [3ENaC has been
shown to cause emphysema [66],

Cross-breeding of CF mice with other genetically modified
mice has highlighted the potential importance of other gene

products, such as acid-sphingomyelinase [67], in the pathogenesis
ofCF. In this study, compared to wild type animals, epithelial cells
from Cftr deficient mice were found to have higher levels of
ceratnide, which increased with age and were predominantly
found in large airways. Ceramide accumulation in intracellular
vesicles, as well as at the apical membrane of epithelial cells,
occurs as a result of elevated pH resulting in the net increased

production of ceramidc via an imbalance of the acid sphingo¬
myelinase and aeid ceramidase activities. It is proposed that
elevated ceramide levels lead to airway inflammation due to
apoptosis of epithelial cells and deposits ofDNA and mucus, as
well as the release of pro-inflammatory mediators. This in turn
leads to increased susceptibility to P. aeruginosa infections. By
crossing these Cftr deficient mice with an acid sphingomyelinase
heterozygous mouse, lung ceramide levels were normalized. In
addition treatment of the mice with amitriptyline, a known acid
sphingomyelinase inhibitor, had the same result. In Cftr deficient
mice, an increase in bacterial load in the lung is observed 2 h post
P. aeruginosa infection versus wild type. This increased bacterial
load is reduced by treatment with amitriptyline and also in Cftr
deficient mice crossed with acid sphingomyelinase heterozygous
mice [67], It is possible that normalisation ofceramide levels may
represent a novel means of preventing bacterial infection in CF
patients. In the future, cross-breeding of CF mice with NF-kB
reportermice, which permit the detection ofNF-kB activation by
bioluminescence [68,69], may provide further insight into the pro¬
inflammatory state of mouse CF models, the impact of bacterial
infection and the efficacy of anti-inflammatory therapies.

6. Proof of concept study designs

Drug development is becoming an increasingly expensive
and challenging undertaking [70], and the "Proof of Concept"
(PoC) study is occupying an increasingly important place in the
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drag development paradigm. Proofof concept can be thought of
as demonstration of a meaningful biological activity in man. A
successful proof of concept study generates confidence in the
ultimate therapeutic potential of a compound and often triggers
additional development activities such as large-scale produc¬
tion, additional preclinical safety studies, and later-phase
clinical studies. By performing a proof of concept study early
in the development of a compound there is also an opportunity
to halt development in light of a negative outcome, allowing
transfer of resources and activities to more promising
compounds and therapeutic approaches.

Demonstration of biological activity in a proof of concept
study is achieved through measurement of a biomarker. A
biomarker is a characteristic that is objectively measured as an
indicator of normal biological processes, pathogenic processes,
or a pharmacological response to a therapeutic intervention
[71]. Biomarkers can be observable characteristics (e.g. height),
quantifiable changes at the protein, mRNA, or DNA level, or
readily measurable clinical parameters. Successful registration
of a therapeutic compound requires demonstration of improve¬
ment in a clinical endpoint, a characteristic or variable that
reflects how a patient feels, functions or survives. A surrogate
endpoint, a biomarker that is intended to substitute for a clinical
endpoint, is expected to predict clinical benefit (or harm or lack
of benefit/harm) based on epidemiologic, therapeutic, patho¬
physiologic or other scientific evidence.

There are several characteristics of an ideal proofof concept
study that increase its appeal in the drug development paradigm.
The study should be of short duration, such as a single dose or at
most a few weeks of repeated dosing. The target population
should be focused, with a small sample size. Measurable, robust
biomarkers that correlate with a relevant clinical (registration)
outcome are highly desired. Finally, the study should enable
intelligent Go/No Go decisions for the compound. Thus a
successful proof of concept study design results in limited
exposure of human subjects to the compound while providing a
rapid readout for decision making.

There are several design elements that should be considered
when planning a proofofconcept study for an anti-inflammatory
compound in cystic fibrosis. These include the duration of
dosing, the patient population, the choice of endpoints
(biomarkers) that reflect the mechanism of action and correlate
with a relevant clinical outcome, and the selection of safety
biomarkers. The ideal proofofconcept study would involve 2 to
4 weeks of dosing in a limited number ofpatients with a change
in an inflammatory biomarker predictive of clinical efficacy
serving as the primary outcome measure. The likelihood of
success in employing a study design such as this can be predicted
by a thorough preclinical understanding of the pharmacokinetic-
pharmacodynamic relationship of the compound, although as
noted above there are several shortcomings in current preclinical
models ofCF that reduce the ability to optimize this prediction.

At present, the most critical impediment to designing an
ideal proofof concept study for an anti-inflammatory therapy in
CF is the lack of an inflammatory biomarker that has been
shown to be predictive of clinical efficacy. This is not surprising
given the limited anti-inflammatory therapeutic arsenal

employed in CF care. Oral corticosteroid therapy in CF was
preceded by clinical studies that examined clinical endpoints
rather than biomarkers [72], and subsequent studies also failed
to identify a relevant biomarker while revealing toxicity that
limited widespread use [11], Ibuprofen is another anti¬
inflammatory therapy with clinical utility in CF [12,15].
While ibuprofen therapy has been shown to decrease the influx
of neutrophils in oral wash samples [73], this potential
biomarker, and indeed the therapy itself, has not been widely
adopted. Examples of potential inflammatory biomarkers in CF
that could be considered in designing a proof of concept study
include neutrophil count and cytokine levels in induced sputum
[23,24], cytokine levels or C-reactive protein in serum [74], and
desmosine in urine [75], although none of these have been
shown to predict clinical efficacy for a therapeutic compound.
Continued efforts to identify informative inflammatory biomar-
ker(s) in CF are thus sorely needed. Finally, the need for reliable
safety biomarkers in trials of anti-inflammatory therapies in CF
is highlighted by the report of an increased incidence of
pulmonary exacerbations in CF patients receiving B1IL284-BS,
an oral leukotriene B4 receptor antagonist [22]. This report
underscores the potential risks of anti-inflammatory therapy in
this patient population.

7. Summary

Inflammation in cystic fibrosis involves multiple inflammatory
cells types, including neutrophils, lymphocytes and epithelial
cells. The use of broad-spectrum anti-inflammatory agents is one
approach to modulate inflammation in CF, however corticoster¬
oids show only limited improvements in FEVi. Also noteworthy
is the modest improvement in FEV i observed in patients treated
with the broad spectrum macrolide antibiotic, azithromycin [76]
which has been shown to have anti-inflammatory effects, although
the mechanism(s) underlying this activity remain unclear [77],
There are however, several proposed mechanisms for the anti¬
inflammatory effects of macrolides including: suppression of
production and secretion of pro-inflammatory cytokines (via
ERK1/2 inhibition and activation), down-regulation of adhesion
molecules and promoting inflammatory cell apoptosis [78].

Targeting the neutrophil specifically is a promising approach
due to the lung pathology seen in CF, which is clearly associated
with an excessive neutrophil influx and activation, coupled with
poor neutrophil clearance. Conversely however, this strategy
has the potential to compromise host defence given the key role
that neutrophils contribute to innate host defence. Targeting the
epithelial cell or lymphocyte may also be beneficial given their
potential roles in orchestrating the inflammatory response in the
CF lung.

In order to profile potential novel anti-inflammatory targets
appropriate model systems are required. Cell lines are useful to
screen compounds against certain targets, however a caveat is
that only certain aspects of the CF inflammatory state can be
reproduced. For target validation and screening of the most
promising strategies, the mouse and potentially in the future the
ferret and pig could provide suitable disease models. Transla¬
tion of these preclinical findings into effective anti-
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inflammatory therapies in the clinic will ultimately benefit from
continued attempts to identify inflammatory translational
biomarkers predictive of clinical efficacy.

Targeting inflammation in CF would seem to be an attractive
approach to the treatment of this disease, but obtaining
sufficient anti-inflammatory efficacy versus impairing host
defence remains a key challenge.
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The role of complement, platelet-activating factor and
leukotriene B4 in a reversed passive Arthus reaction
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1 The mechanisms underlying oedema formation induced in a reversed passive Arthus (RPA) reaction
and, for comparison, in response to zymosan in rabbit skin were investigated.
2 Oedema formation at skin sites was quantified by the accumulation of intravenously-injected
'"I-labelled human serum albumin.
3 Recombinant soluble complement receptor type 1 (sCRl), administered locally in rabbit skin,
suppressed oedema formation induced in the RPA reaction and by zymosan.
4 The platelet-activating factor (PAF) antagonists, WEB 2086 and PF10040 administered locally,
inhibited oedema formation induced in the RPA reaction and by PAF but not by zymosan.
5 A locally administered leukotriene B4 (LTB4) antagonist, LY-255283, inhibited oedema formation
induced by LTB4 but did not inhibit oedema responses to PAF, zymosan or the RPA reaction.
6 The results demonstrate a role for complement in oedema formation in both the RPA reaction and
in response to zymosan. An important contribution by PAF is indicated in the RPA reaction but not in
response to zymosan whereas no evidence was obtained to suggest a role for LTB4 in either
inflammatory response.

Keywords: Reversed passive Arthus reaction; complement; soluble complement receptor type 1 (sCRl); platelet-activating
factor (PAF); leukotriene B4 (LTB4); oedema formation

Introduction

Maurice Arthus at the turn of this century first described the
acute inflammatory and haemorrhagic reaction produced in
the skin of rabbits when a local injection of horse serum was
administered to previously sensitized rabbits (Arthus, 1903).
Although much progress has been made in the elucidation of
the mechanisms involved in this complex phenomenon, the
mechanisms remain only partially understood (Humphrey,
1955; Cochrane & Janoff, 1974; Williams el al., 1986; Helle-
well, 1990). Experimentally it is convenient to investigate the
reversed passive Arthus (RPA) reaction. This inflammatory
reaction differs from the direct Arthus reaction (described
above) in that it is elicited by an intradermal (i.d.) injection
of antibody and an intravenous (i.v.) injection of the corres¬
ponding antigen. These Arthus reactions, classified as Type
III hypersensitivity reactions, are models of vascular injury
which are initiated by the deposition of antigen-antibody
complexes within the wall of skin microvessels. The ensuing
inflammatory reaction is characterized by oedema formation,
neutrophil accumulation, platelet accumulation and haemorr¬
hage. In severe reactions the inflammatory response cul¬
minates in tissue necrosis.
Early observations showed the depletion of circulating

neutrophils with nitrogen mustard or anti-neutrophil antiser¬
um severely depressed oedema in the Arthus reaction sugges¬
ting that these cells play a crucial role in this inflammatory
reaction (Stetson & Good, 1951; Humphrey, 1955). In addi¬
tion, systemic depletion of the complement system with cobra
venom factor also suppresses the Arthus reaction (Cochrane
et al., 1970; Cochrane & Janoff, 1974). A key mediator in the
Arthus reaction may be the complement protein fragment
C5a which is a potent chemoattractant for neutrophils. C5a
was also shown to be potent in inducing oedema formation
in the skin (Williams & Jose, 1981). Further, the oedema

' Author for correspondence.

response although evident very early after injection (5-6
min) was totally inhibited following depletion of circulating
neutrophils (Wedmore & Williams, 1981b). In RPA reactions
induced in the rabbit peritoneal cavity, C5a has been detected
in inflammatory exudate by use of radioimmunoassay (Jose
et al., 1983).
We have investigated the role of complement in the RPA

reaction and in zymosan-induced oedema formation using
the recombinant soluble human complement receptor type I
(sCRl) (Weisman et al., 1990; Yeh et al., 1991). The single
chain membrane bound glycoprotein, CR1 (C3b/C4b recep¬
tor; CD35), exerts a number of inflammatory regulatory
functions in the body (Fearon & Wong, 1985; Ross &
Medof, 1985; Molines & Lachmann, 1988). In addition, CR1
inactivates C3 and C5 convertases, thereby controlling the
activation of the classical and the alternative pathways of the
complement cascade (Iida & Nussenzweig, 1981; Weisman et
al., 1990; Yeh et al., 1991). Thus, an active soluble form of
CR1 (sCRl) may have therapeutic benefits in many
inflammatory disease states where activation of the comple¬
ment cascade is prominent.
Several membrane-derived lipids have been implicated as

important mediators of Arthus reactions (Hellewell & Wil¬
liams, 1986; Williams et al., 1986). The arachidonic acid
metabolite, prostaglandin E2 (PGE2) injected i.d. alone into
rabbit skin results in little plasma leakage; however, when
co-injected with agents that increase microvascular permea¬
bility the eicosanoid, by virtue of its vasodilator properties,
acts synergistically to augment oedema formation (Williams
& Peck, 1977; Wedmore & Williams 1981b). It was subse¬
quently demonstrated that local treatment with the cyclo-
oxygenase inhibitor indomethacin, suppresses the Arthus
reaction, an inhibition which can be reversed by local
administration of PGE2 (Williams et al., 1986). The precise
contribution made by two other important proinflammatory
agents; the ether lipid platelet-activating factor (PAF) and
the 5-lipoxygenase product leukotriene B4 (LTB4), in the
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Arthus reaction, still remains to be established. In this study
we therefore investigated the involvement of complement,
PAF and LTB4 in the RPA reaction and, for comparison, the
response to zymosan in the rabbit skin. The agents used were
sCRl (Weisman el al., 1990) the PAF antagonists, WEB
2086 (Casals-Stenzel et al., 1987) and PF10040 (Rossi el al.,
1992) and the LTB4 antagonist, LY-255283 (Jackson el al.,
1988; Snyder & Fleisch, 1989).

Methods

Animals

Male New Zealand White rabbits (2-3.5 kg) were purchased
from Froxfield Farm, Hampshire.

Generation of antiserum for Arthus reactions

Arthus antiserum, anti-bovine-y-globulin (anti-BGG) was
raised in rabbits as previously described (Hellewell & Wil¬
liams, 1986). Briefly, subcutaneous injections (4 x 0.25 ml) of
BGG (2 mg ml"' in saline) emulsified with an equal volume
of Freund's complete adjuvant were administered. This was
followed 14 days later by booster subcutaneous injections
(4 x 0.25 ml) of the same concentration of BGG in Freund's
incomplete adjuvant. At day 28 a subcutaneous injection of
alum-precipitated BGG (300 pg/rabbit) was given. Blood was
collected by carotid cannulation at day 38, the serum from
five rabbits was pooled, heat-inactivated at 56°C for 30min
and stored in aliquots at — 20°C. Heat-inactivated normal
rabbit serum was used as the control.

Preparation of zymosan activatedplasma (ZAP)
ZAP (a source of C5a des Arg) was prepared by incubating
heparinised (10 u ml"') rabbit plasma with zymosan (5 mg
ml-1) for 30 min at 37°C. Zymosan was removed by cent-
rifugation (2 x 10 min, 2500 g) and ZAP stored in 1 ml ali¬
quots at — 20°C. The C5a des Arg content of ZAP was
approximately 5 x 10"7m as measured by radioimmunoassay
(Collins et al., 1991).

Measurement of local oedema formation in rabbit skin
Rabbits were anaesthetized with i.v. sodium pentobarbitone
and the dorsal skin clipped and marked out with 16 treat¬
ment skin sites in 6 replicates per animal according to a
balanced site plan. Plasma leakage was measured by i.v.
injection of l25I-labelled human serum albumin (5 pCi kg"')
together with the visual marker Evans Blue dye (10 mg kg"1)
in saline as previously described (Wedmore & Williams,
1981b). After 10 min the agents under investigation, freshly
prepared in sterile isotonic saline (unless otherwise stated),
were injected i.d. in 0.1 ml volumes. Where indicated, ago¬
nists were co-injected with PGE2 (3 x 10"10 mol/site) to
facilitate the measurement of microvascular plasma protein
leakage (Wedmore & Williams, 1981b). Cardiac blood sam¬
ples were collected 4 h after the i.d. injections into hepar¬
inised test tubes for the preparation of plasma. The animals
were then killed by an overdose of pentobarbitone the dorsal
skin removed and the skin sites excised with a 17 mm
diameter punch. Radioactivity in the skin sites and in 1 ml
plasma samples were counted in an automatic gamma coun¬
ter. Results are expressed as pi plasma per site by dividing
skin sample l25I-counts by l25I-counts in 1 pi of plasma.
For the reversed passive Arthus reaction, 10 min after the

i.v. injection of radiolabeled albumin, 0.1 ml volumes of
anti-BGG antiserum (undiluted, diluted 1/2, 1/4 and 1/8 with
saline) were injected i.d., followed 5 min later by an i.v.
injection of the antigen (BGG; 5 mg kg"'). Oedema forma¬
tion was assessed after 4 h as described above.

Materials

Sagatal (pentobarbitone sodium, 60mgml"') was purchased
from May and Baker, Dagenham, Essex. Bovine serum
albumin, BGG and zymosan were from Sigma Chemical Co.,
Poole, Dorset. [125I]-labelled human serum albumin (20 mg
albumin per ml of sterile isotonic saline, 50pCiml"') was
from Amersham International pic, Amersham, Buckingham¬
shire. Freund's complete and incomplete adjuvant were from
Difco Laboratories, West Molesey, Surrey, Evans blue was
from British Drug House, Poole, Dorset. Viaflex (sterile,
pyrogen-free isotonic saline solution) was from Baxter Heal¬
thcare Ltd, Thetford, Norfolk. Sterile pyrogen-free water was
from Phoenix Pharmaceuticals Ltd., Gloucester. Human
sCRl was genetically engineered by site directed mutagenesis
and secreted from transfected Chinese hamster ovary cells
(Yeh et al., 1991) and was a kind gift from SmithKline &
Beecham, Epsom, Surrey. PAF (l-O-hexadecyl-2-acetyl-.sn-
glycero-3-phosphorylcholine) was dissolved in 1% BSA in
saline and was purchased from Bachem, Saffron, Walden,
Essex. LTB4 [5(S),12(R)-dihydroxy-6, 14-cw-8,10-trans-
eicosatetraenoic acid] was purchased from Cascade Biochem
Ltd., Reading, Berkshire, and was a gift from Dr R.M.
McMillan, ICI Pharmaceuticals, Alderley Park. PF10040 (1-
(3,4-dimethoxyphenylethyl)-6-methyl-3, 4-dihydroisoquinoline
hydrochloride) was a gift from Purdue Frederick, Norwark,
Connecticut, U.S.A. LY-255283 [l-(5-ethyl-2-hydroxy-4- (6-
methyl-6-(lH-tetrazol-5-yl)-heptyloxy) phenyl) ethanone],
initially dissolved in 0.01 m NaOH then sequentially diluted
in saline, was a gift from Lilly Research Laboratories,
Indianapolis, Indiana, U.S.A. WEB 2086 (3-[4-(2-
chlorophenyl) -9-methyl-6H-thieno [3,2-f] [l,2,4]-triazolo-[4,3-
a] [l,4]-diazepine-2-yl]-l- (4-morpholinyl) -1-propanone) was
a gift from Boehringer Ingelheim, Bracknell, Berkshire.

Statistical analysis
The data are presented as the mean ± s.e.mean and have
been analyzed by two way analysis of variance. Significant
differences (*P<0.05, **P<0.01) between groups were de¬
termined by the Neuman-Kuels procedure.

Results

Effect ofsCRl on plasma leakage
Intradermal injections of zymosan (3-300 pg/site) elicited a
dose-dependent oedema formation as measured by the leak¬
age of l25I-human serum albumin at skin sites (Figure 1). In
the presence of sCR 1 (3 pg/site) these responses were
significantly attenuated (n = 3 rabbits). Undiluted ZAP, as a
source of C5a, mixed with PGE2 (3 x 10"10 mol/site) induced
a response of 126.8 ±15.1 pi plasma leakage which was
unaffected by co-injection of sCRl (123.1 ± 14.9pl). Injection
of sCRl and PGE2 alone induced little oedema formation.
In order to determine the role of complement in the RPA

reaction we examined the effect of sCRl on oedema pro¬
duced by different titres of Arthus antiserum (Figure 2).
Arthus antiserum titres (12.5-100%) induced a dose-depen¬
dent oedema formation, which in the presence of sCRl was
significantly reduced (w = 7 rabbits). Responses to non-im¬
mune serum and sCRl alone were minimal i.e., 2.7 and 1.9 pi
above the saline control respectively. The response to zymo¬
san (300 pg/site) in these experiments was 55.6 ± 9.7 pi and
with co-injection of sCRl this was reduced to 38.7 ± 9.7 pi
(7><0.01; n = 8). Note that sCRl, at a concentration of
10 pg/site, also did not affect the response to ZAP plus PGE2
(data not shown).
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Figure 1 Effect of recombinant soluble complement receptor type I
(sCRl) on oedema formation induced by zymosan and zymosan
activated plasma (ZAP) plus prostaglandin E2 (PGE2) in rabbit skin.
Intradermal (i.d.) injections of 30, 100 and 300 pg/site zymosan and
undiluted ZAP plus PGE2 were given alone (open columns) or in the
presence of 3 pg/site sCRl (solid columns). The dotted line shows the
control value obtained after i.d. injection of saline. The results are
expressed as mean (± s.e.mean, vertical bars) pi plasma volume
values from n = 3 animals. The significant inhibitory effect of sCRl
is shown as *P<0.05.
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Figure 2 Effect of recombinant soluble complement receptor type I
(sCRl) on oedema formation induced by zymosan and produced in
the reversed passive Arthus (RPA) reaction in rabbit skin. Intrader¬
mal (i.d.) injections of 300 pg/site zymosan and RPA antiserum titres
of 12.5%, 25%, 50% and 100% administered alone (open columns)
or in the presence of 10 pg/site sCRl (solid columns). The dotted line
shows the control value obtained after i.d. injection of saline. The
results are expressed as mean (+ s.e.mean, vertical bars) pi plasma
volume values from n = 7-9 animals. The significant inhibitory effect
of sCRl is shown as *P<0.05 or **P<0.01.

Effect of the PAF antagonists, PF10040 and WEB 2086,
on plasma leakage
The next series of experiments was designed to investigate the
involvement of PAF in the above inflammatory responses.
We therefore examined the effects of the compounds PF-
10040 and WEB 2086 on oedema produced in the RPA
reaction and, for comparison, oedema induced by PAF plus
PGE2 and zymosan (Figure 3). Plasma leakage induced by
PAF (10~9 mol/site) plus PGE2 (3 x 10"10 mol/site) was
45.1 ±7.6 pi; this response was reduced to 22.5 ±1.4 pi
(P<0.01; n = 6 rabbits) by PF10040 (10"7 mol/site) and to
17.5 ± 1.9pi (P<0.01; n = 6 rabbits) by WEB 2086 (10"7
mol/site). The compounds alone or in the presence of PGE2
induced little or no oedema formation. In these experiments
it was observed that the RPA reaction induced a response of
33.2 ±6.6 pi; this response was reduced to 22.5 ±5.5 pi
(P<0.01; n = 5 rabbits) by PF10040 (10"7 mol/site) and to

22.4 ±3.4pi (PC0.01; n = 5 rabbits) by WEB 2086 (10"7
mol/site). For comparison, oedema formation induced by
zymosan (300 pg/site) was unaffected (n = 6 rabbits) by co-
injection of either PAF antagonist.

Effect of the LTB4 antagonist, LY-255283, on plasma
leakage
Figure 4 clearly shows that LY-255283 at 10"7 mol/site sup¬
pressed the response to LTB4 (5 x 10"10 mol/site) from
29.9 ± 5.1 pi to 17.6 ± 2.4 pi (PCO.Ol; n = 6 rabbits) and the
response to LTB4 (5 x 10"10 mol/site) plus PGE2 (3 x 10"10
mol/site) from 54.9 ± 13.7 pi to 19.5 ± 3.1 pi (PC0.01; n = 6
rabbits). Oedema formation induced by zymosan (300 pg/
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Figure 3 Effect of the platelet-activating factor (PAF) antagonists,
PF10040 and WEB 2086 on oedema formation produced in the
reversed passive Arthus (RPA) reaction and induced by PAF plus
prostaglandin E2 (PGE2) and zymosan. RPA antiserum (undiluted),
PAF (10"'mol/site) plus PGE2 (3 x 10"10 mol/site) and zymosan
(300pg/site) injected alone (open columns), with 10"7 mol/site PF-
10040 (solid columns) or with 10"'mol/site WEB 2086 (hatched
columns). The dotted line shows the control value obtained after i.d.
injection of saline. The results are expressed as mean (± s.e.mean,
vertical bars) pi plasma volume values from n = 5-6 animals. The
significant inhibitory effect of the PAF antagonists is shown as
"PCO.Ol.
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Figure 4 The effect of the leukolriene B4 (LTB4) antagonist, LY-
255283 on oedema formation produced in the reversed passive
Arthus (RPA) reaction and induced by LTB4, LTB4 plus prostaglan¬
din E2 (PGE2) and zymosan. RPA antiserum (undiluted), LTB4
(5 x 10"'° mol/site), LTB4 (5 x 10"10 mol/site) plus PGE2 (3 x 10"10
mol/site) and zymosan (300 pg/site) were i.d. injected alone (open
columns) or with 10"'mol/site LY-255283 (solid columns). The dot¬
ted line shows the control value obtained after i.d. injection of saline.
The results are expressed as mean (± s.e.mean, vertical bars) pi
plasma volume values from n — 6 animals. The significant inhibitory
effect of LY-255283 is shown as "PCO.Ol.
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site) and the response produced by the RPA reaction were
unaffected by co-injection with LY-255283. In a further series
of experiments (n = 7 rabbits) where LTB4 plus PGE2 was
similarly inhibited and the Arthus reaction was not affected
by the antagonist, the response induced by PAF plus PGE2
was 57.0 ±8.1 pi and in the presence of LY-255283, the
response was not significantly inhibited and was 53.8 ± 6.4
Pi-

Discussion

In this study we investigated the inflammatory mechanisms
underlying the Arthus reaction. Specifically, we showed that
a truncated and soluble form of CR1 (sCRl) given locally
into rabbit skin not only inhibited oedema formation in the
RPA reaction, but also suppressed oedema induced by zymo¬
san (Figures 1 and 2). Thus, sCRl inhibited both the classical
pathway of the complement cascade which is activated by the
deposition of immune-complexes in the RPA reaction and
also inhibited the alternative pathway which is typically
activated by yeast cell wall polysaccharides such as zymosan.
Previous studies showed that systemic treatment of animals
with cobra venom factor or antibodies to complement com¬
ponents suppresses Arthus reactions (Ward & Cochrane,
1965; Cochrane el al., 1970; Cochrane & Janoff, 1974). The
present study shows that intradermally-injected complement
inhibitor can suppress both the Arthus reaction and the
response to zymosan. This emphasizes the importance of
local activation of complement in the interstitium in these
oedema responses (Williams & Jose, 1981).
Our results are in agreement with a recent paper by Yeh et

al. (1991). They demonstrated that sCRl inhibits both the
classical and alternative pathways of the complement cascade
using an in vitro sheep erythrocyte haemolytic assay. Further¬
more, using a rat RPA reaction model, they showed that i.d.
administration of sCRl dose-dependently suppresses the
inflammatory response as judged by both gross and micro¬
scopic examination. These authors also demonstrated by
immunological localization of C3 and C5b-9 neoantigen
deposition that the immunofluorescence in the RPA reaction
in the presence of sCRl is markedly lower than that pro¬
duced in the RPA reaction alone. ZAP, as a source of C5a,
was included as a control in our experiments described here.
Oedema induced by ZAP was unaffected by sCRl showing
that the compound did not interfere with the action of C5a,
once formed. These results indicate that complement activa¬
tion is important in the Arthus reaction and that sCRl may
be a useful inhibitor of the inflammatory response, not only
in Type III hypersensitivity reactions but also in other
pathological conditions where complement activation is in¬
volved. Indeed, Weisman et al. (1990) showed that sCRl had
anti-inflammatory activity when administered i.v. in a rat in
vivo model of reperfusion injury of ischaemic myocardium.
We have previously described experiments indicating that

vasodilator prostaglandins are produced in the Arthus reac¬
tion and that these mediators have a potentiating role in
oedema formation (Williams et al., 1986). Here we have
investigated the role of other membrane-derived lipids,
namely PAF and LTB4. Our results show that the PAF
antagonists, WEB 2086 and PF10040, specifically inhibit
oedema formation produced in the RPA reaction and
induced by PAF but not that induced by zymosan (Figure 3).
This suggests that PAF plays an important role in the Arthus
reaction but not in zymosan-induced plasma leakage. Our
results are in accord with a report by Hellewell & Williams
(1986) who showed that the PAF antagonist, L-652371, supp¬
resses oedema formation in the RPA reaction. Further
evidence supporting a role for PAF in the RPA reaction has
been presented by other investigators using different PAF
antagonists administered by various routes in a number of
animal models (Deacon et al., 1986; Issekutz & Szejda, 1986;

Camussi et al., 1987; Warren et al., 1989; Hellewell, 1990).
The role of 5-Iipoxygenase products and in particular LTB4

in the Arthus reaction remains unclear. It has been shown
that several 5-lipoxygenase inhibitors given intrapleurally
inhibit a reversed passive Arthus pleurisy model in the rat
(Berkenkopf & Weichman, 1991) and the 5-lipoxygenase
inhibitor, A-63162, suppresses inflammation induced in the
RPA reaction in the mouse (Zhang et al., 1991). These
observations suggest a role of 5-lipoxygenase products in the
Arthus reaction but they do not shed light on the contribu¬
tion of specific products of 5-lipoxygenase activity (e.g.
LTB4). In the study described here we have shown that local
administration of the LTB4 antagonist, LY-255283, inhibited
oedema formation induced by LTB4 alone and LTB4 plus
PGE2, but did not affect leakage produced in the RPA
reaction or induced by zymosan or PAF (Figure 4). The lack
of effect is not due to clearance of LY-255283 from the skin
site as LTB4-induced oedema formation is inhibited when it
is administered locally into a site injected 4 h previously with
LY-255283 (Von Uexkull et al., unpublished observations).
The reported inhibition of the Arthus reaction by various
5-lipoxygenase inhibitors may be due to other bioactive 5-
lipoxygenase products such as LTC4, LTD4 and LTE4 or
simply non specific effects of the inhibitors. Alternatively, it
is possible that LTB4 is indeed involved in the RPA reaction
but that its site of action is not accessible to the antagonist in
our model. It is also feasible that the amount of LTB4
produced in the RPA reaction is so small that its effects are
masked by the effects of C5a. Our results with the LTB4
antagonist, however, suggest that LTB4 does not play a
major role in the induction of oedema in the RPA reaction
or in response to zymosan.
A schematic representation of the events that may occur in

the RPA reaction is illustrated in Figure 5. Circulating
antigen diffuses out of the lumen of the blood vessel and
across the microvascular endothelial cells where it meets the
antibody, forming immune complexes in the microvessel wall.
These complexes activate the classical pathway of the comp¬
lement cascade resulting in the formation of the chemo-
attractant C5a. C5a induces neutrophils to adhere to the
endothelial cells followed by migration via endothelial junc¬
tions. The interaction between neutrophils and endothelial
cells triggers increased microvascular permeability by an un¬
known mechanism (Wedmore & Williams, 1981b). This inter¬
action can explain the effect of the depletion of circulating
neutrophils on oedema formation in the Arthus reaction
(Stetson & Good, 1951; Humphrey, 1955). The leakage
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Figure 5 Diagrammatic representation of the possible events occurr¬
ing in the reversed passive Arthus reaction. Circulating antigen
diffuses from the lumen of the micro-blood vessels across the
endothelial cell layer where it forms immune complexes with the
antibody in the vessel wall. The complexes induce the activation of
the classical pathway of the complement cascade leading to the
generation of C5a. C5a attracts neutrophils which then adhere to
and marginate across the endothelial cell layer resulting in oedema
formation. The neutrophils phagocytose the immune complexes and
generate PAF. The newly formed PAF then acts directly on the
endothelial cells to cause further plasma leakage. The activated
neutrophils can also synthesize LTB4 which may attract other neu¬
trophils to the site of inflammation to produce more oedema forma¬
tion.
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induced provides further antigen to the interstitium thus
facilitating further immune complex deposition. Neutrophils
that have migrated through the endothelium soon encounter
immune complexes under and around the basement mem¬
brane and phagocytosis begins. This stimulates the release of
PAF from neutrophils which acts directly on endothelial cells
to cause further leakage (Wedmore & Williams, 1981a; Bra-
quet et al., 1987). Activated neutrophils may also release
LTB4 which then could attract more neutrophils, although
this did not appear to be a major component in this model.
Injection of zymosan will also generate C5a, in this case by
the alternative pathway of the complement cascade, resulting
in plasma leakage. Our results show that sCRl reduced the
plasma leakage produced in both the RPA reaction and in
response to zymosan presumably by inhibiting the formation
of C5a. In contrast, the PAF antagonists inhibited the
oedema formation in the Arthus reaction but did not sup¬
press the response induced by zymosan, suggesting a role for
PAF in the former but not in the latter response. An explan¬
ation for this observation may be that in the Arthus reaction,
phagocytosis takes place when neutrophils are in close con¬
tact with endothelial cells. By comparison, when zymosan is
injected intradermally subsequent phagocytosis takes place at
sites remote from the endothelium. PAF is unstable in tissue

fluid and levels in the region of the endothelium may be very
low under these circumstances. This argument does not hold
for C5a which will also be generated either close to, or
remote from the endothelium in the two models. In this case,

although there may be some metabolism in tissue fluid (by
the action of carboxypeptidase N) the metabolic product C5a
des Arg is also highly active as a permeability increasing
mediator in vivo and is stable in tissue fluid (Jose et al.,
1981).
These observations shed some light on the mediators

involved in the Arthus reaction. The results illustrate how
mediators may be involved in sequence in inflammatory reac¬
tions, suggesting that therapeutic agents may be more
effective if aimed at the early events in the response. Further,
in terms of inflammatory mechanisms, consideration of the
exact site of liberation and the stability of an individual
mediator is important in determining its relative role in a
particular inflammatory reaction.
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Campaign and the Wellcome Trust for financial support and Smith-
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Role of platelet-activating factor (PAF) in platelet
accumulation in rabbit skin: effect of the novel long-acting PAF
antagonist, UK-74,505
F. Pons, A.G. Rossi, K.E. Norman, T.J. Williams & 'S. Nourshargh

Department of Applied Pharmacology, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY

1 The contribution of platelet-activating factor (PAF) to platelet deposition and oedema formation
induced by exogenous soluble mediators, zymosan particles and associated with a reversed passive
Arthus (RPA) reaction in rabbit skin was investigated by use of a novel long-acting PAF receptor
antagonist, UK-74,505.
2 Oedema formation and platelet accumulation were simultaneously measured by i.v. injection of
[125I]-albumin and "'In-labelled rabbit platelets. UK-74,505 was either administered i.v. or used to
pretreat radiolabeled platelets in vitro before their injection into recipient animals. Platelets pretreated
with UK-74,505 were also labelled with the fluorescent calcium indicator, Fura-2, to assess their ex vivo
reactivity to PAF at the end of the in vivo experiment.
3 UK-74,505 (0.5mgkg_l), administered i.v., inhibited PAF-induced oedema formation, but did not
affect oedema induced by zymosan particles, bradykinin (BK), histamine, formyl-methionyl-leucyl-
phenylalanine (FMLP), zymosan-activated plasma (ZAP, as a source of C5a des Arg), leukotriene B4
(LTB4) or interleukin-8 (IL-8).
4 UK-74,505, administered i.v. also suppressed the small platelet accumulation induced by exogenous
PAF, but had no effect on accumulation induced by IL-8 or ZAP. Although oedema induced by
zymosan was not affected by i.v. UK-74,505, zymosan-induced platelet accumulation was significantly
attenuated by the antagonist.
5 The RPA reaction in rabbit skin was associated with marked oedema formation and platelet
accumulation which were both inhibited by i.v. UK-74,505.
6 In vitro, UK-74,505 inhibited aggregation and the increase in intracellular calcium concentration
induced by PAF in rabbit washed platelets in a concentration-dependent manner (IC50 = 1.6 x 10~8 M
and 1.1 X 10~8M, respectively). Platelets pretreated with 10~6m UK-74,505, and maintained at 37°C,
were unresponsive to PAF, whilst responding normally to thrombin, for up to 4 h.
7 In a second series of in vivo experiments, platelets were labelled with "'In and loaded with Fura-2.
The platelets were then pretreated with 10~6 M UK-74,505, washed, and injected into recipient rabbits.
These platelets, prepared from blood samples taken at the end of the in vivo experiments, exhibited an
80% reduction in their response to PAF as measured ex vivo with Fura-2. However, in contrast to the
effects of i.v. UK-74,505, platelets pretreated with the antagonist did accumulate effectively in the RPA
reaction, a significant reduction only being observed in responses at the lowest antibody dose. In
addition, pretreatment of platelets had no effect on the small platelet accumulation induced by PAF.
8 These results suggest that PAF is an important mediator of oedema formation and platelet
accumulation in the RPA reaction in rabbit skin. However, they question the role of PAF receptors on
platelets in this model. The results also indicate that PAF may be involved in platelet accumulation
induced by zymosan in rabbit skin.

Keywords: Reversed passive Arthus (RPA) reaction; oedema formation; platelet accumulation; platelet-activating factor (PAF);
PAF antagonist; inflammation

Introduction

Platelet accumulation has been observed in different animal
models of acute inflammation including carrageenin-induced
paw oedema (Vincent el al., 1978), the dermal reversed pas¬
sive Arthus (RPA) reaction (Henson & Cochrane, 1969) and
the local Shwartzman reaction (Movat & Burrowes, 1985).
Platelet accumulation has also been associated with certain
pathological conditions in man such as the Adult Respiratory
Distress Syndrome (Heffner et al., 1987). Platelets can poten¬
tially contribute to the development of inflammation as they
contain a wide variety of proinflammatory substances, in¬
cluding vasoactive amines and peptides, proteases, chemotac-
tic factors for leucocytes and components of the coagulation
pathway. Several studies have suggested that platelets are
involved in the early stages of inflammation, often prior to
the development of tissue damage, haemorrhage and throm-

1 Author for correspondence.

bosis (Issekutz et al., 1983), but the sequence of events
leading to platelet accumulation and its relationship to other
components of the inflammatory process are unknown.
Together with oedema formation, neutrophil infiltration

and haemorrhage, platelet accumulation is a characteristic
feature of the Arthus reaction (Stetson, 1951; Humphrey,
1955a; Cochrane & Janoff, 1974; Kravis & Henson, 1977).
This model of vascular injury is initiated by the local deposi¬
tion of immune complexes within the vessel wall and
previous reports have demonstrated the importance of
neutrophils (Humphrey, 1955a; Cochrane & Janoff, 1974;
Warren el al., 1989) and complement fragments such as C5a
(Cochrane et al., 1970; Cochrane & Janoff, 1974; Lewis &
Turk, 1975; Jose et al., 1983; Yeh et al., 1991; Rossi et al.,
1992). The role of platelets and their contribution to the
development of the reaction remain unclear. Some studies
reported an inhibition of the Arthus reaction in platelet-
depleted animals (Henson & Cochrane, 1969), whereas other
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investigators did not observe any modification of the reaction
in the absence of platelets (Humphrey, 1955b; Cochrane &
Janoff, 1974).
The phospholipid platelet-activating factor (PAF) appears

to play an important role in the development of the Arthus
reaction as PAF antagonists, administered locally or i.v.,
have been shown to reduce oedema formation associated
with RPA reactions in rabbit and rat skin (Deacon et al.,
1986; Hellewell & Williams, 1986; Issekutz & Szejda, 1986;
Williams et al., 1986; Warren et al., 1989; Hellewell, 1990;
Rossi et al., 1992). Neutrophil depletion has been shown to
suppress oedema formation in RPA reactions in rat skin, an
inhibition that is reported to be partially reversed by local
injection of neutrophils (Warren et al., 1989). Preincubation
of the neutrophils with a PAF antagonist restored this inhibi¬
tion (Warren et al., 1989). Furthermore, it has been shown
that i.v. injection of PAF antagonists partially suppresses
platelet accumulation (Issekutz & Szejda, 1986). Kravis &
Henson (1977) have suggested that PAF released from
basophils or mast cells by an IgE-dependent mechanism is
responsible for the early phase of platelet accumulation
observed in the Arthus reaction. However, endothelial cells,
neutrophils undergoing phagocytosis, and platelets them¬
selves are also possible sources of PAF (Chignard et al.,
1980; Camussi et al., 1983; Hellewell & Williams, 1986). It is
not known whether PAF mediates platelet accumulation by
acting directly on the platelet in vivo, or by an indirect
mechanism that involves PAF interacting with receptors on
other inflammatory cells such as the neutrophil.
The objectives of this study were to investigate the

accumulation of platelets and its relationship to oedema
formation in defined inflammatory reactions. For this pur¬
pose we monitored the accumulation of '"In-labelled
platelets and [l25I]-albumin in rabbit skin in response to
soluble inflammatory mediators and particulate stimuli. Two
types of the latter were employed: zymosan, and immune
complexes deposited in an Arthus reaction. We used a novel
PAF antagonist, UK-74,505 (Cooper et al., 1990; Parry et
al., 1990; Alabaster et al., 1991), to investigate the contribu¬
tion of PAF in platelet deposition and oedema formation in
vivo. UK-74,505 has the advantage of potency and a long
duration of action which enabled measurements to be made
in vivo over either short (30 min) or long (4 h) periods
required for development of responses to exogenous mediators
or particulate stimuli respectively. Dissociation of the com¬
pound from PAF receptors is very slow (Cooper et al., 1990;
Parry et al., 1990; Alabaster et al., 1991), which permitted
PAF receptors to be blocked on "'In-platelets by pretreat-
ment in vitro before i.v. injection. This enabled us to inves¬
tigate the role of platelet PAF receptors in platelet deposition
in vivo.

Methods

Animals

New Zealand White rabbits (2.5-3.5 kg) were purchased
from Froxfield Farm, Hampshire.

Generation ofantiserum for the Arthus reaction

Arthus antiserum, anti-bovine-y-globulin (anti-BGG) anti¬
body, was raised in rabbits as previously described (Hellewell
& Williams, 1986). Briefly, 4 x 0.25 ml of BGG (2 mg ml"1 in
saline) emulsified with an equal volume of Freund's complete
adjuvant was administered subcutaneously. This was fol¬
lowed 14 days later by booster s.c. injections (4 x 0.25 ml) of
the same concentration of BGG in Freund's incomplete
adjuvant. At day 28, a s.c. injection of alum-precipitated
BGG (300 pg/rabbit) was given. Blood was collected by
carotid cannulation at day 38. The serum from five rabbits
was pooled, heat-inactivated at 56°C for 30 min and stored in

aliquots at — 20°C. Heat-inactivated rabbit serum from nor¬
mal rabbits was used as the control.

Preparation of zymosan-activated plasma (ZAP)
ZAP as a source of rabbit C5a des Arg was prepared by
incubating heparinized (lOuml"1) rabbit plasma with
zymosan (5mgml"') for 30 min at 37°C. Zymosan was
removed by centrifugation (2 x 10 min, 2500 g) and ZAP was
stored in aliquots at — 20°C. The C5a des Arg content of
ZAP was approximately 5 x 10"7 M as measured by radio¬
immunoassay (Jose et al., 1983).

Isolation andpreparation of rabbit washedplatelets
Washed platelets were prepared from rabbit blood as
previously described (Radomski & Moncada, 1983). Briefly,
blood was collected from a carotid artery or marginal ear
vein into tri-sodium citrate (0.38%, w/v) and centrifuged at
250 g for 20 min to obtain platelet-rich plasma (PRP). The
isolated PRP was then used for aggregation assays or further
centrifuged at 750 g for 10 min in the presence of prostacyc¬
lin (PGI2, 300 ngml"') for the preparation of washed
platelets. The resultant platelet pellet was resuspended in
10 ml Tyrode solution containing 300ngml"' PGI2 (PGI2/
Tyrode). The washed platelets were then centrifuged at 720 g
for 10 min and finally resuspended in PGI2-free Tyrode. The
platelet concentration in PRP or Tyrode solution was deter¬
mined with a Coulter counter (model ZM, Coulter Elec¬
tronics Ltd, Luton, Bedfordshire).

Measurement ofplatelet aggregation

Aggregation of rabbit platelets either in suspension in plasma
(PRP) or after washing with Tyrode solution was assessed
photometrically in a dual channel aggregometer (Chronolog
440 VS) linked to a dual pen recorder (Chronolog 707).
Aliquots of platelet suspension (250 (il) were incubated for
5 min at 37°C with continuous stirring at 700 r.p.m. and then
stimulated with PAF or thrombin. Responses were allowed
to develop for 3 min and expressed as a percentage of max¬
imum light transmission. Platelet-poor-plasma and Tyrode
solution were used as references (100% light transmission)
for PRP and washed platelet suspension respectively. Platelet
concentrations ranged from 190,000 to 560,000 platelets per
pi in PRP and 200,000 to 250,000 platelets per pi in washed
platelet suspensions. In some experiments, the effect of UK-
74,505 on PAF or thrombin-induced washed platelet aggre¬
gation was investigated either by adding the antagonist to the
platelet suspension 2 min before the aggregation assay or by
pretreating the platelets during their preparation (see below).

Measurement ofplatelet intracellular calcium concentra¬
tion ([Ca2* ]J with Fura-2
Platelet [Ca2+]j was measured by monitoring the fluorescence
of platelets loaded with the calcium indicator Fura-2 (Gryn-
kiewicz et al., 1985). Briefly, Fura-2 acetoxymethyl ester was
added to PRP at a final concentration of 2 pM and the cell
suspension was incubated for 45 min at 37°C in the presence
of PGI2 (300ngml"'). The PRP was then centrifuged at
750 g for 10 min and washed platelets were prepared as
described above. For the assay, aliquots of platelet suspen¬
sion (200,000 to 300,000 platelets per pi in 200 pi) were
dispensed into quartz cuvettes and the external [Ca2+]
adjusted to 1 mM with CaCl2. Changes in fluorescence
induced by PAF or thrombin were monitored by a Perkin
Elmer LS50 fluorescence spectrometer fitted with a thermo¬
statically controlled cell holder incorporating an electronic
stirrer and maintained at 37°C by a water circulator.
Fluorescence readings were taken at excitation wavelengths
340 nm and 380 nm and emission wavelength 510 nm. The
[Ca2+J, was calculated from the ratio of the two fluorescence
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readings using a Ks value of 224 nM. Responses were allowed
to develop for 3 min and data were expressed as maximal
increase in [Ca2+]i over the basal levels.

'"In-labelling of washed rabbit platelets
Rabbit platelets (8 x 109-2 x 10'°), in some experiments
loaded with Fura-2 as described above, were resuspended in
PGI2/Tyrode and incubated with "lInCl3 (100 to 200 pCi in
10 to 20 pi) chelated with 2-mercaptopyridine-jV-oxide (40 pg
in 0.1 ml 50 mM phosphate buffered saline (PBS), pH 7.4).
After a 10 min incubation at room temperature, the suspen¬
sion was diluted to 10 ml with PGIj/Tyrode and centrifuged
for 10 min at 720 g. The platelets were then washed twice by
repeating the same procedures of centrifugation and
resuspension in PGI2/Tyrode. In some experiments, platelets
were treated with UK-74,505 before their last wash, as des¬
cribed below. The cells were finally resuspended in PGI2-free
Tyrode before injection into the animals. Supernatant ali-
quots were collected during washes and after the final
suspension in order to assess labelling efficiency. In these
experiments, labelling efficiency values varied between 80 and
95% and were not statistically different between control and
UK-74,505-treated platelets.

Pretreatment of rabbit platelets with UK-74,505
Labelled or unlabelled platelets were pretreated with UK-
74,505 before their last wash. At this time, the platelet pellet
was resuspended in 2 ml of PGI2/Tyrode and divided into 2
aliquots of 1 ml. UK-74,505 was added to one aliquot at a
final concentration of 10~6 M and the other aliquot was used
as control. After a 15 min incubation at room temperature,
both suspensions were diluted to 10 ml with PGI2/Tyrode,
centrifuged and finally resuspended in PGI2-free Tyrode.

Measurement ofplatelet accumulation andplasma
protein leakage in rabbit skin
Platelet accumulation and oedema formation in rabbit dorsal
skin were simultaneously measured by i.v. injection of '"In-
labelled platelets, in some experiments also loaded with Fura-
2, and I-labelled human serum albumin (['25I]-HSA). Rab¬
bits were anaesthetized with i.v. Sagatal and their dorsal skin
shaved. [125I]-HSA (5/iCikg"') mixed with Evans blue dye
(10 mg kg"1) in saline was injected i.v., followed 5 min later
by platelets in 3 ml volumes. Platelets were labelled with "'In
only for experiments investigating the effects of i.v. UK-
74,505, and double labelled with Fura-2 and '"In in experi¬
ments where platelets were pretreated with UK-74,505. The
number of platelets injected into pairs of animals varied
between 3.5 and 8 x 109 but was the same within each pair of
animals. When necessary, UK-74,505 or its vehicle, was in¬
jected i.v. 10 min after the platelets. After a further 10 min,
the agents under investigation, all prepared in saline contain¬
ing 0.1% bovine serum albumin (BSA) (saline/BSA) were
injected i.d. in 0.1 ml volumes, each agent having six repli¬
cates per animal according to a balanced site plan. Where
indicated, agonists were co-injected with prostaglandin E2
(PGE2) (3 X 10"10 mol/site) as a potentiating agent of plasma
protein leakage. The RPA reaction was elicited by injecting
anti-BGG antiserum i.d. undiluted (100%), diluted with
saline/BSA 1/2 (50%) and 1/4 (25%) at the same time as the
other agents tested, followed 5 min later by an i.v. injection
of BGG (5 mg kg"1). In this model, no significant reaction
was observed when saline was given i.v. instead of BGG. In
experiments where the platelets were double labelled with
"'In and Fura-2, the animals were bled after 4h via the
carotid artery and platelets isolated for measurement of
[Ca2+]i( as described above. In other experiments, at the end
of the in vivo test period, 30 min or 4 h, a 10 ml blood sample
was collected into heparin by cardiac puncture. The animals
were then killed by an overdose of anaesthetic, the dorsal

skin removed and the skin sites excised with a 17-mm diameter
punch. Radioactivity in skin sites and plasma samples was
counted in a gamma counter with automatic spill-over and
cross talk correction (Packard Cobra, Meridien, CT, U.S.A.).
Oedema formation was expressed as (il of plasma by dividing
skin sample 125I-counts by l25I-counts in 1 pi of plasma. The
"'In-count per platelet was determined and used to express
platelet accumulation in terms of number of platelets per site
per 10' cells injected. Blood samples were also used to deter¬
mine the percentage of circulating labelled platelets and the
level of free "'In. In all experiments, the level of free "'In
was less than 3% and the percentage of circulating labelled
platelets varied between 75 and 100% of those injected. These
values were the same in all groups of animals.

Materials

BSA (low endotoxin and fatty acid free), BGG, bradykinin
(BK), histamine, zymosan, formyl-methionyl-leucyl-
phenylalanine (FMLP), PGE2, and PGI2 were purchased
from Sigma Chemical Co, Poole, Dorset. [I25I]-HSA
(20 mgml"' albumin in sterile isotonic saline, 50pCimr')
and '"InCl3 (2 mCi in 0.2 ml sterile pyrogen free 0.04 N HC1)
were from Amersham International, Amersham, Bucking¬
hamshire. Sagatal (pentobarbitone sodium, 60mgml-') was
from May and Baker, Dagenham, Essex. Fura-2 acetoxy-
methyl ester was from Cambridge Bioscience, Cambridge.
Freund's complete and incomplete adjuvant were from Difco
Laboratories, West Molesey, Surrey. Evans blue was from
British Drug House, Poole, Dorset. Viaflex (sterile, pyrogen-
free isotonic saline solution) was from Baxter Healthcare
Ltd., Thetford, Norfolk. PAF was from Bachem, Saffron
Walden, Essex. Leukotriene B4 (LTB4) was from Cascade
Biochem Ltd., Reading, Berkshire. Recombinant human
interleukin-8 (IL-8) was from British Bio-technology Ltd.,
Cowley, Oxford. Sterile Tyrode solution (composition, mM:
NaCl 137, KC1 2.7, CaCl2 1.8, MgCl2 0.5, NaH2P04,H20
0.36, NaHC03 12, glucose 5.6) was from Gibco BRL, Paisley.
UK-74,505 [4-(2-chlorophenyl)-1,4-dihydro-3-ethoxycarbonyl-
6-methyl-2-[4-(2-methylimidazo[4,5-c]pyrid-1 -yl)phenyl]- 5-[N-
(2-pyridyl)carbamoyl)pyridine], initially dissolved in 0.1 n
HC1 and diluted in saline, was a gift from Dr M.J. Parry,
Pfizer Central Research, Sandwich, Kent.

Statistical analysis
All data are presented as the mean ± s.e.mean of the
indicated number of experiments. Statistical significance was
assessed by use of two way analysis of variance for in vivo
experiments and paired and unpaired Student's t tests for in
vitro and ex vivo experiments, respectively. P values less than
0.05 were considered to be significant.

Results

Effect ofsystemic UK-74,505 on agonist-induced oedema
formation over 30 min in rabbit skin

Initially, we determined the effective dose of UK-74,505
required to inhibit the PAF-induced inflammatory response
in rabbit skin. Figure 1 (a) shows that PAF (10~"-10 mol/
site) administered i.d. in the presence of the vasodilator PGE2
(3 x 10"'°mol/site) induced a dose-dependent oedema forma¬
tion over a 30 min test period. In this system, as previously
reported (Wedmore & Williams, 1981), PAF and PGE2 act
synergistically to induce oedema formation. Only small
responses were produced by PAF alone at the top dose
employed. In animals pretreated i.v. with O.lmgkg-' UK-
74,505, the oedema responses evoked by the different doses
of PAF were inhibited by greater than 80%. Increasing the
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effect of this PAF antagonist on oedema formation (Figure
2a) and platelet accumulation (Figure 2b) induced by
exogenous soluble inflammatory mediators and zymosan par¬
ticles measured over a 4 h period. As found with the 30min
experimental protocol, oedema formation induced by PAF +
PGE2 over 4 h was effectively inhibited in rabbits pretreated
with 0.5 mg kg-1 i.v. UK-74,505 (Figure 2a). In control
animals, zymosan (which induces endogenous prostaglandin
production (Williams & Jose, 1981)), IL-8 + PGE2 and
ZAP + PGE2 all induced marked oedema formation. These
responses were unchanged in animals pretreated with i.v.
UK-74,505 (Figure 2a).
In these experiments, PAF, PAF + PGE2, IL-8, IL-8 +

PGE2, or ZAP induced a small, but measurable, accumula¬
tion of '"In-labelled platelets (5,000-15,000 platelets/site) in
the skin, whereas platelet deposition evoked by zymosan or
ZAP + PGE2 was much more pronounced (25,000-30,000
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Figure 1 Effect of UK-74,505 on oedema formation induced by
PAF (a) and by different soluble inflammatory stimuli (b) in rabbit
skin, (a) Rabbits received an i.v. injection of either vehicle (open
symbols) or UK-74,505 (0.1 mg kg-1, ■ or 0.5mgkg-', A) fol¬
lowed 10 min later by i.d. injections of increasing doses (mol/site) of
PAF in the presence of prostaglandin E2 (PGE2, 3 x 10"10 mol/site).
(b) Rabbits received an i.v. injection of either vehicle (open columns)
or 0.5mgkg-' UK-74,505 (solid columns) followed 10min later by
i.d. injections of the indicated doses (mol/site) of PAF, brady-
kinin (BK), histamine (Hist), formyl-methionyl-leucyl-phenylalanine
(FMLP), zymosan-activated plasma (ZAP) and leukotriene B4
(LTB<), all tested in the presence of PGE2 (3 x 10"10 mol/site). After
30 min, the animals were killed and plasma protein exudation was
measured as indicated in the Methods section. Results are expressed
as gl plasma and presented as mean ± s.e.mean of n — 3-6 experi¬
ments. The dotted line represents control responses obtained after
i.d. injection of saline/BSA. In (a) the open circle and triangle
represent the responses obtained in PAF (10"'mol/site) and PGE2
(3 x 10"10 mol/site) injected sites respectively. Significant differences
from control are indicated by ***P< 0.001.

dose of UK-74,505 to 0.5mgkg_l resulted in almost total
suppression of PAF-induced oedema formation.
The specificity of UK-74,505 was then evaluated by

examining its effect on plasma exudation induced by other
inflammatory mediators over a 30 min test period. Figure 1
(b) shows that the optimum dose of 0.5 mg kg-1 UK-74,505,
virtually abolished the response induced by PAF (10"'mol/
site), but had no effect on plasma leakage induced by BK,
histamine, FMLP, ZAP (as a source of C5a des Arg) or
LTB4, all tested in the presence of PGE2 (3 x 10"10 mol/site).

Effect of systemic UK-74,505 on oedema formation and
platelet accumulation induced by inflammatory stimuli
over 4 h in rabbit skin

Having determined an effective and specific dose for the i.v.
injection of UK-74,505 (i.e. 0.5 mg kg-1), we investigated the
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Figure 2 Effect of UK-74,505 on oedema formation (a) and platelet
accumulation (b) induced by different soluble inflammatory stimuli
in rabbit skin. Rabbits received an i.v. injection of either vehicle
(open columns) or 0.5 mg kg-' UK-74,505 (solid columns) followed
lOmin later by i.d. injections of PAF (10"'mol/site), zymosan
(Zymo, 300 gg/site), interleukin-8 (IL-8, 3 X 10"" mol/site) and
undiluted zymosan activated plasma (ZAP), in the presence or the
absence of prostaglandin E2 (PGE2, 3x 10"10 mol/site). After 4h,
the animals were killed and plasma protein exudation and platelet
accumulation were measured as indicated in the Methods section.
Results are expressed as gl plasma (oedema formation) and number
of platelets per site per 10' platelets injected (platelet accumulation)
and presented as mean ± s.e.mean of responses obtained after sub¬
traction of saline/BSA values in n = 5-6 rabbits. In control animals,
oedema formation and platelet accumulation in response to i.d.
injection of bradykinin (BK) (10-10 mol/site) + PGE2 (3 x 10"10 mol/
site) were 62.5 ± 6.2 gl (n = 7) and 6074 ± 527 platelets/site (n = 7)
respectively. Oedema formation and platelet accumulation in saline/
BSA injected sites were 8.9 ± 1.7 gl and 8866 ± 1773 platelets/site in
control animals and 9.7 ± 1.8 gl and 8684 ± 1373 platelets/site in
animals pretreated with UK-74,505. Significant differences from con¬
trol are indicated by *P<0.05.
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platelets/site) (Figure 2b). PGE2 had a marked potentiating
effect on platelet accumulation when in combination with
IL-8 and ZAP. BK + PGE2 induced large oedema responses,
but only small numbers of platelets accumulated in this case
(see Figure 2 legend). The platelet deposition induced by
PAF + PGE2, IL-8, IL-8 + PGE2, ZAP or ZAP + PGE2 was
not significantly affected in animals given 0.5 mg kg"1 i.v.
UK-74,505, whereas platelet accumulation provoked by PAF
alone or zymosan was significantly suppressed, the latter
being inhibited by greater than 50% (Figure 2b). Interest¬
ingly, the inhibition of zymosan-induced platelet accumula¬
tion occurred without any effect on the plasma leakage
response (Figure 2).

Effect of UK-74,505 on rabbit platelet aggregation and
changes in [Ca2*], induced by PAF in vitro
The potency of UK-74,505 in inhibiting PAF-induced res¬
ponses of rabbit washed platelets was assessed in vitro.
Figure 3a shows the concentration-dependent aggregation of
washed platelets evoked by PAF (10"" to 3 x 10~8 M). Max¬
imal aggregation of 48.3 ± 4.2% (« = 4 preparations) was
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Figure 3 Effect of UK-74,505 on platelet aggregation and changes
in [Ca2+]j induced by PAF in rabbit washed platelets, (a) Con¬
centration-dependent PAF-induced aggregation of platelets in PRP
(O) or in Tyrode solution (•). Results are expressed as a percentage
of light transmission and presented as mean ± s.e.mean of n = 3
preparations for PRP and n = 4 preparations for washed platelets,
(b) Inhibition by UK-74,505 of washed platelet aggregation induced
by 3 x 10"' M PAF. UK-74,505 was added to the platelet suspension
2 min prior to challenge. Results are expressed as percentage inhibi¬
tion of aggregation induced by 3 x 10"'M PAF and presented as
mean ± s.e.mean of n = 3 preparations, (c) Concentration-dependent
PAF-induced changes in [Ca2+]i in washed platelets. Results are
expressed as [Ca2+], after subtraction of basal values and presented
as mean ± s.e.mean of n = 5 preparations. Basal [Ca2+]i was
191 + 36 nM (n = 5). (d) Inhibition by UK-74,505 of changes in
[Ca2+]j induced by 3 x 10"' m PAF in washed platelets. UK-74,505
was added to the platelet suspension 2 min prior to challenge.
Results are expressed as percentage inhibition of the increase in
[Ca2+]i induced by PAF and presented as mean ± s.e.mean of n = 4
preparations. Basal [Ca2+]i was not significantly different before and
after addition of UK-74,505.

observed at 10~8 m PAF and the calculated EDj® value for
the autacoid was 3.86 ±0.41 x 10"'°M (n = 4 preparations).
PAF was one hundred times less potent in inducing aggrega¬
tion of platelets in PRP (ED50 = 5.03 ± 0.80 x 10"8 M, n = 3
preparations) and its maximal effect on this preparation
(32.0 ± 3.3%) was smaller than on washed platelets (Figure
3a). The effect of UK-74,505 was investigated against washed
platelet aggregation induced by the submaximal dose of
3 x 10"' m PAF (Figure 3b). The antagonist incubated for
2 min prior to platelet stimulation inhibited the response
induced by PAF in a concentration-dependent manner
(Figure 3b), with a calculated IC50 value of
1.63 ± 0.13 x 10"8 M (n = 3 preparations).
As found for aggregation, PAF induced a concentration-

dependent increase in platelet [Ca2+]j (Figure 3c). The range
of PAF concentrations used was similar to those necessary to
trigger an aggregatory response and the calculated ED50
value was 3.24 ± 0.85 x 10"10 M (n = 5 preparations). UK-
74,505 incubated for 2 min prior to stimulation inhibited the
increase in [Ca2+]j evoked by 3 x 10"' M PAF in a con¬
centration-dependent manner (Figure 3d), with a calculated
IC50 value of 1.13 ± 0.28 x 10"8 M (n = 4 preparations).
These results demonstrate that UK-74,505 exhibits similar
inhibitory activity towards rabbit platelet aggregation and
increases in [Ca2+]j induced by PAF. With both in vitro test
systems maximal inhibition of the effects of PAF was
achieved with 10"6 M of the antagonist.

Pretreatment of rabbit platelets with UK-74,505
Based on the above experiments, a concentration of 10"6 m
UK-74,505 was used to pretreat labelled rabbit platelets.
However, before initiating the in vivo experiments, the time-
course of the inhibitory activity of this dose was assessed in
vitro on PAF-induced platelet aggregation. These experiments
were carried out in order to determine whether pretreatment
with UK-74,505 antagonized platelet PAF receptors for the
4 h in vivo period necessary to develop an RPA reaction in
rabbit skin. Washed platelets were pretreated with UK-
74,505, washed again to remove unbound compound and
maintained for 4h at 37°C. At the end of the incubation
period, aggregation in response to 3 x 10"' M PAF and, for
comparison, 3.2 u ml"1 thrombin was assessed. As indicated
in Figure 4, untreated washed platelets maintained for 4 h at
37°C retained their responsiveness to both PAF and throm¬
bin throughout this incubation period. In contrast, platelets
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Figure 4 Time-course of rabbit washed platelet aggregation induced
by 3 x 10"' M PAF (•) or 3.2 uml"' of thrombin (O). After their
final suspension, washed platelets were kept at 37*C in a water bath.
Platelet aliquots were taken at different times during the 4 h incuba¬
tion that followed and their aggregation to PAF or thrombin was
assessed. Results are expressed as a percentage of maximum light
transmission and presented as mean ± s.e.mean of n = 4 prepara¬
tions.
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pretreated with UK-74,505 exhibited a significantly inhibited
response when tested with PAF after the 4 h period (Figure
5a). This inhibition was specific since the responses to throm¬
bin were unaffected by pretreatment with UK-74,505 (Figure
5a). UK-74,505 remained bound to platelet PAF receptors
during the 4 h incubation at 37*C, since pretreated platelets
centrifuged for 10 min and resuspended in fresh Tyrode solu¬
tion at the end of the 4 h period still exhibited an inhibited
aggregatory response to PAF (Figure 5a). Furthermore, the

PAF Thrombin

500

PAF Thrombin

Figure 5 In vitro (a) and ex vivo (b) responsiveness to PAF and
thrombin of control and UK-74,505 pretreated platelets after a 4h
period, (a) PAF- or thrombin-induced aggregation of control and
UK-74,505 pretreated washed rabbit platelets incubated at 37°C for
4 h. Washed platelets were prepared and pretreated with UK-74,505
(10"' m for 15 min) as indicated in the Methods section. The platelet
preparations were then kept at 37"C for 4h and at the end of the
incubation period their reactivity to PAF (3 x 10"' m) or thrombin
(3.2uml"') was assessed. Results are expressed as a percentage of
maximum light transmission and presented as mean ± s.e.mean of
n = 4 preparations (open columns, control platelets; hatched col¬
umns, UK-74,505-pretreated platelets; solid columns, UK-74,505-
pretreated platelets centrifuged and resuspended in fresh Tyrode
solution; cross-hatched columns, control platelets incubated for
2 min with the supernatant of UK-74,505-pretreated platelets at a
final dilution of 1/10). *P<0.05; **/><0.01, paired Student's t test,
(b) Ex vivo measurement of changes in [Ca2+]j induced by PAF
(10~7m) or thrombin (1 uml"') in labelled platelets isolated from
recipient rabbits. Washed platelets were loaded with Fura-2 and
labelled with "'In and pretreated (solid columns) or not (open
columns) with UK-74,505, as indicated in the Methods section.
Platelets were then injected into different recipient rabbits in order to
measure their accumulation in response to various stimuli. After 4 h,
rabbits were bled and their platelets isolated. Results are expressed as
[Ca2+]i after subtraction of basal values and presented as
mean ± s.e.mean of n = 6 preparations. Basal values of [Ca2+)j were
120 ± 19 nM and 123 ± 8 nM for control and UK-74,505-pretreated
platelets, respectively (n — 6 preparations). Significant differences
from control are indicated by ♦••P<0.001.
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Figure 6 Platelet accumulation induced by PAF (10"' mol/site) and
increasing concentrations of Arthus antiserum in rabbit skin: effect
of i.v. injection of 0.5 mg kg"1 UK-74,505 (a, solid columns) or
pretreatment of '"In-labelled platelets with UK-74,505 (b, solid col¬
umns). Platelet accumulation was expressed as number of platelets
per site per 10' platelets injected and presented as mean ± s.e.mean
of the responses obtained after subtraction of normal rabbit serum
or saline/BSA values in n = 6-7 rabbits. Significant differences from
control are indicated by *P<0.05. Oedema formation in response to
50% Arthus antiserum was significantly reduced in animals
pretreated with i.v. UK-74,505 compared to control animals
(14.9 ±4.2 pi (ft = 6) versus 30.5 ±3.9pi (n = 6), P<0.05). Platelet
accumulation and oedema formation in response to normal rabbit
serum were not significantly different from saline/BSA controls.

4 h supernatant of UK-74,505-pretreated platelets obtained
after centrifugation, did not inhibit aggregation of control
platelets in response to PAF (Figure 5a). However, cen¬
trifugation of UK-74,505-pretreated platelets and resuspen-
sion in fresh Tyrode solution at the end of the 4 h incubation
period did not affect their normal responsiveness to thrombin
(Figure 5a).
In order to determine if PAF receptors on platelets

pretreated with the antagonist remained blocked after 4 h in
vivo, platelets were "'In-labelled and loaded with Fura-2. The
platelets were then treated with UK-74,505 and washed.
Treated and untreated platelets for comparison were then
injected i.v. into rabbits for the experiments described in the
next section. At the end of a 4 h period, blood samples were
taken and platelets prepared. Responses to PAF were then
determined in terms of changes in [Ca2+]i measured with
Fura-2. Platelets pretreated with the antagonist clearly
remained unresponsive to PAF after the 4 h period in vivo
whereas responses to thrombin were unaffected (Figure 5b).

Effect of systemic UK-74,505 or in vitro pretreatment of
rabbit platelets with UK-74,505 on oedema formation
and platelet accumulation in an RPA reaction in rabbit
skin

Intradermal administration of increasing amounts of Arthus
antiserum (25%, 50% and 100%) in rabbits, followed by i.v.
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injection of antigen, provoked a significant and dose-
dependent platelet accumulation over the 4h test period
(Figure 6, open columns). A similar dose-response curve for
oedema formation was obtained (data not shown). Platelet
deposition triggered by the different dilutions of Arthus
antiserum was significantly inhibited when rabbits were
pretreated with 0.5mgkg-' i.v. UK-74,505 (Figure 6a). The
small platelet deposition induced by i.d. PAF was also
inhibited in these animals (Figure 6a). Intravenous injection
of the PAF antagonist also suppressed oedema responses in
the RPA reaction (see legend to Figure 6), as shown
previously with other antagonists (Hellewell & Williams,
1986; Issekutz & Szejda, 1986).
Thus, i.v. UK-74,505 effectively inhibited platelet accum¬

ulation in RPA reactions; however, radiolabeled platelets
with their PAF receptors blocked by pre-incubation with the
antagonist still accumulated in high numbers in RPA sites
(Figure 6b). A significant reduction in accumulation was only
seen in sites receiving 25% antiserum. Further, the small
platelet accumulation induced by i.d. PAF was also un¬
affected by preincubating platelets with the antagonist
(Figure 6b). In these experiments, oedema responses in
Arthus sites were not significantly different in the two groups
of rabbits (data not shown).

Discussion

In this study a novel PAF antagonist, UK-74,505, was em¬
ployed to investigate the possible contribution of endogenous
PAF to oedema formation and platelet accumulation induced
in rabbit skin in response to soluble mediators and par¬
ticulate stimuli. A unique property of the compound is avid
binding to PAF receptors which enabled the effect of selec¬
tively blocking platelet receptors to be studied.
Intravenous UK-74,505 blocked oedema formation in¬

duced by intradermally-injected PAF, but had no effect on
oedema formation induced by BK and histamine, or on
neutrophil-dependent oedema formation induced by ZAP (as
a source of C5a des Arg), FMLP, LTB4 or IL-8 (Figures 1
and 2). Mediators were tested in the presence of the
vasodilator, PGE2, in order to induce substantial oedema
responses by synergism. These experiments demonstrated the
potency and selectivity of the antagonist. This selectivity is
not seen with certain other PAF antagonists such as CV-3988
(Hellewell & Williams, 1989) which makes interpretation of
some previous results difficult (Issekutz & Szejda, 1986).
Oedema induced by i.d. injection of zymosan particles, which
stimulates the generation of C5a and a vasodilator prosta¬
glandin locally, was also unaffected by i.v. UK-74,505.
PAF, ZAP, IL-8 and zymosan were tested i.d. for their

ability to induce the accumulation of "'In-labelled platelets
in rabbit skin (Figure 2). Interestingly, PAF alone, or
PAF + PGE2 which induced substantial oedema responses,
induced only small, but significant, platelet accumulation.
Some platelet accumulation was induced by IL-8 and this
was significantly potentiated by PGE2. ZAP-induced platelet
accumulation and large accumulation was seen with the
addition of PGE2 (to our knowledge this is the first demon¬
stration of potentiation of platelet accumulation by a prosta¬
glandin). Zymosan particles also induced substantial platelet
accumulation. Only the platelet accumulation induced by
PAF and zymosan was significantly suppressed by i.v. UK-
74,505. A striking observation was the effective inhibition of
zymosan-induced platelet accumulation by the antagonist,
with no effect on the oedema response. These results suggest
that PAF is generated locally in response to zymosan and
that it is important in platelet accumulation. These results are
in agreement with data published by Dewar et al. (1984),
showing that PAF causes platelet accumulation in guinea-pig
skin. However, in our model, endogenous PAF does not
appear to be important for zymosan-induced oedema forma¬
tion, perhaps because this is masked by the powerful

oedema-inducing effect of endogenous C5a by a neutrophil-
dependent process. The observation that neutrophil chemoat-
tractants induced platelet accumulation that is not significantly
inhibited by i.v. UK-74,505 may suggest that this platelet
accumulation is secondary to neutrophil adherence to the
endothelium, e.g. platelet adherence to stimulated neutrophils
(Issekutz et al., 1983) or, alternatively, release of platelet
stimulatory activity from neutrophils (Chignard et al., 1986).
ZAP appeared to be very active in this respect, which may
reflect its more protracted action in the skin. Exogenous PAF
induced substantial oedema when in combination with PGE2,
but small platelet accumulation. PAF is unstable in tissue
fluid and these results may indicate that a sustained produc¬
tion of PAF is important for platelet accumulation, whereas
an acute effect on endothelial cells can induce plasma protein
leakage. These points require further investigation, but it is
clear that platelet accumulation is not merely a consequence
of increased microvascular permeability as BK + PGE2 in¬
duced large oedema responses with very little platelet
accumulation (Figure 2 legend).

These observations and the special binding properties of
the antagonist led us to address the importance of PAF
receptors on platelets in the process of platelet accumulation
in vivo. PAF induced a concentration-related aggregation of
rabbit platelets in vitro correlating with changes in [CaH],
(Figure 3). Both these responses were inhibited by UK-74,505
(Figure 3). Platelets retained their responsiveness to PAF and
thrombin when tested for aggregation after a 4 h incubation
period at 37°C (Figure 4). Responses to PAF remained selec¬
tively blocked when platelets were incubated with UK-
74,505, washed and then aggregation responses were tested
after the 4h incubation period (Figure 5a).
'"In-labelled platelets, loaded with Fura-2 and with their

PAF receptors blocked by pre-incubation with UK-74,505,
were then administered i.v. to rabbits. RPA reactions were

induced in the skin, and platelet accumulation and plasma
protein leakage measured after 4 h. Platelets prepared from
blood samples taken at 4 h remained selectively unresponsive
to PAF, as evidenced by changes in [Ca2+]| (Figure 5b).
However, these blocked platelets were still able to accumulate
in Arthus sites (Figure 6b), whereas i.v. UK-74,505 (with
access to PAF receptors on other cells as well as platelets)
was far more effective in suppressing platelet accumulation
(Figure 6a). Similarly, platelet accumulation induced by
exogenous PAF was inhibited by i.v. antagonist and not
modified in animals injected with UK-74,505-pretreated
platelets. Intravenous UK-74,505 also suppressed oedema
formation in the Arthus sites, (Figure 6 legend), as shown
previously with other selective antagonists (Hellewell & Wil¬
liams, 1986; Issekutz & Szejda, 1986).
These results suggest that endogenous PAF is not an

important secondary mediator for oedema formation and
platelet accumulation induced by the soluble mediators tested
in this study. However, endogenous PAF is implicated in
oedema formation in the RPA reaction, although not in
response to zymosan. This difference may be explained by the
different sites of PAF generation in these two responses. Both
immune complexes and zymosan can activate complement
locally and generate C5a that will cause neutrophil accumula¬
tion and neutrophil-dependent oedema formation. In the
RPA reaction, PAF is likely to be generated by phago-
cytosing neutrophils very close to the microvascular endo¬
thelium and can increase permeability by a direct effect on
endothelial cells. When zymosan is injected i.d. the particles
will be relatively remote from vessels and PAF liberated
during phagocytosis may be metabolized before reaching an
effective concentration near the endothelium.
The situation with respect to platelet accumulation appears

to be different. In this case i.v. PAF antagonist inhibited the
response induced by both zymosan (Figure 2b) and immune
complexes (Figure 6a). To account for this, we propose that
released PAF acts over a short range and stimulates the
secondary release of an unidentified, relatively-stable med-
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iator that induces platelet accumulation. The source of
endogenous PAF may be the neutrophil and it is possible
that this PAF may have an autocrine function in acting on
neutrophil PAF receptors to release the secondary mediator.
This hypothesis is supported by the results of the final
experiments (Figure 6b) demonstrating that platelets in which
PAF receptors are blocked by preincubation with the
antagonist still accumulate effectively in Arthus sites. The
results with i.d. PAF also support this idea although platelet
accumulation was small presumably because of the instability
of PAF in vivo. Platelet accumulation induced by intra-
dermally-injected PAF was clearly blocked by i.v. antagonist,
which we propose would prevent PAF stimulating release of
the secondary mediator. However, preincubation of platelets
with the antagonist had no effect on platelet accumulation
induced by i.d. PAF. An alternative explanation for the
results obtained in Figure 6 (b) is that PAF, added
exogenously or generated by neutrophils during the RPA
reaction, activates the recipient animal's own platelets which
then in turn cause recruitment of the antagonist-treated
radiolabeled platelets by releasing a mediator other than
PAF. However, our results in Figure 5 (b) render this latter
hypothesis unlikely since platelets isolated from recipients
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Summary: Eotaxin is a novel C-C chemokine purified from the bronchoalveolar lavage
(BAL) fluid of actively sensitised guinea-pigs after aerosol allergen challenge. In this study we
show that eotaxin induced a dose-dependent increase in both intracellular-free calcium
concentration ([Ca2+];) and aggregation of guinea-pig eosinophils in vitro. Intradermally injected
eotaxin induced the accumulation of ["'Injeosinophils in naive guinea-pig skin in vivo, without
oedema-inducing activity; the latter emerging in separate BAL fluid HPLC fractions. Aerosol
exposure of naive guinea-pigs to eotaxin in vivo caused a selective increase in eosinophils in
BAL fluid. Thus, eotaxin activates guinea-pig eosinophils in vitro and causes a selective
eosinophil accumulation in the lung in vivo. Eotaxin and related molecules are potentially
important endogenous signalling substances in allergic reactions in vivo. ® 1993 Academic

Tissue eosinophilia is a feature of a number of pathological conditions e.g. parasitic

infections, local allergic reactions and the hypereosinophilic syndrome (1). Infiltration of

eosinophils is also a consistent feature of chronic asthma and these cells have been associated
with damage to the bronchial epithelium and increased responsiveness of the airways (2,3).
Experimental inhibition of eosinophil accumulation in sensitised monkeys suppresses the

hyperreactivity that develops in response to multiple allergen challenge (4).
A key event in eosinophil accumulation in a tissue is the local generation of chemical signals

responsible for selective recruitment of the cells from small blood vessels. We have recently
purified a novel chemokine, 'eotaxin', from bronchoalveolar lavage fluid collected 3h after
aerosol allergen challenge of actively sensitised guinea-pigs (5). We were able to sequence 70
of the 73 amino acid residues of this protein which demonstrated that it is a member of the C-C
branch of the platelet factor 4 family of chemokines [reviewed in (6)]. Eotaxin is without
substantial homology to other known members of the family and of particular interest is its low

homology with human RANTES (26%) and MlP-la (31%) which have recently been shown to
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stimulate human eosinophils in vitro (7-9). The aim of the present study was to investigate
whether eotaxin would activate guinea-pig eosinophils in vitro using aggregation as a test for
increased adhesiveness, and cause a selective eosinophilia in the lungs after aerosol exposure in
naive guinea-pigs in vivo.

Materials and Methods

Materials. Guinea-pigs were purchased from Harlan-Olac, Bicester, UK. Bovine serum albumin
(BSA <0.1ng endotoxin/mg), pyrilamine and ovalbumin were from Sigma Chemical Co, Poole,
UK and atropine from Vetalar, UK. Human recombinant RANTES was a generous gift from Dr
TJ Schall, Genentech Inc, USA.
Generation and purification of guinea-pig eotaxin. Guinea-pigs were sensitised by exposure
to an aerosol of ovalbumin (2% w/v in saline) for 5min on day 1 and again on day 3. On day
15, animals were pretreated (30min) with pyrilamine (lOmg/kg, i.p) and challenged with an
ovalbumin aerosol (1% w/v, 20min). After 3h animals were given atropine (60/xg/kg, i.p) to
prevent bronchoconstriction and sacrificed. Bronchoalveolar lavage (BAL; 3x10ml saline) was
performed, fluid was collected on ice, centrifuged to remove cells, and the pH of the supernatant
adjusted to 5.5 before loading onto a cation exchange HPLC column (Ultropac TSK535CM).
Sequential Imin fractions were collected whilst eluting with a linear gradient from 0.3-2.0M
ammonium acetate (pH 5.5). Aliquots of individual fractions were lyophilised, dissolved in
saline and injected intradermally into guinea-pig skin and assessed over 2h for their ability to
induce the local accumulation of intravenously administered ['"Injeosinophils (>93% pure) and
[125I] human serum albumin (a marker of plasma extravasation) as described previously (10,11).
Fractions with eosinophil chemoattractant activity were lyophilised, dissolved in 0.08% TFA and
applied to sizing HPLC (Ultropac TSK columns, SWP 7.5x75mm, G4000SW 7.5x600mm and
G2000SW 7.5x600mm, in series, equilibrated in 0.08% TFA). Fractions were bioassayed in
the skin as described above. Eosinophil chemoattractant activity eluted as a single peak (— 7-
14kDa, data not shown). Active fractions were pooled, stored in aliquots and designated as
"eotaxin" (5). Eotaxin has only 26% homology with human RANTES, however, eotaxin
displaces radiolabelled RANTES from guinea-pig eosinophils (5). Eotaxin from different batch
preparations were quantified by comparing their ability to inhibit [l25I]RANTES binding to
guinea-pig eosinophils with a pure standard preparation. This reference standard preparation
was further purified by reversed phase HPLC and the molar concentration was determined from
the initial yields during N-terminal sequence analysis (5).
Measurement of [Ca2+]j. Changes in [Ca2+]j were determined in guinea-pig eosinophils
(2xl06cells/curvette; >96% pure) loaded with fura-2 acetoxy methyl ester (2.5piM) as described
previously (5,12).
Aggregation of guinea-pig eosinophils. Eosinophils (>96% pure) were resuspended (107ml)
in the aggregation assay buffer (NaCl 138mM; KC12.7mM; Na2HP04 8. ImM; KH2P041.5mM;
glucose lOmM; HEPES lOmM; CaCl2 1.0 mM and MgCl2 0.7 mM; pH 7.4). Aliquots (300 /xl)
of cells were dispensed into a siliconized cuvette in a platelet aggregometer (Chronolog 440 VS)
linked to a pen recorder. The cells were incubated for 5min at 37°C with continuous stirring at
700 r.p.m. and then stimulated with the indicated agonist (30/xl). The reference cuvette contained
aggregation buffer alone. Responses were allowed to develop for at least 5min and the results
expressed as the percentage of maximal aggregation induced by 107M PMA.
Aerosol exposure of guinea-pigs to eotaxin. Naive guinea-pigs were exposed to an aerosol of
either eotaxin or control medium (n = 8 per group). Exposure was performed by placing two
animals in a single chamber and nebulising 24pmol of eotaxin dissolved in 10ml PBS containing
BSA carrier protein at 80pg/ml over a period of 35-40min. Control animals received aerosolised
PBS/BSA in the same manner.

Assessment of cell influx in the lung. Animals injected intravenously with ['"Injeosinophils
(5xl06) were sacrificed 20h after exposure to eotaxin or control medium. BAL fluid (5x10ml
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HBSS, lOmM EDTA, pH 7.35) was recovered and centrifuged (300g, 20min, 4°C). Total BAL
cell count was determined by haemocytometer and differential cell counts performed on stained
(DiffQuick) cytospin preparations (3 per animal, 400 cell counts per slide).
Statistical methods. Data are expressed as mean + sem and a p value of <0.05 was considered
statistically significant. Skin assay data were analysed by two way analysis of variance and in
cell recruitment studies by an unpaired t test.

Results

Eosinophil chemoattractant and permeability increasing activity in sensitised/challenged

guinea-pig BAL fluid. Eotaxin was purified from 3h BAL fluid as described previously (5).
Cation exchange HPLC was used as the first step in the purification of eotaxin. Under the
conditions used, >90% of the BAL protein emerged in the breakthrough yet contained

insignificant eosinophil chemoattractant or permeability-increasing activity (data not shown).
Elution with a linear ammonium acetate gradient gave a single peak of eosinophil
chemoattractant activity (Fig. 1). This activity separated from vascular permeability-increasing

activity which emerged earlier (Fig. 1). Size exclusion HPLC was used to purify the eosinophil
chemoattractant activity further; this eluted as a single peak (~7-14kDa) and was devoid of any

permeability-increasing activity (data not shown). Two such preparations, designated "eotaxin",
were used in the present study. In a previous study, reversed-phase HPLC and SDS-PAGE

analysis showed that eotaxin preparations were substantially pure after cation exchange and

sizing HPLC and contained no detectable neutrophil chemoattractant activity (5).

Retention Time (mini

Figure 1. Purification of eotaxin from BAL fluid, a) Cation exchange HPLC profile showing
absorbance at 280nm versus ammonium acetate gradient, b) Eosinophil chemoattractant activity
was detected in fractions with a retention time of 21-24min (p<0.05). c) Oedema inducing
activity detected at 18-21min (p<0.05). [luIn]eosinophils were injected into n=4 animals for
each group. Responses in the skin were measured over 2h.
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Elevation of jCa2+],. Eotaxin induced a rapid and transient increase in [Ca2+]; levels in fura-2
loaded eosinophils (figure 2a,inset) in a dose-dependent manner (fig 2a). In comparison, LTB4

(lOnM) and PAF (lOnM) produced rises in [Ca2+]; of 300+ 124nM and 93+ 17nM respectively

(n=3).

Aggregation of eosinophils. Fig. 2b (inset) shows tracings of 3 doses of eotaxin compared with
BSA carrier control and with leukotriene B4 (LTB4) from one representative experiment. In a

series of experiments eotaxin (10-40nM) caused a dose-dependent aggregation within 90 seconds

(Fig. 2b).
Cell influx into BAL fluid induced by aerosolised eotaxin. Twenty hours after exposure of the

airways to aerosolised eotaxin, a significant increase in eosinophil numbers was observed in the
BAL fluid when compared with controls (Fig. 3). As in the 2h experiments with intradermal
eotaxin (results shown in figure I), [ulIn]eosinophils were injected intravenously in order to

measure tissue eosinophilia. In practice, the plasma free [mIn] present at 20h (73.5 +6.6%) was
such that lung tissue [luIn]eosinophils could not be quantitated. Neutrophil numbers in BAL
fluid were not significantly elevated by eotaxin (Fig. 3). The numbers of mononuclear cells in
BAL fluid were also unaffected by aerosolised eotaxin i.e. with eotaxin 1.32+0.17xl07, control
1.47±0.19xl07, n = 8).

Discussion

These experiments demonstrates that BAL fluid collected after allergen challenge of sensitised

guinea-pigs contains a powerful eosinophil chemoattractant. In another study we have obtained

<tj
u>
a>

12.5

Figure 2. Effect of eotaxin on (a) [Ca^L and (b) on aggregation of guinea-pig eosinophils
(n=3 each experiment). Respresentative tracings from individual experiments are shown as
insets.
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Figure 3. Leukocytes in BAL fluid of naive guinea-pigs 20h after exposure to aerosolised
eotaxin in comparison with controls (n=8 animals in each group; * indicates significant at
p=0.017).

virtually the complete sequence of this 73 amino acid protein (5) which is a novel member of
the C-C branch of the platelet factor 4 family of chemokines.

The present study demonstrates the selectivity of this protein and shows that it separates from
vascular permeability-increasing activity in BAL fluid. Eotaxin has potent effects on guinea-pig

eosinophils in vitro: the concentration range tested, 0.5-4.5nM, induced increases in [Ca2+], and
10-40nM induced a dose-related eosinophil aggregation.

In vivo, eotaxin induced substantial eosinophil accumulation when injected in the skin of naive

guinea-pigs. When administered in low doses (24pmol divided between pairs of animals) by
aerosol, eotaxin induced marked eosinophil accumulation in BAL fluid when measured 20h later,
with no significant changes in the numbers of neutrophils or mononuclear cells.

We do not yet know the source of eotaxin or the mechanisms involved in regulating its
production. However, the results suggest that this and related molecules are potentially

important endogenous signalling substances responsible for the accumulation of eosinophils at

sites of allergic inflammation in the lung and in other tissues such as the skin.

Acknowledgments: We thank the National Asthma Campaign, UK, the Wellcome Trust, UK,
and the Clinical Research Committee of the Royal Brompton National Heart and Lung Hospital
for generously supporting this project.

References

1. Liesveld, J.L. and Abboud, C.N. (1992) Int. J. Clin. Lab. Res. 22, 5-10.

2. Jeffery, P.K., Wardlaw, A.J., Nelson, F.C., Collins, J.V., and Kay, A.B. (1989) Am.
Rev. Respir. Dis. 140, 1745-1753.

j ] Control

Eosinophils Neutrophils

1171



Vol. 197, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

3. Wardlaw, A.J., Dunnette, S., Gleich, G.J., Collins, J.V., and Kay, A.B. (1988) Am. Rev.
Respir. Dis. 137, 62-69.

4. Wegner, C.D., Gundel, R.H., Reilly, P., Haynes, N., Letts, L.G., and Rothlein, R. (1990)
Science 247, 456-459.

5. Jose, P.J., Griffiths-Johnson, D.A., Collins, P.D., Walsh, D.T., Moqbel, R., Totty, N.F.,
Truong, O., Hsuan, J.J., and Williams, T.J. (1993) J. Exp. Med., submitted.

6. Schall, T.J. (1991) Cytokine 3, 165-183.

7. Kameyoshi, Y., Dorschner, A., Mallet, A.I., Christophers, E., and Schroder, J-M. (1992)
J. Exp. Med. 176, 587-592.

8. Rot, A., Krieger, M., Brunner, T., Bischoff, S.C., Schall, T.J., and Dahinden, C.A.
(1992) J. Exp. Med. 176, 1489-1495.

9. Alam, R., Stafford, S., Forsythe, P., Harrison, R., Faubion, D., Lett-Brown, M.A., and
Grant, J.A. (1993) J. Immunol. 150, 3442-3447.

10. Faccioli, L.H., Nourshargh, S., Moqbel, R., Williams, F.M., Sehmi, R., Kay, A.B., and
Williams, T.J. (1991) Immunology 73, 222-227.

11. Weg, V.B., Williams, T.J., Lobb, R.R., and Nourshargh, S. (1993) J. Exp. Med. 177,
561-566.

12. Nourshargh, S., Perkins, J.A., Showell, H.J., Matsushima, K., Williams, T.J., and
Collins, P.D. (1992) J. Immunol. 148, 106-111.

1172



Publication 45

Br. J. Pharmacol. (1994), 111, 117-122 © Macmillan Press Ltd, 1994

Role of adhesion glycoproteins CD 18 and intercellular
adhesion molecule-1 in complement-mediated reactions of
rabbit skin
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1 The role of the adhesion glycoproteins CD18 and intercellular adhesion molecule-1 (ICAM-1) in
inflammatory responses produced during a reversed passive Arthus (RPA) reaction and induced by
zymosan and zymosan-activated plasma (ZAP) were studied in rabbit skin.
2 Oedema formation and haemorrhage were quantified by measuring accumulation of l25I-albumin and
'"In-labelled red blood cells (luIn-RBC) respectively.
3 Monoclonal antibody (mAb) R15.7 (anti-CD18), administered intravenously, abolished accumulation
of '25I-albumin and '"In-RBC in dermal RPA reactions and in response to locally injected zymosan and
ZAP.

4 When administered intravenously, the mAb RR1/1 (anti-ICAM-1) suppressed 125I-albumin and
'"In-RBC accumulation in dermal RPA reactions and at sites treated with zymosan and ZAP.
5 Oedema formation in response to platelet-activating factor (PAF) and bradykinin (BK) either in the
presence or absence of prostaglandin E2 (PGE2) were not affected by mAb R15.7 or by mAb RR1/1.1.1.
6 We conclude that oedema formation and haemorrhage associated with RPA reactions and in
responses to zymosan and ZAP are completely CD18-dependent, and are mediated, at least in part, via
ICAM-1. Responses to the neutrophil-independent oedema forming mediators, PAF and BK are not
dependent upon CD18 or ICAM-1.

Keywords: Arthus reaction; complement; oedema formation; haemorrhage; adhesion; CD18; intercellular adhesion molecule-1
(ICAM-1)

Introduction

Neutrophil-dependent inflammatory responses rely upon the
selective adherence of neutrophils to vascular endothelium,
followed by migration to and activation at the inflammatory
locus. Neutrophil adherence is mediated by the interaction of
adhesion molecules on the vascular endothelium and cir¬
culating leukocytes. CD 18 is the common subunit of the
integrin family of adhesion molecules. This group of ad¬
hesion molecules include CD 11a/CD 18 lymphocyte function
associated antigen-1 (LFA-1) which is expressed constitu-
tively on the neutrophil surface, and CDllb/CD18 (Mac-1),
which is present at low levels constitutively and rapidly
induced on stimulated neutrophils (Jutila et a!., 1989; Smith
et al., 1989; Springer, 1990). Intercellular adhesion molecule-
1 (ICAM-1), a ligand for CDlla/CD18 and CDllb/CD18, is
an inducible adhesion molecule, expressed on a variety of
cells, including endothelial cells, at sites of inflammation
(Rothlein et al., 1986; Springer, 1990). A circulating form of
ICAM-1 has also been identified in human serum (Rothlein
et al., 1991).
The adhesion molecules described above have been well

characterized in vitro (Springer, 1990). Studies have shown
that antibodies raised against these molecules can be effective
blockers of neutrophil adhesion in vitro (Sanchez-Madrid et
al., 1983; Rothlein et al., 1986), and of inflammation in vivo
(Arfors et al., 1987; Rampart & Williams, 1988; Barton et al.,
1989; Argenbright et al., 1991). Recently it has been shown
that the Shwartzman reaction, a phenomenon that models
disseminated intravascular coagulation, and non-immune
complex mediated vasculitis, is both CD 18 and ICAM-1
dependent (Argenbright & Barton, 1991).
The Arthus reaction, as described at the turn of the cent¬

ury (Arthus, 1903), is an acute inflammatory and haemorr-

1 Author for correspondence.

hagic reaction that develops in the skin of a sensitized rabbit
following i.d. injection of antigen. It is more convenient to
produce a reversed passive Arthus (RPA) reaction, giving
antibody i.d., and antigen i.v. The RPA reaction is relevant
clinically, modelling immune complex mediated microvas¬
cular injury, and type III hypersensitivity. It is also useful
experimentally as a reliable and reproducible means of pro¬
ducing complement-mediated inflammation, primarily by the
classical pathway of complement activation. Depletion of
neutrophils with nitrogen mustard or anti-neutrophil anti¬
serum has been shown to inhibit the Arthus reaction (Stetson
& Good, 1951; Humphrey, 1955), thus demonstrating neutro-
phil-dependence. Zymosan particles given i.d. also induce
inflammatory responses in rabbit skin. Zymosan activates
complement, typically by the alternative pathway, without a
requirement for prior sensitization or i.v. antigen challenge.
RPA reactions and responses to preformed immune com¬
plexes or zymosan can be distinguished pharmacologically
(Rossi et al., 1992; Hellewell & Williams, 1986), which may
reflect differences in the location of neutrophil contact with
the particulate stimulus in the tissue.
The aim of this study was to investigate the involvement of

P2 integrins and intercellular adhesion molecule-1 (ICAM-1),
in the RPA, and other, complement-mediated, inflammatory
reactions using monoclonal antibodies (mAbs) R15.7 and
RR1/1, that have previously been shown to block selectively
rabbit leucocyte CD18 (Rothlein et al., 1986) and rabbit
endothelial cell ICAM-1 respectively, (Argenbright et al.,
1991; Horgan et al., 1991). We monitored accumulation of
l25I-labelled albumin and "'In-labelled red blood cells (RBC),
as measures of oedema formation and haemorrhage respec¬
tively, in RPA reactions and responses to zymosan and
zymosan-activated plasma (ZAP), a source of preformed
C5adnArg* For comparison, the effects of mAbs R15.7 and
RR1/1 on responses to platelet-activating factor (PAF) and
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bradykinin (BK), alone or in the presence of the vasodilator
prostaglandin in E2 (PGE2), were also studied.

Methods

Animals

NZW rabbits (2.5-3 kg) were purchased from Froxfield
Farm, Hampshire.

Monoclonal antibodies

The mouse mAb R15.7 (IgGj) was raised against canine
CD18 adhesion glycoprotein and the mouse mAb RR1/1
(IgG,) was raised against human ICAM-1. Their specificity
and binding properties were tested as described previously
(Argenbright & Barton, 1992; Rothlein et al., 1986). Purified
mouse IgG was used as the control. Purified antibodies were
dissolved in sterile saline and injected i.v. at 2 mg kg"'. This
dose has been previously shown to be effective for both
R15.7 and RR1/1 (Welbourn et al., 1990; Van Osselaer et al.,
1991; Hill et al., 1993).

Generation ofantiserum for the RPA reaction

Arthus antiserum, anti-bovine-y-globulin (BGG), was raised
in rabbits as previously described (Hellewell & Williams,
1986). Briefly, subcutaneous injections (4 x 0.25 ml) of BGG
(2 mg ml"1 in saline) emulsified in an equal volume of
Freund's complete adjuvant were administered. This was fol¬
lowed 14 and 28 days later by booster subcutaneous injec¬
tions (4 x 0.25 ml) of the same concentration of BGG in an
equal volume of Freund's incomplete adjuvant. Blood was
collected by carotid artery cannulation at day 38. Serum
from six rabbits was pooled and stored in aliquots at - 20°C.
Heat-inactivated normal serum was used as a control.

Preparation of zymosan-activated plasma (ZAP)

ZAP, a source of preformed CSa^^, was prepared by incu¬
bating heparinized (lOuml"') rabbit plasma with zymosan
(5 mgml"') for 30 min at 37°C. Zymosan was removed by
centrifugation (2 x 10 min; 2500 g) and ZAP stored in 1 ml
aliquots at — 20°C. The CSa^A,, content of ZAP was
approximately 5 x 10""7 M as determined by radioimmuno¬
assay (Collins et al., 1991).

Preparation of "'In-labelled RBC
Rabbit blood collected by carotid artery cannulation into
tri-sodium citrate (0.38%, w/v) was centrifuged at 250 g for
20 min; 1ml of red cell pellet was added to 10-15 pi
(~100-400pCi) of '"InCl3 chelated with 2-mercaptopyri-
dine-V-oxide (40 pg in 0.1 ml) in PBS (50 mM; pH 7.4) for
15 min at room temperature. Following incubation, the '"In-
RBC were washed three times, resuspended in 5 ml of Tyrode
solution and centrifuged at 250 g for 10 min. The '"In-RBC
were finally resuspended to a final volume of 9 ml in Tyrode
solution. Each of 3 rabbits received approximately 10' '"In-
labelled RBC.

Preparation of agents for injection
All agents were diluted to the stated concentration in 0.9%
sterile, pyrogen-free saline, except PAF, which was prepared
in 0.9% sterile, pyrogen-free saline containing 0.1% BSA.

Measurement ofRPA reactions and responses to
zymosan, ZAP, BK and PAF in rabbit skin
Rabbits were anaesthetized with i.v. sodium pentobarbitone
and their dorsal skin shaved and marked out with 6 repli¬

cates of 12 treatment sites according to a balanced site plan.
ulIn-RBC and l23I-albumin (5/iCikg"1) mixed with Evans
blue dye as a visual marker were injected i.v., followed 5 min
later by either mAb R15.7, mAb RR1/1, or non-reactive
mouse IgG (all at 2 mg kg-1). After a further 15 min, Arthus
antiserum (anti-BGG, 25, 50 and 100%), zymosan (30, 100
and 300 pg per site), ZAP (100%), PAF (10-9 mol per site)
± PGE2 (3 x 10"10 mol per site) and BK (10"10 mol per site)
± PGE2 (3 x 10"'° mol per site) were injected i.d. Arthus
(BGG) antigen, was injected i.v. 5 min after the i.d. injec¬
tions. Blood was collected by cardiac puncture 4 h after i.v.
BGG, and animals were killed by anaesthetic overdose. The
dorsal skin was removed and treatment sites excised with a

17 mm diameter punch. Skin sites were counted, with blood
and plasma samples, in a gamma counter with automatic
spill-over and cross talk correction (Packard Cobra, Meri¬
dian, Ct, U.S.A.). Albumin accumulation was expressed as
equivalent pi plasma per skin site by dividing skin sample
l25I-counts by 125I-counts in 1 pi of plasma. RBC accumula¬
tion was expressed as equivalent pi of blood per skin site by
dividing skin sample "'In-counts by the '"In-counts in 1 pi
of blood. Blood samples were also used to determine the
level of free "'In, which was below 4% in all experiments.

Materials

Freund's complete and incomplete adjuvants, BSA (low
endotoxin and fatty acid-free), bovine gamma globulin
(BGG), BK, zymosan and PGE2 were purchased from Sigma
Chemical Co., Poole, Dorset. l25I-human serum albumin
(20mgml"' albumin in sterile isotonic saline, 50pCiml"')
and '"InCl3 (2 mCi in 0.2 ml sterile pyrogen free 0.04 M HC1)
were from Amersham International, Amersham, Bucking¬
hamshire. Sagatal (sodium pentobarbitone, 60mgml"') was
from May and Baker, Dagenham, Essex. Evans Blue Dye
was from BDH, Poole, Dorset. Viaflex (sterile, pyrogen-free
isotonic saline solution) was from Baxter Healthcare Ltd.,
Thetford, Norfolk. PAF was from Bachem, Saffron, Walden,
Essex. Mouse IgG was from Rockland, PO Box 316, Gil-
bertsville, PA 19525, U.S.A.

Statistical analysis
All data are presented as mean ± s.e.mean of the indicated
number of experiments. Data were analyzed by 1 or 2 way
analysis of variance, and significant differences (*/><0.05,
**P<0.01) between means were determined by the Neuman
Keuls procedure.

Results

Effect ofmAb R15.7 and mAb RR1/1 on oedema
formation and '"In-RBC accumulation in the RPA
reaction

The inflammatory response associated with the RPA reaction
in animals treated with i.v. control Ab (mouse; whole IgG)
measured after 4 h is shown in Figure 1. Administration (i.d.)
of increasing doses of Arthus antiserum (25, 50 and 100%)
followed by i.v. injection of antigen elicited a dose-dependent
accumulation of l25I-albumin (Figure la; open squares) and
"'In-RBC (Figure lb; open squares). In order to determine
whether the adhesion glycoproteins CD18 and ICAM-1 are
involved in this complement-mediated vasculitis we pre-
treated (2mgkg"', i.v.) rabbits with mAb R15.7 or mAb
RR1/1, respectively, and measured the inflammatory res¬
ponse. Accumulation of both 125I-albumin (Figure la; filled
squares) and "'In-RBC (Figure lb; filled squares) was
attenuated by mAb R15.7. In contrast to the results obtained
with mAb R15.7, RR1/1 produced only partial inhibition.
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Fignre 1 Effect of monoclonal antibodies (mAbs) R15.7 and RR1/1
on l25I-albumin (a) and '"In-RBC accumulation (b) in the reversed
passive Arthus (RPA) reaction in rabbit skin. Rabbits received i.v.
injections of either non-reactive mouse IgG (□), mAb R1S.7 (■), or
mAb RR1/1 (•), all at 2mgkg"', 15min later, different titres (25,
50 and 100%) of Arthus antiserum were injected i.d., followed by
bovine-y-globulin (5 mg kg-1) i.v. Animals were killed after 4h and
oedema formation and haemorrhage quantified as detailed in the
methods section. Data are presented as mean values + s.e.mean of
responses obtained in n = 5 animals. Responses to normal rabbit
serum were not significantly different from responses to saline.
Significant difference from the appropriate control is indicated by:
*P<0.05 or **/><0.01.

Figure 2 Effect of monoclonal antibodies (mAbs) R15.7 and RR1/1
on ,23I-albumin (a) and '"In-RBC accumulation (b) in response to
zymosan in rabbit skin. Rabbits received i.v. injections of either
non-reactive mouse IgG (□), mAb R15.7 (■), or mAb RR1/1 (•),
all at 2mgkg-'. Increasing doses (30, 100 and 300 jag/site) of zymo¬
san were injected i.d. 15 min later. Animals were killed after 4 h and
oedema formation and haemorrhage quantified as detailed in the
methods section. Data are presented as mean values ± s.e.mean of
responses obtained in n = 5 animals. The dotted line represents
saline-injected sites. Significant difference from the appropriate con¬
trol is indicated by: *P<0.05 or **P<0.01.

Effect ofmAb R15.7 and mAb RR1/1 on oedema
formation and '"In-RBC accumulation induced by
zymosan particles
Having shown that responses induced by immune complex
formation which primarily trigger the classical pathway of
complement activation (the RPA reaction) are inhibited to
varying degrees by the above mAbs we next examined their
effect on responses induced by zymosan particles which typic¬
ally activate complement by the alternative pathway. Zymosan
particles (30,100 and 300 pg per site) caused dose-dependent
responses measured 4 h after i.d. injections (Figure 2, open
squares). Intravenous mAb R15.7 (2 mg kg*') inhibited I-
albumin and '"In-RBC accumulation induced by all doses of
zymosan (Figure 2; filled squares) by >90%. Treatment with
mAb RR1/1 (2 mg kg-1) significantly reduced, but did not
abolish, '"In-RBC accumulation to all doses of zymosan
(Figure 2b; filled circles). Accumulation of ,25I-albumin in
response to 100 and 300 pg per site zymosan was also signi¬
ficantly inhibited by RR1/1 (Figure 2a; filled circles).

Effect ofmAb R15.7 and RR1/I on oedema formation
and RBC accumulation in responses to ZAP and other
mediators

ZAP, a source of preformed CSa^^, caused marked accu¬
mulation of both ,23I-albumin (Figure 3a) and "'In-RBC
(Figure 3b). These responses were abolished by mAb R15.7.
'"In-RBC accumulation in response to ZAP was partially
inhibited by RR1/1 (Figure 3b). The neutrophil-independent
oedema forming mediators PAF and BK induced accumula¬
tion of l23I-albumin, which was potentiated in the presence of
PGEj. These responses were unaffected by mAb R15.7 and
RR1/1. Little or no accumulation of l25I-albumin or "'In-
RBC, above that caused by saline, was caused by PGE2
alone.

Discussion

When locally injected antibodies come into contact with
systemically administered antigen, as in RPA reactions of
rabbit skin, the immune complexes formed cause activation
of complement. This sets in motion the chain of events that
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Figure 3 Effect of mAbs R15.7 and RR1/1 on 125I-albumin (a) and
"'In-RBC accumulation (b) in responses to zymosan activated
plasma (ZAP), platelet activating factor (PAF) and bradykinin (BK)
in rabbit skin. Rabbits received i.v. injections of either non-reactive
mouse IgG (open columns), mAb R1S.7 (solid columns), or mAb
RR1/1 (hatched columns), all at 2mgkg"'; ISmin later ZAP
(100%), PAF (10-'mol/site)±PGE2 (3 x 10"10 mol/site) and BK
(10"10 mol/site) ± PGE2 (3 X 10"10 mol/site) were injected i.d. Ani¬
mals were killed after 4 h and oedema formation and haemorrhage
quantified as detailed in the methods section. Data are presented as
mean ± s.e.mean of responses obtained in n = 4-6 animals. Res¬
ponses to PGE2 (3 x 10"10 mol/site) and BSA were not significantly
different from responses to saline. Significant difference from the
appropriate control is indicated by: */><0.05.

lead to the well described pathology that includes accumula¬
tion and activation of inflammatory cells, leakage of plasma
proteins, haemorrhage, platelet deposition and in severe cases
necrosis (Cochrane & Janoff, 1974; Williams et al., 1986;
Pons et al., 1993). Extensive study has revealed much about
the processes that underlie the Arthus reaction. The reaction
is, as mentioned above, dependent on complement, and can
be inhibited by decomplementation with cobra venom factor,
anti-complement antibodies or by soluble complement recep¬
tors (Stetson & Good, 1951; Humphrey, 1955; Ward &
Cochrane, 1965; Cochrane et al., 1970; Cochrane & Janoff,
1974; Rossi et al., 1992). We have previously demonstrated a
role for platelet-activating factor (Hellewell & Williams,
1986; Rossi et al., 1992), and for vasodilator prostaglandins
(Williams et al., 1986) in the plasma extravasation associated
with the RPA reaction. Neutrophil dependence has been
demonstrated by the fact that RPA reactions are suppressed
in neutrophil-depleted animals (Stetson & Good, 1951; Hum¬
phrey, 1955).
The CD18/fc integrin family of adhesion molecules has

been extensively studied both in vitro (Springer, 1990) and in
vivo (Rampart & Williams, 1988; Nourshargh el al., 1989;
Mulligan et al., 1992; 1993a,b; Argenbright & Barton, 1992;
Williams & Hellewell, 1992). Two members of the ft> integrin
family, CDlla/CD18 (LFA-1) and Cllb/CD18 (Mac-1) are
widely held to be important in neutrophil adhesion at and
migration to inflammatory sites. Increased adhesion via LFA-
1, which is expressed constitutively on resting leukocytes can

be seen with no measurable increase in LFA-1 molecule
numbers. This is mediated via a change in the avidity of the
molecule for its ligand, ICAM-1, a rapid process that occurs
within minutes (Springer, 1990). Mac-1 expression, is rapidly
increased upon exposure to a variety of inflammatory stimuli
(Jutila et al., 1989), a response thought to be important in
neutrophil aggregation (Vedder & Harlan, 1988), rather than
in adherence to endothelium which is mediated by a confor¬
mational change like that of LFA-1. Pretreatment, in vitro, of
radiolabelled neutrophils with anti-CD18 mAB 60.3 has been
shown to inhibit their accumulation in skin, in response to
various inflammatory stimuli including; RPA reactions,
zymosan, and ZAP (Nourshargh et al., 1989).
In this paper we have demonstrated that oedema forma¬

tion and 1 "In-RBC accumulation produced in the RPA reac¬
tion, and by zymosan and ZAP in rabbit skin is abolished by
systemic treatment with the anti-CD18 mAb R15.7. We have
found that mAb R15.7 did not reduce circulating leuko¬
cyte numbers. At 0.5, 2 and 4 h in a typical experiment,
circulating leukocyte numbers were 3.0, 4.8 and 3.2 x 106
cells per ml blood, comparing with 2.9, 3.7 and 2.0 x 10'
cells ml"1 blood in a parallel control. This is in agreement
with the findings of Lindbom et al. (1990). This indicates that
oedema formation and haemorrhage produced in the RPA
reaction and in response to zymosan and ZAP are totally
dependent upon neutrophil accumulation and/or activation
via a pathway that involves fc integrins. Treatment with
anti-CD 18 mAbs partially inhibits immune complex-mediated
injury of rat lungs (Mulligan et al., 1992). This inhibition is
incomplete, as compared to the total block seen in our rabbit
skin experiments, a fact which may be attributed to recruit¬
ment of neutrophils in lung by CD18-independent adhesion
pathways. It has been demonstrated previously that the cyto¬
kines interleukin-1 (IL-1) and tumour necrosis factor a
(TNFa) are both involved in immune complex mediated
injury of rat lung (Mulligan & Ward, 1992), and that IL-1,
but not TNFa, is involved in RPA reactions of rat (Mulligan
& Ward, 1992) and rabbit (Issekutz et al., 1992) skin. These
cytokines, via direct effects on leukocytes, induction of
adhesion pathways, and other actions may permit the cell
accumulation and activation responsible for the pathology of
complement-mediated lung injury, even in the presence of
CD18 blockade.
ICAM-1 is a widely distributed adhesion molecule, existing

on a variety of cell types including fibroblasts and endothelial
cells (Rothlein et al., 1986), which is important as a receptor
for LFA-1 and Mac-1. Expression of ICAM-1 can be
upregulated by cytokines including IL-1 and TNF-a (Roth¬
lein et al., 1986). Antibodies to ICAM-1 have been shown to
inhibit leukocyte adhesion to and migration through endo¬
thelial monolayers in vitro (Smith et al., 1988; 1989) and
inflammation in vivo (Barton et al., 1989; Wegner et al., 1989;
Argenbright & Barton, 1991; 1992) We have demonstrated
that anti-ICAM-1 mAb RR1/1 inhibits oedema formation
and haemorrhage caused by the RPA reaction and zymosan,
and the haemorrhage caused by ZAP. In a typical experi¬
ment, at 0.5, 2 and 4h after RR1/1 treatment, circulating
leukocyte numbers were 2.7, 2.5 and 2.9x10' cells ml"1
blood respectively, comparing with values in a parallel con¬
trol of 2.7, 2.2 and 2.0 x 106 cells ml"1 blood. Thus, it is
unlikely that any inhibitory effect of mAb RR1/1 is due to
depletion of circulating leucocyte numbers. The inhibition of
the above responses seen with mAb RR1/1 was significant,
but was not total when compared to the block seen with
mAb R15.7. The fact that this inhibition is not complete may
be due to a number of factors including limited antibody
potency, or involvement of other ligands such as components
of the complement cascade (Springer, 1990), or other ICAMs
(Vazeux et al., 1992; Fawcett et al., 1992). A recent work
(Noonan et at., 1993), using another anti-ICAM-1 antibody,
R6.5, has shown a non significant, 32% reduction of haemor¬
rhage in the Arthus reaction, which is compared with a
significant 83% reduction of haemorrhage in the Shwartz-
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man reaction, suggesting greater relative importance of
ICAM-1 in the Shwartzman than in the Arthus reaction. A
partial effect of anti-ICAM-1 treatment in complement and
immune complex-mediated rat lung injury has recently been
demonstrated (Mulligan et al., 1993a,b). Another endothelial
cell adhesion molecule, ELAM-1, has been shown to play a
role in immune complex-mediated reactions in both the lungs
and skin of rats (Mulligan et al., 1991).
In addition to our studies with complement-mediated reac¬

tions, we have shown that plasma protein leakage in response
to PAF and BK both in the presence and absence of PGE2

are unaffected by anti-CD18 or anti-ICAM-1 treatment. This
finding is in accordance with the classification of these
mediators as neutrophil independent (Wedmore & Williams,
1981a,b). In conclusion, we find that different complement-
mediated reactions of rabbit skin developing over 4 h are
totally CD18-dependent, and are also, at least partly ICAM-
1-dependent.
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References

ARFORS, K.E., LUNDBERG, C., LINDBONN, L., LUNDBERG, K.,
BEATTY, P.G. A HARLAN, J.M.A. (1987). Monoclonal antibody to
the membrane glycoprotein complex CD18 inhibits polymor¬
phonuclear leukocyte accumulation and plasma leakage in vivo.
Blood, 69, 338-341.

ARGENBRIGHT, L.W. A BARTON, R.W. (1991). The Shwartzman
response: a model of ICAM-1 dependent vasculitis. Agents
Actions, 34, 208 -210.

ARGENBRIGHT, L.W. A BARTON, R.W. (1992). Interactions of leuko¬
cyte integrins with intercellular adhesion molecule-1 in the pro¬
duction of inflammatory vascular injury in vivo. J. Clin. Invest.,
89, 259- 272.

ARGENBRIGHT, L.W., LETTS, L.G. & ROTHLEIN, R. (1991). Mono¬
clonal antibodies to the leukocyte membrane CD18 glycoprotein
complex and to intercellular adhesion molecule-1 inhibit leuko-
cyte-endothelial adhesion in rabbits. J. Leukocyte Biol., 49,
253-257.

ARTHUS, M. (1903). Injections repetes de serum de cheval chez le
lapin. C.R. Soc. Biol. (Paris), 55, 817-820.

BARTON, R.W., ROTHLEIN, R., KSIAZEK, J. A KENNEDY, C. (1989).
The effect of anti-intercellular adhesion molecule-1 on phorbol-
ester-induced rabbit lung inflammation. J. Immunol., 143, 1278-
1282.

COCHRANE, C.G., MULLER-EBERHARD, H.J. A AIKIN, B.S. (1970).
Depletion of complement in vivo by a protein of cobra venom: its
effect on various immunologic reactions. J. Immunol., 105,
55-69.

COCHRANE, G.C. A JANOFF, A. (1974). The Arthus reaction: a
model of neutrophil and complement-mediated injury. In The
Inflammatory Process, ed. Zweifach, B.W., Grant, L. & Mc-
Cluskey, R.T. pp. 85-62. New York: Academic Press.

COLLINS, P.D., JOSE, P.J. A WILLIAMS, T.J. (1991). The sequential
generation of neutrophil chemoattractant proteins in acute in¬
flammation in the rabbit in vivo. J. Immunol., 146, 677 - 684.

FAWCETT, J., HOLNESS, C.L.L., NEEDHAM, L.A., TURLEY, H., GAT-
TER, K.C., MASON, D.Y. A SIMMONS, D.L. (1992). Molecular
cloning of ICAM-3 a third ligand for LFA-1, constitutively ex¬
pressed on resting leukocytes. Nature, 360, 481-484.

HELLEWELL, P.G. A WILLIAMS, T.J. (1986). A specific antagonist of
platelet-activating factor suppresses oedema formation in an
Arthus reaction but not oedema induced by leukocyte chemo-
attractants in rabbit skin. J. Immunol., 137, 302-307.

HILL, J., LINDSAY, T.C., VALERI, C.R., SHEPRO, D. A HECHMAN,
H.B. (1993). A CD18 antibody prevents lung injury but not
hypotension after intestinal ischaemia-reperfusion. J. Appl.
Physiol., 74, 659 - 664.

HORGAN, M.J., GE, M„ GU, J., ROTHLEIN, R. A MALIK, A.B. (1991).
Role of ICAM-1 in neutrophil-mediated lung vascular injury
after occlusion and reperfusion. Am. J. Physiol., 261, 1578-1574.

HUMPHREY, J.H. (1955). The mechanisms of Arthus reactions. I.
The role of polymorphonuclear leukocytes and other factors in
reversed passive Arthus reactions in rabbits. Br. J. Exp. Pathol.,
36, 268-282.

ISSEKUTZ, A C., LOPES, N. A ISSEKUTZ, T.B. (1992). Role of inter-
leukin-1 and tumour necrosis factor in leukocyte recruitment to
acute dermal inflammation. Medial. Inflamm., 1, 347-353.

JUTILA, M.A., ROTT, L., BERG, E.L. A BUTCHER, E C. (1989). Func¬
tion and regulation of the neutrophil Mel-14 antigen in vivo:
comparison with LFA-1 and Mac-1. J. Immunol., 143, 3318—
3324.

LINDBOM, L., LUNDBERG, C., PRIETO, J., RAUD, J., NORTAMO, P.,
GAHMBERG, C.G. A PATARROYO, M. (1990). Rabbit adhesion
molecules CD11/CD18 and their participation in acute and delay¬
ed inflammatory responses and leukocyte distribution in vivo.
Clin. Immunol. Immunopathol., 57, 105-119.

MULLIGAN, M.S., SMITH, C.W., ANDERSON, D.C., TODD III, R.F.,
MIYASAKA, M., TAKUYA, T., ISSEKUTZ, T.B. A WARD, P.A.
(1993a). Role of leukocyte adhesion molecules in complement-
induced lung injury. J. Immunol., 150, 2401-2406.

MULLIGAN, M.S., VARANI, J., DAME, M.K., LANE, C.L. A SMITH,
C.W. (1991). Role of endothelial-leukocyte adhesion molecule-1
(ELAM-1) in neutrophil mediated lung injury in rats. J. Clin.
Invest., 88, 1396-1406.

MULLIGAN, M.S., VARANI, J., WARREN, J.S., TILL, GO., SMITH,
C.W., ANDERSON, DC., TODD III, R.F. A WARD, P.A. (1992).
Roles of integrins of rat neutrophils in complement- and
oxygen radical-mediated acute inflammatory injury. J. Immunol.,
148, 1847-1857.

MULLIGAN, M.S. A WARD, P.A. (1992). Immune complex-induced
lung and dermal vascular injury: differing requirements for
tumour-necrosis factor-a and IL-1. J. Immunol., 149, 331-339.

MULLIGAN, M.S., WILSON, G.P., TODD, R.F., SMITH, C.W., ANDER¬
SON, D.C., VARANI, J., ISSEKUTZ, T.B., MYASAKA, M., TAMA-
TANI, T., RUSCHE, J.R., VAPORCIYAN, A.A. A WARD, P.A.
(1993b). Role of Pi, P2 integrins and ICAM-1 in lung injury after
deposition of IgG and IgA immune complexes. J. Immunol., 150,
2407-2417.

NOONAN, T.C., DESAI, S.N. A ARGENBRIGHT, L.W. (1993). Leuko¬
cyte adhesion molecules mediating hemorrhage from Arthus and
Shwartzman responses in rabbit skin. Pharmacologist, 35, 197.

NOURSHARGH, S„ RAMPART, M., HELLEWELL, P.G., JOSE, P.J.,
HARLAN, J.M, EDWARDS, A.J. A WILLIAMS, T.J. (1989). Accu¬
mulation of '"In-neutrophils in rabbit skin in allergic and non-
allergic inflammatory reactions in vivo: inhibition by neutrophil
pretreatment in vitro with a monoclonal antibody recognizing the
CD18 antigen. J. Immunol., 142, 3193-3198.

PONS, F„ ROSSI, AG., NORMAN, K.E., WILLIAMS, TJ. A NOUR¬
SHARGH, S. (1992). Role of platelet-activating factor in platelet
accumulation in rabbit skin. Br. J. Pharmacol., 109, 234-242.

RAMPART, M. A WILLIAMS, T.J. (1988). Evidence that neutrophil
accumulation induced by interleukin-1 requires both local protein
biosynthesis and neutrophil CD18 antigen expression in vivo. Br.
J. Pharmacol., 94, 1143-1148.

ROSSI, AG, NORMAN, K.E., DONIGI-GALE, D., SHOUPE, T.S.,
EDWARDS, R. A WILLIAMS, T.J. (1992). The role of complement,
platelet-activating factor, and leukotriene B4 in a reversed passive
Arthus reaction. Br. J. Pharmacol., 107, 44-49.

ROTHLEIN, R., DUSTIN, M L., MARLIN, S.D. A SPRINGER, T.A.
(1986). A human intercellular adhesion molecule (ICAM-1) dis¬
tinct from LFA-1. J. Immunol., 137, 1270-1274.

ROTHLEIN, R., MAINOLFI, E.A., CZAJKOWSKI, M. A MARLIN, S.D.
(1991). A form of circulating ICAM-1 in human serum. J.
Immunol., 147, 3788-3793.

SANCHEZ-MADRID, F„ NAGY, J.A., ROBBINS, E„ SIMON, P. A
SPRINGER, T.A. (1983). A human leukocyte differentiation anti¬
gen family with distinct a-subunits and a common p-subunit: the
lymphocyte function-association antigen (LFA-1), the C3bi com¬
plement receptor (OKMl/Mac-1), and the pl5095 molecule. J
Exp. Med., 158, 1785-1803.



122 K.E. NORMAN el al.

SMITH, C.W., MARUN, S.D., ROTHLEIN, R., TOMAN, C. & ANDER¬
SON, D.C. (1989). Cooperative interactions of LFA-1 and Mac-1
with intercellular adhesion molecule-1 in facilitating adherence
and transendothelial migration of human neutrophils in vitro. J.
Clin. Invest., 83, 2008 - 2017.

SMITH, C.W., ROTHLEIN, R., HUGHES, B.J., MARISCALO, MM.,
SCHMALSTIEG, F.C. & ANDERSON, D.C. (1988). Recognition of
an endothelial determinant for CD 18-dependent neutrophil
adherence and transendothelial migration. J. Clin. Invest., 82,
1746.

SPRINGER, T.A. (1990). Adhesion receptors of the immune system.
Nature, 346, 425-434.

STETSON, C.A. & GOOD, R.A. (1951). Studies on the mechanisms of
the Shwartzman Phenomenon. Evidence for the participation of
polymorphonuclear leukocytes in the phenomenon. J. Exp. Med.,
93, 49-64.

VAN OSSELAER, N., RAMPART, M. & HERMAN, A G. (1992). The
effect of antibodies to CD18, CDllb and ICAM-1 on neutrophil
accumulation and neutrophil-dependent plasma leakage in vivo.
FASEB J., 6, A1143.

VAZEUX, R„ HOFFMAN, P.A., TOMITA, J.K., DICKINSON, E.S., JAS-
MAN, R.L., ST JOHN, T. & GALLATIN, M. (1992). Cloning and
characterisation of a new intercellular adhesion molecule ICAM-
R. Nature, 360, 485-488.

VEDDER, N.B. & HARLAN, J.M. (1988). Increased surface expression
of CD1 lb/CD 18 (Mac-1) is not required for stimulated neutro¬
phil adherence to cultured endothelium. J. Clin. Invest., 81,
676-682.

WARD, P.A. & COCHRANE, C.G. (1965). Bound complement and
immunologic injury of blood vessels. J. Exp. Med., 121, 215-234.

WEDMORE, C.V. & WILLIAMS, T.J. (1981a). Control of vascular
permeability by polymorphonuclear leukocytes in inflammation.
Nature, 289, 646- 650.

WEDMORE, C.V. & WILLIAMS, T.J. (1981b). Platelet-activating factor
(PAF), a secretory product of polymorphonuclear leukocytes in¬
creases vascular permeability in rabbit skin. Br. J. Pharmacol.,
74, 916P.

WEGNER, C.G., GUNDEL, R.H., REILLY, P., HAYNES, N„ LETTS, G.
& ROTHLEIN R. (1989). Intercellular adhesion molecule-1
(ICAM-1) in the pathogenesis of asthma. Science, 247, 456-458.

WELBOURN, R„ GOLDMAN, G., KOBZIK, L„ PATERSON, I., VALERI,
C.R., SHEPRO, D. & HECHTMAN, H.B. (1990). Neutrophil
adherence receptors (CD18) in ischaemia. Dissociation between
quantitative cell surface expression and diapedesis mediated by
leukotriene B4. J. Immunol., 145, 1906-1911.

WILLIAMS, T.J. & HELLEWELL, P.G. (1992). Adhesion molecules
involved in the microvascular inflammatory response. Am. Rev.
Resp. Dis., 146, S45-S50.

WILLIAMS, TJ., HELLEWELL, P.G. & JOSE, P.J. (1986). Inflammatory
mechanisms in the Arthus reaction. Agents Actions, 19, 66-72.

(Received June 7, 1993
Revised September 6, 1993

Accepted September 17, 1993)



Publication 46

Br. J. Pharmacol. (1994), 111, 811-818 © Macmillan Press Ltd, 1994

Role of CD 18 in the accumulation of eosinophils and
neutrophils and local oedema formation in inflammatory
reactions in guinea-pig skin
M.M. Teixeira, S. Reynia, *M. Robinson, *A. Shock, T.J. Williams, F.M. Williams,
A.G. Rossi & 'P.G. Hellewell

Department of Applied Pharmacology, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY and "Celltech
Limited, 216 Bath Road, Slough SL1 4EN

1 Intradermal injection of the complement fragment C5a des Arg induces local oedema formation that,
in rabbits and man, is dependent on circulating neutrophils. Monoclonal antibodies to the leukocyte
adhesion molecule CD11/CD18 block neutrophil accumulation and prevent neutrophil-dependent
oedema formation. The role of CD11/CD18 in mediating eosinophil accumulation in vivo is less
established. In this study we have used an anti-human CD18 monoclonal antibody, 6.5E, to investigate
the neutrophil-dependency of oedema formation induced by C5a des Arg in guinea-pig skin. We also
studied the role of CD 18 in mediating eosinophil accumulation in the same model.
2 Stimulated adhesion of "'In-labelled guinea-pig neutrophils and eosinophils to serum-coated plastic
was inhibited in a dose-dependent manner by 6.5E suggesting that the monoclonal antibody recognizes
and blocks the guinea-pig CD18 adhesion molecule.
3 The accumulation of '"In-labelled neutrophils induced by zymosan-activated plasma (ZAP, as a
source of C5a des Arg) in skin sites was reduced by up to 89% in animals treated intravenously with
F(ab')2 fragments of 6.5E. ZAP-induced accumulation of "'In-labelled eosinophils was also greatly
reduced (by up to 78%) by treatment with 6.5E.
4 Despite the inhibition of ZAP-induced neutrophil accumulation by 6.5E, local oedema formation in
the same skin sites was unaffected, except at the top dose of ZAP, by treatment with the anti-CD18
monoclonal antibody, suggesting that the oedema response was largely neutrophil-independent. Indeed,
ZAP-induced oedema formation was reduced by up to 81% by the H, receptor antagonist, mepyramine.
5 Accumulation of "'In-labelled eosinophils in a passive cutaneous anaphylactic (PCA) reaction was
also blocked by treatment with 6.5E, while oedema formation in the same skin sites was unaffected.
Intradermal injection of cationic protein-containing extracts of Schistosoma mansoni larvae also induced
the accumulation of "'In-labelled neutrophils and eosinophils which was abrogated by intravenous 6.5E.
In contrast, extract-induced local oedema formation was similar in control and 6.5E-treated guinea-pigs.
6 In summary, the local accumulation of radiolabeled neutrophils at sites of inflammation in guinea-
pig skin was dependent on the adhesion molecule CD 18 while, in contrast, there was no evidence for
neutrophil-dependent oedema formation in this species. Accumulation of radiolabelled eosinophils was
also dependent on CD18.

Keywords: Eosinophils; neutrophils; inflammation; oedema; CD18; adhesion molecules; guinea-pig skin

Introduction

Intradermal injection of the complement fragment, C5a and
its metabolite, C5a des Arg, induces an increase in microvas¬
cular permeability leading to local oedema formation. In
rabbit skin, C5a-induced oedema formation is delayed com¬
pared with 'direct-acting' mediators such as histamine and
bradykinin and is dependent on circulating neutrophils
(Issekutz, 1981; Jose et al., 1981; Wedmore & Williams, 1981;
Williams & Jose, 1981). Moreover, there is little evidence in
the rabbit for the involvement of mast cell products such as
histamine (Jose et al., 1981; Williams & Jose, 1981). Studies
in man have shown that the wheal response to i.d. injection
of zymosan-activated autologous serum (ZAS), as a source of
C5a des Arg, was attenuated in neutropaenic subjects but
only marginally reduced by an anti-histamine (Williamson et
al., 1986). In contrast, i.d. injection of C5a or C5a des Arg
from a number of species into guinea-pig skin induces an
immediate increase in vascular permeability that is reduced
by anti-histamines (Davies & Lowe, 1960; 1962; Dias da
Silva & Lepow, 1967; Cochrane & Muller-Eberhard, 1968).
The exception is human C5a des Arg which has little

' Author for correspondence.

permeability-increasing activity in guinea-pig skin although
intact C5a is very potent (Fernandez et al., 1978; Webster et
al., 1980). However, the neutrophil-dependency of the
permeability response in guinea-pig skin remains to be estab¬
lished.

Neutrophil accumulation at sites of cutaneous inflam¬
mation is dependent on several adhesion pathways including
the leukocyte 02 integrin CD11/CD18. For example, mono¬
clonal antibodies (mAbs) directed against CD18 are very
effective inhibitors of neutrophil accumulation in the skin of
rats and rabbits (Arfors et al., 1987; Nourshargh et al., 1989;
Doerschuk et al., 1990; Mulligan et al., 1992). These observa¬
tions are consistent with the inability of neutrophils to mi¬
grate to sites of local cutaneous inflammation in patients
suffering from leukocyte adhesion deficiency (LAD), whose
neutrophils lack the CD18 molecule (Bowen et al., 1982;
Hawkins et al., 1992). In contrast to the well-established role
of CD 18 in mediating neutrophil accumulation in vivo, the
involvement of this molecule in eosinophil accumulation in
vivo has been less studied. Indeed, evidence suggests that the
P, integrin VLA-4, present on eosinophils but not neutro¬
phils, plays an important role in eosinophil accumulation
(Weg et al., 1993).
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In the present study, we used an anti-human CD18 mAb
6.5E, that recognizes the guinea-pig homologue, to determine
the role of neutrophils in mediating local oedema formation
in guinea-pig skin. We also examined the effect of the mAb
on the accumulation of radiolabeled neutrophils and
eosinophils in response to a number of inflammatory
mediators, in a passive cutaneous anaphylactic (PCA) reac¬
tion and in response to cationic protein-containing extracts
of Schistosoma mansoni larvae.

Methods

Preparation of zymosan-activated plasma

Zymosan-activated plasma (ZAP) was used as a source of
guinea-pig C5a des Arg. Guinea-pig heparinized (lOiuml"')
plasma was incubated with zymosan (5mgml_l) at 37"C.
After 30 min, zymosan was removed by centrifugation
(2 x 10 min at 3,000 g). The ZAP was then desalted on a
PD-10 Sephadex G-25M column (Pharmacia) and stored in
aliquots at — 20°C.

Anti-CD18 monoclonal antibody
The anti-CD18 mAb 6.5E was generated from a mouse
immunized with the human B lymphoblastoid cell line JY.
6.5E is a murine IgGi monoclonal antibody and blocks
CD18 function on both human (Andrew et al., 1993) and
rabbit cells (Galea-Lauri et al., 1993). The antibody was
purified from hybridoma supernatant by Protein-A affinity
chromatography and F(ab')2 fragments generated as des¬
cribed in Hudson & Hay (1989). Endotoxin was assayed by
the Coatest LAL assay (Kabi Pharmacia Diagnostics, Milton
Keynes); the stock F(ab')2 preparation (4.8 mg ml"1) used in
these experiments contained less than 1 Eu mg"'. In some
experiments the mouse myeloma protein MOPC21 (IgGt,
Celltech) was used as a control antibody.

Preparation ofpassive cutaneous anaphylaxis sera and
reactions

Details of the preparation of sera and doses of antigen are
described elsewhere (Weg et al., 1991). Briefly, male guinea-
pigs (Harlan Porcellus, Oxon; 350-400 g) were immunized
with BGG in Freund's complete adjuvant followed by a
boost on day 21 and serum collected on day 30. Recipient
animals received an i.d. injection of 50 pi of a 1/50 dilution
of the anti-serum followed, 16-20 h later, by the injection of
antigen (BGG, 0.01-1 pg per site). Most of the tissue-fixing
antibody was of the IgG] isotype (Weg et al., 1991).

Induction, purification and radiolabelling ofguinea-pig
eosinophils
The method is described in detail elsewhere (Faccioli et al.,
1991; Teixeira et al., 1993b). Briefly, ex-breeder female
guinea-pigs (Harlan Porcellus; 700- 800 g) were treated with
neat horse serum (1 ml i.p.) every other day for 2 weeks and
the cells collected by peritoneal lavage with heparinized saline
(10 iu ml-1) 2 days after the last injection. The cells obtained
were layered onto a discontinuous Percoll-HBSS (calcium
and magnesium-free) gradient followed by centrifugation
(1,500 g, 25 min at 20°C). Eosinophils (>95% pure, >98%
viable) were collected from the 1.085/1.090 and 1.090/
1.095 g ml-1 density interfaces. The purified eosinophils were
radiolabelled by incubation with '"InCI3 (100 pCi in 10 pi)
chelated to 2-mercaptopyridine-JV-oxide (mere; 40 pg in
0.1 ml of 50 mM PBS, pH 7.4) for 15 min at 20'C. The cells
were then washed twice in HBSS (calcium- and magnesium-
free) containing 10% guinea-pig platelet-poor plasma and
resuspended at a final concentration of 107 cells ml"1 prior to

injection. The labelling efficiency for eosinophils was 78-
90%.

Induction, purification and radiolabelling ofguinea-pig
neutrophils
Neutrophils were elicited in the peritoneal cavity of naive
ex-breeder guinea-pigs by the i.p. injection of 15 ml of a 5%
(w/v) solution of casein as previously described (Teixeira et
al., 1993b). After 8-12 h, the animals were killed and the
peritoneal cavity washed with heparinized saline (10 iu ml"1).
The rest of the procedure was followed as described for the
eosinophils. The cells were also collected from the 1.085/
1.090 and 1.090/1.095 g ml"1 interfaces. The purity of the
preparation was always greater than 99% and the rare con¬
taminants were eosinophils and occasional mononuclear cells.
Viability, tested by trypan blue exclusion, was greater than
98%. Neutrophils were also radiolabelled with mIn-merc and
resuspended at a concentration of 107 cells ml"1. The label¬
ling efficiency for neutrophils was 80-83%.

Measurement of local oedema formation and leukocyte
accumulation in guinea-pig skin
Radiolabelled leukocyte infiltration and oedema formation
were measured simultaneously in the skin. ,25I-human serum
albumin (5 pCi) was added to the "'In-labelled eosinophils or
neutrophils prior to i.v. injection (2.5 x 106 cells per animal)
into recipient guinea-pigs (Harlan Porcellus; 350-400 g)
anesthetized with Hypnorm (0.2 ml i.m.). Experiments were
conducted in pairs, one guinea-pig receiving the vehicle
(pyrogen-free saline, 1 ml kg"1) and the other receiving 6.5E
(0.24-2.4 mg kg"1). The antibody or saline were injected i.v.
5 min before infusion of radiolabelled leukocytes. Preliminary
studies established that ZAP-induced inflammatory responses
were no different in animals that received saline or a control
antibody (MOPC21, 2.4mgkg"', i.v.); thus, saline was con¬
sidered to be a suitable control. Five min after injection of
cells, inflammatory mediators, schistosomal extracts (CH or
cCTF) or antigen were injected i.d. in 0.1ml volumes into
the dorsal skin of the shaved animals. Each animal received a

duplicate of each treatment following a randomized injection
plan and the inflammatory response ("'In-labelled cell
accumulation and oedema formation) was assessed after 2 h.
Experiments were carried out over 2 h since previous time
course studies indicated that the majority of plasma leakage
or leukocyte accumulation was complete at this time (Fac¬
cioli et al., 1991; Weg et al., 1992; Collins et al., 1993). At
this time, blood was obtained by cardiac puncture and the
animals were sacrificed by an overdose of sodium pentobar¬
bitone. The dorsal skin was removed, cleaned free of excess
of blood and the skin sites punched out with a 17 mm punch.
The samples were counted in an automatic 5-head gamma-
counter (Canberra Packard Ltd, Pangbourne, Berks) and the
counts were cross-channel corrected for the two isotopes,
Twoh after infusion of '"In-labelled eosinophils or neutro¬
phils, greater than 95% of total plasma '"In remained
associated with either cell type.
The number of leukocytes accumulating in each site is

expressed as '"In-labelled cells per skin site and oedema
formation as the ratio of l25I counts of the skin sample
divided by the 125I counts in 1 pi of plasma.

Adhesion of leukocytes to serum-coated plastic
The wells of microtitre tissue culture plates (Nunc, Life
Technologies Ltd.) were coated with serum by incubation for
at least 2 h at 37°C with RPMI containing 10% FCS. Plates
were washed twice before the addition of 100 pi of "'In-
labelled guinea-pig eosinophils or neutrophils (2 x 106ml"')
in HBSS containing 0.25% BSA (w/v). This was followed by
whole 6.5E (final concentration 0.1-30 pgml"') or MOPC21
(30pgml"') and 15 min later the cells were stimulated with
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PMA since this is known to be a potent and effective
activator of leukocyte fc integrins (Figdor & Kooyk, 1992).
Based on dose-response studies, PMA was used at a final
concentration of 10"8 M. After incubation for 30 min at

37°C, the medium was removed and the plate washed three
times with PBS containing 2.5% heat-inactivated newborn
calf serum. Adherent leukocytes were solubilized with neat
formic acid and an aliquot counted for radioactivity. Results
are expressed as number of adherent eosinophils or neutro¬
phils per mm2. Experiments were carried out with six rep¬
licates on cells from each animal.

Reagents

The following compounds were purchased from Sigma
Chemical Company (Poole, Dorset): bradykinin, histamine,
substance P, mepyramine maleate, casein, phorbol myristate
acetate (PMA), bovine gamma globulin (BGG) and zymosan.
Hanks solutions, HEPES, foetal calf serum (FCS), newborn
calf serum, RPMI 1640 medium and horse serum were pur¬
chased from Life Technologies Limited (Paisley, Scotland).
Percoll was from Pharmacia (Milton Keynes) and C16 PAF
from Bachem (Saffron Walden, Essex). 125I-labelled human
serum albumin (125I-HSA) and '"InCl3 were purchased from
Amersham International pic (Amersham).
Cercarial homogenates and cercarial transformation fluid

supernatants were prepared as previously described (Teixeira
et at., 1993a). Briefly, snails with patent Schistosoma mansoni
infections were induced to shed cercariae, excess water was
removed by filtration and the residual larvae sedimented.
Cercarial homogenate (CH) was prepared by homogenizing
approximately 3 x 106 cercariae in 2 ml isotonic saline fol¬
lowed by centrifugation. CH was adjusted to 150 pg protein
ml"' and stored at — 20"C until use. For preparation of
cercarial transformation fluid (CTF), sedimented live cer¬
cariae were resuspended in culture medium (1.5 x 10® larvae
in 10 ml Medium 199) and aspirated by syringe 12 to 14
times through a 0.8 x 40 mm needle. CTF in the supernatant
was concentrated (using an Amicon YM2 filter) to produce
cCTF which was adjusted to approximately 50 pg protein
ml"1 and stored at — 20°C.

Statistics

Data were analysed by two-way analysis of variance on
normally distributed data. P values were assigned by the
Neuman-Keuls procedure and considered significant if
PC0.05.

Results

Effect of the anti-CD18 mAb on leukocyte adhesion to
protein-coatedplastic
The effect of 6.5E on the adhesion of guinea-pig neutrophils
and eosinophils to serum-coated plastic is shown in Figure 1.
Basal adhesion of neutrophils and eosinophils ranged from
295-1202 (three experiments) and 160-2490 (four experi¬
ments) cells per mm2, respectively. PMA (10"8 M)-stimulated
adhesion of both types of leukocyte was inhibited in a dose-
dependent manner by 6.5E with ICjo values for neutrophil
and eosinophil adhesion in these particular experiments of 1
and 0.6 pgml"', respectively. Mean ICjo values for neutro¬
phil and eosinophil adhesion in pooled experiments were
1.8 ± 0.6 and 0.9 ± 0.1 pgml"1, respectively (means ± s.e.mean
of three neutrophil and four eosinophil assays). The control
antibody MOPC21 (30pgml"1) had no effect on adhesion of
either leukocyte type. For example, in one experiment basal
adherence of neutrophils (384 ± 57 cells per mm2; mean ±
s.d. of six replicates) was increased to 5245 ±129 in the
presence of 10"8 M PMA which was unaffected by the
presence of MOPC21 (5197 ± 354). In the same experiments.

PMA-stimulated adhesion of eosinophils was reduced to
34 ± 10 cells per mm2 in the presence of 6.5E (30 pg ml"1). In
all experiments, 6.5E inhibited the basal adhesion of neutro¬
phils (95.3 ±2.1% inhibition, n = 3) but not eosinophils
(2.4 ±1.6% inhibition, n = 4).

Effect of6.5E on the distribution of radiolabeled
leukocytes in vivo
In our inital in vivo studies, we used 6.5E as a whole
antibody administered i.v. at a dose of 0.24 mg kg"1 based
on studies in the rabbit (Rutter et at., 1992). While this dose
of 6.SE had no significant effect on the number of circulating
unlabelled leukocytes (data not shown), it resulted in
enhanced clearance of nlIn-eosinophils from the circulation
such that after 2 h, only 0.5 ± 0.1% of "'In-eosinophils were
circulating compared with 9.3 ± 2.9% in the controls
(means ± s.e.mean, n — 5). The majority of radiolabeled cells
were found in the liver (data not shown). Experiments were
then carried out using F(ab')2 fragments of 6.5E. Maximum
inhibition of radiolabeled leukocyte accumulation in skin
was achieved with a dose of 2.4mgkg"' (see below), how¬
ever, this did not result in a significant alteration in the blood
and tissue distribution of either "'In-eosinophils or '"In-
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Figure 1 Effect of 6.5E (whole antibody) on adhesion of (a) "'In-
labelled guinea-pig neutrophils and (b) "'In-labelled guinea-pig
eosinophils to serum-coated plastic. Adhesion was stimulated by
phorbol myristate acetate (PMA, 10"8 m) and quantified after 30 min
at 37'C. Values are means ± s.e.mean of six replicates. In three
neutrophil studies, 6.5E reduced PMA-stimulated adhesion in each
experiment by > 100% (i.e. to below basal adherence) while in four
eosinophil studies 6.5E blocked PMA-stimulated adhesion by
99.8 ± 1.5%.
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neutrophils (Table 1). This dose of 6.5E F(ab')2 was used in
all further experiments.

Effect of6.5E on ZAP-induced inflammation in skin
Intradermal injection of ZAP induced a dose-dependent in¬
crease in the local accumulation of "'In-labelled neutrophils
(Figure 2a) or "'In-labelled eosinophils (Figure 2b) in control
animals (saline-treated). In animals treated with 6.5E F(ab')j
(2.4 mg kg"'), "'In-neutrophil accumulation was inhibited by
80-89% (Figure 2a). The inhibitory effect of 6.5E Ffab'^b
was dose-dependent. Thus, ZAP (10-90%)-induced accum¬
ulation of "'In-neutrophils was inhibited by 34-46% and
70-83% by 0.48 mg kg-1 and 0.96 mg kg"1 6.5E F(ab')2,
respectively. The small number of "'In-neutrophils accum¬
ulating after injection of saline was also inhibited (P<0.05).
Interestingly, in another group of 6.5E F(ab')2-treated
guinea-pigs, ZAP-induced "'In-eosinophil accumulation was
also suppressed by 70-78% (Figure 2b).
The effect of 6.5E F(ab')2 on ZAP-induced oedema for¬

mation in guinea-pig skin is shown in Figure 3 (oedema
formation was measured in the same skin sites in which
"'In-neutrophil accumulation was assessed; neutrophil data
are shown in Figure 2a). ZAP-induced oedema formation
was slightly reduced in 6.5E F(ab')2-treated animals com¬
pared with saline controls, with the response to 90% ZAP
showing the largest dependency on CD18. However, local
administration of the H, receptor antagonist, mepyramine, at
a dose (2.5 x 10"8 mol per site) which effectively reduced (by
84%) oedema formation induced by exogenous histamine
(2.5 x 10"8 mol per site; Figure 3), revealed that oedema
formation induced by the lower doses of ZAP was almost all
due to endogenous histamine. Oedema formation induced by
90% ZAP was inhibited by 45% (P<0.05) in the presence of
mepyramine, but was not further reduced in animals treated
with 6.5E F(ab')2 (Figure 3). Histamine-induced oedema for¬
mation was not significantly affected by 6.5E F(ab')2 (Figure
3).

Effect of6.5E F(ab')2 on oedema formation and
eosinophil accumulation in a PCA reaction
Intradermal injection of antigen (BGG) into sensitized skin
sites induced a dose-dependent increase in the local
accumulation of "'In-eosinophils and local oedema forma¬
tion (Figure 4). In animals treated with 6.5E F(ab')2,
accumulation of "'In-eosinophils in response to 0.01, 0.1 and
1 pg of BGG was inhibited by 84%, 89% and 92%, respec¬
tively (Figure 4a). Local oedema formation in the same sites
was not significantly affected by 6.5E F(ab')2 treatment
(Figure 4b).

Table 1 Effect of 6.5E F(ab')2 on the blood and tissue
distribution of "'In-neutrophils and "'In-eosfnophils in
guinea-pigs

% of '"In-labelled
leukocytes infused

'In-eosinophils

"In-neutrophils

Saline 6.5E F(ab')2

Blood 7.4 ± 1.8 5.5 ± 1.6

Lung 9.2 ± 0.8 10.3 ± 2.0

Spleen 12.6 ±2.6 11.9 ±3.4
Liver 56.6 ± 9.0 55.0 ± 8.2

Blood 2.0 ± 0.5 2.1 ± 0.5

Lung 12.0 ±2.6 14.1 ±2.8
Spleen 5.7 ±1.0 8.2 ± 1.0
Liver 70.3 ± 9.3 63.2 ± 3.1

The effect of i.v. treatment with 6.5E Ffab'b (2.4 mg kg"1)
on the distribution of "'In-labelled leukocytes was assessed
after 2 h. Results are expressed as mean ± s.e.mean for 4-5
guinea-pigs.

Effect of6.5E F(ab')3 on inflammation in skin induced
by extracts of Schistosoma mansoni larvae
We have previously shown that i.d. injection of cercarial
homogenate (CH) or concentrated cercarial transformation
fluid (cCTF) induce the local accumulation of neutrophils
and eosinophils and local oedema formation in guinea-pig
skin (Teixeira et al., 1993a). The ability of these extracts to
induce inflammation correlates with their proteolytic activity.
Figure 5 shows that 6.5E F(ab')2 effectively inhibited both
cCTF- and CH-induced accumulation of "'In-neutrophils
(Figure 5a) and "'In-eosinophils (Figure 5b) while there was
no detectable change in oedema formation at the same sites
(Figure 5c).

Discussion

It is well established that C5a and C5a des Arg increase
vascular permeability leading to oedema formation in several
species. In the rabbit, i.d. injection of rabbit C5a des Arg,
human C5a and C5a des Arg or pig C5a des Arg leads to
oedema formation (Jose et al., 1981; Williams & Jose, 1981)
that is histamine-independent but requires circulating neutro¬
phils (Wedmore & Williams, 1981). The nature of the neutro¬
phil requirement remains undefined but is thought to involve
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Figure 2 Effect of 6.5E F(ab')2 on the local accumulation of (a)
'"In-labelled neutrophils and (b) '"In-labelled eosinophils induced
by i.d. injection of ZAP in guinea-pig skin. Animals were treated
with saline (1 ml kg"1, i.v.; O) or 6.5E Ffab'h (2.4 mg kg"', i.v.; •).
Zymosan activated plasma (ZAP) (10-90% in saline) and saline
were injected i.d. and radiolabelled leukocyte accumulation was
assessed over a 2 h period. Results are expressed as the
mean ± s.e.mean of six animals. The dashed lines represent the back¬
ground values in sites injected with saline (Sal) alone. *P<0.01
when responses in control and 6.5E F(ab*)2-treated guinea-pigs are
compared.
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a rapid interaction (occurring within min) of the circulating
neutrophils with the venular endothelium leading to oedema
formation (Wedmore & Williams, 1981). Topical application
of human C5a to the superfused hamster cheek pouch also
leads to an increase in vascular permeability in the venules
that shows some neutrophil-dependency and is largely
histamine-independent (Bjork et al., 1983). In the guinea-pig,
i.d. injection of human C5a, but not C5a des Arg, leads to
local oedema formation; a response abrogated by H, anti¬
histamine drugs (Fernandez et al., 1978; Webster et al.,
1980). This activity correlates with the spasmogenic activity
of human C5a on the guinea-pig ileum where C5a des Arg is
inactive (Jose et al., 1981). However, the requirement for
circulating neutrophils in the oedema response to C5a des
Arg in the guinea-pig is unknown. We have now shown that
i.d. injection of ZAP, as a source of guinea-pig C5a des Arg,
in guinea-pig skin induces local oedema formation that is
largely independent of circulating neutrophils, as assessed by
the small inhibitory effect of the anti-CD18 mAb 6.5E. In the
same skin sites in 6.5E-treated animals, ZAP-induced neutro¬
phil accumulation was very effectively reduced. This is consis¬
tent with other studies which have clearly demonstrated that
neutrophil accumulation into inflammatory sites in the skin is
dependent on CD18 (Arfors et al., 1987; Nourshargh et al.,
1989; Doerschuk et al., 1990; Mulligan et al., 1992). Most of
the ZAP-induced oedema response in guinea-pig skin was
attributed to endogenous histamine, probably deriving from
cutaneous mast cells, although at the higher ZAP doses a
component of the response was independent of histamine and
neutrophils. We have previously shown that local oedema
formation in the PCA reaction is blocked by a combination
of an H, anti-histamine, a PAF antagonist and a leukotriene
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Figure 3 Effect of 6.5E F(ab')2 and local mepyramine on oedema
formation induced by i.d. injection of zymosan activated plasma
(ZAP) and histamine in guinea-pig skin. Animals were treated with
saline (1ml kg"', i.v.) or 6.5E F(ab')2 (2.4mgkg"'t i.v.). ZAP
(10-90% in saline) was injected i.d. in saline-treated animals (O), in
6.5E-treated animals (•), in the presence of local mepyramine (Mep,
2.5 x 10~8mol per site) in saline-treated animals (□) and in the
presence of mepyramine in 6.5E-treated animals (■). Histamine
(Hist, 2.5 x 10"8mol per site), with or without mepyramine, and
saline were injected i.d. in saline-treated (A) or 6.5E-treated guinea-
pigs (A). Local oedema formation was assessed over a 2 h period.
Results are expressed as the mean ± s.e.mean of five animals. The
dashed lines represent the background values in sites injected with
saline alone. Significant differences between responses in control and
6.5E-treated animals, or at sites with and without local mepyramine
are indicated by * for P<0.05 and ** for /><0.01.

D4 antagonist (Weg et al., 1991) and oedema formation
induced by CH and cCTF is due to endogenous bradykinin
generation (Teixeira et al., 1993a). As these mediators are all
direct-acting (i.e. neutrophil-independent), it was not surpris¬
ing that oedema in the former reactions was not abrogated in
6.5E-treated animals. We also found, that despite 6.5E
inhibiting PAF- or LTB4-induced leukocyte accumulation by
up to 93%, local oedema formation in the same skin sites
was similar in control and 6.5E-treated animals (data not
shown).
There is considerable evidence derived from experimental

models which indicates that neutrophil accumulation at sites
of inflammation in tissues, including skin, is dependent on
the P2 integrin CD11/CD18 (reviewed in Rossi & Hellewell,
1994). In addition, patients who suffer from leukocyte
adhesion deficiency (LAD), whose leukocytes lack the CD18
molecule, show an inability to mount an accumulation of
neutrophils to infected tissue (Bowen et al., 1982; Hawkins et
al., 1992) The most likely explanation for the inhibitory effect
of anti-CD 18 mAbs on neutrophil accumulation in experi¬
mental models is that they prevent the firm adhesion of
neutrophils to venular endothelium and/or their subsequent
endothelial transmigration (Smith et al., 1989; Furie et al.,
1991). Compared with neutrophils, the role of CD11/CD18
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Figure 4 Effect of 6.5E F(ab')2 on the local accumulation of (a)
'"In-eosinophils and (b) local oedema formation induced in passive
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(2.4mgkg"', i.v., 9). BGG and saline were injected i.d. and
radiolabelled eosinophil accumulation and oedema formation were
assessed over a 2 h period. Results are expressed as the
mean ± s.e.mean of six animals. The dashed lines represent the back¬
ground values in sites injected with saline (Sal) alone. Responses to
injection of BGG into naive sites are also shown. *P<0.01 when
responses in control and 6.5E F(ab')2-treated guinea-pigs are com¬
pared.
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'"In-neutrophils and (b) '"In-eosinophils and (c) local oedema for¬
mation induced by i.d. injection of extracts of Schistosoma mansoni
larvae in guinea-pig skin. Animals were treated with saline
(1 ml kg"1, i.v.; O) or 6.5E F(ab')2 (2.4 mg kg"i.v., •). Concen¬
trated cercarial transformation fluid (cCTF; 1.5 and 5 pg per site),
cercarial homogenate (CH; 5 and 15 pg per site) and saline were
injected i.d. and radiolabelled leukocyte accumulation and oedema
formation were assessed over a 2 h period. Results are expressed as
the mean ± s.e.mean of 4-6 animals. The dashed lines represent the
background values in sites injected with saline (Sal) alone. */><0.01
when responses in control and 6.5E F(ab')2-treated guinea-pigs are
compared.

recent study from our department (Weg et al., 1993) showed
that accumulation of "'In-eosinophils to sites of cutaneous
inflammation in the guinea-pig were attenuated by a mAb to
the 0, integrin, very late antigen-4 (VLA-4). Nevertheless,
there are some data in the literature which indicate that
CD18 may also be involved in eosinophil accumulation in
vivo. For example, Wegner and colleagues demonstrated that
antigen-induced eosinophil accumulation in the lungs of sen¬
sitized primates was attenuated by an antibody to one of the
CD11/CD18 ligands, ICAM-1 (Wegner et al., 1990) and
preliminary studies in the sensitized guinea-pig showed that
eosinophil migration into the airways 24 h following antigen
challenge was reduced by 80% by an anti-CD 18 mAb
(Noonan et al., 1991). However, in neither of these studies
was a possible mAb-induced leukopaenia excluded as the
mechanism of action of mAb.
In vitro data have indicated that eosinophils can adhere to

endothelial cells through binding to adhesion molecules such
as ICAM-1, VCAM-1 and E-selectin (Bochner et al., 1991;
Dobrina et al., 1991; Walsh el al., 1991; Weller et al., 1991).
It is also clear that CD11/CD18 is important for subsequent
transendothelial migration (Moser et al., 1992; Kuijpers et
al., 1993), presumably binding to its endothelial cell ligands
ICAM-1 and ICAM-2. A recent study (Kuijpers et al., 1993)
demonstrated that VLA-4 in combination with other 0, integ-
rins was also important for eosinophil migration across
endothelial cell monolayers and a combination of an anti-fli
and anti-02 mAbs reduced migration by 97%. In the latter
study, the ligand for VLA-4 was subendothelial matrix and
not VCAM-1. Data from the present study and the study of
Weg et al. (1993) suggest that both CD18 and VLA-4 may be
required for effective migration of eosinophils in vivo; block¬
ing either of these adhesion molecules results in a substantial,
but not complete inhibition of eosinophil accumulation. In
future studies it will be interesting to compare the inhibitory
effects of combinations of these mAbs with either mAb tested
alone.
The mAb 6.5E inhibited in a dose-dependent manner

PMA-stimulated adhesion of guinea-pig neutrophils and
eosinophils to serum-coated plastic. This strongly suggested
that the anti-human CD18 mAb was able to bind and block
a functional epitope on the guinea-pig CD18 molecule since
human leukocyte adhesion to serum-coated plastic is known
to be mediated by CD18 (Harlan et al., 1985; Tonnesen,
1989). The same mAb also blocks rabbit CD18 (Rutter et al.,
1992; Galea-Lauri et al., 1993). When administered i.v., 6.5E
had no significant effect on the total number of circulating
leukocytes although it effectively reduced the circulation of
'"In-labelled cells suggesting clearance via the reticulo¬
endothelial system. In keeping with this suggestion, "'In
counts in the liver of the 6.5E-treated animals were substan¬
tially increased compared with controls. In addition, this
enhanced clearance of radiolabelled cells was prevented if
F(ab')2 fragments of 6.5E were used.
In summary, we have found that the accumulation of

neutrophils and eosinophils at inflammatory sites in guinea-
pig skin involves the leukocyte fl2 integrin, CD18. The results
also demonstrate that local oedema formation induced by
C5a des Arg is largely independent of neutrophil accumula¬
tion. Unlike oedema responses in the rabbit, we found no
evidence for neutrophil-dependent oedema formation in the
guinea-pig.

in mediating eosinophil accumulation in vivo is less estab¬
lished although in LAD patients, relatively large numbers of
eosinophils have been found in tissues (Anderson et al., 1985)
suggesting that a CD18-independent pathway for eosinophil
migration may exist. In support of this latter suggestion, a
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Effects of phosphodiesterase isoenzyme inhibitors on cutaneous
inflammation in the guinea-pig
'M.M. Teixeira, A.G. Rossi, T.J. Williams & P.G. Hellewell

Department of Applied Pharmacology, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY

1 Inflammation is central to the pathophysiology of asthma. The recent findings that different
inflammatory cells may express different phosphodiesterase (PDE) isoenzymes have centred attention on
inhibitors of these isoenzymes as new drugs for the treatment of asthma. In this study, we investigated
the effect of different PDE isoenzyme inhibitors on the accumulation of '"In-labelled eosinophils and
local oedema formation at sites of allergic- and mediator-induced inflammation in guinea-pig skin.
2 Systemic treatment with SK&F 94120, a type III PDE inhibitor, or zaprinast, a type V PDE
inhibitor, had no effect on the ulIn-eosinophil accumulation and oedema formation induced by i.d.
injection of zymosan-activated plasma (ZAP), PAF, histamine or in a passive cutaneous anaphylaxis
(PCA) reaction.
3 Systemic treatment with rolipram, a type IV PDE inhibitor, effectively inhibited ulIn-eosinophil
accumulation induced by ZAP, PAF, histamine and in a PCA reaction. However, oedema formation
measured in the same sites was not affected. Systemic administration of higher doses of theophylline
produced similar results. In contrast, l"In-neutrophil accumulation induced by ZAP or in a PCA
reaction was not altered by systemic treatment with rolipram.
4 Locally-injected rolipram had little effect on "'In-eosinophil accumulation and oedema formation
induced by histamine, PAF and in a PCA reaction.
5 These data show that systemic, but not local, treatment with rolipram effectively inhibits allergic-
and mediator-induced luIn-eosinophil accumulation but not oedema formation or '"In-neutrophil
accumulation. This, taken together with the potent inhibitory effects of PDE type IV inhibitors on
eosinophil function in vitro, suggest that this class of drugs may be beneficial in disease states such as
asthma where eosinophils are thought to play a major pathophysiological role.

Keywords: Eosinophil; phosphodiesterase inhibitors; rolipram; inflammation; allergy; passive cutaneous anaphylaxis reaction

Introduction

Eosinophils are inflammatory cells thought to have important
effector function in allergic diseases such as asthma (Venge,
1990), rhinitis (Klementsson, 1992), dermatitis (Bruijnzeel-
Koomen et al., 1992) and conjunctivitis (Foster et al., 1991).
These cells are capable of secreting several lipid and protein
mediators which, in the airways, can alter bronchial smooth
muscle tonus, cause oedema formation and affect the func¬
tion of other cells (Djukanovic et al., 1990; Venge, 1990).
Eosinophils possess cationic proteins in their granules (e.g.
major basic protein and eosinophil-derived neurotoxin) which
can be released upon activation and inflict damage to
epithelial cells (Wardlaw et al., 1988; Montefort et al., 1992)
which, in the lung, may be an important pathological
mechanism in allergic diseases like asthma. For example,
accumulation of eosinophils and their activation appears to
correlate with disease severity (Bentley et al., 1992) and
eosinophil secretory products, for example major basic pro¬
tein, reproduce some of the asthmatic symptoms in experi¬
mental animals (Djukanovic et al., 1990; Gundel et al., 1991).
Despite the new findings in the understanding of asthma

pathophysiology, there is evidence suggesting an increase in
the prevalence and severity of the disease (Lebowitz &
Spinaci, 1993). This increase has led to the search for new
drug treatments for asthma. One strategy to develop drugs
has been based on the use of theophylline which has bron-
chodilator and anti-inflammatory activities and may there¬
fore be useful in the treatment of asthma (Persson, 1986).
Thus, theophylline has been shown to inhibit polymor¬
phonuclear function at therapeutic levels (Nielson el al.,
1988) and late airway responses to allergen challenge, even at
sub-therapeutic doses (Ward et al., 1993). Interestingly, some

' Author for correspondence.

chronic steroid-dependent asthmatic subjects may find an
improvement in their symptoms when using theophylline
(Nassif et al., 1981). However, the narrow therapeutic index,
potential toxicity and need for plasma monitoring of
theophylline make this drug difficult to use (Johnston, 1990).
The mechanism of action of theophylline is as yet unclear,

but inhibition of phosphodiesterase (PDE) enzymes is a pos¬
sibility which has gained strong support (Kuehl et al., 1987).
PDEs are enzymes responsible for the breakdown of cyclic
nucleotides (adenosine 3':5'-cyclic monophosphate (cyclic
AMP) and guanosine 3':5'-cyclic monophosphate (cyclic
GMP)) within cells (Beavo & Reifsnyder, 1990; Nicholson et
al., 1991). Five families of PDE isoenzymes (PDE I-V) have
been identified and these are differentially distributed in cells
(Beavo & Reifsnyder, 1990; Nicholson et al., 1991).
Inflammatory cells contain mainly a PDE type IV isoenzyme
(cyclic AMP-specific) which accounts for most of the
metabolism of cyclic AMP in these cells (Torphy & Undem,
1991; Giembycz & Dent, 1992). Inhibition of this isoenzyme
(PDE IV) in both neutrophils and eosinophils leads to an
effective inhibition of cell function (Nielson et al., 1990; Dent
et al., 1991). This is consistent with the widespread anti¬
inflammatory effects induced by elevating intracellular levels
of cyclic nucleotides in various cell types (Torphy & Undem,
1991). Also relevant to the treatment of asthma is the obser¬
vation that inhibition of PDE types III and IV effectively
suppress contraction of human bronchial smooth muscle in
vitro and bronchoconstriction induced by different stimuli or
antigen in sensitized animals (Torphy & Undem, 1991; de
Boer et al., 1992; Howell et al., 1993).
In guinea-pig skin, intradermal injection of different

known mediators of inflammation leads to a dose-dependent
accumulation of radiolabeled eosinophils and local oedema
formation (Faccioli et al., 1991; Teixeira et al., 1993a). The
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injection of antigen in sites previously sensitized with an
antigen-specific (BGG) IgGrrich anti-serum (passive
cutaneous anaphylaxis (PCA) reaction) also leads to the
accumulation of radiolabelled eosinophils and oedema for¬
mation (Weg el al., 1992; Teixeira et al., 1993a). In this PCA
reaction, oedema formation is dependent on the release of
histamine and newly formed lipid mediators, PAF and
leukotriene D4 (LTD4) (Weg et al., 1991). The mediators
responsible for cell accumulation have not been fully charac¬
terized, but a 5-lipoxygenase product, probably LTB4,
appears to play an important role (Teixeira & Hellewell,
1994). The mechanism by which radiolabelled eosinophils
accumulate in guinea-pig skin has been recently demon¬
strated to be dependent on both CD 18 and VLA-4 integrin
adhesion molecules on the eosinophil (Weg et al., 1993;
Teixeira et al., 1994). The aim of the present study was to
assess the effects of selective inhibitors of PDE types III, IV
and V isoenzymes on the accumulation of nlIn-eosinophils
and oedema formation in response to various known
mediators of inflammation and in a type I allergic (PCA)
reaction in guinea-pig skin. The effect of a type IV PDE
inhibitor on mIn-neutrophil accumulation was also studied.
The following selective PDE isoenzyme inhibitors were used:
SK.&F 94120 (type III inhibitor), rolipram (type IV inhibitor)
and zaprinast (type V inhibitor) (Beavo & Reifsnyder, 1990;
Dent et al., 1991). The findings with these PDE inhibitors in
this model of eosinophil accumulation may have a bearing on
not only asthma but also on other allergic diseases such as
rhinitis (Klementsson, 1992), dermatitis (Bruijnzeel-Koomen
et al., 1992) and allergic conjunctivitis (Foster et al., 1991)
where eosinophils are thought to play a role.

Methods

Preparation of zymosan-activated plasma

Zymosan-activated plasma (ZAP) was used as a source of
guinea-pig C5a des Arg. Guinea-pig heparinized (lOiuml"1)
plasma was incubated with zymosan (5mgml~') at 37°C.
After 30 min, zymosan was removed by centrifugation
(2 x 10 min at 3000 g). ZAP was then desalted on a PD-10
Sephadex G-25M column and stored in aliquots at — 20°C.

Preparation ofpassive cutaneous anaphylaxis sera and
reactions

Details of the preparation of sera and doses of antigen are
described elsewhere (Weg et al., 1991). Briefly, male guinea-
pigs (Harlan Porcellus, Oxon; 350-400 g) were immunized
with bovine gamma-globulin (BGG) in Freund's complete
adjuvant followed by a boost on day 21 and serum collected
on day 30. Recipient animals received an i.d. injection of
50 pi of a 1/50 dilution of the anti-serum followed, 16-20 h
later, by the injection of antigen (BGG, 0.01-1 fig per site).
Most of the tissue fixing antibody was of the IgGj isotype
(Weg et al., 1991).

Induction, purification and radiolabelling ofguinea-pig
eosinophils
The method is described in detail elsewhere (Faccioli et al.,
1991; Teixeira et al., 1993a). Briefly, ex-breeder female
guinea-pigs (Harlan Porcellus; 700- 800 g) were treated with
neat horse serum (1 ml, i.p.) every other day for two weeks
and the cells collected by peritoneal lavage with heparinized
saline (10 iu ml"1) 2 days after the last injection. The cells
obtained were layered onto a discontinuous Percoll-HBSS
(calcium- and magnesium-free) gradient followed by centri¬
fugation (1500 g, 25 min at 20*C). Eosinophils (>95% pure,
>98% viable) were collected from the 1.090/1.095 and
1.095/1.100 g ml"1 density interfaces. The purified eosinophils
were radiolabelled by incubation with "'InClj (lOOftCi in

lOfil) chelated to 2-mercaptopyridine-N-oxide (Merc, 40 pg
in 0.1ml of 50 mM PBS, pH 7.4) for 15 min at room
temperature. The cells were then washed twice in HBSS
(calcium- and magnesium-free) containing 10% guinea-pig
platelet-poor plasma and resuspended at a final concentration
of 107 cells ml"1 prior to injection.

Induction, purification and radiolabelling ofguinea-pig
neutrophils

Neutrophils were elicited in the peritoneal cavity of the naive
ex-breeder guinea-pigs by the i.p. injection of 15 ml of a 5%
(w/v) solution of casein as previously described (Teixeira et
al., 1993b). After 12 h, the animals were killed and the
peritoneal cavity washed with heparinized saline (lOiuml-1).
The rest of the procedure was as described for the
eosinophils. The cells were also collected from the 1.090/
1.095 and 1.095/1.100 g ml"1 interfaces. The purity of the
preparation was greater than 98% and the rare contaminants
were eosinophils and occasional mononuclear cells. Viability,
tested by trypan blue exclusion, was greater than 98%. Neut¬
rophils were also radiolabelled with "'In-Mere and
resuspended at a concentration of 107 cells ml"1.

Measurement of local oedema formation and leukocyte
accumulation in guinea-pig skin
Radiolabelled leukocyte infiltration and oedema formation
were measured simultaneously in the skin. "'I-labelled
human serum albumin, ([125I]-HSA, 5 pCi) was added to the
111 In-labelled eosinophils or neutrophils prior to i.v. injection
(2.5 x 106 cells per animal), into recipient guinea-pigs (Harlan
Porcellus; 350-400 g) anaesthetized with Hypnorm (0.2 ml,
i.m.). PDE inhibitors were given either systemically or
locally. For systemic treatment, drugs were given at the dose
of 5 mg kg-1 i.p. 30 min and 0.5 mg kg"1 i.v. 10min prior to
the injection of radiolabelled cells and [125I]-HSA. Similar
doses of rolipram have been shown to inhibit antigen- or
mediator-induced bronchoconstriction effectively in the
guinea-pig (Howell et al., 1993; Underwood et al., 1993).
Experiments were conducted in pairs and control animals
received vehicle in the same volume as treated animals. For
the local treatment, rolipram (0.1 to 10.0 pg per site) was
mixed with the mediators or antigen prior to the i.d. injec¬
tions. Five minutes after injection of cells, inflammatory
mediators or antigen were injected i.d. in 0.1 ml volumes into
the dorsal skin of the shaved animals. Each animal received a

duplicate of each treatment following a randomized injection
plan and the inflammatory response ('"In-labelled cell
accumulation and oedema formation) was assessed after 2 h.
At this time, blood was obtained by cardiac puncture and the
animals were killed by an overdose of sodium pentobar¬
bitone. The dorsal skin was removed, cleaned free of excess
of blood and the skin sites punched out with a 17 mm punch.
The samples were counted in an automatic 5-head gamma-
counter (Canberra Packard Ltd, Pangbourne, Berks) and the
counts were cross-channel corrected for the two isotopes.
The number of leukocytes accumulating in each site is

expressed as '"In-labelled cells per skin site and oedema
formation as the ratio of 125I counts of the skin sample
divided by the 125I counts in 1 pi of plasma.

Reagents
The following compounds were purchased from Sigma
Chemical Company (Poole, Dorset): bradykinin, dimethylsul-
phoxide (DMSO), histamine, casein, bovine gamma globulin
(BGG), theophylline and zymosan. Hanks solutions, HEPES
and horse serum were purchased from Life Technologies
Limited (Paisley, Scotland). Percoll was from Pharmacia
(Milton Keynes, Bucks) and C16 PAF from Bachem (Saffron
Walden, Essex). [125I]-human serum albumin ([125I]-HSA) and
'"InCl3 were purchased from Amersham International pic,
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Amersham. The following selective PDE isoenzyme inhibitors
were used: SK&F 94120 (type III inhibitor), rolipram (type
IV inhibitor) and zaprinast (type V inhibitor) (see Beavo &
Reifsnyder, 1990, for review on PDE inhibitors). SK&F
94120 and zaprinast were dissolved in saline with 0.01 M
sodium hydroxide while rolipram was dissolved in DMSO
and diluted further in saline. These drugs were a gift from
Sandoz, Basle, Switzerland.

Preliminary experiments using theophylline at similar doses
(5mgkg~', i.p. and 0.5 mg kg"1, i.v.) showed that "'In-
eosinophil accumulation or oedema formation induced by the
same stimuli were unaltered (data not shown). However,
higher doses of theophylline (50mgkg~\ i.p. and 5mgkg"',
i.v.) effectively inhibited "'In-eosinophil accumulation

Statistical analysis

Comparisons between control and untreated groups were
carried out using Student's paired t test. For the local treat¬
ment, two-way analysis of variance (ANOVA) was used.
Percentage inhibition was calculated after subtracting back¬
ground (saline) values. Results were presented as the
mean ± s.e.mean for the number of animals given and were
considered significant when P<0.05.

Results

Two h after i.v. injection of the radiolabeled cells,
11.5 ± 1.9% (n = 14) and 4.7 ± 1.3% (n = 5) of infused "Tn-
eosinophils and "'In-neutrophils, respectively, were cir¬
culating. None of the drug treatments used in this study
significantly altered the number of circulating radiolabeled
cells (data not shown). Our previous experiments have shown
that the majority of radiolabeled cell accumulation and
oedema formation induced by known mediators of
inflammation or in a PCA reaction occurs over the first 2 h
(Weg et al., 1992).

Effects ofSK&F 94120 and zaprinast on '"In-eosinophil
accumulation and oedema formation
At the dose used (5mgkg"', i.p. and 0.5mgkg~', i.v.),
SK&F 94120, a type III PDE inhibitor (Beavo & Reifsnyder,
1990), had no effect on the "'In-eosinophil accumulation or
oedema formation in a PCA reaction (0.1 to 1.0 jig of BGG
per site, Figure 1). Similarly, SK&F 94120 had no effect on
the '"In-eosinophil accumulation (Table 1) and oedema for¬
mation (data not shown) in response to i.d. ZAP (10 to
100% in saline) and PAF (10"10 and 10"®mol per site).
Responses elicited by i.d. histamine (2.5 x 10"' and
2.5 x 10~8mol per site) or bradykinin (10"10 and 10~'mol
per site) were also unaffected (data not shown). The same
doses of inflammatory stimuli were used in all subsequent
experiments unless stated otherwise.
Zaprinast (5mgkg"', i.p. and 0.5mgkg"', i.v.), a type V

PDE inhibitor (Beavo & Reifsnyder, 1990), also had no
significant effect on the "'In-eosinophil accumulation and
oedema formation in a PCA reaction (Figure 2) or in res¬
ponse to i.d. injection of ZAP, PAF, bradykinin or histamine
(Table 1 and data not shown).
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Figure 1 Effect of systemic treatment with SK&F 94120 (5 mg kg"1,
i.p. and 0.5mgkg"', i.v.) on '"In-eosinophil accumulation (a) and
oedema formation (b) in a passive cutaneous anaphylaxis (PCA)
reaction in guinea-pig skin. Control animals are shown by (•) and
treated animals by (O). Inflammatory responses were assessed 2 h
after i.d. injection of antigen (bovine gamma-globulin, BGG) in
saline-treated sites (shown as BGG) or sites previously sensitized
with an IgG|-rich anti-sera (shown as PCA). The lines across the
graphs represent the background values in sensitized skin sites
injected with saline (Sens/Sal) in control (dashed line) and SK&F
94120-treated (dotted line) animals. Results are mean ± s.e.mean of 5
pairs of animals.

Table 1 Effect of systemic treatment with zaprinast or SK&F 94120 on the '"In-eosinophil accumulation induced by PAF and
zymosan activated plasma in guinea-pig skin

'"In-eosinophils per site
SK&F 94120 Zaprinast

Control Treated Control Treated

Saline
ZAP 10%

30%
100%

PAF 10"10
10"'

202 ± 38
2939 ± 859
7351 ±2303
12615 ± 3148
1423 ± 666
1939 ± 642

189 ±8
2963 ± 771
6148 ± 1173
12379 ±2732
1634 ±413
2898 ± 848

202 ± 39
2986 ± 907
8319 ±2412
14089 ±3215
1434 ± 275
2997 ± 919

214 ±36
2324 ± 584
5677 ± 1386
10026 ±2339
1259 ± 268
2341 ±413

Zaprinast or SK&F 94120 were given at a dose of 5mgkg"\ i.p. and 0.5mgkg"', i.v. 30 and lOmin, respectively, before the i.v.
injection of "'In-eosinophils. PAF (10"'° amd I0"'mol per site) and zymosan-activated plasma (ZAP, 10%, 30% and 100% in saline)
were injected i.d. and '"In-eosinophil accumulation assessed 2h later. Results are mean ± s.e.mean of 5 pairs of animals.
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Figure 2 Effect of systemic treatment with zaprinast (5 mg kg"1, i.p.
and 0.5 mg kg"1, i.v.) on "'In-eosinophil accumulation (a) and
oedema formation (b) in a passive cutaneous anaphylaxis (PCA)
reaction in guinea-pig skin. Control animals are shown by (•) and
treated animals by (O). Inflammatory responses were assessed 2h
after i.d. injection of antigen (bovine gamma-globulin, BGG) in
saline-treated sites (shown as BGG) or sites previously sensitized
with an IgG|-rich anti-sera (shown as PCA). The lines across the
graphs represent the background values in sensitized skin sites
injected with saline (Sens/Sal) in control (dashed line) and zaprinast-
treated (dotted line) animals. Results are mean 1 s.e.mean of 5 pairs
of animals.

Table 2 Effects of systemic treatment with theophylline on
lnIn-eosinophil accumulation induced by PAF,
zymosan-activated plasma and in a PCA reaction in
guinea-pig skin

In-eosinophils per site
Control Theophylline

Saline 134 ±5 166124
ZAP 10% 15101563 5061 63**

30% 31541375 14761 117*
100% 9582 1 1327 4793 1 826*

PAF 10-io 1263 1 253 407 1 40**
10"' 2025 1 186 3941 56**

PCA 0.01 811 1 152 342 1 97**
0.1 24281 180 5061 169**
1.0 44301 1154 6541 180**

Theophylline was given at the dose of 50mgkg"', i.p. and
5.0mgkg"', i.v. 30 and lOmin respectively, before the i.v.
injection of 11'In-eosinophils. Zymosan-activated plasma
(ZAP, 10%, 30% and 100% in saline), PAF (10"10 and
10"' mol per site) and antigen (BGG, 0.01 to 1.0 pg per site)
in sites pre-sensitized with IgG,-rich sera were injected i.d.
and '"In-eosinophil accumulation assessed 2h later. Results
are mean ± s.e.mean of 3 pairs of animals. *P<0.05 and
♦•/><0.01.

induced by different meadiators or in a PCA reaction (Table
2). For example, '"In-eosinophil accumulation in the PCA
reaction (0.1 pg of BGG per site) was inhibited by 85%
(n = 3, P<0.01). Oedema formation measured in the same
sites was not significantly affected (data not shown).

Effects ofsystemic rolipram on '"In-eosinophil
accumulation and oedema formation
The type IV PDE inhibitor, rolipram (5mgkg"', i.p. and
0.5mgkg"', i.v.) virtually abolished the '"In-eosinopil
accumulation in the PCA reaction, but did not affect oedema
formation measured in the same sites (Figure 3). For exam¬
ple, rolipram inhibited by 97% the '"In-eosinophil accumula¬
tion in sites injected with 0.1 pg of BGG. Similarly, ZAP-
induced "'In-eosinophil accumulation, but not oedema for¬
mation, was inhibited by up to 89% by systemic rolipram
(Figure 4). Table 3 depicts the effects of rolipram on the
"'In-eosinophil accumulation and oedema formation induced
by i.d. injection of PAF, histamine and bradykinin. His¬
tamine induced small, but significant, "'In-eosinophil
accumulation. Both histamine- and PAF-induced "'In-
eosinophil accumulation, but not oedema formation, were
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Figure 3 Effects of systemic treatment with rolipram (5mgkg"',
i.p. and 0.5mgkg"', i.v.) on "'In-eosinophil accumulation (a) and
oedema formation (b) in a passive cutaneous anaphylaxis (PCA)
reaction in guinea-pig skin. Control animals are shown by (•) and
treated animals by (O). Inflammatory responses were assessed 2h
after i.d. injection of antigen (bovine gamma-globulin, BGG) in
saline-treated sites (shown as BGG) or sites previously sensitized
with an IgG,-rich anti-sera (shown as PCA). The lines across the
graphs represent the background values in sensitized skin sites
injected with saline (Sens/Sal) in control (dashed line) and rolipram-
treated (dotted line) animals. Results are mean ± s.e.mean of 5 pairs
of animals where *P<0.05 and **P<0.01, respectively, when com¬
pared to control animals.
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significantly inhibited by systemic rolipram (Table 3).
Bradykinin did not induce significant influx of '"In-
eosinophils when compared to saline (Table 3).

Effects ofsystemic rolipram on '"In-neutrophil
accumulation

Both neutrophils and eosinophils have been shown to possess
a PDE type IV isoenzyme which seems to account for most
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Figure 4 Effects of systemic treatment with rolipram (5 mg kg"1,
i.p. and 0.5mgkg"', i.v.) on zymosan-activated plasma (ZAP)-
induced '"In-eosinophil accumulation (a) and oedema formation (b)
in guinea-pig skin. Control animals are shown by (•) and treated
animals by (O). Inflammatory responses were assessed 2 h after i.d.
injection of ZAP or saline (Sal). The lines across the graphs represent
the background values in response to i.d. injection of saline in
control (dashed line) and rolipram-treated (dotted line) animals.
Results are mean ± s.e.mean of 5 pairs of animals where *P<0.05
and **/><0.01, respectively, when compared to control animals.

of the cyclic AMP hydrolytic activity in these cells (Nielson
et al., 1990; Dent et al., 1991). Inhibitors of this isoenzyme
(such as rolipram) have been shown to inhibit both
eosinophil and neutrophil function effectively in vitro (Niel¬
son et al., 1990; Dent et al., 1991; Souness et al., 1991). Since
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Figure 5 Effect of systemic treatment with rolipram (5 mg kg"1, i.p.
and 0.5 mg kg"', i.v.) on '"In-neutrophil accumulation in (a) a
passive cutaneous anaphylaxis (PCA) reaction and (b) in response to
i.d. injection of zymosan-activated plasma (ZAP) in guinea-pig skin.
Control animals are shown by (•) and treated animals by (O).
Inflammatory responses were assessed 2 h after i.d. injection of
antigen (bovine gamma-globulin, BGG) in saline-treated sites (shown
as BGG), sites previously sensitized with an IgGprich anti-sera
(shown as PCA) or in sites injected with ZAP or saline (Sal). The
lines across the graphs represent the background values in saline sites
or sensitized skin sites injected with saline (Sens/Sal) in control
(dashed line) and rolipram-treated (dotted line) animals. Results are
mean ± s.e.mean of 5 pairs of animals.

Table 3 Effect of systemic treatment with rolipram on the "'In-eosinophil accumulation and oedema formation in guinea-pig skin
"In-eosinophils per site Oedema (pi of plasma)

Stimuli (mol per site) Control Rolipram Control Rolipram

Saline 277 ±46 173 ± 13 7.9 ± 1.0 12.5 ± 1.5
BK 10"10 401 ±77 196 ± 13 37.3 ± 2.9 36.6 ± 3.9

10"' 448 ±99 210 ± 19 44.5 ± 2.9 42.4 ±3.1
Hist 2.5 x 10"' 702 ± 192 207 ± 98 36.6 ± 3.7 25.5 ±5.8

2.5 x 10"8 766 ± 152 248 ± 26* 51.5 ±6.7 51.8 ±4.6
PAF 10"10 1434 ±275 358 ±31* 34.1 ±2.5 34.7 ± 3.3

10"' 2997 ± 919 890 ± 353* 55.4 ± 4.0 53.8 ± 6.8

Rolipram was given at a dose of 5mgkg"', i.p. and 0.5mgkg"', i.v. 30 and lOmin, respectively, before the i.v. injection of
"'In-eosinophils and ['"IJ-HSA. The inflammatory stimuli were injected i.d. and "'In-eosinophil accumulation and oedema formation
assessed 2 h later. The following stimuli were used: bradykinin (BK), histamine (Hist) and platelet-activating factor (PAF) which were
administered at the doses shown. Results are mean ± s.e.mean of 5 pairs of animals. *P<0.05.
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rolipram suppressed mIn-eosinophil accumulation in our
model, we decided to test if accumulation of "'In-neutrophils
was also inhibited. Figure 5 shows the effects of systemic
rolipram on the "'In-neutrophil accumulation in a PCA
reaction (Figure 5a) and in response to i.d. injection of ZAP
(Figure 5b). There was no inhibition of "'In-neutrophil
accumulation and oedema formation measured in the same

sites was also unaltered (data not shown). PAF-induced "'In-
neutrophil accumulation was also not affected by systemic
administration of rolipram (data not shown).

Effects of intradermal administration of rolipram on
"'In-eosinophil accumulation and oedema formation
In order to assess whether rolipram could also inhibit "'In-
eosinophil accumulation when given locally, increasing con¬
centrations of rolipram were mixed with PAF (10"' mol per
site), histamine (2.5 x 10"8mol per site) or antigen (1 pg of
BGG) prior to their i.d. injection. At the doses used (0.1 to
10.0 pg per site), rolipram had little effect on "'In-eosinophil
accumulation and oedema formation induced by the
inflammatory stimuli or in the PCA reaction (Figure 6). Only
PAF-induced "'In-eosinophil accumulation was partially sup¬
pressed by rolipram at 10 pg per site. Higher doses of rolip¬
ram could not be used because of limited solubility.
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Figure 6 Effect of locally-injected rolipram on "'In-eosinophil
accumulation (a) and oedema formation (b) in a passive cutaneous
anaphylaxis (PCA, 1 pg of antigen per site) reaction and induced by
PAF (10"'mol per site) or histamine (Hist, 2.5 x 10~8 mol per site).
Inflammatory responses were assessed 2 h after i.d. injection of
mediators and antigen either alone (open columns) or with rolipram
at 0.1 pg per site (hatched columns), 1.0 pg per site (solid columns)
or 10.0 pg per site (cross-hatched columns). The line across the
graphs represent the background values in response to i.d. injection
of saline. Results are mean ± s.e.mean of 5 pairs of animals where
'represents P<0.05 when compared to i.d. injection of mediators or
antigen alone.

Discussion

We have studied the effects of selective inhibitors of PDE
isoenzymes III, IV and V on the local accumulation of
radiolabelled eosinophils, neutrophils and plasma protein
induced by antigen or different known mediators of
inflammation in guinea-pig skin. Our findings can be sum¬
marized as follows: (1) Systemic treatment with a type III
(SK&F 94120) or a type V (zaprinast) PDE inhibitor had no
significant effect on the "'In-eosinophil accumulation and
oedema formation induced by the different inflammatory
stimuli; (2) Systemic treatment with theophylline significantly
inhibited "'In-eosinophil accumulation but not oedema for¬
mation induced by ZAP, PAF and in the PCA reaction; (3)
Systemic treatment with rolipram, a type IV PDE inhibitor,
effectively suppressed the accumulation of "'In-eosinophils,
but had no effect on the accumulation of "'In-neutrophils or
oedema formation in response to the i.d. inflammatory
stimuli; (4) Co-injection of rolipram with PAF, histamine or
antigen had little effect on the accumulation of "'In-
eosinophils or oedema formation induced by these stimuli.
These results show that systemic, but not local, PDE type IV
inhibition was associated with strong inhibition of allergic
and mediator-induced "'In-eosinophil accumulation in
guinea-pig skin.
Theophylline has been previously shown to inhibit the

influx of eosinophils into the airways of different animal
models of allergic inflammation (Spicer et al., 1990; Sturm et
al., 1990; Gristwood et al., 1991). In our studies in guinea-pig
skin, theophylline also effectively inhibited the accumulation
of "'In-eosinophils induced by different mediators and in a
PCA reaction when given at 50mgkg"', but not at
5mgkg"'. The need fpr higher doses of theophylline to
achieve effective inhibition of eosinophil accumulation is in
agreement with previously published data (Spicer et al., 1990;
Sturm et al., 1990; Gristwood et al., 1991).
Griswold et al. (1993) recently reported that oral admini¬

stration of rolipram inhibited neutrophil accumulation and
oedema formation in the inflamed mouse ear and peritoneum
with an ED50 of 1.7mgkg"' and 2.5mgkg"', respectively.
Zaprinast, up to lOmgkg"', had no inhibitory effect. In the
guinea-pig, oral administration of rolipram has been reported
to dose-dependently inhibit eosinophil accumulation in the
conjunctiva induced by topical application of leukotrienes
(Newsholm & Schwartz, 1993). Maximum inhibition was
observed at lOmgkg"' but greater than 80% inhibition was
found with as little as 0.1 mgkg"'. In our studies we found
that administration of rolipram at 5 mg kg"', i.p. and
0.5mgkg"', i.v. gave maximal inhibition of eosinophil
accumulation although we did not conduct full dose-response
analysis. Preliminary studies with rolipram at 0.5 mg kg"1 i.v.
gave inconsistent inhibition of eosinophil accumulation and
therefore the compound was also administered i.p. at the
higher dose.
The effects of PDE inhibition on guinea-pig pulmonary

function and cellular influx after antigen challenge has also
been reported in recent publications (Howell et al., 1993;
Underwood et al., 1993). Rolipram inhibited antigen-induced
bronchoconstriction both in vitro and in vivo, but it had no
effect on bronchoconstriction induced by LTC4 or histamine
(Howell et al., 1993; Underwood et al., 1993). In contrast,
zaprinast at oral doses up to 200mgkg"' failed to inhibit
antigen-induced bronchoconstriction (Howell et al., 1993).
However, airway hyperreponsiveness (AHR) and eosinophil
influx measured 24 h after antigen challenge were' also
inhibited by rolipram. The observation that rolipram
inhibited antigen-induced but not mediator-induced res¬
ponses led the authors to suggest that inhibition of mast cells
could account for some of the inhibitory effects of rolipram
(Underwood et al., 1993). However, rolipram may inhibit
eosinophil influx even when given 12 h after antigen
challenge mitigating against an early inhibitory effect only on
the mast cell (Sturm et al., 1990).
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In guinea-pig skin, rolipram inhibited both antigen- and
mediator-induced "'In-eosinophil accumulation. We cannot
rule out a role for mast cells as the cellular target for the
inhibitory actions of rolipram, but several pieces of evidence
suggest that these cells may not be the main site of action.
Firstly, we have no evidence for a mast cell-dependent com¬
ponent to responses to PAF, but these were effectively
inhibited by rolipram. Additionally, one would expect that, if
rolipram were acting on the mast cell to inhibit mediator
release, both oedema formation and "'In-neutrophil
accumulation would also be suppressed accordingly. Finally,
i.d. injection of rolipram with PAF or antigen had little effect
on the "'In-eosinophil accumulation induced by these stimuli
favouring an effect on circulating cells, rather than skin tissue
cells.
If the mast cell is not the main cellular target for rolipram-

induced inhibition of "'In-eosinophil accumulation, what are
other possible sites of action? Guinea-pig eosinophils have
been previously shown to possess a membrane bound, cyclic
AMP-specific, cyclic GMP-and calmodulin-insensitive, Ro-
20-1724-inhibitable isoenzyme (Dent el al., 1991; Souness et
al., 1991). These characteristics are of a type IV PDE
isoenyzme which accounts for most of the cyclic AMP hydro-
lytic activity in these cells (Dent et al., 1991). Systemic rolip¬
ram treatment may lead to an inhibition of the PDE type IV
in circulating "'In-eosinophils, thus inhibiting their
accumulation. If that is the case, PDE IV inhibitors are
capable of inhibiting not only eosinophil function in vitro,
but also their accumulation in vivo. This may be of potential
benefit in diseases where eosinophils play a major
pathophysiological role.
Another putative site for the inhibitory action of rolipram

is the endothelial cell. Analysis of the PDE isoenzyme profile
of endothelial cells from different species has shown that
these cells possess mainly types II, III and IV isoenzymes
(Suttorp et al., 1993). Whether inhibition of PDE type IV
isoenzymes in endothelial cells can inhibit the transmigration
of leukocytes in vitro or into inflamed tissues in vivo is
presently unknown, but deserves further investigation. Never¬
theless, it has been shown previously that increased levels of
cyclic AMP in endothelial cells may differentially affect the
expression of adhesion molecules (Pober et al., 1993) which
could be translated into decreased or preferential accumula¬
tion of leukocytes within a given tissue. We are at present
investigating this hypothesis.
Human neutrophils possess a PDE type IV isoenzyme

which accounts for most of the nucleotide hydrolytic activity
in these cells (Nielson et al., 1990; Schudt et al., 1991). As
found with eosinophils, human neutrophil activity is also
suppressed in vitro by inhibitors of PDE type IV such as
rolipram (Nielson et al., 1990). However, in the present study
systemic rolipram had no effect on the accumulation of
"'In-neutrophils induced by different inflammatory stimuli in
guinea-pig skin. This is in accordance with a recent abstract
by Boucheron et al. (1991) who showed that guinea-pig
neutrophil function is less inhibited by PDE inhibitors than
the human neutrophil. In the same studies however, rolipram
effectively inhibited cyclic nucleotide hydrolytic activity in
cell lysates (Boucheron et al., 1991). Thus, it is possible that
rolipram does not have access to neutrophil PDE enzymes or
that cyclic AMP turnover in these cells is low and a stimulus
which activates adenylate cyclase is also necessary
(Boucheron et al., 1991). The lack of effect of rolipram on
"'In-neutrophil accumulation does not exclude the
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Abstract

This study examined the pro- and anti-inflammatory effects of the stable prostaglandin (PG) D2 analogue, ZK 118 182 and
the mechanism by which prostaglandins may exert their anti-inflammatory activity Co-injected locally, ZK 118 182, like PGE2
and PGD2, dose-dependently increased plasma leakage induced by intradermal injection of bradykinin in rabbit skin Infused
iv, ZK 118 182 (0 45 jcg/kg/min), a dose which did not affect systemic blood pressure, inhibited oedema formation in rabbit
skin induced by the neutrophil-dependent agonists, formyl-methionyl-leucyl-phenylalanine (FMLP) and leukotnene B4 (LTB4)
However, it did not modify plasma leakage induced by the neutrophil-mdependent mediators, bradykinin and platelet-activating
factor (PAF) In contrast, neutrophil accumulation in response to LTB4 and FMLP was not affected in animals infused with ZK
118 182 In vitro, ZK 118 182, like PGE2 and PGD2 inhibited FMLP-induced superoxide anion (02 ) production by rabbit
neutrophils The compound, however, had minimal effects on 02 production induced by phorbol myristate acetate (PMA) ZK
118 182 inhibited to a small extent FMLP but not PMA-induced neutrophil adherence These results show that depending on the
route of administration, the PGD2 analogue, ZK 118 182, exhibits either pro- or anti-inflammatory effects The anti-inflamma-
tory effect may be related to the ability of the compound to inhibit increased microvascular permeability induced by neutrophil
activation without interfering with neutrophil accumulation This latter effect may be due to the analogue's capacity to suppress
neutrophil secretion to a greater extent than neutrophil adherence

Key words Inflammation, Prostaglandin D2, Neutrophil, Edema formation, Adherence, 02 production

1. Introduction

Prostaglandins are important mediators of inflam¬
mation (Vane, 1976, Zurier, 1988), however, conflicting
reports exist concerning their precise role Indeed,
depending on the doses used or their route of adminis¬
tration, prostaglandins can exhibit either pro- or anti¬
inflammatory activities In rabbit skin, for example,
although inducing little plasma leakage when injected
locally, prostaglandins including PGE2, PGD2 and
PGI2 dramatically potentiate oedema formation in¬
duced by agents which directly increase microvascular
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permeability such as bradykinin and histamine, or neu¬
trophil-dependent stimuli such as formyl-methionyl-
Ieucyl-phenylalanine (FMLP) and leukotnene B4
(LTB4) (Wedmore and Williams, 1981, Williams and
Peck, 1977, Williams, 1979) Since this potentiating
effect is also exhibited by the vasodilator neuropep¬
tides, vasointestinal peptide (Williams, 1982) and calci¬
tonin gene-related peptide (Brain et al, 1985), it is
thought to be related to the vasoactive properties of
these prostaglandins leading to increased blood flow at
the site of leakage Prostaglandins have also been
shown to suppress the acute inflammatory responses
associated with intradermal (id) injection of his¬
tamine, bradykinin or neutrophil-dependent mediators
in different animals species, when given systemically at
high doses (Rampart and Williams, 1986, Kunkel et al,
1979, Fantone et al, 1980, Issekutz and Movat, 1979)
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However, infused l v at low doses, PGI, selectively
inhibits oedema formation induced by l d injection of
the neutrophil-dependent mediators, C5a-des-Arg,
LTB4 and FMLP in the rabbit, without affecting re¬
sponses to bradykinin, histamine and platelet-activat¬
ing factor (PAF) (Rampart and Williams, 1186) These
observations suggest that high intravascular concentra¬
tions of prostaglandins may non-selectively suppress
oedema formation by lowering systemic arterial pres¬
sure, whereas low doses of prostaglandins may selec¬
tively inhibit neutrophil-dependent responses by acting
on neutrophil accumulation and/or function

Neutrophils, upon activation, can lead to microvas¬
cular injury through the release of oxygen radicals and
granule proteases In vitro, prostaglandins and in par¬
ticular prostaglandins of the E series and PGD2 have
been shown to inhibit superoxide anion (02) produc¬
tion and lysosomal enzyme release by neutrophils in
response to particulate or soluble stimuli (Fantone et
al, 1984, Ham et al, 1983, Marone et al, 1980, Fan-
tone and Kinnes, 1983, Gryglewski et al, 1987, Simp-
kms et al, 1986, Farmer et al, 1991, Simpkins et al,
1990, Rossi and O'Flaherty, 1989) Furthermore, neu¬

trophils isolated from rats treated systemically with
PGE, have been shown to exhibit decreased oxygen
radical and protease release upon stimulation with
FMLP (Fantone et al, 1983) Adherence to the vascu¬
lar endothelium is the initial step in the recruitment of
inflammatory cells at the site of injury This step regu¬
lates the accumulation of neutrophils during inflamma¬
tion, but seems also to modulate the ability of neu¬
trophils to produce a respiratory burst in response to
different stimulatory agents (Dahmden et al, 1983,
Hoffstein et al, 1985, Zawadzki et al, 1981) In vitro,
PGE, and PGI-, have been shown to inhibit neutrophil
adherence (Chopra and Webster, 1988, Boxer et al,
1980) and neutrophil-mediated injury to endothelial
cells (Chopra and Webster, 1988) In agreement with
these data, PGE, and the PGI2 analogue, lloprost,
have been reported to reduce agonist-stimulated neu¬

trophil adherence in anaesthetized rats and sheep
(Doerr et al, 1992, Muller et al, 1988) This inhibitory
effect of prostaglandins on neutrophil function is

thought to be mediated by an increase in intracellular
cyclic 3',5'-adenosine monophosphate (cAMP) levels
Only a few studies have looked at the effect of
prostaglandins on neutrophil accumulation In rabbit
skin, PGE, and PGE2, administered locally, have been
reported to increase neutrophil accumulation induced
by zymosan-activated plasma (Issekutz, 1981), whereas
in rats, the suppression of immune complex vasculitis
by an i v administration of PGE, was shown to be
associated with a reduction in neutrophil influx (Kunkel
et al, 1979) On the other hand, several in vitro studies
have suggested that certain prostaglandins may be
chemotactic for polymorphonuclear leucocytes (Higgs

et al, 1975, Van Epps et al, 1978, Andeison et al,
1977) or actually cause adherence to cultured endothe¬
lial cells (Pearson et al, 1979) These data, however,
remain controversial and await clarification

Taken together, the above observations suggest that
prostaglandins given systemically may have very impor¬
tant modulatory effects on neutrophil function and/or
accumulation, which may account for their selective
anti-inflammatory effects toward neutrophil-dependent
reactions The present study was therefore undertaken
to investigate the mechanisms by which prostaglandins
may exert their anti-inflammatory effects For this, a

potent and stable PGD2 analogue, ZK 118 182, was
used (Thierauch et al, 1988, 1989, Schulz et al, 1991)
The effects of ZK 118 182 were investigated in vivo on
oedema formation and neutrophil accumulation in¬
duced by neutrophil-dependent and neutrophil-inde-
pendent mediators in rabbit skin Furthermore, the
ability of the compound to modulate neutrophil func¬
tion, i e production and adherence, was assessed
in vitro

2. Materials and methods

2 1 Animals

New Zealand White rabbits (2 5-3 5 kg) were pur¬
chased from Regal Rabbits, Great Bookham, Surrey,
UK

2 2 Isolation of rabbit peripheral neutrophils

Peripheral rabbit neutrophils were isolated as previ¬
ously described (Haslett et al, 1987) Briefly, 32 ml
aliquots of rabbit blood, collected from the carotid
artery, were mixed with 8 ml 3 8% tri-sodium citrate
and centrifuged at 300 X g for 20 min To obtain
platelet-poor plasma, the resultant platelet-rich plasma
was removed and centrifuged at 2000 X g for 20 mm
over a 2-3 ml Percoll button (90% Percoll in 0 9%
saline) 8 ml of 6% Dextran T-500 in 0 9% saline were

added to the remaining buffy coat and erythrocyte
layer, and the volume adjusted to 50 ml using 0 9%
saline The erythrocytes were allowed to sediment at
room temperature for 30 min after which the leuko¬
cyte-rich layer was carefully removed and centrifuged
(275 Xg, 6 min) The cell pellet was resuspended in 4
ml platelet-poor plasma, overlayered on to a discontin¬
uous plasma Percoll gradient (43% and 53% Percoll in
platelet-poor plasma) and centrifuged at 260 X g for 11
min The ncutrophil-rich band was removed and cen¬

trifuged at 170Xg for 8 min In order to remove
contaminating erythrocytes, the cell pellet was resus¬
pended in 25 ml of 0 2% NaCl at 4°C, left for 10 s and
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then mixed with 25 ml of 16% NaCl/dextrose The
cells were then centrifuged at 170 X g for 8 mm and
resuspended in 2 ml platelet-poor plasma Cell suspen¬
sions contained > 96% neutrophils

2 3 Measurement of Of production

Rabbit (5 X 106 cell/ml) neutrophils in phosphate
buffered saline (PBS) (Ca2+/Mg2+ free) were incu¬
bated with CaCl2 (1 4 mM) and MgCl2 (0 6 mM) for 20
mm at 37°C The cells were then incubated with cy-
tochalasm B (5 /xg/ml) for 2-4 mm at 37°C and
dispensed (100 /xl aliquots) into 96-well flat-bottomed
microtitre plates Each well of the plate had previously
received 50 /xl of 5 mg/ml cytochrome c, 10 /xl of an
agonist and 10 /tl of one of the PGs, ZK 118 182 or
PBS For calculation of superoxide dismutase-inhibita-
ble 02 generation some wells received cells, cy¬
tochrome c and superoxide dismutase (50 /xl of 0 4
mg/ml) Total volume of all wells was adjusted to 200
/xl using PBS The plates were incubated at 37°C and
after 40 mm the absorbance at 550 nm was determined

02 production was determined by assaying the super¬
oxide dismutase-inhibitable reduction of cytochrome c
The results are expressed as the amount of Of pro¬
duction in nmol per 5 X 105 cells using an extinction
coefficient of 21 1 X 103 All tests were carried out, at
least, in triplicate

2 4 '"in labelling of rabbit peripheral neutrophils

Peripheral rabbit neutrophils were labelled with
'"lnCI3 as previously described (Nourshargh et al,
1989) Briefly, neutrophils (5 X 107 to 15 X 107 cells in
platelet-poor plasma) were incubated with u,InCl3
(100-200 /xCi in 10-20 /xl) chelated with 2-mercapto-
pyridine-TV-oxide (40 /xg in 0 1 ml of 50 mM PBS, pH
7 4) for 15 mm at room temperature The labelled
neutrophils were then washed 3 times and finally resus¬

pended in platelet-poor plasma for in vivo experiments
and in PBS containing Ca2+/Mg2+ for adherence as¬
say

2 5 Measurement of '"in-neutrophil adherence to
gelatin-coated plates

Rabbit '"in-neutrophils suspended in PBS (5 X 106
cells/ml) were dispensed (50 /xl aliquots) into gelatin
(l%)-coated 96-well flat-bottomed microtitre plates
Each well of the plate had previously received 50 /xl of
an agonist or PBS and 50 /xl of one of the inhibitors
(prostaglandins, ZK 118 182, monoclonal antibody 60 3
(mAb 60 3) or PBS) The plate was then incubated at
room temperature for 30 mm after which non-adherent

neutrophils were removed by three gentle washes with
PBS Triton X-100 (200 /xl of 0 1% solution in PBS)
was then dispensed into the wells in order to lyse
adherent cells After incubation at room temperature
for 15 mm, 100 /xl of lysed cells were collected and
counted in a gamma counter Adherence of neu¬

trophils was expressed as percent of total cells All
tests were carried out in triplicate

2 6 Measurement of oedema formation and neutrophil
accumulation in rabbit skin

Oedema formation and neutrophil accumulation in
the rabbit dorsal skin were simultaneously measured by
iv injection of 125I-human serum albumin and "'in-
labelled neutrophils Briefly, rabbits were anaes¬
thetized with iv Sagatal (sodium pentobarbitone, 30
mg kg-1) and the dorsal skin clipped and marked out
with 12 treatment sites in 6 replicates according to a
balanced site plan 125I-human serum albumin (5 /xCi
kg-1) mixed with the visual marker Evans blue dye (10
mg kg-1) was then injected i v followed 5 mm later by
111 In-labelled neutrophils in 3 ml volumes The number
of neutrophils injected per animal varied between 3 X
107 to 5 X 107 and was the same within each pair of
animals l25I-human serum albumin and "'in-neu-
trophils were allowed to circulate for 15 mm before an
iv infusion of ZK 118182 in one animal and saline
vehicle in the other was started The infusion was

maintained throughout the experiment After a further
15 mm, inflammatory stimuli, freshly prepared in ster¬
ile isotonic saline, were injected id in 0 1 ml volumes
Where indicated, agonists were co-injected with PGE2
(3 X 10-10 mol/site) as a synergistic potentiating agent
(Wedmore and Williams, 1981) After 30 min, a 10 ml
cardiac blood sample was collected into a heparimzed
tube for the preparation of plasma The animals were
then killed by overdose of sodium pentobarbitone, the
back skin removed and the injection sites punched out
with a 17 mm diameter punch Radioactivity in the skin
sites and in plasma samples was counted in a gamma
counter with automatic spill over and cross-talk correc¬
tion Plasma leakage was expressed in terms of /xl of
plasma by dividing skin sample 1251 counts by 125I
counts in 1 /xl of plasma The number of '"in counts
per neutrophil was determined and used to express
neutrophil accumulation in terms of number of la¬
belled neutrophils per site per 5 x 107 cells injected
Blood samples were also used to determine the per¬
centage of circulating labelled neutrophils and levels of
free "1 In The percentage of circulating cells in control
and ZK 118 182-treated animals was respectively 117
± 1 1% (n - 8) and 13 3 ± 2 2% (n = 8) of those in¬

jected The level of circulating free "'in was 3 3 ± 0 5%
(n = 7) and 3 7 ± 0 9% fn = 7) in control and ZK
118 182-treated animals



240 F Fun\ ft al /European Journal of PhurmuLolow Jt>I 11144) 237-247

2 7 Arterial blood pressure measurement

A catheter was placed into the central ear artery of
anaesthetized animals and changes in blood pressure
were measured using an Elcomatic EM 750 pressure
transducer (Elcomatic, Glasgow, UK) connected to a
Lectromed amplifier 3559 and recorder MX216
(Lectromed, Jersey, Channels Islands, UK)

2 8 Materials

Cytochalasin B, cytochrome c, superoxide dismu-
tase, FMLP, phorbol mynstate acetate (PMA),
bradykinin and Triton X-100 were purchased from
Sigma Chemical Co, Poole, Dorset, UK Percoll and
Dextran T-500 were from Pharmacia LKB, Biotechnol¬
ogy, Uppsala, Sweden Gelatin was from BDH Labora¬
tory Supplies, Poole, Dorset, UK Sagatal (pentobarbi¬
tone sodium 60 mgml"') was purchased from May and
Baker, Dagenam, Essex, UK 125I-human serum albu¬
min (20 mg ml-1 in sterile isotonic saline, 50 p.Ci
ml"1) and 111 InCl, (2 mCi in 0 2 ml sterile pyrogen-free
0 04 N HC1) were from Amersham International,
Amersham, Buckinghamshire, UK Evans blue dye was
from British Drug House, Poole, Dorset, UK LTB4
was a gift from Schenng, Berlin, Germany or pur¬
chased from Cascade Biochem, Reading, Berkshire,
UK PAF was from Bachem, Saffron Walden, Essex,
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Fig 2 Representative tracing of the effect of i v infusion of ZK
118 182 on arterial blood pressure (BP) in the rabbit Systemic
infusion of saline (a) or ZK 118 182 (0 45 jig/kg/min) (b) was
started 15 min before l d injections of the agents under investigation
and maintained throughout the experiment (i e up to 30 min after
the injections)

UK PGD2 and PGE2 were purchased from Cascade
Biochem, Reading, Berkshire, UK ZK 118 182 was a

gift from Schenng, Berlin, Germany Monoclonal Ab
60 3 was a gift from Dr J Harlan, University of Wash¬
ington, Seattle, USA

2 9 Statistical analysis
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All data are expressed as the mean + S E M of the
indicated number of experiments Statistical signifi¬
cance between animals treated iv with ZK 118 182
and control animals was determined by the Wilcoxon
rank signed test and for comparisons within animals
data were analysed by two-way analysis of variance
followed by the Neuman-Keuls procedure For in vitro
experiments data were analysed by one-way analysis of
variance followed by the Neuman-Keuls procedure P
values less than 0 05 were considered to be significant,
where * and ** represent P < 0 05 and P < 0 01 re¬

spectively
3x10"

(mol/site)

Fig 1 Dose-dependent effect of i d injection of PGE2 (•), PGD2
(■), and ZK 118 182 ( a) on oedema formation induced by bradykinin
(Bk) in rabbit skin Bradykinin (10~"' mol/site) was co-injected
intradermally with increasing doses (mol/site) of either prostaglandin
and oedema formation was measured 30 min later Results are

expressed as p\ plasma for n- 6 rabbits Oedema formation in
response to bradykinin alone is shown by the open bar The open
circle, square and triangle represent responses obtained in sites
injected with 3xl0_<> mol/site PGE2, PGD2 and ZK 118 182
respectively The dotted line represents control responses in sahne-
mjected sites Significant differences from sites injected with
bradykinin alone are indicated by * P < 0 05 and ** P < 0 01

3. Results

3 1 Effect of local ZK 118182 on oedema formation
induced by bradykinin in rabbit skin

The potentiating effect of id injection of PGE2,
PGD2 or the PGD, analogue, ZK 118 182, on oedema
formation induced by bradykinin in rabbit skin over a
30 mm test period is shown in Fig 1 Co-injected
locally, ZK 118 182 (3 X 10"11 to 3 X 10~9 mol/site),
like PGE2 and PGD2 dose-dcpendently increased
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plasma leakage induced by 10"10 mol/site bradykimn
From the dose-response curves obtained, it appears
that although PGE2 is the most potent prostaglandin
in this system, ZK 118 182 potentiates bradykimn-in-
duced oedema formation to a greater extent than
PGD2 Id injection of the top dose (3 X 10 ~9 mol/site)
of each of the two prostaglandins or ZK 118 182 alone
did not cause any significant oedema formation com¬

pared with saline

3 2 Effect of i v infusion of ZK 118182 on agonist-in¬
duced oedema formation and neutrophil accumulation in
rabbit skin

We next examined the effect of the compound when
given systemically on inflammatory responses induced

by neutrophil-dependent (FMLP, LTB4) and neu-
trophil-independent (bradykinin, PAF) mediators For
this, an iv infusion of ZK 118 182 (0 45 /xg/kg/min)
or its vehicle (saline) was started 15 min before inflam¬
matory mediators were injected 1 d, and maintained
throughout the 30 mm test period The i v infusion of
ZK 118 182 had no detectable effect on systemic arte¬
rial blood pressure (Fig 2) when compared to saline
infusion and the number of circulating leukocytes (see
section 2 6) was not altered by the PGD2 analogue
infusion After the test period, the animals were killed
and oedema formation and neutrophil accumulation
determined Over 30 min, FMLP (5 X 10"12 and 5 X
10-11 mol/site) co-injected with PGE2 (3X10~10
mol/site) induced a dose-dependent oedema forma¬
tion (Fig 3a, open squares) and accumulation of 11'ln-
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Fig 3 Effect of i v infusion of ZK 118 182 on oedema formation (a) and neutrophil accumulation (b) induced by FMLP and bradykinin (Bk) in
rabbit skin Systemic infusion of saline (open symbols) or ZK 118 182 (0 45 jxg/kg/min, closed symbols) was started 15 mm before the id
injections of FMLP (5 X 10"12 or 5 X 10"11 mol/site) or bradykinin (10~10 mol/site), tested in the presence or the absence of PGE2 (3 X 10"10
mol/site) After 30 min, the animals were killed and oedema formation and neutrophil accumulation measured Results are expressed as pi
plasma (oedema formation) and number of neutrophils per site per 107 cells injected (neutrophil accumulation) for n = 8-18 experiments The
square and circle symbols represent responses obtained with FMLP in the presence and the absence of PGE2 respectively The dotted line
represents control responses in saline-injected sites Significant differences from the corresponding response induced in animals treated with i v
saline (control) are indicated by * P < 0 05 and ** P < 0 01 Note that FMLP-mduced oedema formation and neutrophil accumulation are

significantly potentiated, in both the control and ZK 118 182-treated animals, by PGE2 where P values are <0 05 In both sets of animals,
oedema formation induced by bradykinin is also significantly potentiated by PGE2 where the P value is <0 01
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neutrophils (Fig 3b, open squares) in rabbit skin
Oedema formation induced by the top dose ot FMLP
(5 x 10~" mol/site) in the absence of PGE2 (Fig 3a,
open circle) was minimal when compared to responses
at salme-injected sites, but was significantly potenti¬
ated in the presence of PGE2 (Fig 3a, open squares)
On the other hand, neutrophils accumulated to a great
extent in skin sites injected with 5X 10 " mol/site
FMLP alone (Fig 3b, open circle), and this response
was increased to a small, but significant, extent in the
presence of PGE2 (Fig 3b, open squares) Although
inducing a marked plasma leakage in the presence of
PGE2 (Fig 3a, open bars), bradykinm (10 10 mol/site)
did not cause any significant neutrophil accumulation
when compared with saline (Fig 3b, open bars) In
animals infused with ZK 118 182 (0 45 jig/ml/min),

oedema formation induced by FMLP (5 X 10" 12 and
5 X 10"" mol/site) + PGE, (3 X 10""' mol/site) was
significantly inhibited, whereas neutrophil accumula¬
tion was not affected (Fig 3a and 3b, closed squares)
In contrast, iv infusion of ZK 118 182 did not have
any significant effect on plasma leakage caused by
bradykinin + PGE2 (Fig 3a, closed bars)

Fig 4 shows similar results obtained with the neu-

trophil-dcpendent mediator, LTB4 and the permeabil¬
ity-increasing factor, PAF LTB4 (5 X 10"" and 5X
10"1(1 mol/site) co-injected with PGE2 caused a dose-
dependent oedema formation, which was significantly
reduced (P<005 for the dose of 5 X 10"10 mol/site
LTB4) in animals infused with ZK 118 182 (Fig 4a) In
contrast, plasma leakage induced by PAF or PAF +
PGE2 was not significantly affected in the animals
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Fig 4 Effect of iv infusion of ZK 118 182 on oedema formation (a) and neutrophil accumulation (b) induced by LTB4 and PAF in rabbit skin
Systemic infusion of saline (open symbols) or ZK 118 182 (0 45 pg/kg/min, closed symbols) was started 15 min before the l d injection of LTB4
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118 182-treated animals, by PGE2 where P values are <0 05 In both sets of animals, oedema formation induced by PAF is also significantly
potentiated by PGE2 where the P value is < 0 05
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treated with 1 v ZK 118 182 LTB4 caused also a dose-
dependent neutrophil accumulation, which was poten¬
tiated in the presence of PGE2 In contrast, little cell
deposition was seen in sites injected with PAF alone or
with PAF plus PGE2 LTB„-induced neutrophil accu¬
mulation was not modified in animals infused with ZK
118 182 (Fig 4b)

3 4 Effect of ZK 118 182 on rabbit neutrophil functional
responses in vitro

In order to gam some understanding into the mech¬
anisms involved in the above in vivo situation we inves¬

tigated the effect of ZK 118 182, PGE2, PGD2 and the
anti-CD18 adhesion molecule antibody, mAb 60 3, on
rabbit peripheral neutrophil 02 production and ad¬
herence induced by FMLP or PMA

FMLP (10~l° to Kr7 M) induced a concentration-

dependent increased adherence and 02 production in
rabbit peripheral neutrophils (Fig 5, closed symbols)
PMA (10-8 M) was also a potent stimulator of rabbit
neutrophil function (Fig 5, open symbols) ZK 118 182
concentation-dependently reduced Of production in¬
duced by 10"9 M and 10~7 M FMLP (Fig 6a) For
both FMLP concentrations used, significant inhibition
was observed with 10"6 M and 10~5 M ZK 118 182

Of production induced by 10"7 M FMLP was re¬
duced by 24% and 38% respectively, whereas Of
production induced by 10 ~9 M FMLP was inhibited by
57% and 63% respectively Aswith 10"5 M ZK 118 182,
PGD2 (lO"5 M) and PGE2 (3 X 10"6 M) also signifi¬
cantly suppressed Of production induced by 10"7 M
FMLP (55% and 53% inhibition respectively compared
to 38% inhibition for ZK 118 182, Fig 7a) The m-
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Fig 6 Concentration-dependent effect of ZK 118182 on rabbit
peripheral neutrophil Of production and adherence induced by
FMLP Cell Of production (a) and adherence (b) in response to
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absence (columns 1) or the presence of increasing concentrations of
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10"7 M, columns 5, 10 6 M, columns 6, 10-5 M) Results are

expressed as nmol Of production and percent adherence (n = 4-5
experiments) Significant differences from control (the corresponding
FMLP response) are indicated by * P < 0 05 and ** P < 0 01

hibitory effect of the prostaglandins appears to be
specific to the neutrophil chemoattractant stimulus,
since PGE2 (10"s M), PGD2 (3 X 10"6 M) and ZK
118 182 GO"5 M) had no effect on the PMA-induced
response (Fig 7a) In contrast, the mAb 60 3 (1
jug/well) did not modify either FMLP- or PMA-in-
duced Of production (Fig 7a) ZK 118 182 also sup¬
pressed FMLP-induced Of production from rabbit
peritoneal and peripheral human neutrophils, without
affecting the response of the cells to PMA (data not
shown)
Although significantly inhibiting FMLP-induced Of

production from rabbit peripheral neutrophils, ZK
118 182 had only a small effect on FMLP-induced
adherence of the cells to gelatin-coated plates (Fig
6b) Indeed, although 10~5 M ZK 118 182 significantly
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Fig 7 Effect of ZK 118 182, PGD2, PGE2 and mAb 60 3 on rabbit
peripheral neutrophil OJ production and adherence induced by
FMLP and PMA Cell 07 production (a) and adherence (b) in

response to FMLP (10~7 M) and PMA (10— h M) were measured in
different plates in the absence (columns 1) or the presence of 10 ^
M ZK 118 182 (columns 2), 10 5 M PGD, (columns 3), 3x10"^
PGE3 (columns 4) or 1 fig mAb 60 3 (columns 5) Results are
expressed as nmol 07 production and percent adherence (n = 5-6
experiments) Significant differences from control (the corresponding
FMLP or PMA response) are indicated by *P < 0 05 and ** P <
0 01

reduced cell adherence induced by 10"7 M FMLP
(32% inhibition, P < 0 05, n = 5), it did not atfect the
smaller response observed with 10"9 M FMLP (Fig
6b) PGD2 (10 5 M) and PGE2 (3 X 10"6 M), with
66% and 61% inhibition respectively, appeared, how¬
ever, to be more efficacious than ZK 118 182 in inhibit¬
ing FMLP-induced rabbit peripheral neutrophil adher¬
ence (Fig 7b) ZK 118 182, PGD-, and PGE2 did not
modify neutrophil adherence in response to PMA,
whereas the mAb 60 3 effectively suppressed cell ad¬
herence to both FMLP and PMA (Fig 7b) It is also
interesting to note that the prostaglandins had only
minimal effects on PMA-induced neutrophil 02 pro¬
duction or adherence to gelatin-coated plates (Fig 7b)

4. Discussion

Many studies have been carried out in order to gain
an understanding about the mechanisms underlying the
pro- and anti-inflammatory activities of prostaglandins
(Kunkel et al, 1979, 1981, Gee et al, 1987, Rampart
and Williams, 1986) Rampart and Williams (1986)
demonstrated that prostacyclin can specifically en¬
hance or inhibit polymorphonuclear-dependent plasma
leakage in rabbit skin depending on the route of ad¬
ministration used Although leukocytes were proposed
to be possible target cells for the anti-inflammatory
effects of prostaglandins (Rampart and Williams, 1986,
Kunkel ct al, 1979, 1981), it is still not clearly estab¬
lished which of the inhibitory effects of prostaglandins
on these cells is important for suppression of oedema
formation induced by neutrophil-dependent stimuli In
the present study, we attempted to clarify this point,
using a synthetic analogue of PGD2, ZK 118 182
(Thierauch et al, 1988, 1989, Schulz et al, 1991) This
compound has been shown to exhibit a similar pharma¬
cological profile to PGD2, to specifically bind to PGD2
receptors (DP receptors), and to be a potent inhibitor
of human neutrophil 02 release (Thierauch et al,
1988, 1989, Schulz et al, 1991) These properties, as
well as its chemical stability and its resistance to en¬
dogenous metabolic enzymes render ZK 118 182 a use¬
ful pharmacological tool

We firstly investigated whether ZK 118 182 pos¬
sesses both pro- and anti-inflammatory activities in
rabbit skin depending on the route of its administra¬
tion Locally, the analogue alone produced no de¬
tectable plasma leakage, but dose-dependently potenti¬
ated the response produced by bradykinin Although
less potent than PGE2, ZK 118 182 enhanced
bradykimn-mduced oedema formation to a greater ex¬
tent than PGD2 This may reflect the better stability of
the analogue in vivo compared to the parent
prostaglandin (Thierauch et al, 1989) As already pro¬

posed for PGE2 (Wedmore and Williams, 1981), the
potentiating effect of ZK 118 182 on oedema formation
could result from its vasodilator property Indeed, in
rabbit skin, 1 d injection of PGD2 increases blood flow,
as measured by a laser-DoppIer technique (Warren et
al, 1994) Furthermore, in conscious rats, ZK 118 182,
at doses that do not affect systemic blood pressure, has
been shown to increase regional blood flow to different
areas, including abdomen, ear and extremities (Schulz
et al, 1991) In the present work, we did not investi¬
gate the effect of local ZK 118 182 or PGD2 on oedema
formation induced by neutrophil-dependent mediators
However, in agreement with other reports (Issekutz
and Movat, 1979, Williams, 1979, Wedmore and
Williams, 1981), we showed that local PGE2 also po¬
tentiates inflammatory responses to FMLP and LTB4
This effect is associated with a significant increase in
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neutrophil accumulation at skin sites Taken together,
these results suggest that local generation of
prostaglandins at sites of injury may increase the in¬
flammatory response also by enhancing neutrophil in¬
filtration

Inhibition of neutrophil-dependent oedema but not
oedema induced by directly acting mediators was re¬
ported by Rampart and Williams (1986) in the rabbit
using systemically administered PGI2 and 15-methyl-
PGE, at relatively low doses From these results it was
concluded that the neutrophil is probably the major
target of the intravascular prostaglandins to cause the
inhibition of neutrophil-dependent oedema In the
present study, we show a similar selective inhibition of
neutrophil-dependent oedema using the PGD2 ana¬
logue, ZK 118 182 Indeed, administered systemically,
ZK 118 182 (0 45 jxg/kg/min) inhibited plasma leak¬
age induced by the chemoattractants, FMLP and LTB4,
without affecting responses induced by the directly
acting mediators, bradykinin and PAF This specific
effect was achieved using a dose of ZK 118 182 which
did not modify arterial blood pressure Treatment of
animals with iv ZK 118 182 did not appear, however,
to modify neutrophil accumulation at skin sites injected
with either FMLP or LTB4, indicating that the de¬
creased plasma leakage to chemoattractants observed
in the presence of the PGD2 analogue did not result
from cell accumulation In rats, suppression of im¬
mune-complex vasculitis by iv PGE, has been re¬
ported to be associated with a reduced infiltration of
neutrophils to the inflammatory sites, suggesting that
prostaglandins are able to interfere with leukocyte
emigration to the site of injury (Kunkel et al, 1981)
However, in this study the doses of prostaglandins used
were relatively high Rampart and Williams (1986)
have demonstrated that high doses of PGI2 or 15
methyl-PGEj which induced a fall in blood pressure
result in inhibition of oedema responses to both neu-
trophil-dependent and neutrophil-independent media¬
tors On the other hand, our data show that high
concentrations of prostaglandins can inhibit neutrophil
adherence in vitro Therefore the use of high doses of
prostaglandins in vivo could result in inhibition of
neutrophil accumulation and explain the results re¬
ported by Kunkel et al (1979)
In the present study, if we consider that neutrophils

accumulate normally in response to chemoattractants
in animals treated with the PGD2 analogue, the de¬
creased plasma leakage observed could be due to a
reduced capacity of the cells to become activated once
accumulated at the site of injury Indeed, our results
show that ZK 118 182 exhibits a greater ability to
suppress rabbit neutrophil 02 production than adher¬
ence in vitro (Fig 6) A dissociation between neu¬

trophil adherence and oxidative metabolism has al¬
ready been reported in a study where the two re¬

sponses were simultaneously assayed (Bellavite et al,
1992) In our experiments, adherence did not appear to
affect 02 release as its inhibition using the anti-CD18
mAb 60 3 had no effect on measured 02 levels
Therefore, it may be possible, as our results seem to
suggest, that ZK 118 182 exerts its anti-mflammatory
effect by inhibiting activation of accumulated neu¬

trophils Although not assessed in the present study, as
well as inducing 02 release, the compound could also
inhibit cytotoxic enzyme release by accumulated neu¬
trophils, an effect which may also reduce neutrophil-
dependent plasma leakage Other inflammatory agents
such as interleukin-1 or tumour necrosis factor-a when
administered intradermally have the capacity to cause
a marked neutrophil accumulation with little or no
oedema formation (Von Uexkull et al, 1992, Movat,
1987, Cybulsky et al, 1988, Watson et al, 1989) These
observations again suggest that neutrophil adherence
and accumulation may occur in vivo without the induc¬
tion of functional responses such as enzyme release
and OJ production In this respect, the generation or
presence of other inflammatory agents such as C5a or
interleukm-8 at the inflammatory locus may be re¬

quired to fully 'activate' the recruited neutrophils
thereby leading to plasma leakage Interestingly, we
observed that prostaglandins, although inhibiting
FMLP-mduced responses, did not affect PMA-induced
neutrophil 02 production or adherence to gelatin-
coated plates These latter results suggest that the
prostaglandins, presumably by elevating cAMP, are
selectively inhibiting the early events occurring after
agonist-receptor interaction and not simply affecting
the responses per se or directly influencing PMA, ergo
protein kinase C, mediated responses

In conclusion, we show here that a stable analogue
of PGD2, ZK 118 182, exhibits selective anti-inflamma-
tory activity towards neutrophil-dependent mediators
when given iv at a relatively low dose in the rabbit
Treatment of animals with this compound i v resulted
in inhibition of neutrophil-dependent oedema forma¬
tion, but not neutrophil accumulation In vitro, ZK
118 182 appeared to exhibit a greater ability to sup¬
press rabbit neutrophil 02 production than adherence
to gelatin-coated plates, suggesting that this compound
is more likely to inhibit increased microvascular leak¬
age by reducing activation of accumulated neutrophils
rather than cell accumulation per se Our observations
therefore shed some light on the possible in vivo mech¬
anism of action of the anti-inflammatory properties of
prostaglandins

Acknowledgements

This work was supported by the Wellcome Trust,
UK, the National Asthma Campaign, UK and Schenng
AG, Berlin, Germany The authors would like to thank



246 F Pons et ul /European Journal ofPharmutologs 261 11994) 237-247

Drs W Skuballa and B Buchmann, Institute of Phar¬
maceutical Chemistry, Schenng AG, Berlin for ZK
118 182 and LTB4, and Dr J Harlan, University of
Washington, Seattle, USA for MAb 60 3

References

Anderson, R , A Glover and A R Rabson, 1977, The in vitro effects
of histamine and metiamide on neutrophil motility and their
relationship to intracellular cyclic nucleotide levels, J Immunol
118, 1690

Bellavite, P, S Chirumbolo, C Mansoldo, G Gandim and P Dri,
1992, Simultaneous assay for oxidative metabolism and adhesion
of human neutrophils evidence for correlations and dissociations
ot the two responses. J Leuk Biol 51, 329

Boxer, L A, JM Allen, M Schmidt, M Yoder and R L Baehner,
1980, Inhibition of polymorphonuclear leukocyte adherence by
prostacyclin, J Lab Clin Med 95 672

Brain, S D T J Williams, J R Tippins, H R Morris and I Macln-
tyre, 1985, Calcitonin gene-related peptide (CGRP) is a potent
vasodilator, Nature 313, 54

Chopra, J and R O Webster 1988, PGE, inhibits neutrophil adher¬
ence and neutrophil-mediated injury to cultured endothelial cells
Am Rev Respir Dis 138, 915

Cybulsky. Ml, MKW Chan and H Z Movat, 1988, Acute inflam¬
mation and microthrombosis induced by endotoxin, interleukin-1,
and tumor necrosis factor and their implication in gram-negative
infection, Lab Invest 58. 365

Dahinden C A , J Fehr and T E Hugh, 1983, Role of cell surface
contact in the kinetics of superoxide production by granulocytes,
J Clin Invest 72, 113

Doerr, T A D L Rosolia, S P Peters, M H Gee and K H Alber-
tine, 1992, PGE, inhibited PMN attachment to air emboli in vivo
during infusion of ZAP without preventing lung injury, J Appl
Physiol 72 340

Fantone, JC and DA Kinnes, 1983, Prostaglandin E, and
prostaglandin I2 modulation of superoxide production by human
neutrophils, Biochem Biophys Res Commun 113, 506

Fantone, J C, S L Kunkel, P A Ward and R B Zuner, 1980,
Suppression by prostaglandin E, of vascular permeability by
vasoactive inflammatory mediators, J Immunol 125, 2591

Fantone, J C, W A Marasco, L J Elgas and P A Ward, 1983,
Anti-inflammatory effects of prostaglandin E, in vivo modulation
ol the tormyl peptide chemotactic receptor on the rat neutrophil
J Immunol 130, 1495

Fantone, J C , W A Marasco, L J Elgas and P Ward, 1984, Stimulus
specificity of prostaglandin inhibition of rabbit polymorphonu¬
clear leukocyte lysosomal enzyme release and superoxide anion

production. Am J Pathol 115, 9
Farmer, JC, TH Burkey, RR Kew and RO Webster, 1991,

Concentration-dependent regulatory effects of prostaglandin E,
on human neutrophil function in vitro. Am Rev Respir Dis
144 593

Gee, M H M V Tahamont J T Flynn, J W Cox, R H Pullen and
N A Andreadis, 1987, Prostaglandin E, prevents increased lung
microvascular permeability during intravascular complement acti¬
vation in sheep, Circ Res 61, 420

Gryglewski, R J , A Szczekhk and M Wandzilak, 1987, The effect of
six prostaglandins, prostacyclin and iloprost on generation of
superoxide anions by human polymorphonuclear leukocytes stim¬
ulated by zymosan or formyl-methionyl-leucyl-phenylalamne,
Biochem Pharmacol 36, 4209

Ham, E A, D D Soderman, M E Zaneth H W Dougherty, E
McCauley and F A Kuehl, 1983, Inhibition by prostaglandins of

leukotnene B4 release trom activated neutrophils Proc Natl
Acad Sci USA 80, 4349

Haslett, C , G S Worthen, P C Giclas D C Morrison, J E Henson
and P M Henson, 1987, The pulmonary vascular sequestration of
neutrophils in endotoxemia is initiated by an effect ol endotoxin
on the neutrophil in the rabbit. Am Rev Respir Dis 136 9

Higgs, G A , E McCall and L J F Youlten, 1975, A chemotactic role
for prostaglandins released from polymorphonuclear leucocytes
during phagocytosis Br J Pharmacol 53, 539

Hoffstein S T, D E Gennaro and R M Manzi 1985, Surface con¬

tact inhibits neutrophil superoxide generation induced by soluble
stimuli. Lab Invest 52 515

Issekutz AC 1981, Effect of vasoactive agents on polymorphonu¬
clear leukocyte emigration in vivo. Lab Invest 45, 234

Issekutz A C and H Z Movat, 1979, The effect of vasodilator
prostaglandins on polymorphonuclear leukocyte infiltration and
vascular injury. Pathology 107, 300

Kunkel, S L R S Thrall. R G Kunkel, J R McCormick, P A Ward
and R B Zurier 1979 Suppression of immune complex vasculitis
in rats by prostaglandin, J Clin Invest 64, 1525

Kunkel, S L, H Ogawa, P B Conran, P A Ward and R B Zurier
1981 Suppression of acute and chronic inflammation by orally
administered prostaglandins. Arthritis Rheum 24 1151

Marone, G , LL Thomas and LM Lichtenstein, 1980, The role of
agonists that activate adenylate cyclase in the conrol of cAMP
metabolism and enzyme release by human polymorphonuclear
leukocytes, J Immunol 125, 2277

Movat, HZ 1987, Tumor necrosis factor and interleukm-1 role in

acute inflammation and microvascular injury, J Lab Clin Med
110. 668

Muller, B , M Schmidtke and W Witt, 1988, Adherence of leuco¬
cytes to electrically damaged venules in vivo Effects of iloprost,
PGE;, indomethacin forskolin, BW 755C sulotroban, hirudin,
and thrombocytopenia Eicosanoids 1, 13

Nourshargh, S , M Rampart, P G Hellewell, P J Jose, J M Harlan,
A J Edwards and TJ Williams, 1989, Accumulation of mIn-
neutrophils in rabbit skin in allergic and non-allergic inflamma¬
tory reactions in vivo inhibition by neutrophil pretreatment in
vitro with a monoclonal antibody recognising the CD18 antigen.
J Immunol 142, 3193

Pearson, J D J S Carleton, J E Beesley A Hutchings and J L
Gordon, 1979, Granulocyte adhesion to endothelium in culture,
J Cell Sci 38, 225

Rampart, M and T J Williams, 1986, Polymorphonuclear leukocyte-
dependent plasma leakage in the rabbit skin is enhanced or
inhibited by prostacyclin, depending on the route ot administra¬
tion Am J Pathol 124, 66

Rossi, A G and J T O'Flaherty, 1989, Prostaglandin binding sites in
human polymorphonuclear neutrophils. Prostaglandins 37, 641

Schulz, B G , R Beckman B Muller, G Schroder, B Maass, K -H
Thierauch B Buchmann, P F J Verhallen and W Frohlich,
1991, Cardio- and hemodynamic profile of selective PGD,-ana-
Iogues Adv Prostaglandin Thromboxane Leukotriene Res 21,
591

Simpkms, CO , S T Alaihma, E A Tate and M Johnson, 1986, The
effect of enkephalins and prostaglandins on O, release by neu¬

trophils, J Surg Res 41, 645
Simpkins, C O , D L Mazorow ST Alailima, EA Tate, W Sweatt,

M Johnson, K Shanff and D B Millar 1990, Prostaglandin D,
modulates human neutrophil intracellular calcium flux and in¬
hibits superoxide release via its ring carbonyl Life Sci 46, 793

Thierauch, K-H , C-St Sturzebecher, E Schillinger II Rehwmkel
B Raduchel, W Skuballa and H Vorbruggen, 1988 Stable 9/3-
or 1 lo-halogen-15-cyclohexyl-prostaglandins with high affinity to
the PGD;-receptor Prostaglandins 35, 855

Thieraucb, K -H, S Sturzebecher, E Schillinger G Schulz, B
Raduchel, W Skuballa, H Vorbruggen and P E Schulze 1989



F Pons et al /European Journal ofPharmacology 261 (1994) 237-247 247

ZK 110841 - a selective and potent prostaglandin D2 analogue,
in Prostaglandins in Clinical Research Cardiovascular System
(Alan R Liss, New York) p 597

Vane, J R, 1976, Prostaglandins as mediators of inflammation, in
Advances in Prostaglandin and Thromboxane Research, eds B
Samuelsson and R Paoletti (Raven Press, New York) p 791

Van Epps, D E, A Wuk, M L Garcia and R C Williams, 1978,
Enhancement of human neutrophil migration by prostaglandin
E2, Cell Immunol 37, 142

Von Uexkull, C, S Nourshargh and T J Williams, 1992, Compara¬
tive responses of human and rabbit interleukin-1 in vivo effect of
a recombinant interleukm-1 receptor antagonist, Immunology 77,
483

Warren, J B , R K Loi and A J Wilson, 1994, Prostaglandin D2 is an
intermediate in agonist-stimulated nitric oxide release in the
rabbit microcirculation in vivo, Br J Pharmacol 111, 98P

Watson, ML.GP Lewis and J Westwick, 1989, Increased vascular
permeability and polymorphonuclear leukocyte accumulation m
vitro in response to recombinant cytokines and supernatant from

interleukin 1-treated human synovial cell cultures, Br J Exp
Pathol 70,93

Wedmore, C V and T J Williams, 1981, Control of vascular perme¬
ability by polymorphonuclear leukocytes in inflammation, Nature
289, 646

Williams, T J , 1979, Prostaglandin E2, prostaglandin 12 and the
vascular changes of inflammation, Br J Pharmacol 65,517

Williams, T J , 1982, Vasoactive intestinal polypeptide is more potent
than prostaglandin E2 as a vasodilator and oedema potentiator in
rabbit skin, Br J Pharmacol 77, 505

Williams, T J and M J Peck, 1977, Role of prostaglandin-mediated
vasodilatation in inflammation, Nature 270, 530

Zawadzki, J V, R F Furchgott and P D Cherry, 1981, The obliga¬
tory role of endothelial cells in the relaxation of arterial smooth
muscle by substance P, Fed Proc 40, 689

Zuner, R B, 1988, Prostaglandins and inflammation, in

Prostaglandins Biology and Chemistry of Prostaglandins and
Related Eicosanoids, ed Curtis-Prior (Churchill Livingstone,
London)p 595



Publication 49

Br. J. Pharmacol. (1994), 113, 1363-1371 © Macmillan Press Ltd, 1994

Studies on the mechanisms involved in the inflammatory
response in a reversed passive Arthus reaction in guinea-pig
skin: contribution of neutrophils and endogenous mediators
'M.M. Teixeira, S.M. Fairbaira, K.E. Norman, T.J. Williams, A.G. Rossi & P.G. Hellewell

Department of Applied Pharmacology, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY

1 Mediators of inflammation can increase vascular permeability in at least two different ways: by
acting directly on endothelial cells or, indirectly, through an incompletely understood mechanism,
dependent on circulating neutrophils. Neutrophil-dependent oedema formation has been described in the
skin of rabbits, rats, hamsters, mice and man. In contrast, we presented evidence in a previous study
that local oedema formation induced by i.d. injection of chemoattractants in guinea-pig skin was
neutrophil-independent. In the present study, we sought evidence of neutrophil-dependent oedema
formation in immune-complex-mediated vasculitis, the reversed passive Arthus (RPA) reaction, in
guinea-pig skin. We also investigated whether haemorrhage in the RPA reaction was neutrophil-
dependent (as it is in other species) and the role of endogenous mediators of inflammation (prostaglan¬
dins, nitric oxide, histamine, PAF and leukotrienes) in contributing to the local inflammatory response.
2 In the RPA reaction, most oedema formation occurred over the first 60min whereas '"In-neutrophil
accumulation was still increasing from 60 to 240 min. The different kinetics of these two events
suggested that they may be dissociated.
3 Oedema formation was partially inhibited by a long-acting PAF antagonist (UK-74,505) and an H,
histamine receptor antagonist (mepyramine) but not by a 5-lipoxygenase inhibitor (ZM 230487). A nitric
oxide synthesis inhibitor (N°-nitro-L-arginine methyl ester, L-NAME) suppressed oedema formation by
68% whereas a cyclo-oxygenase inhibitor suppressed oedema by 27%.
4 '"In-neutrophil accumulation in the RPA reaction was partially suppressed by UK-74,505. In
contrast, ZM 230487 was without effect at doses which abrogated arachidonic acid-induced "'In-
neutrophil accumulation.
5 The anti-CD18 monoclonal antibody, (mAb) 6.5E F(ab')2, effectively inhibited "'In-neutrophil
accumulation induced by PAF, zymosan-activated plasma (ZAP) and in the RPA reaction. However,
oedema formation measured in the same sites was not altered. In contrast, oedema formation in the
RPA reaction was partially suppressed by 6.5E whole mAb which was 2.5 times more potent than 6.5E
F(ab')2 at inhibiting guinea-pig neutrophil adhesion to protein-coated plastic. Haemorrhage induced by
PAF and in the RPA reaction was significantly inhibited by 6.5E F(ab')2 pretreatment.
6 We conclude that in the RPA reaction in guinea-pig skin, oedema formation is partially neutrophil-
dependent as assessed by using an anti-CD 18 mAb, whereas ZAP-induced oedema formation is
neutrophil-independent. Haemorrhage was also dependent on neutrophil accumulation. In addition, our
studies support a role for PAF in mediating both oedema formation and "'In-neutrophil accumulation
in the RPA reaction. Endogenous release of histamine also appears to be important in mediating
oedema formation suggesting that mast cells play a critical role in increases of vascular permeability in
inflammatory reactions in guinea-pig skin. Moreover, our results confirm previous findings which
suggest a dominant role for nitric oxide in maintaining cutaneous blood flow in the guinea-pig.

Keywords: Reversed passive Arthus reaction; type III hypersensitivity; CD18 integrin; neutrophil; oedema formation; PAF;
leukotrienes; histamine; nitric oxide; prostaglandins

Introduction

The generation and release of chemical mediators at sites of
inflammation leads to increased permeability of the
endothelial celL barrier lining microvessels, allowing the pas¬
sage of molecules of high molecular weight from the blood
into the tissues. This enhanced vascular permeability will
facilitate the extravasation of molecules such as complement
factors and immunoglobulin which protect the responding
organism against injurious stimuli. Mediators of
inflammation can increase vascular permeability in at least
two ways: by acting directly on endothelial cells (direct-acting
mediators, e.g. bradykinin) or indirectly, through an incomp¬
letely understood mechanism which is dependent on cir¬
culating neutrophils (neutrophil-dependent mediators, e.g.
C5a, FMLP, interleukin-8) (Wedmore & Williams, 1981a;
Collins et al., 1991). These two mechanisms were initially

' Author for correspondence.

described in rabbit skin (Wedmore & Williams, 1981a) but
were later found to occur in hamsters (Bjork & Smedegard),
1983), rats (Mulligan et al., 1992b), mice (Perretti et al.,
1993) and also in man (Williamson et al., 1986).
The reversed passive Arthus (RPA) reaction, a model of

type III hypersensitivity, is an example of immune complex-
mediated vasculitis which can be elicited in the skin of experi¬
mental animals by the intradermal (i.d.) injection of an
antiserum followed by intravenous (i.v.) injection of the
specific antigen (Cochrane & Janoff, 1974; Crawford et al.,
1982). In rabbit skin, depletion of circulating neutrophils
with nitrogen mustard or anti-neutrophil serum effectively
inhibits the extravasation of albumin and the consequent
oedema formation (Stetson, 1951; Humphrey, 1955a).
Similarly, the blockade of CD11/CD18 integrins on the neut¬
rophil surface using R15.7, a monoclonal antibody (mAb)
which abrogates neutrophil accumulation in rabbit skin
(Rampart et al., 1991), inhibits both the extravasation of
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albumin and red blood cells in the rabbit RPA reaction
(Norman et al., 1994). In rat skin, another anti-CD11/CD 18
mAb also suppresses oedema formation and haemorrhage in
a RPA reaction (Mulligan et al., 1992b). Taken together
these results suggest that, in RPA reactions in different
animal species, both oedema formation and haemorrhage are
dependent on circulating neutrophils and on their adhesive
interaction with microvascular endothelial cells.
We recently showed that i.v. administration of F(ab')2

fragments of an anti-CD 18 mAb (6.5E) effectively inhibited
neutrophil accumulation induced by zymosan-activated
plasma (ZAP, a source of C5a des arg) but had little effect
on oedema formation in guinea-pig skin (Teixeira et al.,
1994). In agreement with this observation is the lack of
oedema forming activity of leukotriene B4 (LTB4), interleukin-
8 or FMLP (all neutrophil-dependent mediators of increased
vascular permeability in rabbit skin) when injected i.d. in
guinea-pig skin (Faccioli et al., 1991; Collins et al., 1993;
Teixeira & Hellewell, 1994). In contrast to the lack of cor¬
relation between neutrophil accumulation and oedema for¬
mation in this species, an Hi receptor antagonist was very
effective in suppressing oedema formation in response to i.d.
injection of ZAP (Teixeira et al., 1994). Thus, in guinea-pig
skin, there is little evidence for neutrophil-dependent oedema
and it is suggested that the liberation of histamine as a result
of mast cell degranulation is more important for the control
of cutaneous vascular permeability induced by different
inflammatory stimuli.
In this study, we have further investigated whether there is

any evidence for neutrophil-dependent oedema and/or
haemorrhage in immune complex vasculitis in guinea-pig skin
using a RPA reaction. We have addressed this by assessing
the inhibitory effects of the anti-CD18 mAb (6.5E) on the
accumulation of ulIn-neutrophils, "Cr-red blood cells (RBC)
and 125I-human serum albumin (HSA) in the RPA reaction.
We have previously analyzed the mediators involved in RPA
reactions in rabbit skin (Hellewell & Williams, 1986;
Hellewell, 1990; Rossi et al., 1992) and the reliance of
neutrophil-dependent oedema on CD18 (Norman et al.,
1994). In this paper, we have also investigated the possible
role of endogenous mediators of inflammation (prostaglan¬
dins, nitric oxide, histamine, PAF and leukotrienes) in induc¬
ing oedema formation and neutrophil accumulation in
immune complex vasculitis in guinea-pig skin. The role of
these mediators was investigated using the cyclo-oxygenase
inhibitor, ibuprofen, the nitric oxide synthesis inhibitor (N°-
nitro-l-arginine methyl ester, l-NAME), the Hi receptor
antagonist mepyramine, the PAF antagonist UK-74,505
(Alabaster el al., 1991), and the 5-lipoxygenase inhibitor ZM
230487 (Crawley et al., 1993).

Animals

Dunkin-Hartley guinea-pigs were purchased from Banting
and Kingman (300-400 g, Grimsby, Humberside) and Har¬
lan (ex-breeders, Bicester, Oxfordshire). New Zealand White
rabbits (2.5 to 3.0 kg) were purchased from Regal Group,
Surrey.

Preparation of zymosan-activated plasma (ZAP)
ZAP was used as a source of guinea-pig C5a des Arg.
Guinea-pig heparinized (lOiuml"') plasma was incubated
with zymosan (5 mgml"') at 37"C. After 30min, zymosan
was removed by centrifugation (2 x lOmin at 3000 g). ZAP
was then desalted with a PD-10 Sephadex G-25M column
and stored in aliquots at — 20°C.

Generation ofantiserum for the Arthus reaction
The serum used in this series of experiments was raised in
rabbits as described elsewhere (Hellewell & Williams, 1986).
Briefly, subcutaneous injections (4 x 0.25 ml) of bovine

gamma globulin (BGG, 2mgml~' in saline) emulsified with
an equal volume of Freund's complete adjuvant were
administered. Fourteen days later, the animals received
booster subcutaneous injections (4 x 0.25 ml) of the same
concentration of BGG in Freund's incomplete adjuvant. At
day 28, a subcutaneous injection of alum-precipitated BGG
(300 pg per rabbit) was given. Blood was collected at day 38,
the serum from 5 animals pooled, heat-activated at 56°C for
30min and stored at — 20°C until use.

Induction, purification and radiolabelling ofguinea-pig
neutrophils

Neutrophils were elicited in the peritoneal cavity of naive
ex-breeders guinea-pigs by the i.p. injection of 15 ml of a 5%
(w/v) solution of casein as previously described (Teixeira et
al., 1993). After 12 to 16 h, the animals were killed and the
peritoneal cavity washed with heparinized saline (10 iu ml"').
The cells were layered onto a discontinuous Percoll-Hank's
balanced salt solution (HBSS; calcium- and magnesium-free)
gradient followed by centrifugation (1500 g, 25 min at 20°C).
Neutrophils (>99% pure, >98% viable) were collected
from the 1.090/1.095 and 1.095/1.lOOgml"' density inter¬
faces. The purified neutrophils were radiolabeled by incuba¬
tion with '"InCl3 (100 pCi in 10 pi) chelated to 2-mercapto-
pyridine-N-oxide (40 pg in 0.1 ml of 50 mm phosphate
buffered saline (PBS), pH 7.4) for 15 min at room temperature.
The cells were then washed twice in HBSS (calcium- and
magnesium-free) containing 10% guinea-pig platelet-poor
plasma and resuspended at a final concentration of 107 cells
ml"1 prior to injection.

Radiolabelling of red blood cells

Guinea-pig blood obtained by cardiac puncture of anaes¬
thetized animals was collected into tri-sodium citrate (0.38%,
w/v) and centrifuged at 250 g for 20 min. One ml of the red
blood cell pellet was added to Na25lCr04 (0.5 mCi in 500 pi)
for 30min at room temperature. Following incubation, the
red blood cell pellet was washed three times in HBSS
(calcium- and magnesium-free) and resuspended in a final
volume of 2 ml. Each animal received 0.5 ml of "Cr-labelled
RBC.

Measurement of local oedema formation, leukocyte
accumulation and haemorrhage in guinea-pig skin
Radiolabelled leukocyte infiltration and oedema formation
were measured simultaneously in the skin. ['"IjHSA (5pCi)
was added to the '"In-labelled neutrophils prior to i.v. injec¬
tion (5 x 10® cells per animal) into recipient guinea-pigs
(350-400 g) anaesthetized with Hypnorm (0.2 ml, i.m.). Five
min later, dilutions of rabbit anti-BGG antiserum (6.25 to
100%) or inflammatory stimuli were injected i.d. Antigen
(BGG, 5mgkg"') was injected i.v. after 5 min. In some
experiments, "Cr-labelled RBC were injected i.v. together
with BGG. The PAF antagonist, UK-74,505 (2.5 mg kg"') or
6.5E F(ab')2 (2.4mgkg"') were injected i.v. 15 min prior to
i.d. injections. 6.5E whole mAb (2.4 mg kg"') or an isotype
matched control IgG, MOPC21 (2.4mgkg"'), were given
15 min before i.d. injections and only oedema formation was
measured in these experiments. For local treatments, inflam¬
matory stimuli and antagonists/inhibitors were mixed just
prior to i.d. injections. Each animal received a duplicate of
each treatment following a randomized injection plan and the
inflammatory response ("'In-labelled neutrophil accumula¬
tion, oedema formation and "Cr-RBC extravasation) was
assessed after 4h. At this time, blood was obtained by
cardiac puncture and the animals were killed by an overdose
of sodium pentobarbitone. The dorsal skin was removed,
cleaned free of excess blood and the skin sites punched out
with a 17 mm punch. The samples were counted in an
automatic 5-head gamma-counter (Canberra Packard Ltd,



MECHANISMS UNDERLYING A GUINEA-PIG RPA REACTION 1365

Pangbourne, Berks), and the counts were cross-channel cor¬
rected for the two isotopes ('"In and l25I). In the experiments
in which all three isotopes were used, samples were initially
counted for '"In and l25I and then allowed to decay for 22
days (approximately eight "'In half-lives) after which they
were counted for 5'Cr and 125I.
For the time-course experiments, antigen (BGG),

radiolabelled neutrophils and l25I-HSA were injected i.v. fol¬
lowed by i.d. injection of anti-BGG antiserum at the same
time, and then at 2 h, 3 h, 3.5 h and 3.75 h later. Thus, cell
accumulation and oedema formation were measured for 240,
120, 60, 30 and 15min, respectively.
The number of leukocytes accumulating in each site was

expressed as "'In-labelled neutrophils per skin site and
oedema formation as the ratio of l25I counts of the skin
sample divided by the l25I counts in 1 ftl of plasma. Haemorr¬
hage ("Cr-RBC extravasation) was assessed by dividing the
number of 5lCr counts of the skin sample by the 51Cr counts
in 1 pi of blood.

Adhesion of In-neutrophils to serum-coated plastic
The wells of microtitre tissue culture plates (Nunc, Life
Technologies Ltd.) were coated with serum by incubation for
at least 2 h at 37°C with RPMI containing 10% foetal calf
serum. Plates were washed twice before the addition of 100 pi
of "'In-neutrophils (2 x 106 cells ml"') in PBS containing
0.25% BSA (w/v). This was followed by whole 6.5E or 6.5E
F(ab')2 (final concentration 0.1-30pgml"') or MOPC21
(30pgml"'). Fifteen min later the cells were stimulated with
phorbol myristate acetate (PMA, 10~8 m) since this is known
to be a potent and effective activator of leukocyte p2 integrins
(Figdor & Van Kooyk, 1992). After incubation for 30 min at
37"C, the medium was removed and the plate washed 3 times
with PBS containing 2.5% heat-activated newborn calf
serum. Adherent "'In-neutrophils were solubilized with neat
formic acid and an aliquot counted for radioactivity. Results
are expressed as the percentage of the total "'In-neutrophils
added which were adherent per well. Experiments were car¬
ried out with four replicates on cells from each animal.

Reagents
The following compounds were purchased from Sigma
Chemical Company (Poole, Dorset): arachidonic acid (AA),
bradykinin, BGG, dimethyl sulphoxide (DMSO), histamine,
NG-nitro-L-arginine-methyl ester (L-NAME), mepyramine,
phorbol myristate acetate and zymosan. Hank's solutions,
HEPES buffer and horse serum were purchased from Life
Technologies Ltd (Paisley, Scotland). Percoll was purchased
from Pharmacia (Milton Keynes, Bucks) and PAF (CI6)
from Bachem (Saffron Walden, Essex). '"I-HSA, Na25'Cr04
and '"InCl3 were obtained from Amersham international pic
(Amersham, Bucks). The 5-lipoxygenase inhibitor ZM 230487
(l-ethyl-6-[fluoro-5-(4-methoxy-3,4,5,6-tetrahydro-2H-pyran-
4-yl) phenoxy]methyl-quinol-2-one) was a gift from Zeneca
Pharmaceuticals (Macclesfield, Cheshire) and UK-74,505 (4-
(2-chlorophenyl)-1,4-dihydro-3-ethoxycarbonyl-6-methyl-2-[4-
(2-methylimidazo[4,5-c]pyrid-1 -yl)phenyl]-5-[N-(2-pyridyl)car-
bamoyljpyridine) was a gift from Dr J. Parry (Pfizer Central
Research, Sandwich, Kent). Ibuprofen was a gift from Boots
Chemical Company pic (Nottingham, Notts.). The mouse
anti-human CD18 mAb 6.5E (IgG,) and F(ab')2 fragments
were generated and kindly provided by Dr M. Robinson
(Celltech Limited, Slough). The mouse myeloma protein
MOPC21 (IgG,), used as an isotype matched control for
6.5E whole mAb, was from Celltech Limited. The endotoxin
content of the stock mAb solutions was less than 1 Eu mg"'.

Statistical analysis

Data were analyzed by analysis of variance on normally
distributed data (log transformed). Duplicate skin responses

were averaged and the mean ± s.e.mean of these responses in
4-6 animals was calculated. Significant differences (P<0.05)
between groups were determined by the Neuman-Keuls pro¬
cedure. Percentage inhibition was calculated after subtracting
background values.

Results

Four hours after the i.v. injection of radiolabelled neutro¬
phils, 6.7 ± 0.8% (n = 19) of the cells were circulating. None
of the systemic treatments used in this study affected the
percentage of "'In-neutrophils that were circulating after 4h
(data not shown).

Time course of In-neutrophil accumulation and oedema
formation

Figure 1 shows the time-course of "'In-neutrophil accumula¬
tion and oedema formation in the RPA reaction (25%
antiserum in saline). Whereas most oedema formation occur¬
red over the first 60 min (Figure la), "'In-neutrophil
accumulation appeared to be still increasing from 60 to
240min (Figure lb).

Mediators of oedema formation in the RPA reaction
The role of prostaglandins and nitric oxide in mediating
oedema formation in a RPA reaction was evaluated by using
the cyclo-oxygenase inhibitor, ibuprofen and the nitric oxide
synthesis inhibitor, l-NAME. At a dose (10"7mol per site)
which completely inhibited the potentiation of bradykinin
(10"'°mol per site)-induced oedema formation by
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Figure 1 Time course of oedema formation (a) and "'In-neutrophil
accumulation (b) in a RPA reaction in guinea-pig skin. Antigen
(BGG), "'In-neutrophils and ,25I-HSA were injected i.v. followed by
i.d. injection of anti-BGG antiserum (25%) at the same time, and
then at 2 h, 3 h, 3.5 h and 3.75 h later. Inflammatory responses were
assessed 4 h after i.v. injections. Results are the mean + s.e.mean for
4 animals.
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arachidonic acid (bradykinin, 61.3 ±3.4 jd; bradykinin +
arachidonic acid 1.5 x 10"' mol per site, 72.3 ±4.6 pi;
bradykinin + arachidonic acid + ibuprofen, 54.4 ± 3.3 pi of
plasma, n = 6), ibuprofen suppressed oedema formation in
the RPA reaction (25% dilution in saline) by 27% (Table 1).
Similarly, l-NAME (10"'mol per site) also inhibited oedema
formation in the RPA reaction but it was more effective
(68% inhibition) (Table 1). In the same experiments, l-
NAME inhibited bradykinin-induced oedema formation by
72% (bradykinin, 61.3 ±3.4 pi; bradykinin + l-NAME,
29.3 ±2.3pi; saline, U.4± 1.0pi, n = 6). Ibuprofen has no
effect on bradykinin-induced oedema formation (Teixeira el
al., 1993).
In order to assess the role of histamine in mediating

oedema formation in the RPA reaction, increasing concentra¬
tions of antiserum (6.25 to 100% in saline) were co-injected
i.d. with an H, histamine receptor antagonist, mepyramine
(2.5 x 10"8 mol per site). In these experiments, mepyramine
inhibited oedema formation induced by exogenous histamine
(2.5 x 10"8 mol per site) by 92%, whereas oedema formation
in the RPA in response to i.d. injection of 6.25%, 25% and
100% antiserum was inhibited by 48%, 32% and 30%
respectively (Figure 2). A higher dose of mepyramine
(2.5 x 10"7 mol per site) further inhibited oedema formation
in the RPA reaction (e.g. RPA 25%, 83.4 ± 2.6 pi; RPA +
mepyramine, 45.1 ± 1.6 pi (P<0.01); saline, 17.8 ±1.5 pi;
n = 4).

Table 1 Effect of i.d. injection of ibuprofen and
N°-nitro-l-arginine methyl ester (l-NAME) on oedema
formation in a RPA reaction in guinea-pig skin

Saline
RPA

Control

11.4 ± 1.0
73.4 ± 2.8

Oedema (pi of plasma)
Ibuprofen L-NAME

13.3 ± 1.2
58.8 ± 3.5*

15.3 ± 1.8
35.2 ± 4.2*

Rabbit anti-BGG antiserum (RPA, 25% dilution in saline)
was injected alone (control) or with ibuprofen (10~7 mol
per site) or l-NAME (10"'mol per site) and oedema forma¬
tion assessed after 4h. In the same experiments, l-NAME
inhibited bradykinin (10"10 mol per site)-induced oedema
formation by 72% and ibuprofen completely inhibited the
potentiation of bradykinin-induced oedema formation by
arachidonic acid (1.5x10"' mol per site). Results are
mean + s.e.mean for 6 animals. *P <0.01 when compared
to control values.
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Figure 2 Effect of local treatment with mepyramine on oedema
formation in a RPA reaction in guinea-pig skin. Saline (Sal), his¬
tamine (Hist, 2.5 x 10"' mol per site) or rabbit anti-BGG antiserum
(RPA, 6.25 to 100%) were injected alone (open columns or symbols)
or with mepyramine (2.5 x 10"* mol per site, solid columns or sym¬
bols) and oedema formation assessed after 4h. The dashed line
across the graph represents background values in response to i.d.
injection of saline. Results are mean ± s.e.mean for 4 animals.
*P<0.05 and **P<0.01 when compared to control values.

The 5-lipoxygenase inhibitor, ZM 230487 (10"'mol per
site) (Figure 3a) had no significant effect on oedema forma¬
tion in the RPA reaction (6.25 to 100% antiserum). It is
notable that i.d. injection of arachidonic acid (AA
3 x 10"' mol per site) induced no significant oedema forma¬
tion above saline (data not shown) although it did induce
mIn-neutrophil accumulation that was abrogated by
ZM 230487 (Figure 3b). In contrast, i.v. administration of
the long-acting PAF receptor antagonist, UK-74,505
(2.5 mg kg"1), suppressed oedema responses in the RPA reac¬
tion by up to 43%, while inhibiting PAF-induced oedema
formation in the same animals by up to 95% (Figure 4a).

Mediators of'In-neutrophil accumulation in the RPA
reaction

Leukotrienes have been shown previously to activate neut¬
rophils potently and cause their accumulation in vitro (Ford-
Hutchinson et al., 1980; reviewed in Nourshargh, 1992).
However, local administration of ZM 230487 had no sig¬
nificant effect on the mIn-neutrophil accumulation in the
RPA reaction (6.25 to 100% antiserum) as shown in Figure
3b. In contrast to the lack of effect of ZM 230487, systemic
administration of UK-74,505 (2.5mgkg"') inhibited mIn-
neutrophil accumulation in the RPA reaction by up to 41%
(Figure 4b). In the same experiments, PAF-induced mIn-
neutrophil accumulation was almost totally suppressed by
UK-74,505 (Figure 4b). Since histamine induced no sig¬
nificant accumulation of mIn-neutrophils above saline back-
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Figure 3 Effect of local treatment with ZM 230487 on oedema
formation (a) and mIn-neutrophil accumulation (b) in a RPA reac¬
tion in guinea-pig skin. Saline (Sal), arachidonic acid (AA,
3 x 10"*mol per site) or rabbit anti-BGG antiserum (RPA, 6.25 to
100%) were injected alone (open columns or symbols) or with
ZM 230487 (10"* mol per site, solid columns or symbols) and
inflammatory responses assessed after 4 h. The dashed line across the
graphs represent background values in response to i.d. injection of
saline. Results are mean ± s.e.mean for 4 animals. *P<0.05 when
compared to control values.
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ground (data not shown), the effect of mepyramine on "'In-
neutrophil accumulation in the RPA reaction was not inves¬
tigated.

Effect of cm anti-CD18 mAb on "'In-neutrophil
accumulation in the RPA reaction

For these studies, we used a dose (2.4 mg kg"1) of 6.5E
F(ab')2 which has previously shown to inhibit "'In-neutrophil
accumulation effectively in guinea-pig skin (Teixeira et al.,
1994). 6.5E F(ab')2 significantly suppressed '"In-neutrophil
accumulation induced by PAF (10"10 to 10"' mol per site)
and ZAP (Figure 5a). Oedema formation measured in the
same sites was unaltered by the mAb pre-treatment (Figure
5b) whereas PAF-induced haemorrhage (5lCr-RBC extravasa¬
tion) was significantly suppressed by 6.5E F(ab')2 (Figure 5c).
ZAP did not induce any significant haemorrhage over the 4 h
measurement period (Figure 5c). Also in Figure 5, it is
noticeable that PAF-induced haemorrhage was greater at the
dose of 10"'° mol per site than at 10"' mol per site although
the reverse was observed with oedema formation. PAF-
induced "'In-neutrophil accumulation did not differ
significantly between the two doses.
The effects of 6.5E F(ab')2 on inflammatory responses in
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Figure 4 Effect of i.v. administration of UK-74,505 (2.5mgkg"')
on oedema formation (a) and "'In-neutrophil accumulation (b) in a
RPA reaction in guinea-pig skin. Saline (Sal), PAF (10"10 to
10"* mol per site) or increasing concentrations of rabbit anti-BGG
antiserum (6.25 to 100%) were injected i.d. in control (open symbols)
or UK-74,505 treated (solid symbols) animals and inflammatory
responses assessed after 4h. The dashed line across the graphs
represents background values in response to i.d. injection of saline in
control animals. Results are mean ± s.e.mean for 5 pairs of animals.
*P <0.05 and **P<0.01 when compared to values in control
animals.

the RPA reaction are shown in Figure 6. Accumulation of
'"In-neutrophils in the RPA reaction was effectively inhibited
by 6.5E F(ab')2, although at higher doses of RPA antiserum
the inhibition was not complete (e.g. 85% inhibition at 100%
antiserum injection) (Figure 6a). In contrast, oedema forma¬
tion in the same skin sites in response to all antiserum
dilutions was unaltered by 6.5E F(ab')2 treatment (Figure
6b). Haemorrhage was also detected in the RPA reaction but
only at 50 and 100% antiserum (Figure 6c). Treatment with
6.5E F(ab')2 abrogated haemorrhage in sites injected with
50% antiserum and significantly reduced by 29% the re¬
sponse in sites injected with 100% antiserum (Figure 6c).
Since "'In-neutrophil accumulation was not totally supp¬

ressed by 6.5E F(ab')2, we tested whether 6.5E whole mAb
used at the same dose (2.4 mg kg"') had any inhibitory effect
on oedema formation in RPA reactions. 6.5E whole mAb
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Figure 5 Effect of i.v. administration of 6.5E F(ab')2 (2.4mgkg"')
on "'In-neutrophil accumulation (a), oedema formation (b) and
haemorrhage (c) induced by PAF and ZAP in guinea-pig skin. Saline
(Sal), PAF (10"" and 10"'mol per site) and ZAP (100%) were
injected i.d. in control (open columns or symbols) or antibody
treated (solid columns or symbols) animals and inflammatory res¬
ponses assessed after 4 h. The dashed line across the graph represents
background values in response to i.d. injection of saline control
animals. Results are mean ± s.e.mcan for 6 pairs of animals.
*P< 0.05 and ••P<0.01 when compared to values in control
animals.
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Figure 6 Effect of i.v. administration of 6.5E F(ab')2 (2.4 mg kg"1)
on '"In-neutrophil accumulation (a), oedema formation (b) and
haemorrhage (c) in a RPA reaction in guinea-pig skin. Saline (Sal) or
increasing concentration of rabbit anti-BGG antiserum (6.25 to
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treated (solid columns) animals and inflammatory responses assessed
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values in response to i.d. injection of saline control animals. Results
are mean ± s.e.mean for 6 pairs of animals. *P<0.05 and **P<0.01
when compared to values in control animals.
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Figure 7 Effect of 6.5E whole mAb and Ffab'b fragments on
adhesion of '"In-neutrophils to serum-coated plastic. The whole
mAb (0.1 to 30 jigml"•) or the F(ab')j fragments (0.1 to
30 fig ml-1, □) were pre-incubated with "'In-neutrophils for 15min.
Adhesion was stimulated by phorbol myristate acetate (PMA,
10'* M) and quantified after 30min at 37*C. Unstimulated (basal)
adhesion and the effects of MOPC21 (30 Jigml"') are shown for
comparison. Values are means ± s.e.mean of 3 experiments.

Table 2 Effect of i.v. administration of 6.5E whole mAb on

oedema formation in a RPA reaction in guinea-pig skin

Oedema (jtl of plasma
MOPC21 6.5E whole mAb

RPA 6.25% 29.3 ±5.3 23.8 ± 5.2
12.5% 39.3 ± 7.6 31.2 ±6.6
25% 40.9 ±4.5 32.5 ± 5.7
50% 50.5 ± 4.5 39.3 ± 7.6*
100% 49.3 ± 5.0 30.4 ± 4.0**

Hist 2.5 x 10"' 22.3 ± 4.4 31.5 ± 5.5
2.5 x 10"8 43.5 ±3.5 42.1 ±4.3

BK 10-io 40.6 ± 3.6 42.9 ± 9.3
ZAP 10% 18.9 ±2.6 21.2 ±2.6

30% 25.7 ±2.8 25.4 ± 3.4
100% 24.7 ± 2.3 21.8 ±4.6

Increasing concentrations of rabbit anti-BGG antiserum
(6.25 to 100% dilution in saline), histamine (Hist, 2.5 x 10"*
and 2.5 x 10"'mol per site), bradykinin (BK10"lomol per
site) and zymosan-activated plasma (ZAP, 10% to 100% in
saline) were injected i.d. in control (MOPC21, 2.4mgkg"')
or antibody treated (6.5E whole mAb, 2.4mgkg"') animals
and oedema formation assessed after 4 h. Saline values have
been subtracted from the results and the mean ± s.e.mean

for 5 pairs of animals are shown. Saline values in MOPC21-
and 6.5E-treated animals were 14.7 ± 0.6 pi and 18.0 ±3.5 pi
of plasma, respectively. *P <0.05 and **P <0.01 when com¬
pared to control values.

was approximately 2.5 times (F<0.01; Student's r test) more
potent than 6.5E F(ab')2 at inhibiting PMA-induced '"In-
neutrophil adhesion to serum-coated plates (Figure 7). At the
dose used, 6.5E whole mAb significantly inhibited oedema
formation at 50% and 100% RPA reactions by 22% and
38%, respectively (Table 2). Examination of histological sec¬
tions of skin tissue confirmed that total neutrophil accumula¬
tion was inhibited by 6.5E whole mAb. The whole antibody
had no inhibitory effect on oedema formation induced by
histamine (2.5 x 10"' and 2.5 x 10"8 mol per site),
bradykinin (10"10 mol per site) and ZAP (10 to 100% in
saline) (Table 2) and did not significantly alter total or
differential blood cell counts (data not shown).

Discussion

The i.d. injection of inflammatory mediators such as FMLP
or C5a in rabbit skin induces oedema formation which is
abrogated when circulating neutrophils are depleted (Wed-
more & Williams, 1981b; Hellewell et al., 1989) or when
neutrophil accumulation is inhibited by pretreatment with
mAbs that recognize the CD11/CD18 integrins on the surface
of the neutrophil (Afors et al., 1987; Norman et al., 1994).
Similarly, in rat and rabbit skin, oedema formation and
haemorrhage in a cutaneous RPA reaction are dependent on
neutrophils (Mulligan et al., 1992b; Norman et al., 1994).
Our results obtained in investigating the neutrophil-
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dependency and the mechanisms involved in a RPA reaction
in guinea-pig skin can be summarized as follows: (1) Most
oedema formation in the RPA reaction occurred over the
first 60 min whereas "'ln-neutrophil accumulation was still
rising from 60 to 240 min. The difference in the kinetics of
oedema formation and mIn-neutrophil accumulation sug¬
gests that these events may be dissociated; (2) Oedema
formation was partially inhibited by a PAF antagonist (UK-
74,505) or an H, receptor antagonist (mepyramine) but we
found no evidence for a role of leukotrienes in mediating this
response: (3) The nitric oxide synthesis inhibitor l-NAME
inhibited oedema formation by 68% whereas the cyclo-
oxygenase inhibitor ibuprofen inhibited oedema formation by
27%; (4) "'In-neutrophil accumulation was suppressed by a
PAF antagonist but not by a 5-lipoxygenase inhibitor; (5)
The anti-CD18 mAb 6.5E F(ab')2 effectively suppressed "'In-
neutrophil accumulation induced by PAF and in the RPA
reaction, but it had no effect on oedema formation. However,
haemorrhage, measured in the same sites, was inhibited by
6.5E F(ab')2; (6) When used at the same dose as 6.5E F(ab')2,
6.5E whole mAb partially inhibited oedema formation in the
RPA reaction.
PAF has been previously described as a mediator of in¬

creased vascular permeability (Vargaftig & Ferreira, 1981;
Wedmore & Williams, 1981b; Morely et al., 1983) and neut¬
rophil accumulation in different animal species (Humphrey et
al., 1982; Hellewell, 1990; Faccioli et al., 1991). However, in
contrast to mediators such as C5a, FMLP, LTB4 and
interleukin-8 which have similar inflammatory activity, PAF-
induced oedema formation does not seem to be neutrophil-
dependent (Wedmore & Williams, 1981b; Hellewell, 1990). In
rabbit skin, PAF receptor antagonists partially inhibit
oedema formation, neutrophil accumulation and platelet
deposition in a RPA reaction (Hellewell & Williams, 1986;
Hellewell, 1990; Rossi et al., 1992; Pons et al., 1993).
Similarly, in guinea-pig skin, PAF receptor antagonists have
been previously shown to suppress oedema formation in a
RPA reaction by approximately 50% (Handley et al., 1987).
In the current study, we have tested the potent and specific
PAF receptor antagonist, UK-74,505 (Alabaster et al., 1991),
in our RPA model in the guinea-pig. Systemic treatment with
UK-74,505 suppressed both oedema formation and '"In-
neutrophil accumulation in the RPA reaction. We have not
tested UK-74,505 locally since it was not possible to achieve
a sufficiently high local concentration without inducing non¬
specific inflammation due to the diluent (0.1 m HC1, data not
shown). Thus, our results using systemic UK-74,505 suggest
that PAF plays an important role in mediating both '"In-
neutrophil accumulation and oedema formation in a RPA
reaction in guinea-pig skin. In this part of the study, an
unexpected effect was observed with PAF-induced haemorr¬
hage, which decreased at the higher PAF dose (Figure 5).
This result is unexplained, but it is possible that lower doses
of PAF induce the formation of large gaps in the
endothelium and that higher doses induce activation of
platelets which plug these gaps. Smaller gaps appear not to
be plugged as oedema formation did not show the same
pattern.
The inhibitory effect of mepyramine on oedema formation

in the RPA reaction strongly suggests a role for endogenous
histamine as shown by Taichman et al., (1971). In addition,
we have assessed the role of endogenous leukotrienes in
mediating oedema formation in the RPA reaction. The
potent and effective 5-lipoxygenase inhibitor ZM 230487
(Crawley et al., 1993; Teixeira & Hellewell, 1994) had no
inhibitory effect on oedema formation in the RPA reaction.
Thus, oedema formation in a RPA reaction in guinea-pig
skin is dependent on local synthesis/release of PAF and
histamine, but not of leukotrienes.
Oedema formation is dependent not only on agents which

increase vascular permeability, but also on agents which
induce vasodilatation by acting on the arterial side of the
microcirculation. Synergism between these classes of agents

led to the two mediator hypothesis (Williams & Peck, 1977).
We have therefore assessed the role of the vasodilators pros¬
taglandins and nitric oxide in mediating oedema formation in
the RPA reaction. l-NAME, used at a dose which has been
previoulsy shown to inhibit oedema formation effectively in
guinea-pig skin (Teixeira et al., 1993), suppressed by 68%
oedema formation in the RPA reaction. l-NAME inhibited
not only oedema formation in a RPA reaction but also
mediator-induced oedema formation, suggesting that endo-
genously released nitric oxide plays an important role in
maintaining cutaneous blood flow in the guinea-pig (see also
Teixeira et al., 1993). In rat skin, l-NAME (and other nitric
oxide synthesis inhibitors) inhibited oedema formation and
haemorrhage, but not neutrophil accumulation (as assessed
by tissue MPO content), in the RPA reaction (Mulligan et
al., 1991; 1992a). The suggestion was that the effects of
l-NAME (and other inhibitors) could not be attributed to
inhibition of neutrophil emigration or production of super¬
oxide anion but were possibly due to inhibition of direct
tissue damage by locally released nitric oxide (Mulligan et al.,
1991; 1992a). However, an effect of nitric oxide synthesis
inhibitors on blood flow and inflammation induced by
known mediators of inflammation was not investigated. As
previously shown, the inhibitory effect of l-NAME on
cutaneous blood flow may explain its inhibitory effect on
oedema formation induced by various inflammatory stimuli
in guinea-pig skin (Teixeira et al., 1993). The cyclo-oxygenase
inhibitor, ibuprofen, also suppressed oedema formation in
the RPA reaction in our model but to a much lesser extent
(27%). In contrast, we have previously reported the lack of
effect of ibuprofen in inhibiting oedema formation in a pas¬
sive cutaneous anaphylatic reaction and induced by different
mediators of inflammation, with the exception of histamine
which was inhibited by 30% (Teixeira et al., 1993). Thus, our
results suggest that in guinea-pig skin, arteriolar tone is
mostly under the control of nitric oxide but under some
circumstances (e.g. RPA reaction) vasodilator prostaglandins
may also play a role.
Although leukotrienes are potent neutrophil activators in

vitro (e.g. Ford-Hutchinson et al., 1980; Rossi et al., 1993)
and effective in causing their accumulation in vivo (reviewed
in Nourshargh, 1992), ZM 230487 had no inhibitory effect on
the '"In-neutrophil accumulation in the RPA reaction
although it did inhibit the response to a high dose of
arachidonic acid. The dose of ZM 230487 used in the present
study has been previously shown to inhibit the accumulation
of eosinophils induced by arachidonic acid and in a passive
cutaneous anaphylactic reaction in guinea-pig skin (Teixeira
& Hellewell, 1994) suggesting that effective inhibition of 5-
lipoxygenase was achieved. Thus, it is unlikely that leukot¬
rienes, in particular LTB4, have a major role in mediating the
accumulation of neutrophils in a RPA reaction in this
species. In addition, a specific LTB4 antagonist (LY-255283),
whilst blocking LTB4-induced oedema formation, had no
effect on leakage in the RPA reaction in rabbit skin (Rossi et
al., 1992).
There have been some studies in the literature addressing

the question of whether oedema formation in a RPA reaction
in guinea-pig skin is dependent on circulating neutrophils.
Taichman & Movat (1966) and Taichman et al. (1971) study¬
ing IgG2-mediated reactions have suggested that oedema
formation in these reactions was dependent on circulating
neutrophils, as judged by depleting these cells using both a
rabbit anti-guinea-pig neutrophil antiserum (Taichman et al.,
1971) or nitrogen mustard (Taichman & Movat, 1966). How¬
ever, the anti-neutrophil antiserum also induced a fall in
circulating complement levels (Taichman et al., 1971) and
there is much evidence which supports the essential involve¬
ment of the complement system in mediating inflammation in
the RPA reaction (Maillard & Zarco, 1968; Cochrane et al.,
1970; Rossi et al., 1992). Experiments using nitrogen ihustard
could not be performed by Humphrey (1955b) who described
the drug as too toxic for guinea-pigs. Humphrey (1955b) also
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used an anti-neutrophil antiserum, which did not lead to a
fall in complement levels, but was unable to find a significant
inhibition of increased vascular permeability (measured by
Evans Blue dye leakage) in the RPA reaction in guinea-pig
skin during the first 5.5 h after inducing the reaction (Hum¬
phrey, 1955b). However, skin thickness, the measure of late
oedema formation, was inhibited when determined in reac¬
tions that were 7, 24 and 48 h old (Humphrey, 1955b). In our
study, the Ffab'), fragment of a CD18 mAb effectively in¬
hibited '"In-neutrophil accumulation induced by PAF and
ZAP and in the RPA reaction. Haemorrhage induced by
PAF and in RPA sites at 50% antiserum dilution was also
effectively inhibited by 6.5E F(ab')2 although, at the largest
RPA reactions, haemorrhage was only partially suppressed.
Oedema formation induced by all inflammatory stimuli was
unaltered. However, when whole 6.5E mAb was used,
oedema formation in the RPA reaction was partially
inhibited and histological sections confirmed that the total
neutrophil count in the skin was reduced. Blood leukocyte
counts were unaltered (data not shown). The observation
that 6.5E whole mAb was 2.5 times more potent than 6.5E
F(ab')2 in vivo may explain its inhibitory effects on oedema
formation in the RPA reaction. In fact, at the dose used
(2.4mgkg-1), one would expect a blood level of the
antibodies of approximately 30 pg ml-1 (assuming a blood
volume of 70 ml kg-1). As can be seen from Figure 7, this
antibody concentration is just enough for the F(ab')2 frag¬
ment to achieve complete inhibition of neutrophil adhesion
to protein-coated plastic. Furthermore, when compared with
whole antibody, the antibody fragment is likely to have a
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Comparison of the reversed passive Arthus and local Shwartzman
reactions of rabbit skin: effects of the long-acting PAF antagonist
UK-74,505
'Keith E. Norman, Timothy J. Williams & 2Adriano G. Rossi

Department of Applied Pharmacology, Imperial College of Medicine at the National Heart & Lung Institute, Dovehouse Street,
London SW3 6LY

1 By using the selective, potent and long acting platelet-activating factor (PAF) antagonist, UK-74,505,
we investigated the role of PAF in a local Shwartzman reaction (LSR) and a reversed passive Arthus
(RPA) reaction in rabbit skin. For comparison, we also studied the effect of the PAF antagonist on
neutrophil aggregation in vitro and on acute inflammatory responses induced by intradermally (i.d.)
injected lipopolysaccharide (LPS), PAF, bradykinin and zymosan-activated plasma.
2 Neutrophil aggregation was assessed photometrically. Haemorrhage, oedema formation, platelet
deposition and neutrophil accumulation were quantified in rabbit skin by measuring the accumulation of
i.v. injected 5lCr-labelled red blood cells (RBC), l25I-labelled human serum albumin, '"In-labelled
platelets and '"In-labelled neutrophils respectively.
3 UK-74,505 inhibited in vitro neutrophil aggregation induced by PAF but not by leukotriene B4.
When injected i.v. into rabbits UK-74,505 suppressed oedema formation in response to i.d. PAF for up
to 4 h but had no effect on oedema induced by bradykinin or zymosan-activated plasma.
4 Oedema formation, but not neutrophil accumulation, produced during the RPA reaction was
significantly inhibited by i.v. UK-74,505. The PAF antagonist also suppressed "'In-platelet but not "'In-
neutrophil accumulation in response to i.d. LPS. UK-74,505 did not affect haemorrhage or oedema
formation produced during the LPS-mediated LSR.
5 The results demonstrate that PAF is an important mediator of oedema formation, but not neutrophil
accumulation, in the immune-complex mediated RPA reaction in rabbit skin. PAF also appears to be
required for platelet, but not neutrophil, accumulation in response to locally injected LPS. Our studies
do not suggest a role for PAF in the LPS-mediated LSR.

Keywords: Platelet-activating factor; Shwartzman reaction; Arthus reaction; lipopolysaccharide; neutrophils; platelets;
haemorrhage; oedema

Introduction

The local Shwartzman reaction (LSR) and reversed passive
Arthus (RPA) reactions of rabbit skin have a strikingly similar
gross pathology (localised inflammatory, haemorrhagic ne¬
crosis) but appear to be regulated by disparate mechanisms
(Arthus, 1903; Shwartzman, 1928; Williams el al., 1986; Broz-
na, 1990; Rossi et al., 1992; Norman et al., 1994; 1996). Tra¬
ditionally, the LSR is produced by two injections of
lipopolysaccharide (LPS), i.d. priming followed 18-24 h later
by i.v. challenge. Inflammatory changes such as increased
blood flow, oedema formation, leucocyte and platelet accu¬
mulation, and altered adhesion molecule expression occur in
response to the priming injection of LPS while systemic chal¬
lenge initiates events that lead to the intravascular coagulation
and haemorrhagic necrosis at primed sites that characterize this
reaction (Shwartzman, 1928; Movat el al., 1980; Argenbright &
Barton, 1992; Norman et a!., 1996). It is believed that the LSR
models disseminated intravascular coagulation (DIC) and as¬
sociated multiple organ failure that can occur during sepsis
(Brozna, 1990).

The dermal Arthus reaction, also a haemorrhagic lesion,
develops in the skin of sensitized animals after locally injected
antigen forms immune complexes with circulating antibody.
The related reversed passive Arthus reaction is produced when
locally injected antibody forms immune complexes with i.v.
injected antigen. Immune complex formation is important in

1 Author for correspondence at present address: S-386.646, Novartis
AG, Basel 4002, Switzerland.
2 Present address: Rayne Laboratory, Respiratory Medicine Unit,
University of Edinburgh Medical School, Teviot Place, Edinburgh,
EH8 9AG.

many conditions including immune complex glomerulone¬
phritis, serum sickness and farmer's lung where inflammation
and damage to tissues occur by mechanisms similar to those
seen in the RPA reaction.

Immune complexes and LPS both initiate the generation of
various inflammatory mediators including complement frag¬
ments, platelet-activating factor (PAF), tumour necrosis fac-
tor-a, interleukin-l and interleukin-8 which can influence the
accumulation and activation state of inflammatory cells in¬
cluding neutrophils (Movat et al., 1980; Beaubien et al., 1990;
Collins et al., 1991; von Uexkull et al., 1992; Nourshargh et al.,
1994; Rossi & Hellewell, 1994) and platelets (Movat et al.,
1980; Pons et al., 1992; Rossi et al., 1993).
PAF induces oedema formation and accumulation of pla¬

telets in rabbit skin (Pons et al., 1992; Rossi et al., 1992; 1993).
Studies with PAF antagonists have implicated PAF as an
important mediator of immune-complex mediated inflamma¬
tion (Deacon et al., 1986; Williams et al., 1986; Issekutz &
Szejda, 1986; Hellewell & Williams, 1986; 1989; Jancar et al.,
1988; Warren et al., 1989; Pons et al., 1992; Rossi et al., 1992;
1993; Travares de Lima et al., 1992; Teixeira et al., 1994). In
particular, PAF antagonists administered intradermally or
intravenously reduce oedema formation and platelet deposi¬
tion in the RPA reaction in rabbit skin (Hellewell & Williams,
1986; 1989; Williams et al., 1986; Pons et al., 1992; Rossi et al.,
1992; 1993). The PAF antagonist, L-659,989 has also been
shown to reduce neutrophil accumulation in an RPA reaction
of rabbit skin (Hellewell, 1990).

A number of lines of evidence implicate PAF as an im¬
portant mediator of responses to LPS. Thus, PAF, injected
i.v., reproduces many of the features of clinical or experimental
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dence also indicates that TNF may play a fundamental role in
the pathogenesis of the LSR; for example, exogenous TNF
injected directly into rabbit skin causes neutrophil accumula¬
tion (Rampart et al., 1989), a combination of TNF and in-
terleukin (IL)-l can reportedly prime skin sites for an LSR
(Movat et al., 1987) and anti-TNF antibodies can block a
TNF-induced Shwartzman-like reaction (Grau et al., 1991).
Despite these observations there is no direct evidence that
TNF is involved in the LSR.

In this study, we compared the LSR with another in¬
flammatory and haemorrhagic lesion; the reversed passive
Arthus (RPA) reaction. Like the LSR, the mechanisms un¬
derlying the Arthus reaction are only partly understood. The
RPA reaction and the LSR have, however, been demonstrated
to be complement- and neutrophil-dependent (Stetson &
Good, 1951; Humphrey, 1955; Cochrane & Janoff, 1974; Yeh
et al., 1991; Rossi et al., 1992). Furthermore, the Arthus re¬
action (Mulligan et al., 1992; 1993; Noonan et al., 1993;
Norman et al., 1994; Teixeira et al., 1994) and the LSR (Ar-
genbright & Barton 1991; 1992) are inhibited by i.v. adminis¬
tration of mAbs directed against the leucocyte adhesion
molecule CD18 and the predominantly endothelial cell adhe¬
sion molecule, intercellular adhesion molecule-1 (ICAM-1).
Lipids such as the vasodilator prostaglandins (Williams et al.,
1986) and the direct-action oedematogen platelet-activating
factor (PAF) (see Rossi & Hellewell, 1994) also contribute to
the inflammatory response associated with Arthus reactions.
However, a possible role for TNF in the Arthus reaction has
not been fully investigated although neutrophil accumulation
produced in an RPA reaction in rat (Mulligan & Ward, 1992)
and rabbit (Issekutz et al., 1992) skin is not reduced by anti¬
bodies directed against TNF.
TNF exerts its plethora of biological actions by interacting

with two receptor subtypes; TNF-R1 (p55) and TNF-R2
(p75) (Tartaglia & Goeddel, 1992; Vandenabeele et al., 1995).
Naturally occurring TNF inhibitors have been detected in
body fluids of patients with cancer, fever, sepsis or arthritis
(Englemann et al., 1990; Gatanage et al., 1990; Kohno et al.,
1990; Cope et al., 1992; Van Zee et al., 1992; Steiner et al.,
1995). Cloning of TNF receptors revealed these inhibitors to
be the extracellular domains of the two TNF receptor sub¬
types (Gray et al., 1990; Seckinger et al., 1990; Baker et al.,
1994). These soluble TNF-binding proteins, when separately
fused to IgG have both proved to be very effective anti-TNF
agents (Seckinger et al., 1990; Baker et al., 1994; Weg et al.,
1995) and to protect against lethal endotoxaemia (Lesslauer
et al., 1991; Mohler et al., 1993). This paper describes the
effects of a p55 bivalent TNF binding IgG fusion protein
(p55-sf2) on the LSR in the rabbit. In addition, since some
responses induced by LPS and TNF have been shown to be
dependent on newly synthesized proteins (Cybulsky et al.,
1989; Winn et al., 1993), we used the protein synthesis in¬
hibitor, cycloheximide, to investigate the reliance of the LSR
on de-novo protein biosynthesis. For comparison, the effects
of p55-sf2 and cycloheximide on the inflammatory response
induced by the RPA reaction and to i.d. injection of LPS
were also investigated.

Methods

Animals

New Zealand White rabbits (2.5-3.5 kg) were purchased from
Regal, Sussex, England.

Preparation and radiolabelling of rabbit neutrophils

Rabbit neutrophils were isolated from citrated rabbit blood as
previously described (Haslett et al., 1987; Pons et al., 1994).
Briefly, rabbits were anaesthetized with Sagatal (30 mg kg-1,
i.v.) and blood was collected from the carotid artery via an
Abbocath catheter (16 gauge, Venisystems) into tri-sodium

citrate (0.38% w/v) and centrifuged (250 g for 20 min). The
rabbits were then killed by anaesthetic overdose. Platelet-rich
plasma was removed, under-layered with 3 ml of 90% Percoll
and centrifuged (2000 g for 20 min) to produce platelet poor
plasma (PPP). This latter step allows the centrifuged platelets
to settle onto the Percoll layer thereby reducing the possibility
of the platelets liberating their contents into the PPP. Fol¬
lowing a 30 min dextran sedimentation of red blood cells
(RBC) from the lower buffy coat produced by the first spin, the
leucocyte-rich supernatant was removed and centrifuged
(275 g for 6 min). The pellet was re-suspended in PPP and
layered onto discontinuous Percoll-plasma gradients (43%
Percoll in PPP over 53% Percoll in PPP) which were cen¬
trifuged (260 g for 10 min). The neutrophil-rich band was
collected and contaminating RBC removed by hypotonic lysis.
Approximately 5 x 107 neutrophil (>98% pure) were re-sus-
pended in PPP (1-2 ml) and incubated with approximately
100/xCi mInCl3 chelated to 2-mercaptopyridine-N-oxide
(400/igml-1) for 15 min at room temperature. Cells were
washed three times in PPP to remove unbound radiolabel, and
re-suspended in PPP. Recipient rabbits received 5 x 107 neu¬
trophils (approximately 5-30 yd kg-1) suspended in 3 ml
PPP into an ear vein via a butterfly cannula (21 gauge).

Preparation and radiolabelling of RBC

Rabbit blood was collected either by carotid artery cannula-
tion (as above) or by central ear artery cannulation where
blood (10 ml) was collect via an Abbocath catheter (19 gauge,
Venisystems) into tri-sodium citrate (0.38% w/v) and cen¬
trifuged (250 g for 20 min). RBC (1 ml volume per recipient
rabbit) were collected from the bottom of the resultant pellet
and incubated (30 min; room temperature) with Na25lCr04
(0.5-1.5 ml, 500-1500 pCi; in saline). Subsequently, Tyrode
solution was added to increase the volume to 10 ml and the cell
suspensions centrifuged (250 g for 10 min). RBC were washed
three times and finally re-suspended in a volume of 3 ml (ap¬
proximately 50-150 pCi kg-1) per recipient rabbit. RBC were
administered into an ear vein via a butterfly cannula (21
gauge).

Preparation of Arthus antiserum

Arthus antiserum, anti bovine-y-globulin (anti-BGG) was
raised in rabbits. Subcutaneous injections (4 x 0.25 ml) of
BGG (2 mg ml-1 in saline) emulsified with an equal volume of
Freund's complete adjuvant were administered. This was fol¬
lowed 14 days later by booster injections (4 x 0.25 ml) of the
same concentration of BGG in Freund's incomplete adjuvant.
At day 28 a subcutaneous injection of alum-precipitated BGG
(300 ^g/rabbit) was given. Blood was collected by carotid
cannulation on day 38. The serum from five rabbits was
pooled, heat inactivated at 56°C for 30 min and stored in ali-
quots at — 20°C (Rossi et al., 1992).

Acute (4 h) inflammatory reactions in rabbit skin

Rabbits were anaesthetized with Sagatal (30 mg kg"', i.v.) and
the dorsal skin was shaved and marked out with 6 replicates of
12-16 treatment sites according to a balanced site plan. '"In-
labelled neutrophils (approximately 5 to 30 gC\ kg-1, pre¬
pared as described above) and 125l-labelled human serum al¬
bumin (5 tiC\ kg"1) were injected i.v. as markers of neutrophil
accumulation and plasma protein leakage respectively. LPS,
TNF, and Arthus antiserum (anti-BGG) alone, or in the pre¬
sence of cycloheximide (10 /xg/site) or p55-sf2 (3 /xg/site), were
injected i.d. in 0.1 ml volumes. To initiate RPA reactions, the
antigen BGG was injected i.v. at 5 mg kg"1. Blood samples
were collected into heparin 4 h after i.v. BGG and animals
killed by an anaesthetic overdose. The dorsal skin was re¬
moved and sites excised with a 17 mm diameter punch.
Radioactivity in sites, blood and plasma samples was counted
with a 5 head gamma counter (Canberra Packard Ltd.,
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Pangbourne, Berks) with automatic spill-over and cross-talk
correction for l25I and '"In. The "'In-count per neutrophil was
determined, and used to express accumulated "'In in sites as
number of radiolabelled neutrophils. Human serum albumin
accumulation was expressed as pt plasma/site by dividing skin
sample l25I counts by 125I counts in 1 fit of plasma.

The local Shwartzman reaction

Rabbits were anaesthetized with ketamine (30-35 mg kg-1)
and xylazine (2-3 mg kg'1) intramuscularly. The dorsal skin
was shaved and marked out with 6 replicates of 9 treatment
sites according to a balanced site plan. LPS from Salmonella
lyphosa was prepared in sterile isotonic saline. When in¬
vestigating LSR priming, cycloheximide (10 /ig/site) or p55-
sf2 were co-injected with LPS. When investigating events that
follow LSR challenge, cycloheximide (10 /zg/site) and p55-sf2
were injected immediately before i.v. LPS at sites injected with
LPS 20 h previously. "Cr-labelled RBC (approximately 50 to
150 fid kg'1, prepared as described above) and ,25I-labelled
human serum albumin (5 fid kg-1) were injected i.v. 20 h
after priming into re-anaesthetized (as above) rabbits. In¬
itially, zymosan (10 mg kg-1, i.v.) was given after radio-
labelled tracers to challenge the Shwartzman reaction. In later
experiments, 2 challenges of 100 fig LPS from S. typhosa were
given at 20 and 22 h. At 24 h (4 h after first challenge), blood
samples were collected into heparin by cardiac puncture and
animals killed by an overdose of sodium pentobarbitone. The
dorsal skin was removed and sites excised with a 17 mm

diameter punch. Radioactivity in sites, blood and plasma
samples was counted with a gamma counter having automatic
spill-over and cross-talk correction for 125I and 5lCr. Accu¬
mulation of "Cr-labelled RBC was standardized by dividing
skin sample 5lCr-counts by "Cr-counts in 1 fit whole blood
and expressing results as equivalent to fit blood/site. Human
serum albumin accumulation was expressed as p\ plasma/site
by dividing skin sample l25I-counts by 125I-counts of 1 fit of
plasma.

Materials

The following were obtained from commercial sources; Sagatal
(pentobarbitone; sodium BP 60 mg ml'') and Expiral (pen¬
tobarbitone; sodium BP 200mgml''), May & Baker Ltd.,
Dagenham, Essex; ketamine (Vetalar), Parke-Davis & Co.,
Pontypool, Gwent; Xylazine (Rompun), Bayer UK Ltd, Bury
St. Edmunds, Suffolk; 125I-human serum albumin (20 mg al¬
bumin per ml sterile isotonic saline, 50 fid ml'1), "'InClj
(2000 fiCi in 0.2 ml sterile pyrogen free 0.04 N HC1), and
Na25'Cr04 (5000 fiCi in 5 ml sterile isotonic saline), Amersham
International pic, Amersham, Buckinghamshire; Percoll and
dextran, Pharmacia Ltd., Milton Keynes, Buckinghamshire;
Viaflex (sterile, pyrogen-free isotonic saline solution), Baxter
Healthcare Ltd., Thetford, Norfolk; sterile, pyrogen free wa¬
ter, Pheonix Pharmaceuticals Ltd., Gloucester; LPS (Salmo¬
nella typhosa, prepared by phenol extraction), zymosan,
bovine-y-globulin (BGG), cycloheximide, human IgG,
Freund's complete adjuvant and Freund's incomplete ad¬
juvant, Sigma Chemical company, Poole, Dorset; Diff-Quik
stain, BDH, Poole, Dorset. Recombinant human TNF-a
(TNF-a) with a specific activity of 6.1 x 10'° pg~' protein was
a gift from Dr S. Foster, Zeneca Pharmaceuticals, Alderley
Park, Cheshire, England. Humanized p55 TNF binding pro¬
tein (p55-sf2) was a gift from Drs B. Scallon and J. Ghrayeb at
Centocor, Inc., Malvern, PA, U.S.A.

Statistical analysis

Data are presented as mean + s.e.mean for the number of an¬
imals indicated. Data were analysed by two way analysis of
variance. Significant differences (*P < 0.05, **P < 0.01) from
the appropriate controls were determined by the Newman-
Keuls procedure which allows multiple comparisons.

Results

Effect of several challenge strategies on the LSR

Zymosan i.v. challenge gave no visible Shwartzman reactions
and measurement of RBC accumulation and plasma protein
leakage gave values slightly less than those seen in sham (sal-
ine)-challenged animals. Consequently, we investigated the
effect of several challenge strategies on RBC accumulation and
plasma protein leakage in the LSR. Figure 1 shows the effect of
several challenges on RBC accumulation (Figure la) and
plasma protein leakage (Figure lb ) measured at sites primed
with LPS (30 fig) 4 h after the indicated challenge. Like zy¬
mosan (10 mg kg'1, i.v.), LPS (100 or 200 fig, i.v.) did not
produce reactions that were measurably greater than responses
at sham challenged sites. Animals that received 2 injections of
LPS (100 pg, i.v.) given at 20 and 22 h after priming or with
LPS (100 pg, i.v.) at 20 h followed by zymosan (10 mg kg'1,
i.v.) at 22 h produced Shwartzman reactions that were clearly
visible 2 h after the second challenge and were measurably
greater than responses seen in sham challenged animals. In all
subsequent LSR experiments, animals were challenged with 2
injections of LPS (100 pg, i.v.) spaced 2 h apart.

Effect of cycloheximide on responses to exogenous LPS

The importance of de-novo protein synthesis on the 4 h reac¬
tion to LPS was assessed by use ofcycloheximide. LPS injected
into rabbit skin at doses between 1 and 100 ng/site produced
dose-dependent neutrophil accumulation. Little leakage of
plasma protein was observed with these doses of LPS (data not
shown). There was no significant reduction in the neutrophil
accumulation at sites injected with LPS (100 ng) when cyclo¬
heximide was co-injected (Figure 2a).

1 I
: 5
£

Figure 1 Haemorrhage (pt blood/site; a) and plasma protein leakage
(jit plasma/site; b) assessed over a 4h period during the LSR. Rabbits
were challenged i.v. as indicated on the horizontal axis 20 h after i.d.
LPS (30 pg). The animals were challenged with zymosan
(lOmgkg'1), LPS (a; 100/ig), LPS (b; 200fig), LPS + Zymosan
indicates challenge with LPS (100 fig) at 20 h followed 2h later by
zymosan (lOmgkg'1) and LPS (twice) indicates i.v. injections of LPS
(100pg) at 20 and 22h. Results are expressed as mean + s.e.mean of
the indicated number of experiments. Significant difference from
control is indicated by *P< 0.05 and **P < 0.01.
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Effect of cycloheximide on responses produced in the
RPA reaction

The pronounced neutrophil accumulation measured in the
RPA reaction (Figure 2b) was associated with marked leakage
of plasma proteins (data not shown). Cycloheximide did not
affect either neutrophil accumulation or plasma protein leak¬
age seen in the RPA reaction produced at sites injected with
100% Arthus antiserum.

Effect of cycloheximide on the LSR

Haemorrhage and plasma leakage, the magnitudes of which
were dependent on the priming dose of i.d. LPS, were seen at
sites after two challenges with 100 pg LPS i.v. Co-injection of
cycloheximide at 10 pg/site with the highest (30 pg) priming
dose of LPS caused a marked and significant reduction in the
amount of haemorrhage seen 4 h after the first challenge
(Figure 3a). Local cycloheximide did not significantly reduce
the plasma leakage in the LSR when it was administered with
the priming dose of LPS (Figure 3b). The effect of local cy¬
cloheximide administered immediately before LSR challenge is
shown in Figure 4. Rabbit skin sites were primed for the LSR
with doses of LPS between 1 pg and 30 pg/site. Twenty h after
priming, cycloheximide (10 /ig/site) or vehicle saline was in¬
jected at sites primed with 30 pg LPS. The LSR was then
challenged with two doses of 100 pg LPS. Haemorrhage
(Figure 4a) and plasma protein leakage (Figure 4b) measured
4 h after the first Shwartzman challenge were not affected by
cycloheximide treatment immediately before challenge.

Effect ofp55-sf2 on responses to exogenous TNF

Recombinant human TNF injected into rabbit skin at 1.7 ng
and 17 ng/site caused a slight increase in the number of neu¬
trophils measured in sites after 4 h. A more marked neutrophil
accumulation was seen at sites injected with TNF (170 ng/site)
was markedly reduced by p55-sf2 (3 /ig/site) (Figure 5a).
Plasma protein leakage in response to TNF was not different
to that produced by saline (Figure 5b). When injected alone,
p55-sf2 gave values for neutrophil accumulation and plasma
protein leakage that were not different from those given by
vehicle saline.

Effect of p55-sf2 on responses to exogenous LPS

The effect of p55-sf2 on neutrophil accumulation in response
to LPS is shown in Figure 6a. LPS again caused a pronounced
and dose-dependent neutrophil accumulation. The responses
induced by LPS (30 pg/site) was not affected by p55-sf2 (3 pg/
site).

Effect of p55-sf2 on responses produced in the RPA
reaction

The effect of p55-sf2 on neutrophil accumulation in the
RPA reaction is shown in Figure 6b. As in earlier experi¬
ments marked neutrophil accumulation was seen in the RPA
reaction in rabbit skin, which was associated with plasma
protein leakage. The RPA reaction was not affected by p55-
sf2.
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Figure 2 Effect of local cycloheximide on lnIn-neutrophil accumu¬
lation measured in response to LPS (a) and in the RPA reaction (b)
in rabbit skin assessed over a 4h period. LPS or Arthus antiserum
were i.d. injected either alone (□) or in the presence of cycloheximide
(#, 10/ig/site). Results are expressed as the mean + s.e.mean of n-1
experiments for LPS and n = 4 experiments for RPA reactions.

loglLPS] loglLPSl
(gg/skin site) (gg/skin site)

Figure 4 Effect of cycloheximide (given locally at the challenge
phase) on haemorrhage {pi blood/site; a) and plasma protein leakage
(/d plasma/site; b) assessed over a 4h period during the LSR. Priming
doses of LPS were injected i.d. After 20 h, either saline (□) or
cycloheximide (#, 10/ig/site) were injected into primed sites. Animals
were challenged at 20 and 22 h with 100/ig LPS i.v. Results are
expressed as mean±s.e.mean of n = 6 experiments.
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Figure 3 Effect of cycloheximide (given locally at the priming phase)
on haemorrhage (pi blood/site; a) and plasma protein leakage (pi
plasma/site; b) assessed over a 4h period during the LSR. Priming
doses of LPS were injected i.d. either alone (□) or in the presence of
cycloheximide (•, lOpg/site). Animals were challenged at 20 and
22 h with 100 pg LPS i.v. Results are expressed as mean±s.e.mean of
n = 6 experiments. Significant difference from control is indicated by
*P<0.05.

.<= 10
w 8

CO

g 6
w 4

£ 2
S o
3

z

—I—

1 10 100 p55-sf2

log[TNFa] (ng/site)

o> b
•5 30
E 25
•3 20
"3.15
<0 10
6 5
to
22 0
a_ 1 10 100 p55-sf2

loglTNFa] (ng/site)

Figure 5 Effect of p55-sf2 on neutrophil accumulation (a) and
plasma protein leakage (b) induced by TNF in rabbit skin assessed
over a 4h period. Recombinant human TNF was injected i.d. either
alone (□) or in the presence of p55-sf2 (•, 3pg/site). Results are
expressed as mean±s.e.mean of n = 6 experiments. Significant
difference from control is indicated by *P<0.05.
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Effect ofp55-sf2 on the LSR
Skin sites were primed with doses of LPS between 1 and 30 pg
in the presence of either control human IgG or p55-sf2. The
magnitude of the haemorrhage (Figure 7a) and plasma protein
leakage (Figure 7b) recorded after i.v. LPS challenge was de¬
pendent on the priming dose of LPS. The responses produced
at LSR sites primed with 10 /ig and 30 pg LPS were markedly
and significantly reduced when p55-sf2 (3 pg/site) was co-ad-
ministered with LPS.

In a further set of experiments rabbit skin sites were primed
for the LSR with doses of LPS between 1 and 30 /ig/site.
Twenty hours after priming, p55-sf2 (3 /ig/site) or human IgG
was injected at sites primed with 10 pg and 30 pg LPS. The
animals were then challenged i.v. with two doses of 100 pg
LPS. Haemorrhage (Figure 8a) and plasma protein leakage
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Figure 6 Effect of p55-sf2 on "'in-neutrophil accumulation
measured in response to LPS (a) and in the RPA reaction (b) in
rabbit skin assessed over a 4 h period. LPS or Arthus antiserum was
injected either alone (□) or in the presence of p55-sf2 (#, 3 pg/site).
Results are expressed as the mean + s.e.mean of n = 6 experiments.
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Figure 7 Effect of p55-sf2 (given locally together with priming dose)
on haemorrhage (pi blood/site; a) and plasma protein leakage (pi
plasma/site; b) assessed over a 4h period during the LSR. Priming
doses of LPS were injected i.d. together with either control human
IgG (□, 3pg/site) or in the presence of p55-sf2 (9, 3pg/site).
Animals were challenged at 20 and 22 h with 100 pg LPS i.v. Results
are expressed as mean± s.e.mean of /i = 4 experiments. Significant
difference from control is indicated by *P < 0 05
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Figure 8 Effect of p55-sf2 (given locally at the challenge phase) on
haemorrhage (pi blood/site; a) and plasma protein leakage (pi
plasma/site; b) assessed over a 4h period during the LSR. Priming
doses of LPS were injected i.d. After 20 h, either control human IgG
(□. 3pg/site) or p55-sf2 (9, 3pg/site) were injected into primed sites.
Animals were challenged at 20 and 22 h with 100 pg LPS i.v. Results
are expressed as mean ± s.e.mean of n-3 experiments.

(Figure 8b) measured 4 h after the first LPS challenge were not
affected by p55-sf2 treatment given i.d. immediately before
challenge.

Discussion

In this study we have shown that haemorrhage and plasma
leakage induced in a LSR are dependent on TNF generation
and that the haemorrhage produced in the LSR is also de¬
pendent on local protein synthesis. It appears that local protein
synthesis and TNF generation occur during the early priming
phase of the LSR but that these processes are not essential
during the later challenge stage of the reaction. In addition, the
acute inflammation produced during an RPA reaction and in
response to intradermal LPS may occur without requirement
for new protein synthesis or TNF generation. We have also
described a new method for challenging the LSR that produces
the marked haemorrhagic lesions characteristic of the reaction.
Initially, we found the LSR rather difficult to induce re-
producibly when rabbits were challenged with single injections
of zymosan and LPS and therefore tried a number of challenge
strategies. The present data show that two i.v. challenge in¬
jections of LPS spaced 2 h apart, or an injection of LPS fol¬
lowed 2 h later by zymosan, produces visible and measurable
reactions in most (approximately 80%), but not all, animals.
While challenge with complement activating agents, such as
zymosan, has been previously reported to produce Shwartz-
man-like reactions in approximately primed animals (Movat &
Burrowes, 1984) this did not occur in our experiments. The
reason for this discrepancy is not clear but one could speculate
that in our animal model we failed to achieve sufficient levels of
circulating zymosan particles to induce the LSR. Despite these
differences we used the relatively reliable double LPS challenge
throughout our study.

The mechanisms underlying LSR priming have proved to be
an enigma for many years. LPS, the agent used to prime as well
as challenge the LSR, stimulates the production of a host of
mediators including lipids (e.g., prostaglandins, PAF, leuko-
triene B„) and cytokines (e.g., TNF, interleukin-1 (IL-1), IL-8)
both in vivo and from different isolated cell types. LPS also
augments the expression of adhesion molecules such as ICAM-
1 on vascular endothelial cells primarily by a protein synthesis
dependent mechanism (Rietschel et al., 1994). Cycloheximide
(a reversible blocker of RNA translation) when co-injected
with priming doses of LPS caused a significant reduction in the
amount of haemorrhage with only slight reduction in plasma
protein leakage measured after LSR challenge. On the other
hand, cycloheximide did not affect haemorrhage or oedema
formation measured in the LSR when injected at primed sites
immediately before challenge, indicating that LSR priming is
dependent on local protein synthesis, while events that follow
LSR challenge may not. Interestingly, cycloheximide did not
significantly reduce neutrophil accumulation in response to
LPS (single intradermal dose) in rabbit skin. This may indicate
that neutrophil accumulation in response to LPS is mediated
largely via the release of mediators that are either pre-formed
or are formed independently ofprotein synthesis. Although we
previously reported that the dose of cycloheximide used in this
study effectively blocked neutrophil accumulation (also mea¬
sured over 4 h) induced by IL-1 (Rampart & Williams, 1988),
we did not investigate the effect of cycloheximide on LPS-
stimulated neutrophil accumulation. However, Cybulsky et al.
(1989) did report an inhibition of neutrophil emigration in¬
duced by IL-1, TNF and LPS by cycloheximide, actinomycin
D and puromycin. The reasons for these apparently opposing
observations are unclear but may depend on the time and
frequency of administration of i.d. protein synthesis inhibitors
and the period over which neutrophil accumulation is mea¬
sured. For example, Cybulsky et al. (1989) injected cyclohex¬
imide at t = — 2 h (same time as the LPS injection) and at
t— —1.5 h, injected 5lCr-neutrophils at t— —0.5 h and mea¬
sured neutrophil accumulation at / = 0. Therefore, a double
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dose of cycloheximide (due to its short action) may be required
in order to inhibit the LPS response. Furthermore, the dose of
LPS and cycloheximide used by Cybulsky el al. (1989) were
higher and lower, respectively, than the doses used in this
study. Therefore, although the dose of cycloheximide used in
this study inhibited the LSR and inhibited IL-l-induced neu¬
trophil accumulation (Rampart & Williams, 1988; Von Uex-
kull et al., 1992) it may have been insufficient to inhibit LPS-
induced neutrophil accumulation; a possibility requiring fur¬
ther investigation. Interestingly, Cybulsky et al. (1989) used
LPS derived from E. coli whereas we used LPS derived from
Salmonella typhosa; another possible explanation for the di¬
vergent results. Nevertheless, our data do show that cyclo¬
heximide (at the same dose which did not affect LPS-induced
neutrophil accumulation) co-injected with the priming dose of
LPS inhibited the haemorrhage produced in the LSR sug¬
gesting that protein synthesis is important at an early point
during the priming stage.
A possible role for TNF in the pathogenesis of the LSR had

been suggested by Movat et al. (1987) who showed in the
rabbit that i.d. injection of a combination of TNF (1-10 pg/
site) and IL-1 (0.5-4 /ig/site) could synergistically prime skin
sites for an LSR thereby replacing the need for the i.d. priming
injection of LPS. In addition, studies showing that a
Shwartzman-like reaction produced by subcutaneous injection
of TNF in mice was effectively blocked using anti-TNF anti¬
bodies also indicate that TNF may be important in the LSR
(Grau et al., 1991). Direct evidence implicating TNF in the
rabbit LSR has been lacking. Hence, using the potent neu¬
tralising divalent soluble TNF binding protein fused to human
IgG (p55-sf2) we investigated the requirement for TNF in LSR
priming, the events that follow LSR challenge, and for com¬
parison, the acute inflammatory responses to LPS and the
RPA reaction. Neutrophil accumulation in response to TNF
was greatly reduced by p55-sf2, supporting other reports that
this molecule is an effective anti-TNF agent (Seckinger et al.,
1990; Baker et al., 1994). Co-injection of p55-sf2 with priming
doses of LPS caused a significant reduction in the haemorrhage
and plasma protein leakage seen in the LSR following chal¬
lenge. Events that follow LSR challenge were not affected by
p55-sf2 injected into primed sites at t = 20 h. These results in¬
dicate that LSR priming is dependent on locally acting TNF
while the events that follow LSR challenge are not.

Since TNF is one of the earliest mediators detected after
LPS administration to experimental animals (Waage, 1990)
our results suggest that the inhibitory effect of cycloheximide
on the LSR may result from an inhibition of TNF generation.
These findings are consistent with the observations demon¬
strating a role for ICAM-1 in the LSR. Argenbright & Barton
(1991; 1992) demonstrated that by injecting anti-ICAM-1 and
anti-CD 18 mAbs, immediately before challenge, the haemor¬
rhage produced in the LSR was dramatically inhibited. Since
LPS is a potent stimulus for the up-regulation of endothelial
cell expression of ICAM-1 (Pohlman et al., 1986) it has been
proposed that increased expression of ICAM-1 is critical for
preparation of LSR sites (Argenbright & Barton, 1991; 1992).
Systemic challenge with LPS then results in augmented ex¬
pression/avidity of CD18 on circulating neutrophils causing
them to accumulate preferentially at skin sites expressing in¬
creased levels of ICAM-1 where they adhere/aggregate and
cause haemorrhagic necrosis. Our findings that LSR priming
requires protein synthesis and TNF are consistent with the
above theory. TNF can stimulate increased expression of
ICAM-1 on endothelial cells (Pohlman et al., 1986), and cy¬
cloheximide could effect this increased expression either di¬
rectly by inhibiting ICAM-1 expression or indirectly via
inhibition of TNF generation.

Neutrophil accumulation in response to LPS was not af¬
fected by local administration of p55-sf2. Thus, although LPS
is a potent stimulus for TNF generation (Abe et al., 1985;

Beutler et al., 1985), and TNF can cause neutrophil accumu¬
lation in rabbit skin (Rampart et al., 1989), it appears that
TNF may not play a major role in the acute neutrophil ac¬
cumulation induced by intradermal injection of LPS in rabbit
skin. Similarly Cybulsky et al. (1988) found a role for IL-1 but
not TNF in LPS-induced neutrophil accumulation in rabbit
skin. Issekutz et al. (1992), using a monoclonal antibody to
rabbit TNF, partially inhibited (by only 27%) the LPS-induced
neutrophil recruitment in rabbit skin. Taken together these
observations suggest that if TNF plays a role in the acute
inflammatory response induced by LPS it is minor. Alter¬
natively, it is possible that the amount of TNF generated by
LPS (and by the RPA reaction) is too high to be effectively
mopped up by p55-sf2 since neutrophil accumulation induced
by these acute inflammatory reactions was greater than the
p55-sf2 blockable TNF-induced neutrophil recruitment. Neu¬
trophil accumulation and plasma protein leakage in the RPA
reaction were similarly unaffected by p55-sf2. This finding
concurs with those of Issekutz et al. (1992) and Mulligan &
Ward (1992) who showed that anti-TNF antibodies did not
affect the RPA reaction induced in rabbit and rat skin re¬

spectively. Thus, we and others have not found a role for TNF
in dermal Arthus reactions. TNF has however been shown to

participate in LPS (Ulich et al., 1991; 1993; 1994; Horgan et
al., 1993; Denis et al., 1994; Conroy et al., 1995) and immune-
complex mediated lung injury (Warren et al., 1989; Mulligan &
Ward, 1992). The reasons why these acute lung responses, in
comparison to dermal reactions, may be more susceptible to
inhibition by TNF blocking agents are not known but may
reflect differences in respective microvasculatures (MacNee &
Selby, 1993; Rossi & Hellewell, 1994); an area requiring further
investigation. Interestingly, Weg et al. (1995) reported that
systemic administration of p55sl2 inhibited LPS-induced eo¬
sinophil accumulation in guinea-pig skin. Whether neutrophil
accumulation induced by LPS in rabbit skin can also be in¬
hibited by i.v. administration of the TNF binding fusion pro¬
tein remains to be determined.

Thus, although we have clearly demonstrated a role for
TNF and protein synthesis in the LSR, and others have shown
that circulating neutrophils, complement activation and ex¬
pression of adhesion molecules (CD18 and ICAM-1) are all
clearly important for the development of haemorrhagic
Shwartzman reactions, other mediators or events may also be
required. Indeed, it has been reported that IL-1 can substitute,
albeit at high doses, for both the priming and challenge doses
of LPS (Beck et al., 1986). In addition, Ozmen et al. (1994)
reported that IL-12 and interferon-1/, as well as TNF, are key
cytokines mediating a mouse generalized Shwartzman reac¬
tion. Whether these cytokines also play important roles in the
rabbit LSR is unknown and therefore awaits further in¬
vestigation. Nevertheless, from this study, we propose that in
the rabbit LSR, the priming injection of LPS stimulates the
generation of TNF which in turn up-regulates and/or causes
the expression of adhesion molecules (e.g. ICAMs) on vascular
endothelial cells. These two processes, we believe, are either
dependently or independently regulated by local de novo
synthesis of proteins. That priming requires time (18-24 h) to
occur supports this proposal. The challenge dose(s) of LPS
then up-regulate CD 18 adhesion molecule expression on cir¬
culating neutrophils. The neutrophils then adhere, via CD18
binding to its counter ligands (e.g. ICAMs), to vascular en¬
dothelial cells resulting ultimately in the vascular damage and
haemorrhage associated with the localized Shwartzman reac¬
tion.
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Comparison of the reversed passive Arthus and local Shwartzman
reactions of rabbit skin: effects of the long-acting PAF antagonist
UK-74,505
'Keith E. Norman, Timothy J. Williams & 2Adriano G. Rossi

Department of Applied Pharmacology, Imperial College of Medicine at the National Heart & Lung Institute, Dovehouse Street,
London SW3 6LY

1 By using the selective, potent and long acting platelet-activating factor (PAF) antagonist, UK-74,505,
we investigated the role of PAF in a local Shwartzman reaction (LSR) and a reversed passive Arthus
(RPA) reaction in rabbit skin. For comparison, we also studied the effect of the PAF antagonist on
neutrophil aggregation in vitro and on acute inflammatory responses induced by intradermally (i d.)
injected lipopolysaccharide (LPS), PAF, bradykinin and zymosan-activated plasma.
2 Neutrophil aggregation was assessed photometrically. Haemorrhage, oedema formation, platelet
deposition and neutrophil accumulation were quantified in rabbit skin by measuring the accumulation of
i.v. injected 5'Cr-labelled red blood cells (RBC), l25I-labelled human serum albumin, "'In-labelled
platelets and '"In-labelled neutrophils respectively.
3 UK-74,505 inhibited in vitro neutrophil aggregation induced by PAF but not by leukotriene B4.
When injected i.v. into rabbits UK-74,505 suppressed oedema formation in response to i.d. PAF for up
to 4 h but had no effect on oedema induced by bradykinin or zymosan-activated plasma.
4 Oedema formation, but not neutrophil accumulation, produced during the RPA reaction was
significantly inhibited by i.v. UK-74,505. The PAF antagonist also suppressed "'In-platelet but not "'In-
neutrophil accumulation in response to i.d. LPS. UK-74,505 did not affect haemorrhage or oedema
formation produced during the LPS-mediated LSR.
5 The results demonstrate that PAF is an important mediator of oedema formation, but not neutrophil
accumulation, in the immune-complex mediated RPA reaction in rabbit skin. PAF also appears to be
required for platelet, but not neutrophil, accumulation in response to locally injected LPS. Our studies
do not suggest a role for PAF in the LPS-mediated LSR.

Keywords: Platelet-activating factor; Shwartzman reaction; Arthus reaction; lipopolysaccharide; neutrophils; platelets;
haemorrhage; oedema

Introduction

The local Shwartzman reaction (LSR) and reversed passive
Arthus (RPA) reactions of rabbit skin have a strikingly similar
gross pathology (localised inflammatory, haemorrhagic ne¬
crosis) but appear to be regulated by disparate mechanisms
(Arthus, 1903; Shwartzman, 1928; Williams et al., 1986; Broz-
na, 1990; Rossi et al., 1992; Norman et al., 1994; 1996). Tra¬
ditionally, the LSR is produced by two injections of
lipopolysaccharide (LPS), i.d. priming followed 18-24 h later
by i.v. challenge. Inflammatory changes such as increased
blood flow, oedema formation, leucocyte and platelet accu¬
mulation, and altered adhesion molecule expression occur in
response to the priming injection of LPS while systemic chal¬
lenge initiates events that lead to the intravascular coagulation
and haemorrhagic necrosis at primed sites that characterize this
reaction (Shwartzman, 1928; Movat et al., 1980; Argenbright &
Barton, 1992; Norman et al., 1996). It is believed that the LSR
models disseminated intravascular coagulation (DIC) and as¬
sociated multiple organ failure that can occur during sepsis
(Brozna, 1990).

The dermal Arthus reaction, also a haemorrhagic lesion,
develops in the skin of sensitized animals after locally injected
antigen forms immune complexes with circulating antibody.
The related reversed passive Arthus reaction is produced when
locally injected antibody forms immune complexes with i.v.
injected antigen. Immune complex formation is important in

' Author for correspondence at present address: S-386.646, Novartis
AG, Basel 4002, Switzerland.
"Present address: Rayne Laboratory, Respiratory Medicine Unit,
University of Edinburgh Medical School, Teviot Place, Edinburgh,
EH8 9AG.

many conditions including immune complex glomerulone¬
phritis, serum sickness and farmer's lung where inflammation
and damage to tissues occur by mechanisms similar to those
seen in the RPA reaction.

Immune complexes and LPS both initiate the generation of
various inflammatory mediators including complement frag¬
ments, platelet-activating factor (PAF), tumour necrosis fac-
tor-a, interleukin-1 and interleukin-8 which can influence the
accumulation and activation state of inflammatory cells in¬
cluding neutrophils (Movat et al., 1980; Beaubien et al., 1990;
Collins et al., 1991; von Uexkull et al., 1992; Nourshargh et al.,
1994; Rossi & Hellewell, 1994) and platelets (Movat et al.,
1980; Pons et al., 1992; Rossi et al., 1993).
PAF induces oedema formation and accumulation of pla¬

telets in rabbit skin (Pons et al., 1992; Rossi et al., 1992; 1993).
Studies with PAF antagonists have implicated PAF as an
important mediator of immune-complex mediated inflamma¬
tion (Deacon et al., 1986; Williams et al., 1986; Issekutz &
Szejda, 1986; Hellewell & Williams, 1986; 1989; Jancar et al.,
1988; Warren et al., 1989; Pons et al., 1992; Rossi et al., 1992;
1993; Travares de Lima et al., 1992; Teixeira et al., 1994). In
particular, PAF antagonists administered intradermally or
intravenously reduce oedema formation and platelet deposi¬
tion in the RPA reaction in rabbit skin (Hellewell & Williams,
1986; 1989; Williams et al., 1986; Pons et al., 1992; Rossi et al.,
1992; 1993). The PAF antagonist, L-659,989 has also been
shown to reduce neutrophil accumulation in an RPA reaction
of rabbit skin (Hellewell, 1990).

A number of lines of evidence implicate PAF as an im¬
portant mediator of responses to LPS. Thus, PAF, injected
i.v., reproduces many of the features of clinical or experimental
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septic shock (Anderson et al., 1991; Qian et al., 1994). PAF
antagonists protect against LPS or bacteria-induced shock in
different animal models (Terashita et al., 1983; Etienne et al.,
1985; Toyofuku et al., 1986; Casals-Stenzel, 1987; Chang et al.,
1987; Fletcher et al., 1989; Kuipers et al., 1994) and elevated
PAF concentrations have been detected in the plasma of sepsis
patients (Bussolino et al., 1987). Furthermore, a recent phase
II clinical trial indicated improved organ failure statistics in
patients treated with a PAF antagonist (Froon et al., 1996).
The contribution of PAF to local responses to LPS such as the
LSR is less well understood.

UK-74,505, a long acting and selective PAF antagonist
(Cooper et al., 1990; Parry et al., 1994) has been used to de¬
monstrate a role for PAF in oedema formation and platelet
accumulation in the RPA reaction in the rabbit (Pons et al.,
1992; Rossi et al., 1993). Here we use UK-74,505 to extend our
earlier observations regarding the RPA reaction and to study
the role of PAF in inflammatory and haemorrhagic reactions
induced by bacterial LPS.

Methods

Animals

New Zealand White rabbits (2.5-3.5 kg) were bought from
Regal, Sussex, U.K. All procedures described were approved
by the Home Office.

Isolation, and radiolabelling of rabbit neutrophils

Neutrophils were isolated from rabbit blood as previously
described (Haslett et al., 1987; Norman et al., 1996). Briefly,
citrated blood collected from the carotid artery of a donor
rabbit was centrifuged at 300 g for 20 min. Platelet-rich plas¬
ma (PRP) was removed, under-layered with 3 ml 90% Percoll
(Norman et al., 1996) and centrifuged at 2000 g for 20 min to
produce platelet-poor plasma (PPP). Following 30 min dex-
tran sedimentation of the pellet produced by the first spin,
leukocyte-rich supernatant was removed and centrifuged at
275 g for 6 min. The resultant pellet was re-suspended in PPP,
layered onto discontinuous Percoll-plasma gradients and cen¬
trifuged for 40 min at 260 g. The neutrophil-rich band was
collected and contaminating red blood cells (RBC) removed by
hypotonic lysis. Unlabelled neutrophils were used in aggrega¬
tion assays. For radiolabelling, rabbit neutrophils (>98%
pure) were suspended in 1-2 ml of PPP and incubated with
approximately 100 //Ci ulInCl3 chelated to 2-mercaptopyr-
idine-N-oxide (400 /rg ml ') for 15 min at room temperature.
Cells were washed in PPP to remove unbound radiolabel and
suspended in PPP. Each recipient rabbit received 5 x 107 neu¬
trophils in 3 ml PPP through a marginal ear vein.

Measurement of neutrophil aggregation

Rabbit neutrophils (107 cell ml !) were kept at room tem¬
perature in Ca2 ' /Mg2+ free buffer (composition in mm: NaCl
138, KC1 2.7, Na2HP04 8.1, KH2P04 1.5 and HEPES 10).
Twenty minutes before use, cells were warmed to 37°C and
CaCl2 and MgCL (final concentrations 1.0 mm and 0.7 mm,
respectively) were added. Aggregation was assessed photo¬
metrically in a dual channel aggregometer (Chronolog 440
VS). Aliquots of neutrophil suspension (250 /d) were incubated
for 5 min at 37°C with continuous stirring at 700 r.p.m. and
then stimulated with either PAF or leukotriene B4 (LTB4).
Aggregation of platelets resulted in increased light transmis¬
sion through the suspension. Responses which were allowed to
develop for 3 min are expressed as a percentage of maximal
aggregation induced by 10~6 m phorbol 12-myristate 13-acet-
ate (PMA; Teixeira et al., 1995). Buffer alone was used as a
reference. Where the effect of UK-74,505 on responses to LTB4
and PAF was studied, antagonist was added to the neutrophil
suspension 2 min before agonist stimulation.

Preparation and radiolabelling of rabbit platelets

Citrated blood collected from the carotid artery of a donor
rabbit was centrifuged at 300 g for 20 min. PRP was removed,
under-layered with 90% Percoll and centrifuged at 2000 g for
20 min to produce PPP and a layer of platelets at the plasma-
Percoll interface. The platelets were harvested, suspended in 1 -
2 ml of PPP and incubated with 100 pCi 1 "InCl3 chelated to 2-
mercaptopyridine-N-oxide (400 pg ml ') for 15 min at room
temperature. Cells were washed three times in PPP to remove
unbound radiolabel, and finally suspended in PPP at ap¬
proximately 0.33 x 109 platelets ml 1 (concentration de¬
termined with a coulter countermodel ZM, Coulter Electronics
Ltd, Luton, Bedfordshire). Recipient rabbits received 3 ml
platelet suspension (i.e. 109 platelets) via a marginal ear vein.

Preparation and radiolabelling of RBC

Blood from a donor rabbit was centrifuged at 250 g for
20 min. One millilitre of RBC for each recipient rabbit was
collected from the resultant pellet. Na25lCr04 (0.5 mCi ml-1
RBC) was added to the RBC and incubated for 30 min at
room temperature. After being labelled, cells were washed in
fresh Tyrode solution to remove unbound 5lCr and suspended
in 3 ml Tyrode per recipient rabbit.
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Figure 1 Effect of UK-74,505 on aggregation of rabbit neutrophils
induced by PAF (□) and LTB4 (O)- (a) Concentration-dependent
agonist-induced aggregation of rabbit neutrophils. Results are
expressed as a percentage of maximal aggregation and presented as
mean, with vertical lines showing s.c.mcan, of n = 5 preparations, (b)
Effect of UK-74,505 on rabbit neutrophil aggregation induced by
PAF (10"7 m) and LTB4 (10^7 m). UK-74,505 was added to
neutrophil suspensions 2 min before addition of agonist. Results
are expressed as % inhibition of aggregation induced by 10~7 m PAF
and presented as mean and s.e.mcan (vertical lines) of n = 3
preparations.
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The RPA reaction and acute (4 h) inflammatory
reactions in rabbit skin

Rabbits were anaesthetized with sodium pentobarbitone (Sa-
gatal, 15 mg kg-1, i.v.) and the dorsal skin was shaved and
marked out with 6 replicates of 12-16 treatment sites ac¬
cording to a balanced site plan. "'In-neutrophils and [125I]-
human serum albumin were injected i.v. as markers of neu¬
trophil accumulation and plasma protein leakage. UK-74,505
or vehicle was injected i.v. and allowed 10 min to circulate.
LPS, Arthus antiserum (anti-bovine-y-globulin, BGG), PAF
plus prostaglandin E2 (PGE2), bradykinin (BK) plus PGE2 and
zymosan-activated plasma (ZAP) were injected i.d. in 0.1 ml
volumes. To initiate RPA reactions, the antigen BGG was
injected i.v. at 5 mg kg-1. Blood samples were collected into
heparin 4 h after i.v. BGG and animals killed by an anaesthetic
overdose. The dorsal skin was removed and skin sites excised
with a 17 mm diameter punch. Radioactivity in skin sites was
assessed by an automatic y-counter. Where neutrophil accu¬
mulation was measured the '"In-count per neutrophil was
determined, and used to express accumulated '"In in skin sites
as number of radiolabelled neutrophils. Where platelet accu¬
mulation was measured the '"In-count per platelet was de¬
termined, and used to express accumulated "'In in skin sites as
number of radiolabelled platelets. Human serum albumin ac¬
cumulation was expressed as /A plasma per skin site by dividing
skin sample l25I counts by 125I counts in 1 /A of plasma.

The local Shwartzman reaction

Rabbits were anaesthetized with intramuscular ketamine (30 -
35 mg kg~') and xylazine (2-3 mg kg ~'). The dorsal skin was
shaved and marked out with 6 replicates of 5 treatment sites
according to a balanced site plan. Vehicle saline and LPS from
Salmonella typhosa were injected at concentrations giving 0, 1,
3.16, 10 and 31.6 pg per skin site. 5lCr-labelled RBC and [125I]-
human serum albumin were injected i.v. 20 h after priming.
LSR were challenged as described (Norman et al., 1996) with
100 pg LPS from S. typhosa given intravenously at 20 and
22 h. At 24 h (4 h after first challenge), blood samples were
collected into heparin by cardiac puncture and animals killed
by an overdose of sodium pentobarbitone. The dorsal skin was
removed and skin sites excised with a 17 mm diameter punch.

Radioactivity in skin sites was assessed in an automatic y
counter. Accumulation of 5lCr-labelled RBC was expressed as
/d blood per skin site by dividing skin sample 5lCr-counts by
51Cr-counts in 1 p\ whole blood. Human serum albumin ac¬
cumulation was expressed as pi plasma per skin site by dividing
skin sample l25I-counts by l25I-counts in 1 pi of plasma.

Materials

Arthus antiserum and zymosan-activated plasma (ZAP) were
prepared as described by Rossi et al. (1992). The following
were purchased from commercial sources; Sagatal (pento¬
barbitone; sodium BP 60 mg ml-1) and Expiral (pentobarbi¬
tone; sodium BP 200 mgml~'), May & Baker Ltd.
(Dagenham, Essex); ketamine (Vetalar; Parke-Davis & Co.,
Pontypool, Gwent); xylazine (Rompum; Bayer UK Ltd., Bury
St. Edmunds, Suffolk); [l25I]-human serum albumin (20 mg
albumin ml-1 sterile isotonic saline, 50 pCi ml '), "'InCl3
(2 mCi in 0.2 ml sterile pyrogen free 0.04 n HC1) and Na25'"
Cr04 (5 mCi in 5 ml sterile isotonic saline) Amersham Inter¬
national pic (Amersham, Buckinghamshire); Percoll and
dextran (Pharmacia Ltd, Milton Keynes, Buckinghamshire);
Viaflex (sterile, pyrogen-free isotonic saline solution; Baxter
Healthcare Ltd., Thetford, Norfolk); sterile, pyrogen free wa¬
ter was purchased from Phoenix Pharmaceuticals Ltd. (Glou¬
cester); LPS (Salmonella typhosa, prepared by phenol
extraction), PGE2, zymosan, bovine-y-globulin (BGG),
Freund's complete adjuvant and Freund's incomplete adjuvant
were bought from Sigma Chemical company (Poole, Dorset);
PAF (Bachem, Saffron Walden, Essex); Diff-Quik stain (BDH,
Poole, Dorset). UK-74,505 [4-(2-chlorophenyl)-l,4-dihydro-3-
ethoxycarbonyl-6-methyl-2-[4-(2-methylimidazo[4,5-c]pryid-1 -
yl)phenyl]-5-[N-(2-pyridyl)carbamoyl)pyridine], initially dis¬
solved in 0.1 n HC1 and diluted in saline, was a gift from Dr
M.J. Parry (Pfizer Central Research, Sandwich, Kent).

Statistical analysis

Data are presented as mean + s.e.mean for the number of an¬
imals indicated. Data were analysed by two way analysis of
variance. Significant differences (*P<0.05, **/'<().01) from
the appropriate controls were determined by the Newman-
Keuls procedure which allows for multiple comparisons.
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Figure 2 In vivo time course of UK-74,505 vs platelet-activating factor (PAF, a), bradykinin (BK, b) and zymosan-activated
plasma (ZAP, c) in rabbit skin. Vehicle (open columns) or UK-74,505, 0.5mgkg~' (solid columns) or 2mgkg~' (hatched
columns), was injected i.v. at time zero. PAF (l0~9 mol per site), BK (10~10 mol per site) and undiluted ZAP, all in the presence of
PGE2 (3x10 10 mol site) were injected i.d. at time points 30 min before, 15 min after and 210 min after UK-74,505. Animals were
killed 4 h after UK-74,505 and plasma protein leakage determined as detailed in the Methods section. Results are expressed as pi
plasma per skin site and presented as mean±s.e.mean of n = 4 experiments after subtraction of response to saline. Significant
differences from vehicle controls are indicated by *R<0.05.



K.E. Norman et a I Role of PAF in Shwartzman and Arthus reactions 1289

Results

Effect of UK-74,505 on neutrophil aggregation in vitro

Washed rabbit neutrophils when appropriately stirred and
exposed to PAF or LTB4 undergo a concentration-dependent
homotypic aggregation, as assessed by increased light trans¬
mission (Figure la). To confirm the in vitro selectivity and
potency of UK-74,505 we examined the effect of this com¬
pound on rabbit neutrophil aggregation induced by these lipid
mediators. Figure lb shows that neutrophil aggregation in¬
duced by 10 7 m PAF was competitively inhibited by UK-
74,505. The highest concentration of UK-74,505 used (10 6 m)
did not effect LTB4-induced aggregation.

Effect of UK-74,505 on oedema formation in response to
mediators (4 h time course)

We next examined the specificity and duration of action of
UK-74,505 in vivo. Figure 2 shows a time-course of systemic
UK-74,505 (0.5 and 2 mg kg"') against oedema responses to
i.d. injected PAK, BK and ZAP. These mediators were in¬
jected i.d. together with PGE2 to potentiate oedema forma¬
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Figure 3 Effect of UK-74,505 on neutrophil accumulation and
oedema formation in the RPA reaction in rabbit skin. Rabbits
received either vehicle (open columns) or UK-74,505 (2mgkg~',
solid columns) i.v. Arthus antiserum and PAF (10~9 mol per site) +
PGE2 (3 x 10"10 mol per site) were injected i.d. RPA reactions were
initiated by injecting the antigen BGG i.v. (5 mg kg"1). Animals
were killed 4 h after BGG, and plasma protein leakage (a) and
neutrophil accumulation (b) measured as detailed in the Methods
section. Results arc expressed as pi plasma per skin site and number
of radiolabeled neutrophils per skin site and presented as mean±
s.c.mcan after subtraction of control saline values in n = 5-6
experiments. Significant differences from control values arc indicated
by *7><0.05, **P<0.01.

tion, at time points either 30 min before, 15 min after or
210 min after injection of either vehicle or UK-74,505 0.5 or
2 mg kg '. Responses to mediators injected 30 min before
antagonist were not affected by UK-74,505 (0.5 or
2 mgkg"1) (oedema in response to the mediators used de¬
velops rapidly and is maximal by 30 min). Oedema formation
in response to PAF + PGE2 injected either 15 min or 210 min
after antagonist was greatly reduced by UK-74,505 (0.5 or
2 mgkg"1). In contrast, responses to BK+ PGE, and
ZAP+PGE2 injected either 15 min or 210 min after antago¬
nist were not affected by UK-74,505 at either dose. Thus at
the doses studied, UK-74,505 is selective for PAF and active
for at least 4 h in rabbits.
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Figure 4 Effect of UK-74,505 on oedema formation (a), platelet
deposition (b) and neutrophil accumulation (c) in response to LPS in
rabbit skin. Rabbits received either vehicle (□) or UK-74,505
(2 mgkg"1, 0) i.v.. After 10 min, LPS was injected i.d. at the
doses indicated. Animals were killed 4 h after i.d. LPS, and plasma
protein leakage, platelet deposition and neutrophil accumulation
measured as detailed in the Methods section. Results are expressed as
p\ plasma per skin site and the number of platelets or neutrophils per
skin site and presented as mean, with vertical lines showing s.e.mcan,
of n = 4 experiments. Significant differences from control values arc
indicated by *P<0.05.
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Effect of UK-74,505 on neutrophil accumulation in the
RPA reaction

The effect of UK-74,505 on neutrophil accumulation and oe¬
dema formation in the RPA reaction determined after a 4 h
period in rabbit skin is shown in Figure 3. Vehicle or UK-
74,505 (2 mg kg~') were given i.v., followed by i.d., injections
of Arthus antiserum. The antigen BGG (5 mg kg~') was given
i.v. to initiate RPA reactions. Skin sites injected with 50 and
100% antiserum exhibited a dose-dependent oedema forma¬
tion (upper panel) which was significantly inhibited by UK-
74,505 at 2 mg kg "1. The marked oedema induced by
PAF + PGE2 was reduced to levels induced by PGE2 alone in
the presence of UK-74,505 (2 mg kg~'). In contrast, at the
same reaction sites where oedema formation was reduced, UK-
74,505 (2 mg kg-1) had no effect on radiolabeled neutrophil
accumulation induced by the RPA reaction. PAF + PGE2 and
PGE2 alone produced no significant neutrophil accumulation.

Effect of UK-74,505 on platelet and neutrophil
accumulation in response to LPS in rabbit skin

Platelet accumulation has been shown to be a feature of the
response to i.d. LPS and, therefore, may be important for LSR
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priming. The role of PAF in LPS-induced platelet accumula¬
tion was investigated by use of i.v. UK-74,505. Figure 4 shows
the effect of 2 mg kg ' UK-74,505 on oedema formation,
platelet and neutrophil accumulation induced by LPS. The
slight oedema formation induced by i.d. LPS in rabbit skin was
not affected by UK-74,505 (Figure 4a). I.d. LPS caused a dose-
dependent accumulation of platelets which was significantly
inhibited by UK-74,505 (2 mg kg~') (Figure 4b). Figure 4c
shows the effect of UK-74,505 on neutrophil accumulation in
response to i.d. LPS. Dose-dependent neutrophil accumulation
of a magnitude similar to that seen in the RPA reaction was
produced by i.d. LPS. This neutrophil accumulation was not
affected by UK-74,505 (2 mg kg-').

Effect of UK-74,505 on LSR priming and challenge

Figure 5 shows the effect of UK-74,505 on LSR priming.
Rabbits were given either vehicle or UK-74,505 (2 mg kg-1,
i.v.) 10 min before i.d. priming doses of LPS. Injections of
100 fig LPS were given i.v. at 20 and 22 h after priming to
challenge the LSR. Haemorrhage (upper panel) and oedema
formation (lower panel) were seen at primed skin sites 4 h after
the first challenge (i.e. 24 h after priming). The magnitude of
these responses was dependent upon the priming dose of LPS.
Haemorrhage and plasma leakage in the LSR were not affected
by UK-74,505 given at the time of priming.

The effect of UK-74,505 given immediately before LSR
challenge is shown in Figure 6. Rabbits were primed with in-
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Figure 5 Effect of UK-74,505 on the priming of the local
Shwartzman reaction. Rabbits received either vehicle (□) or UK-
74,505 (2 mg kg •) i.v. After 10 min, priming doses of LPS were
injected i.d. LSR challenge (100 ^ig LPS, i.v.) was given at 20 and
22 h. Animals were killed 4 h after i.d. injections (4 h after 1st
challenge), and haemorrhage and plasma protein leakage measured as
detailed in the Methods section. Results are expressed as fil blood per
skin site and fi\ plasma per skin site and presented as mean, with
vertical lines showing s.e.mcan, of n = 4 experiments.
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Figure 6 Effect of UK-74,505 on the local Shwartzman reaction
(LSR) challenge. Priming doses of LPS were injected i.d. After 20 h
either vehicle (□) or UK-74,505 (2 mg kg , • ) was given i.v.
followed 10 min later by the first LSR challenge (100 fig LPS, i.v.). A
second challenge (100 fig LPS, i.v.) was given at 22 h. Animals were
killed 24 h after i.d. injections (4 h after first challenge), and
haemorrhage and plasma protein leakage measured as detailed in
the Methods section. Results arc expressed as /i\ blood per skin site
and fi\ plasma per skin site and presented as mean, with vertical lines
showing s.e.mcan, of « = 4 experiments.
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creasing doses of LPS. After 20 h either vehicle or UK-74,505
was given i.v., followed 10 min later by LSR challenge as de¬
scribed above. Haemorrhage and oedema formation produced
at appropriately primed skin sites were not affected by UK-
74,505 given i.v. before challenge.

Discussion

The results presented in this study demonstrate that neutrophil
accumulation in the RPA reaction does not appear to be PAF-
dependent. This differs from our earlier findings regarding the
PAF-dependence of platelet accumulation in this response
(Pons et al., 1992; Rossi et al., 1993). Similarly, we found that
platelet accumulation in response to LPS in rabbit skin is PAF-
dependent, whereas neutrophil accumulation is not. Our
finding that UK-74,505 does not affect the LSR suggests that
PAF is not an important mediator of this response.

A number of studies have implicated PAF as an important
mediator of the RPA reaction. PAF antagonists administered
locally or systemically have been shown to suppress oedema
formation induced in an RPA reaction in the skin of rats and
rabbits (Deacon et al., 1986; Williams et al., 1986; Hellewell &
Williams, 1986; 1989; Rossi et al., 1992) and we demonstrated
previously that platelet accumulation in the RPA reaction was
also PAF-dependent (Pons et al., 1993; Rossi et al., 1993).
Whilst PAF antagonism has been widely studied as a possible
treatment for septic shock, the role of PAF in local in¬
flammatory responses to LPS and in the LSR has not been
addressed. In this study we used the potent and long-acting
PAF antagonist UK-74,505 (Cooper et al., 1990; Parry et al.,
1994) to extend our observations concerning the role of PAF in
the RPA reaction and to determine what role, if any, PAF has
in responses to LPS and in the LSR in rabbit skin.

In a previous study (Pons et al., 1992) we showed that UK-
74,505 is a long-acting, potent and selective blocker of rabbit
platelet PAF receptors both in vitro and in vivo. We also
showed that UK-74,505 inhibits platelet accumulation and
oedema formation in the RPA reaction and in certain other
reactions of rabbit skin. Here, we have demonstrated that
neutrophil aggregation induced by PAF, but not by LTB4, is
competitively inhibited by UK-74,505, demonstrating that
UK-74,505 is also an effective and selective blocker of neu¬
trophil PAF receptors in vitro. By studying oedema formation
in response to mediators (BK, ZAP and PAF) given at various
times after injection of UK-74,505 we showed that UK-74,505
is selective for PAF and active in vivo for at least 4 h after its
injection at the doses employed (0.5 mg kg 1 or 2 mg kg "
PAF injected into rabbit skin in the presence of PGE2 caused a
marked oedema formation which was reduced to levels pro¬
duced by PGE2 alone in the presence of UK-74,505. In con¬
trast, PAF caused little or no neutrophil accumulation in
rabbit skin. It is important to note, however, that i.d. injected
PAF may be rapidly metabolised and that the lack of effect
may be due to failure to reach the correct site of action rather
than lack of bioactivity per se. In agreement with our previous
study (Pons et al., 1992), oedema formation in the RPA re¬
action was significantly reduced by UK-74,505. However, at
the same reaction sites were oedema formation in the RPA
reaction was inhibited, no effect on neutrophil accumulation
was observed. This finding is not consistent with data from a
previous study showing that a PAF antagonist, L-659,989,
reduced neutrophil accumulation in the RPA reaction in rabbit
skin (Hellewell, 1990). The disparity between our results and
those previously obtained may reflect differences in the se¬
lectivity of the antagonists used.

Platelet accumulation has been shown to be a component of
the acute inflammatory response to killed E.Coli (Jeynes et al.,
1989) and to LPS (Movat et al., 1980). Mechanisms underlying
this platelet accumulation have not been determined. LPS in¬
jected into rabbit skin caused a dose-dependent platelet accu¬
mulation which was almost completely inhibited by UK-
74,505 indicating an important role for PAF in this response.

This contrasts with observations made for the RPA reaction
where UK-74,505 gave significant but only partial inhibition of
platelet accumulation (Pons et al., 1992). LPS Induced little
oedema formation in rabbit skin, suggesting that LPS-induced
PAF is, in some way, able to produce platelet-accumulation
without affecting plasma permeability. This phenomenon
might relate to the magnitude or location of PAF generation.
Previously, we hypothesized that qualitative differences in PAF
antagonist sensitivity between RPA reactions and responses to
i.d injected immune complexes or zymosan might be due to
such a phenomenon (Pons et al., 1992).

Having determined that PAF is an important mediator of
platelet accumulation in response to LPS, UK-74,505 was next
used to investigate the role of PAF in the neutrophil accu¬
mulation associated with this response. LPS caused a marked
accumulation of neutrophils which was not affected by treat¬
ment with UK-74,505 suggesting that PAF is not an important
mediator of LPS-induced neutrophil accumulation in rabbit
skin. It should be stressed that the above experiments tell us
little about the behaviour of neutrophils once they have ac¬
cumulated, only that they do accumulate. PAF may still be an
important mediator of neutrophil responses in the above re¬
actions, possibly mediating their activation. Recent experi¬
ments, in which intravital microscopy was used to visualise the
circulation of rat mesentery, demonstrated that UK-74,505
inhibited extravasation of leucocytes induced by in¬
traperitoneal interleukin-1 (Nourshargh et al., 1994). Such a
role for PAF in RPA reactions and in responses to LPS is not
precluded by our experiments, as measurement of "'In-
labelled neutrophil accumulation into skin sites does not dis¬
tinguish between cells migrated into tissue and cells remaining
adherent in blood vessels.

The possible role of PAF in either LSR priming or events
that follow challenge in this reaction is not clear. Evidence that
PAF may be an important mediator of some of the events
associated with septic shock suggests that LPS-stimulated PAF
generation may also be important for the development of the
LSR. However, UK-74,505 which has been shown to be a
potent and selective inhibitor of a number of PAF-dependent
responses did not affect haemorrhage or plasma protein leak¬
age in the LSR when given i.v. either immediately before
priming injections of LPS, or 10 min before LSR challenge.
The observation that UK-74,505 inhibits platelet accumulation
in response to i.d. LPS, but not the LSR when given before
priming injections suggests that LSR priming is both PAF- and
platelet-independent. It is possible that platelet accumulation
and other PAF-dependent responses to i.d. LPS are merely
delayed by UK-74,505 and that platelet accumulation and
priming continue when the antagonist is finally cleared. We
consider this possibility unlikely, as the Shwartzman reaction is
highly time-dependent and thus delaying the underlying con¬
trolling events would be expected to have profound effects on
the haemorrhagic necrosis seen after challenge. The role of
platelets in the LSR is a subject of controversy, with some
studies showing that their presence is an absolute requirement
for the Shwartzman reaction to occur (Margaretten & McKay,
1969), or that, conversely, platelet depletion has no effect on
the reaction (Levin & Cluff, 1965). Our findings support the
latter view. That UK-74,505 injected before LSR challenge had
no effect on the subsequent appearance of haemorrhagic le¬
sions at primed sites suggests that the events that follow LSR
challenge occur independently of the high levels of circulating
PAF found to result from i.v. injection of LPS (Doebber et al.,
1985; Chang et al., 1987).
In summary, our studies indicate that platelet accumulation

in the RPA reaction and in response to i.d. LPS may occur
through similar PAF-dependent mechanisms, while neutrophil
accumulation in these responses occurs independently of PAF.
In spite of our finding that platelet accumulation in response to
i.d. LPS is PAF dependent, our studies have not indicated a
role for PAF in the LSR. The pathology associated with se¬
vere, systemic bacterial infection is highly complex, and to be
clinically useful a treatment needs to address as many of its
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features as possible. If the LSR is, as it is believed, a good
model of the disseminated intravascular coagulation and as¬
sociated organ damage that often accompany severe bacterial
infection, then our results indicate that PAF antagonists might
fail to address these important disease features.
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Abstract

Macrophage migration inhibitory factor (MIF) is a potent
proinflammatory mediator that has been shown to potenti¬
ate lethal endotoxemia and to play a potentially important
regulatory role in human acute respiratory distress syn¬
drome (ARDS). We have investigated whether eosinophils
are an important source of MIF and whether MIF may be
involved in the pathophysiology of asthma. Unstimulated
human circulating eosinophils were found to contain pre¬
formed MIF. Stimulation of human eosinophils with phor-
bol myristate acetate in vitro yielded significant release of
MIF protein. For example, eosinophils stimulated with
phorbol myristate acetate (100 nM, 8 h, 37°C) released
1,539±435 pg/106 cells of MIF, whereas unstimulated cells
released barely detectable levels (< 142 pg/106 cells,
mean±SEM, n - 8). This stimulated release was shown to
be (a) concentration- and time-dependent, (b) partially
blocked by the protein synthesis inhibitor cycloheximide,
and (c) significantly inhibited by the protein kinase C inhib¬
itor Ro-31,8220. In addition, we show that the physiological
stimuli C5a and IL-5 also cause significant MIF release.
Furthermore, bronchoalveolar lavage fluid obtained from
asthmatic patients contains significantly elevated levels of
MIF as compared to nonatopic normal volunteers (asth¬
matic, 797.5 ±92 pg/ml; controls, 274±91 pg/ml). These re¬
sults highlight the potential importance of MIF in asthma
and other eosinophil-dependent inflammatory disorders. (J.
Clin. Invest. 1998.101:2869-2874.) Key words: granulocyte •
inflammation • lung • protein kinase C • protein synthesis

Introduction

Macrophage migration inhibitory factor (MIF)1 has been
shown to be an important modulator of the inflammatory re¬
sponse (for review, see reference 1). This mediator was origi-
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nally described as a T lymphocyte-derived protein that in¬
hibited the random migration of guinea pig peritoneal
macrophages (2-4). MIF has subsequently been shown to be a
key modulator of both inflammatory and immune responses
and has been implicated in macrophage activation and in anti-
gen-driven T cell responses (5, 6). MIF is released from im¬
mune cells upon glucocorticoid stimulation, and once released
MIF has the unique ability to override glucocorticoid-medi-
ated inhibition of cytokine secretion by both LPS-stimulated
monocytes and antigen-activated T cells (7, 8), and human al¬
veolar cells obtained from patients with the acute respiratory
distress syndrome (ARDS) (9). Animal studies have shown
that MIF has the ability to overcome glucocorticoid protection
against lethal endotoxemia (8). It is a mediator in septic shock
and this has been highlighted by the ability of neutralizing anti-
MIF antibodies to protect animals from lethal endotoxemia
(10). Thus, MIF not only exerts proinflammatory effects, but
also counteracts the antiinflammatory action of the glucocorti¬
coids. MIF also has recently been shown to be secreted by the
corticotrophic/thyrotrophic cells of the anterior pituitary after
physiological stress or LPS stimulation (10,11).

In this paper we report that eosinophils, after stimulation
with phorbol myristate acetate (PMA), recombinant human
(rh) C5a, and rhIL-5, are also an important cellular source of
MIF. In addition we show that (a) MIF is stored preformed in
significant quantities in eosinophils, (b) eosinophils are capa¬
ble of synthesizing MIF, and (c) protein kinase C (PKC) is im¬
plicated in the regulation of MIF secretion. Given the involve¬
ment of eosinophils in allergic inflammatory disease and the
role MIF plays in counteracting the antiinflammatory action of
the glucocorticoids, we analyzed alveolar fluid derived from
the lungs of stable asthmatic patients and found significantly
elevated MIF levels compared to normal control alveolar fluid.
In this paper we describe the eosinophil as a cellular source for
MIF and highlight the potential importance ofMIF as a modu¬
lator of the inflammatory response in asthma and other aller¬
gic inflammatory diseases.

Methods

Materials. Sodium citrate was purchased from Phoenix Pharmaceuti¬
cals Ltd. (Gloucester, UK). Percoll and dextran were obtained from
Pharmacia Biotechnologies (St. Albans, UK). Iscove's DME, PBS,
HBSS, and supplements (penicillin and streptomycin) were from Life
Technologies (Paisley, UK). Sterile tissue culture plasticware was

1. Abbreviations used in this paper: ARDS, acute respiratory distress
syndrome; BAL, bronchoalveolar lavage; MIF, macrophage migra¬
tion inhibitory factor; PKC, protein kinase C; PMA, phorbol myri¬
state acetate; rh, recombinant human.
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purchased from CorningCostar (High Wycombe, UK) and Falcon
(Baker Scientific, Runcorn, UK). PMA, rhC5a, and cycloheximide
were purchased from Sigma Chemical Co. Ltd. (Poole, UK). Dyna-
beads (M-450) were purchased from Dynal (Merseyside, UK). Ro-
31,8220 was purchased from Calbiochem-Novabiochem Ltd. (Not¬
tingham, UK) and rhIL-5 from R&D (Abingdon, UK).

Eosinophil isolation and culture. Eosinophils were isolated by a
modification of a previously described method (12,13). Briefly, eosin¬
ophils derived from the peripheral blood of normal donors were iso¬
lated by dextran sedimentation followed by centrifugation through
discontinuous plasma-Percoll gradients. Granulocytes were taken
from the 70/81 % layer and the eosinophils were purified from con¬
taminating neutrophils by an immunomagnetic separation step, using
sheep anti-mouse IgG Dynabeads coated with the murine an-
tineutrophil antibody 3G8 (anti-CD16; a gift from Dr. J. Unkeless,
Mount Sinai Medical School, New York). Cells were mixed with
washed 3G8 Dynabeads at a bead/neutrophil ratio of 3:1 on a rotary
mixer at 4°C for 20 min, and beads with bound neutrophils were re¬
moved magnetically by stationary contact (3 min) with a magnet
(Magnetic Particle Concentrator MPC-1; Dynal). This procedure was
repeated once to yield an eosinophil population of > 98% purity and
> 99% viability. After purification, cells were washed sequentially in
HBSS without calcium or magnesium and HBSS with calcium and
magnesium before resuspending in Iscove's DME with 2% autolo¬
gous serum. Eosinophils (106/ml) were cultured in Iscove's DME with
2% autologous serum at 37°C in a 5% C02 atmosphere.

MIF ELISA. Immunoreactive MIF in collected cell supernatants,
lysates, and patient samples were quantitated via standard ELISA as
published previously (9). Plates were coated with an anti-human MIF
mAb and were blocked and incubated using standard methods. Rab¬
bit polyclonal anti-MIF sera were used as secondary antibodies, fol¬
lowed by goat anti-rabbit IgG conjugated to alkaline phosphatase
substrate (para-NPP). MIF levels were determined by extrapolating
from a quadratic standard curve using purified, human rMIF (range
0-12 ng/ml) (14). The sensitivity of this ELISA was a 150 pg/ml.

Patient details. Asthmatic patients attending the Respiratory
Outpatients Department at the Western General Hospital, (Edin¬
burgh, UK) were considered eligible for study enrollment. Our nor¬
mal nonsmoking control group was paramedical staff within the
Western General Hospital. Informed written consent was obtained
from volunteers or asthmatic patients before bronchoscopy. Asth¬
matic patients were eligible for enrollment if they (a) were > 18 yr of
age, (b) had not been prescribed oral corticosteroid medication for at
least 3 mo before enrollment, (c) had a forced expiratory volume-1
(FEV1) > 1 liter and (d) had oxygen saturation values on air of > 90%
before the procedure. This study was approved by the Lothian Health
Board Ethics Committee.

Bronchoalveolar lavage (BAL) procedure. BAL sampling was
performed as described previously (15). Briefly, asthmatic patients
were prescribed nebulized salbutamol (2.5 mg) before bronchoscopy.
Premedication consisted of phenoperidine (up to 1 mg) and mida¬
zolam (up to 3 mg) intravenously. A fiber-optic bronchoscope was in¬
troduced intranasally and passed through the vocal cords into the
lungs. The distal end of the bronchoscope was wedged into either the
lingula or right middle lobe. Eight 30-ml aliquots of 0.9% NaCl solu¬
tion were instilled and gently aspirated immediately. All bronchos¬
copy procedures were performed by the same bronchoscopist (A.P.
Greening). On average, 76% of instilled NaCl solution was recov¬
ered. Recovered fluid and cells were stored at 4°C until processed.
All samples were processed within 1 h of collection.

For collected samples, processing initially entailed straining the
lavage fluid through sterile gauze to remove mucous. The strained
fluid was then centrifuged at 400 g at 4°C for 10 min to recover cells.
Total cell counts were performed using a hemocytometer. Aliquots of
cells were pelleted onto glass slides using a cytospin 2 (Shandon Sci¬
entific, Cheshire, UK) and then stained with Diff-Quick (Merz-Dade
AG, Dudingen, Switzerland), a modified Wright-Giemsa stain. Dif¬
ferential counts were determined by counting 500 cells under oil im-
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Figure I. PMA stimulates eosinophils to secrete MIF. Human eo¬
sinophils (106/ml in Iscove's DME containing 2% autologous serum)
were cultured with (A) PMA (100 nM) for 8 h (n = 8); (B) PMA (1,
10, and 100 nM PMA for 8 h) (n = 4); and (C) PMA (100 nM) for 1,4,
and 8 h (n = 3). The cells were centrifuged (800 g, 2 min) and the su¬
pernatant assessed for the presence of MIF by specific ELISA. Re¬
sults are expressed as the amount of MIF (pg/ml) released mean±
SEM where significant difference above control values is represented
by *P < 0.05.
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Figure 2. MIF is both stored and newly synthesized and its secretion
is controlled by PKC. Eosinophils (106/ml in Iscove's DME contain¬
ing 2% autologous serum) were cultured with (A) buffer or PMA
(100 nM) for 8 h and MIF levels in cell lysates (L) and supernatants
(S) were determined (n = 3); (B) PMA (100 nM) for 8 h in the ab¬
sence and presence of cycloheximide (CXM) (1 p,M; n = 4; C, con¬
trol) and (C) PMA (100 nM) for 8 h in the absence or presence of
Ro-31,8220 (n = 3). The cells were centrifuged (800 g, 2 min) and the
supernatant and/or cell lysate assessed for the presence of MIF by
specific ELISA. Results are expressed as the amount of MIF (pg/ml)
mean±SEM where significant difference above control values are

mersion (X100). The lavage fluid supernatant was respun at 1,000 g
for 10 min at 4°C to remove cellular debris and stored at -70°C until

analyzed at a later date. MIF was assayed in unconcentrated, neat
BAL samples and MIF results are expressed per milliliter of collected
BAL fluid.

Statistical analysis. The results are expressed as mean±SEM. Sta¬
tistical analysis was performed by the Student's t test or by one-way
ANOVA followed by the Newmans-Keuls post-test. Analysis of MIF
levels in BAL fluid was performed using the Spearman rank correla¬
tion. Differences were considered significant when P < 0.05. Calcula¬
tions were performed using the statistical software package Statview
(Abacus Concepts, Berkeley, CA).

Results

MIFsecretion from PMA-stimulated eosinophils. Eosinophils
were found to be efficient secretors of MIF after PMA stimu¬
lation. In 8-h cultures, human blood-derived eosinophils re¬
leased a mean value of 1539±435 pg/ml MIF per million cells
after PMA stimulation (100 nM) (Fig. 1 A) (P = 0.0008). This
secretion was concentration-dependent with 1,10 and 100 nM
PMA inducing 803±230, 1,084±161, and 1,718±48 pg/ml MIF,
respectively, in collected 8-h supernatants (Fig. 1B). The time
course of MIF secretion after stimulation (Fig. 1 C) revealed
mean MIF release at 1, 4, and 8 h of 1,706± 1,259, 1,309±430,
and 1,886± 1,013 pg/ml, respectively.

MIF is stored preformed in eosinophils. The observation
that MIF was found in eosinophil supernatants 1 h after PMA
stimulation suggested that significant MIF resides preformed
in eosinophils. Analysis of unstimulated eosinophil lysates and
supernatants revealed a mean level of MIF of 111±66.2 and
2,883±706 pg/ml in control supernatant and lysate samples, re¬
spectively. 8 h after PMA stimulation, supernatant and lysate
values were 1,793±610 and 2057± 807 pg/ml, respectively (Fig.
2 A). Pretreatment with cycloheximide (1 p,M) resulted in a re¬
duction in MIF secretion after PMA stimulation by 53% com¬
pared to untreated stimulated cells (Fig. 2 B).

Influence ofPKC inhibitors on MIF secretion. Preincuba¬
tion of eosinophils with Ro-31,8220 (1 pM), a PKC inhibitor,
resulted in an attenuation of PMA-induced MIF secretion by
72% in 8-h supernatants. PMA secretion was reduced from a
mean of 2,663±831 to 744±254 pg/ml after preincubation with
the PKC inhibitor (control, 86±46 pg/ml) (Fig 3).

IL-5 and C5a induce eosinophilMIF secretion. In relation
to the pathophysiology of inflammatory lung disease and
asthma, we investigated whether mediators known to be impli¬
cated in these diseases (e.g., IL-5 and C5a) could induce MIF
secretion from eosinophils. Incubation of human eosinophils
with rhIL-5 (100 ng/ml) resulted in a mean MIF level of 1,169
pg/ml in collected supernatants. Preincubation with rhC5a
(100 nM) resulted in a mean level of 1,167 pg/ml (Table I).

MIF alveolar levels in asthma. Nonatopic normal volun¬
teers and stable asthmatic patients were bronchoscoped and
BAL samples obtained. Significantly elevated alveolar MIF
levels were found in asthmatic patients compared to controls
(P < 0.005) (asthmatic, 797.5±92 pg/ml; controls, 274±91 pg/
ml) (Fig. 3). The mean number of total BAL cells obtained

represented by *P < 0.05 and differences between PMA-stimulated
cells and CXH- or Ro-31,8220-treated cells are represented by "P <
0.05.
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Figure 3. MIF levels are elevated in BAL fluid obtained from stable
asthmatic patients compared to levels in alveolar fluid obtained from
normal controls. BAL samples were obtained from normal controls
(n = 10) and asthmatic patients (n = 32) as described in Methods and
MIF was determined by specific ELISA. Results are expressed as the
amount ofMIF (pg/ml) obtained in each individual BAL sample. The
mean±SEM values obtained from asthmatic patients were 797.5 ±92
and 274±91 pg/ml from normal controls (P < 0.005).

was 11.37 X 106. No significant correlation was obtained be¬
tween alveolar MIF levels and total BAL cell number (P =

0.42), total number of eosinophils (P = 0.79), macrophages
(P = 0.60), lymphocytes (P = 0.54), or neutrophils (P = 0.42).

Discussion

MIF was originally described over 30 yr ago as a soluble activ¬
ity produced by activated T cells that inhibited the random mi¬
gration of cultured guinea pig macrophages (3, 4). Recently,
MIF has been rediscovered to be a critical regulatory mediator
whose secretion is induced by glucocorticoids and that has the
capacity, in its own right, to counterregulate the inhibitory ef¬
fects of glucocorticoids in the immune system (4). This dual
role of maximizing inflammatory activity by being directly
proinflammatory, and by indirectly inhibiting maximal antiin¬
flammatory glucocorticoid activity, led us to investigate the
potential role of MIF in pulmonary inflammatory disease.
ARDS represents a catastrophic form of acute lung injury that
arises as a consequence of overwhelming inflammation. We
have recently described a potential regulatory role for MIF
in ARDS (9). In this study, we showed evidence within lung
tissue and within the alveolar airspace of excessive MIF pro¬
duction. In addition MIF was shown to both augment proin¬
flammatory cytokine production and override the antiinflam-

Exp. 1 Exp. 2

Control (unstimulated) 439 544

IL-5 (100 ng/ml) 843 1495

C5a (100 nM) 913 1420

Human eosinophils (lOVml) in Iscove's DME (containing 2% autologous
serum) were cultured alone (control), with rhC5a (100 nM), or with
rhIL-5 (100 ng/ml) for 8 h. The cells were centrifuged (800 g, 2 min) and
the supernatant assessed for the presence of MIF by specific ELISA
(each treatment assayed in triplicate).

matory effects of glucocorticoids on ex vivo ARDS alveolar
cells.

This work led us to consider the potential role of MIF in an
allergic inflammatory disease, namely asthma. The eosinophil
has been implicated as a key cell type in the pathogenesis of al¬
lergic inflammatory diseases such as bronchial asthma, allergic
rhinitis, and atopic dermatitis (16, 17). Eosinophils are re¬
cruited to inflammatory foci by the concerted effects of spe¬
cific chemoattractants, adhesion molecules, and extracellular
matrix proteins. Once recruited, eosinophils, if further ex¬
posed to inflammatory stimuli, become activated and can un¬
dergo a variety of functional responses including degranula-
tion, liberation of reactive oxygen intermediates (ROI), and
synthesis and release of inflammatory mediators and cyto¬
kines. Secreted products such as eosinophil cationic protein,
major basic protein, eosinophil protein X, and eosinophil per¬
oxidase, as well as reactive oxygen intermediates, assist in de¬
struction of invading organisms and contribute to tissue dam¬
age associated with allergic diseases and asthma. For example,
in asthma, elevated levels of eosinophil-derived products are
found in the BAL fluid and correlate positively with the severity
of the disease. Furthermore, when certain eosinophil-derived
products are administered into the lungs of animals, bronchial
hyperresponsiveness and lung damage can occur, further im¬
plicating the eosinophil as detrimental and contributing to the
pathogenesis of asthma (for review, see references 16 and 18).
Clinically, administration of glucocorticoids has been used suc¬
cessfully as a way of reducing inflammatory cell-induced tissue
damage and amelioration of eosinophilic diseases. Although
the mechanism of action of glucocorticoids in such diseases is
unknown, in patients with hypereosinophilia there is a marked
reduction in the number of circulating eosinophils, an inhibi¬
tion of eosinophil recruitment to inflammatory sites, a damp¬
ening of eosinophil responsiveness, and an increase in eosino¬
phil apoptosis with subsequent removal by macrophages (13,
19-22). Thus, identifying and characterizing eosinophil-derived
mediators and defining their biological effects will help to elu¬
cidate the cellular mechanisms involved in eosinophilic dis¬
eases and have far-reaching implications in developing thera¬
peutic targets.

In this study we report that eosinophils are an important
source ofMIF, a cytokine capable of counteracting the effects
of glucocorticoids. We show that PMA-induced MIF secretion
occurs rapidly, with significant extracellular MIF being found
within 1 h after stimulation. Even at 8 h, despite pretreatment
with cycloheximide, MIF levels attained 47% of untreated
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PMA positive control. This suggests a possible role for MIF in
both early and later eosinophil-induced inflammation in
asthma and other allergic inflammatory diseases.

PMA is known to directly interact with PKC and therefore
bypass classical receptor/G protein effects. We investigated
whether the concentration- and time-dependent PMA-induced
MIF release was also mediated by this pathway. Using the spe¬
cific PKC inhibitor Ro-31,8220 we show that the PMA-stimu-
lated response was almost totally blocked by this inhibitor im¬
plying that PKC regulates PMA-stimulated release. We were
also interested in determining whether other significant eosi¬
nophil activators that have been implicated in asthma disease
pathogenesis (23, 24) stimulated MIF secretion from human
eosinophils. Both IL-5 and C5a enhanced MIF secretion from
these cells. The levels of MIF secretion after stimulation by
rhC5a and rhIL-5 were ~ 70% of levels obtained by stimula¬
tion with PMA.

With our identification of the eosinophil as an additional
circulating cellular source for MIF, and the well recognized
role MIF plays in counteracting the antiinflammatory actions
of glucocorticoids, we wished to investigate whether elevated
intraalveolar MIF levels exist in asthmatic patients. In BAL
samples obtained from stable asthmatic patients significantly
elevated intraalveolar MIF levels were detected compared to
nonsmoking controls (P < 0.005). These findings support the
role for MIF in contributing to sustaining the pulmonary in¬
flammatory response in asthma. There was no direct correla¬
tion between MIF levels and total eosinophil numbers in BAL
samples. This does not necessarily mean that the MIF we de¬
tected was not derived from eosinophils, since a direct correla¬
tion between these parameters would occur only if the whole
eosinophil population uniformly secreted MIF throughout
their tissue life-span in asthmatic lungs, and many other factors
are likely to impinge on the kinetics of eosinophil MIF secre¬
tion in situ. Nevertheless it is important to recognize that other
cells, including macrophages and lymphocytes (3-5), may also
contribute to the levels of MIF that we detected in BAL fluid
from asthmatics.

To date MIF has been implicated in immune diseases of the
kidney and in ARDS (9, 25, 26). In ARDS we have found the
median intraalveolar MIF levels in a severe form of acute in¬

flammatory lung injury, namely ARDS, to be 1,190 pg/ml (9).
The median level found in our stable asthmatic population was
772.5 pg/ml. One could envisage that in acute inflammatory
asthmatic exacerbations requiring hospital admission, intraal¬
veolar MIF levels would be elevated still further. This raises
the possibilities of MIF as a significant contributor to sustain¬
ing the heightened inflammatory response, and of anti-MIF as
a novel therapeutic strategy in asthma and other allergic in¬
flammatory diseases. Further work is required to address these
important questions.

In asthma, it is possible that in addition to MIF's potent
proinflammatory activity, its ability to override the antiinflam¬
matory activity of glucocorticoids may also significantly con¬
tribute towards an exaggerated pulmonary inflammatory re¬
sponse in asthma. Glucocorticoid therapy represents the gold
standard antiinflammatory treatment in asthma. However, it is
well recognized that a proportion of patients fail to respond
to prescribed glucocorticoids and these patients have been
termed steroid-resistant asthmatics (27, 28). Today, the prob¬
lem of a blunted clinical response or resistance to prescribed
glucocorticoids is well recognized, particularly in hospital-

based asthma practice. MIF could potentially also play a role
in this blunted response to steroids. Our findings of significant
intrapulmonary MIF evident within the alveolar airspaces of
stable asthmatics combined with our knowledge of the ability
ofMIF to override, in a concentration-dependent manner, glu¬
cocorticoid antiinflammatory function on ex vivo inflamma¬
tory cells suggest that MIF may play a role in inhibiting maxi¬
mal endogenous or exogenous steroid activity in inflammatory
diseases such as asthma. This finding is potentially of thera¬
peutic importance, as an anti-MIF strategy would not only be
antiinflammatory in its own right, but would also act by remov¬
ing the potential inhibitory role of MIF on glucocorticoid func¬
tion. This could serve to restore maximal antiinflammatory
steroid activity, and reset the balance within the pulmonary in¬
flammatory response away from excessive inflammation, air¬
way constriction, and tissue damage.

Acknowledgments

Seamas C. Donnelly is supported by the Scottish Hospital Endow¬
ment Research Trust (SHERT), Adriano G. Rossi by the Medical
Research Council (UK), Nikhil Hirani by the Wellcome Trust, and
Richard Bucala by National Institutes of Health grant AI-35931.

References

1. Donnelly, S.C., and R. Bucala. 1997. Macrophage migration inhibitory
factor: a regulator of glucocorticoid activity with a critical role in inflammatory
disease. Mol. Med. Today. 3:502-507.

2. George, M., and J.H. Vaughn. 1962. In vitro cell migration as a model for
delayed hypersensitivity. Proc. Soc. Exp. Biol. Med. 111:514-521.

3. Bloom, B.R., and B. Bennett. 1996. Mechanism of a reaction in vitro as¬
sociated with delayed-typc hypersensitivity. Science. 153:80-82.

4. David, J. 1966. Delayed hypersensitivity in vitro: its mediation by cell
free substances formed by lymphoid cell-antigen interaction. Proc. Natl. Acad.
Sci. USA. 56:72-77.

5. Calandra, T., J. Bernhagen, R.A. Mitchell, and R. Bucala. 1994. The mac¬
rophage is an important and previously unrecognized source of macrophage mi¬
gration inhibitory factor. J. Exp. Med. 179:1895-1902.

6. Bcrnhagen, J., M. Bacher, T. Calandra, C.N. Metz, S. Doty, T. Donnelly,
and R. Bucala. 1996. An essential role for macrophage migration inhibitory fac¬
tor (MIF) in the tuberculin delayed-type hypersensitivity reaction. J. Exp .Med.
183:277-282.

7. Bacher, M., C.N. Metz, T. Calandra, K. Mayer, J. Chesney, M. Lohoff, D.
Gemsa, T. Donnelly, and R. Bucala. 1996. An essential regulatory role for mac¬
rophage migration inhibitory factor in T-cell activation. Proc. Natl. Acad. Sci.
USA. 93:7849-7854.

8. Calandra, T., J. Bernhagen, C.N. Metz, L.A. Spiegel, M. Bacher, T. Don¬
nelly, A. Ccrami, and R. Bucala. 1995. MIF as a glucocorticoid-induced modu¬
lator of cytokine production. Nature. 377:68-71.

9. Donnelly, S.C., C. Haslett, P.T. Rcid, I.S. Grant, W.A.H. Wallace, C.N.
Metz, L.J. Bruce, and R. Bucala. 1997. Regulatory role for macrophage migra¬
tion inhibitory factor in acute respiratory distress syndrome. Nat. Med. 3:320-323.

10. Bernhagen, J., T. Calandra, R.A. Mitchell, S.B. Martin, K.I. Tracey, W.
Voelter, K.R. Manogue, A. Cerami, and R. Bucala, 1993. MIF is a pituitary-
derived cytokine that potentiates lethal endotoxaemia. Nature. 365:756-759.

11. Nishino, T., J. Bernhagen, H. Shiiki, T. Calandra, K. Dohi, and R. Bu¬
cala. 1995. Localization of macrophage migration inhibitory factor (MIF) to
secretory granules within the corticotrophic and thyrotrophic cells of the pitu¬
itary gland. Mol. Med. 1:781-788.

12. Stern, M., L. Meagher, J. Savill, and C. Haslett. 1992. Apoptosis in hu¬
man eosinophils. Programmed cell death in the eosinophil leads to phagocytosis
by macrophages and is modulated by IL-5. J. Immunol. 148:3543-3549.

13. Meagher, L.C., J.M. Cousin, J.R. Seckl, and C. Haslett. 1996. Opposing
effects of glucocorticoids on the rate of apoptosis in neutrophilic and eosino¬
philic granulocytes. J. Immunol. 156:4422-4428.

14. Bernhagen, J., R.A. Mitchell, T. Calandra, W. Voelter, A. Cerami, and
R. Bucala. 1994. Purification, bioactivity, and secondary structure analysis of
mouse and human macrophage migration inhibitory factor (MIF). Biochemis¬
try. 33:14144-14155.

15. Greening, A.P., P. Nunn, N. Dobson, M. Rudolf, and A.D.M. Rees.
1985. Pulmonary sarcoidosis: alterations in bronchoalveolar lymphocytes and T
cell subsets. Thorax. 40:278-283.

16. Thomas, L.H., and J.A. Warner. 1996. The eosinophil and its role in

MIF, Eosinophils, and Asthma 2873



asthma. Gen. Pharmacol. 27:593-597.
17. Kay, A.B., L. Barata, Q. Meng, S.R. Durham, and S. Ying. 1997. Eosin¬

ophils and eosinophil-associatcd cytokines in allergic inflammation. Int. Arch.
Allergy Immunol. 113:196-199.

18. Martin, L.B., H. Kita, K.M. Leiferman, and G.J. Gleich. 1996. Eosino¬
phils in allergy: role in disease, degranulation, and cytokines. Int. Arch. Allergy
Immunol. 109:207-215.

19. Texeira, M.M., T.J. Williams, and P.G. Hellewell. 1995. Mechanisms
and pharmacological manipulation of eosinophil accumulation in vivo. Trends
Pharmacol. Sci. 16:418-423.

20. Wooley, K.L., P.G. Gibson, K. Carty, A.J. Wilson, S.H. Twaddell, and
M.J. Wooley. 1996. Eosinophil apoptosis and the resolution of airway inflam¬
mation. Am. J. Respir. Crit. Care Med. 154:237-243.

21. Schleimer, R.P., and B.S. Bochner. 1994. The effects of glucocorticoids
on human eosinophils. J. Allergy Clin. Immunol. 94:1202-1213.

22. Schleimer, R.P. 1993. An overview of glucocorticoid anti-inflammatory
actions. Eur. J. Clin. Pharmacol. 45(Suppl. 1):S3-S7.

23. Teran, L.M., M.G. Campos, B.T. Begishvilli, J.M. Schroder, R. Dju¬
kanovic, J.K. Shute, M.K. Church, S.T. Holgate, and D.E. Davies. 1997. Identi¬

fication of neutrophil chemotactic factors in bronchoalveolar lavage fluid of
asthmatics. Clin. Exp. Allergy. 27:396-405.

24. Lee, J.J., M.P. McGarry, S.C. Farmer, K.L. Denzler, K.A. Larson, P.E.
Carrigan, I.E. Brenneise, M.A. Horton, A. Haczku, E.W. Gelfand, et al. 1997.
Interleukin-5 expression in the lung epithelium of transgenic mice leads to pul¬
monary changes pathognomonic of asthma. J. Exp. Med. 185:2143-2156.

25. Lan, H.Y., W. Mu, N. Yang, A. Meinhardt, D.J. Nikolic-Paterson, Y.Y.
Ng, M. Bacher, R.C. Atkins, and R. Bucala. 1996. Dc novo renal expression of
macrophage migration inhibitory factor during the development of rat crescen-
teric glomerulonephritis. Am. J. Pathol. 149:1119-1127.

26. Lan, B.H., M. Bacher, N. Yang, W. Mu, D.J. Nikolic-Paterson, C. Metz,
A. Meinhardt, R. Bucala, and R.C. Atkins. 1997. The pathogenic role of mac¬
rophage migration inhibitory factor in immunologically induced kidney disease
in the rat. J. Exp. Med. 185:1455-1465.

27. Barnes, P.J., and I.M. Adcock. 1995. Steroid resistance in asthma. Q. J.
Med. 88:455-468.

28. Barnes, P.J., A.P. Greening, and G.K. Crompton. 1995. Glucocorticoid
resistance in asthma. Am. J. Respir. Crit. Care Med. 152:S125-S142.

2874 Rossi el al.



Publication 53

Cardiovascular

ELSEVIER Cardiovascular Research 57 (2003) 853-860
www.elsevier.com/locate/cardiores

A novel S-nitrosothiol causes prolonged and selective inhibition of
platelet adhesion at sites of vascular injury

Mark R. Miller", Inderraj S. Hanspal", Patrick W.F. Hadoke", David E. Newby",
Adriano G. Rossib, David J. Webb", Ian L. Megson"'*

"Centre for Cardiovascular Science, University of Edinburgh, Hugh Robson Building, George Square. Edinburgh EH8 9XD, UK
hMRC Centre for Inflammation Research, University of Edinburgh, Edinburgh EH8 9AG, UK

Received 25 September 2002; accepted 6 November 2002

Abstract

Objective: Platelet adhesion to areas of endothelial denudation following angioplasty is an important factor contributing to the
limitations of this technique. Lipophilic S-nitrosothiols like S-nitroso-V-valerylpenicillamine (SNVP) are novel nitric oxide (NO) donor
drugs with anti-platelet and vasodilator properties that are selective for areas of endothelial denudation. Here we assess the inhibitory
effect of SNVP on platelet adhesion to angioplastied rabbit carotid arteries. Methods: A rabbit model was used to measure adhesion of
radiolabeled platelets to carotid arteries following balloon angioplasty. The effects of SNVP were compared to the conventional NO
donor, nitroglycerin (NTG). Electron microscopy was used to visualize adhering platelets. Results: Angioplasty resulted in endothelial
denudation with only a modest reduction in vessel contractility. In vivo administration ofNTG and SNVP (both 200 nmol) prevented the
hyper-aggregability (-20%) of circulating platelets caused by angioplasty. However, bolus NTG failed to inhibit adhesion of radiolabeled
platelets 30 min after angioplasty, despite inducing a transient 30% reduction in systemic blood pressure. In contrast, equimolar SNVP
had little effect on blood pressure but markedly inhibited platelet adhesion (62% compared to control; /J = 0.003). Platelet adhesion was
confirmed with electron microscopy. Conclusion: The prolonged effects of SNVP at sites of endothelial damage suggest that novel
S-nitrosothiols might offer a means of targeted delivery of an antiplatelet agent to areas of vascular injury.
© 2003 European Society of Cardiology. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Percutaneous transluminal coronary angioplasty is a
common clinical intervention used to improve blood flow
through stenosed coronary arteries. Thrombosis is a feature
of angioplasty that limits the success of the procedure in
the short term and is believed to contribute to vascular

Abbreviations: ACh, acetylcholine; ADP, adenosine 5'-diphosphate;
Hep-Sal, heparinised saline; l-NAME, W'-nitro-l-arginine methyl ester;
NO, nitric oxide; NTG, nitroglycerin; PE, phenylephrine; PRP, platelet
rich plasma; SNVP, S-nitroso-jV-valerylpenicillamine
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remodelling and, ultimately, restenosis [1—5]. Current anti¬
thrombotic therapies offer benefits in angioplasty, how¬
ever, neointimal hyperplasia remains a major problem
leading to a 15-30% incidence of restenosis [6-8].
Loss of the protective effects of endothelium-derived

nitric oxide (NO) is critical to increased platelet adhesion.
NO has powerful anti-platelet actions and NO donors can
reduce platelet activation [9] and adhesion [10,11] follow¬
ing angioplasty. However, existing NO donor drugs are not
selective for areas of endothelial damage and dosing is
limited by systemic hypotension. .S'-Nitrosothiols are gener¬
ally recognised to be platelet-selective NO donor drugs
[12] and we have recently described several novel S-

Time for primary review 23 days.
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nitrosothiols, including .S'-nitroso-V-valerylpenicillarnine
(SNVP), which have a prolonged vasodilator activity that
is selective for blood vessels with experimentally denuded
endothelium [13].
Using a rabbit model, we tested the hypothesis that

platelet adhesion to the intimal surface of common carotid
arteries following angioplasty is inhibited to a greater
extent by SNVP than by the conventional nitrate, nitro¬
glycerin (NTG).

2. Methods

All procedures were performed in accordance with the
Animals (Scientific Procedures) Act 1986 (UK Home
Office). All chemicals were obtained from Sigma, unless
stated otherwise. SNVP was synthesized by a published
method [14].

2.1. Surgical procedure

Adult male New Zealand white rabbits (2.5-3.5 kg;
«=60) were anesthetised as previously described [15]. The
left femoral artery was cannulated (3F) for the measure¬
ment of systemic blood pressure and heart rate (CAPTO
SP844 transducer, AD Instruments) and 5 ml of blood was
withdrawn into a Monovette™ tube containing 0.4 ml
sodium citrate (3.8%). The external carotid artery was
cannulated and a 2.5X20 mm angioplasty balloon (Boston
Scientific SCIMED) was passed into the common carotid
artery (Fig. 1). Angioplasty was performed on a 40-mm
section of artery, using 2X30 s inflations (10 atm, with a
15-s interval). The balloon was withdrawn under 4 atm
pressure. Sham operations involved cannulation of the
common carotid artery without balloon inflation. The
artery was recannulated to administer a 0.2-ml bolus of
heparinised saline (Hep-Sal; 25 U/ml; Genus Express),

NTG (Schwarz Pharma) or SNVP (both 200 nmol) imme¬
diately upstream of the angioplastied region (Fig. 1). Both
SNVP [13] and NTG [16] release 1 molar equivalent of
NO. Blood flow over the angioplastied region was restored
and animals were killed 35 min after angioplasty with
pentobarbitone (Genus Express). Both common carotid
arteries were dissected free and placed in standard Krebs
solution [13]. Arteries were then cleaned of connective
tissue and divided into rings for further assessment (Fig.
!)•

2.2. Preparation and measurement of radiolabeled
platelets

Citrated blood was centrifuged with prostacyclin (300
ng/ml; Affiniti Research Products) to obtain pelleted
platelets. Platelets were radiolabelled with '"lnCl3
(NEN™ Life Science Products) and re-suspended in pros-
tacyclin-free solution [17]. The final suspension contained
-330X106 platelets/ml (determined with a Coulter AC.T 8
Haematology Analyser, Coulter Electronics). Approxi¬
mately 1 ml platelet suspension (50-300X106 platelets;
radioactivity=50-800Xl03 decays per minute; dpm) was
re-injected into the donor rabbit via a marginal ear vein
~10 min before angioplasty. Radioactivity of blood sam¬
ples (100 |xl) and segments of carotid artery (~5 mm) was
assessed by a Packard 1900TR liquid scintillation analyser.

2.3. Platelet aggregation

Five ml blood samples were taken from the femoral
artery before angioplasty and immediately before the
animal was killed. Platelet-rich plasma (PRP; 0.5 ml) was
pre-warmed to 37 °C for 5 min in a two-channel platelet
aggregometer (Cronolog Ca560, Labmedics) [18]. Platelet
aggregation in response to adenosine 5'-diphosphate (ADP;
8 p.mol/1) was measured turbidometrically for a period of
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Fig. 1. Schematic representation of the surgical technique and segmentation of the isolated rabbit carotid used for experimental protocols.
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5 min following agonist addition. On account of the small
volumes of PRP available, experiments were restricted to a

single concentration of ADP. Previous experiments have
shown that .S'-nitrosothiols are capable of inhibiting aggre¬
gation in vitro in response to this concentration of ADP
[19].

2.4. Organ bath studies

Vessel rings (3 mm) were suspended in a 10-ml myog¬
raph (Multi Tissue Bath System 700MO, Danish Myo
Technology) and bathed in oxygenated (95% 02, 5% C02)
Krebs solution at 37 °C. Tension was applied to vessels in
stepwise increments to obtain a resting tension of 7 g and
allowed to equilibrate for 30-40 min. Rings were con¬
tracted (X3) to obtain the maximum contraction to high
K+ Krebs (NaCl: 4.7 mmol/1; KC1: 118 mmol/1). Rings
were exposed to phenylephrine (PE; 0.1-10 p.mol/1) to
investigate the effect of in vivo NO donor administration
on blood vessel contractility. Following precontraction
with ECS0 PE (~3 p.mol/1), endothelial cell function was
assessed with acetylcholine (ACh; 0.01-30 pimol/l). Ves¬
sels were precontracted with EC50 PE (~1 p.mol/1) and the
response to the NO scavenger oxyhemoglobin (10 pimol/l;
to inhibit both endogenous and exogenous NO) and the
NO synthase inhibitor W'-nitro-l-arginine methyl ester
(l-NAME; 200 p.inol/1; to inhibit only endogenous NO)
was measured.

2.5. Electron microscopy

Segments of carotid artery (3 mm) were fixed in 3%
glutaraldehyde and osmium tetroxide, dehydrated in
graded acetone and critical point dried with C02. The
intimal surface was examined using a Phillips 505 scan¬

ning electron microscope following gold-palladium alloy
sputter coating (SC500 Sputter coater, Emscope Laborator¬
ies). Following fixation and dehydration, several samples
were imbedded in araldite and 60 nm sections cut (Reich-
ert OMU4 Ultracut microtome). Sections were stained with
uranyl acetate and lead citrate (LKB Ultrostainer) and
examined using a Phillips CM 12 transmission electron
microscope.

2.6. Data analysis

Data analysis was carried out using GraphPad Prism
(Version 3.02, GraphPad Software Inc., San Diego, CA,
USA). Radiolabelled-platelet adhesion was expressed as an
index, standardised to vessel length (cm) and whole blood
radioactivity (dpm/100 pil blood). Thus, an index of 1.0
indicates that all the radiolabelled platelets in 100 pxl of
blood adhered to a 1-cm segment of vessel. Values are

expressed as mean±S.E.M. Statistically significance was
defined as P<0.05 (ns=non significant). ANOVA, paired

and unpaired Student's /-tests, were used where appro¬

priate.

3. Results

3.1. Effect of angioplasty on vessel function

Compared to contralateral control vessels, angioplastied
rings showed a 29±8% decrease in vasoconstriction to
high K+ Krebs (P=0.02; n =6; Fig. 2a) and decreased
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maximum vasoconstriction to PE (0.1-10 |xmol/l; P=
0.002; n—6; Fig. 2b). Responses to high K * Krebs and PE
in sham operated vessels were not different from those in
contralateral vessels (P=ns; «=7).
Following precontraction with PE (2.7±0.2 p.mol/1;

w = 12), ACh (0.01-30 p.mol/1) produced a similar degree
of concentration-dependent vasodilatation in un-injured
contralateral arteries and sham vessels, with almost com¬

plete loss of tone at 30 p.mol/1 ACh (Fig. 3a). There was
marked attenuation of the maximum vasodilatation to ACh
in angioplastied vessels, from 90±2 to 20±10% (P<
0.001; «=6).
In the presence of PE (1.3±0.1 pmol/1; n = ll), oxy¬

hemoglobin (10 p.mol/1) increased tone from 54±3 to
92 ±5% (n=7) of the maximal K ' Krebs-induced contrac¬
tion in the contralateral vessels (Fig. 3b). In the same
preconstricted vessels, l-NAME (200 p.mol/1) increased
vessel tone from 59± 1 to 73±2% (n=6; Fig. 3b). These
responses to oxyhemoglobin and l-NAME were similar in
sham-operated in comparison to contralateral vessels (P=
ns; n=6-7). In angioplastied vessels, oxyhemoglobin and
l-NAME had no effect on vessel tone (P=ns; n—3-5).
The removal of endothelial cells in the intima of

angioplastied arteries was confirmed by immunohisto-
chemistry (results not shown).

3.2. Effect of drug bolus on vessel function ex vivo

Bolus administration of either NO donor immediately
after angioplasty in vivo had no significant effect on
responses to high K+ Krebs, PE (EC50=0.6—1.5 pmol/1),
ACh (EC5O=47-120 nmol/1), oxyhemoglobin or l-NAME
in either angioplastied or contralateral vessels (P=ns; n=
5-6 for all; results not shown).

3.3. Effect of drug bolus on blood pressure

Before angioplasty, baseline systolic and diastolic blood
pressure was 61 ±4 and 44±3 mmHg (w=21), respective¬
ly, and heart rate 220±9 bpm (n = 17). Hep-Sal bolus (0.2
ml) had no effect on blood pressure or heart rate (Table 1
and Fig. 4). NTG bolus (200 nmol) caused a significant
transient reduction in both systolic and diastolic blood
pressure, whereas SNVP (200 nmol) had no effect (Table
1 and Fig. 4).
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Fig. 3. Vasodilator responses in carotid rings from sham-operated (filled circles/hatched columns), angioplastied (filled triangles/filled columns) and their
corresponding contralateral (open symbols/open columns) vessels, (a) Response to acetylcholine (ACh; 0.01-30 pmol/1). Rings are preconstricted with an
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Table 1
The % change (mean±S.E.M.) of systolic and diastolic blood pressure,
heart rate and platelet aggregation after bolus delivery of saline (200 pi),
nitroglycerin (NTG, 200 nmol) and S-nitroso-V-valerylpenicillamine
(SNVP, 200 nmol) following angioplasty of the carotid artery

**

% Change after treatment

Saline NTG SNVP

Systolic pressure l±rs (9) -31 ±6* (6) _ 7±p« (6)
Diastolic pressure 0±2"' (9) —30±6* (6) —6±1" (6)
Heart rate —2±1" (9) 0±4n" (6) 0±4°' (6)
Platelet aggregation 26±4* (4) 1 !+ © G/< —8±23'" (5)
* P<0.05, unpaired (-test compared to saline control; f P<0.05, paired

(-test, aggregatory response to 8 p.mol/1 ADP in platelet rich plasma
derived from blood taken before compared to that taken after angioplasty.
™

/>>0.05 (number of experiments in brackets).

3.4. Effect of drug bolus on platelet aggregation

Following angioplasty with Hep-Sal, there was a
9.3 ±2.6 mV increase (-25%) in platelet aggregation to
ADP (8 p.mol/1) compared to before angioplasty (Table
1). In contrast, there was no increase in aggregability of
platelets in PRP from rabbits that received NTG or SNVP
after angioplasty (Table 1).

3.5. Radiolabeled platelet adhesion to carotid arteries

In angioplastied vessels, there was an almost 20-fold
increase in platelet adhesion (index=0.25±0.04; Fig. 5)
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Fig. 5. Platelet adhesion to angioplastied and contralateral (uninjured)
carotid arteries following drug treatment (0.2 ml; 200 nmol). Radio-
labelled-platelet adhesion is expressed as dpm, standardised to vessel
length and whole blood radioactivity. Vessels were isolated and platelet
adhesion measured 30 min after drug treatment. Mean±S.E.M. (n=4-7).
* P<0.05; ** P<0.01; ""non significant..

compared to contralateral vessels (index=0.013±0.01
dpm). NTG did not reduce platelet adhesion in angioplas¬
tied vessels, in comparison to Hep-Sal (P=ns; n=6 and 7,
respectively), whereas SNVP reduced it by 62±7% (P=
0.003; «=7; Fig. 5): and to a greater extent than NTG
(P=0.01; «=6).
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Fig. 4. Representative pressure recordings of the response to saline
(control), nitroglycerin (NTG) and S-nitroso-V-valerylpenicillamine
(SNVP) (both 200 nmol). Vertical dotted line represents drug administra¬
tion.

3.6. Electron microscopy

Adhesion of platelets to the lumen of blood vessels was
confirmed using scanning electron microscopy (Fig. 6).
Following a Hep-Sal bolus, angioplastied vessels showed
adhering and activated platelets covering the entire luminal
surface (Fig. 6b). Transmission electron microscopy re¬
vealed platelets with pseudopodia extending over the
intimal surface and with a loss of cytoplasmic granules,
confirming both adhesion and activation (Fig. 6b inset). In
angioplastied vessels treated with SNVP, the number of
activated platelets adhering to the luminal surface was
substantially reduced (Fig. 6c).

4. Discussion

We have demonstrated that a novel .S'-nitrosothioi,
SNVP, reduces adhesion of radiolabeled platelets to rabbit
carotid arteries following angioplasty in vivo, without
significantly affecting systemic blood pressure. In contrast,
equimolar NTG caused an undesirable decrease (30%) in
systemic blood pressure, but failed to inhibit local platelet
adhesion. Both NO donors prevented circulating platelet
hyper-aggregability induced by angioplasty, suggesting
that the added benefits of SNVP are due to a prolonged
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Fig. 6. Representative electron micrographs of the luminal surface of the common carotid arteries, (a) Contralateral (uninjured) artery, (b) angioplastied
artery receiving saline bolus (0.2 ml), (c) angioplastied artery receiving SNVP bolus (200 nmol). Inset; representative transmission electron micrograph of
platelets adhering to an angioplastied artery (aa). An adherent platelet (ap) has few cytoplasmic granules (g) compared to an unattached platelet (up).
Vessels were isolated and fixed 30 min after drug treatment. White bar represents 10 pm (scanning electron microscopy) or 1 pm (transmission electron
microscopy).

antiplatelet action selectively at sites of endothelial cell
damage.

4.1. Platelet activation and angioplasty

The major limitations of angioplasty are thrombosis and
restenosis of treated arteries. The technique inevitably

damages the vascular endothelium, leading to platelet
activation, that is a key event in the initiation of vascular
remodelling [5,20], Current anti-thrombotic therapies, in¬
cluding aspirin, clopidogrel and GPIIb/IIIa antagonists,
have been shown to reduce platelet adhesion and intimal
thickening following angioplasty [6-8]. However, main¬
taining sufficiently high local drug concentration over a
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number of hours can be problematic [2,21,22]. Recently,
sirolimus (rapamycin)-eluting stents have been shown to be
particularly effective at inhibiting neointimal hyperplasia
[8,23], but this approach does not have anti-platelet actions
and the long-term effectiveness (>1 year) has yet to be
established. Despite current advances in drug delivery
catheters [2] and deployment of stents [8], endothelial cell
damage and platelet activation still remain a significant
problem, highlighting the need for additional therapies
which counteract the multiple factors involved in the
response to injury.

4.2. Role of conventional NO donors

Delivery of NO is an attractive alternative to conven¬
tional anti-thrombotic agents, because NO exhibits a range
of beneficial actions, including vasodilatation, regulation of
inflammatory cell function, inhibition of smooth muscle
cell mitogenesis and inhibition of platelet activation [24],
Indeed, NO donors inhibit platelet activation following
angioplasty [9-11,25]. The most common clinically used
NO donors are the organic nitrates, such as NTG, although
the selectivity profile of traditional nitrates (veins>
arteries>platelets) is unfavourable. Our results are in
keeping with the recognised selectivity profile of NTG; it
caused a profound systemic hypotension, demonstrating
that vasoactive concentrations of NTG were being used
that may induce unwanted complications in patients under¬
going angioplasty.
NTG is a poor inhibitor of platelet aggregation in vitro

[26], possibly because PRP lacks the factors necessary for
the biotransformation to active NO [27], In vivo, NTG
infusion can inhibit platelet activation, presumably via
vascular tissue-mediated biotransformation of NTG to NO

[28], However, NTG failed to prevent adhesion of radio-
labelled platelets to the intimal surface of angioplastied
carotid arteries. These results suggest that bolus NTG can
influence activation of circulating platelets, but its short-
term effects are not capable of preventing adhesion to the
exposed subendothelial surface [11], presumably because
NTG is not selectively retained in this region. Similarly,
other drugs, such as aspirin, have also been shown to
prevent platelet hyper-responsiveness without reducing
platelet adhesion [3].

4.3. Potential of S-nitrosothiols

.S'-Nitrosothiols exhibit a number of properties that might
prove advantageous in angioplasty. They show greater
selectivity for arteries than veins [29] and, unlike organic
nitrates, are also powerful inhibitors of platelet aggregation
both in vitro [19] and in vivo [12], .S'-Nitrosothiols can

generate sufficient NO in PRP to inhibit platelet aggrega¬
tion [19]. We have previously demonstrated that SNVP
causes sustained NO-mediated vasodilatation selectively in
blood vessels with damaged endothelium [13]. In addition,

other novel lipophilic .S-nitrosothiols produce sustained
vasodilatation in human arteries and veins both ex vivo

[30] and in vivo [31], which may potentially be of great
benefit in preventing vasospasm in angioplastied arteries.
This evidence strongly suggests that locally-delivered
SNVP is able to specifically target areas of endothelial
damage, a feature that is not shared by conventional NO
donors.

Equimolar concentrations of SNVP were compared with
NTG, because both compounds release 1 molar equivalent
of NO [16]. In contrast to NTG, SNVP had minimal
effects on systemic blood pressure, but caused a >60%
reduction in platelet adhesion to angioplastied carotid
arteries. Both SNVP and NTG inhibited in vitro platelet
aggregation in response to ADP, however, only SNVP
inhibited platelet adhesion following angioplasty. Here,
SNVP was administered as a concentrated bolus immedi¬

ately upstream of the angioplastied region (Fig. 1). Our
previous results [13] are consistent with the hypothesis that
SNVP is retained in the exposed subendothelial layers,
where it decomposes slowly, generating NO in sufficiently
high concentrations to inhibit platelet adhesion locally.
Similar findings with radiolabeled S-nitrosoalbumin have
been confirmed to be due to adhesion of this agent to the
area of injury [25]. The inhibitory effect of SNVP on
platelet adhesion suggests that this compound might have
therapeutic potential in the prevention of acute thrombosis
at the site of angioplasty, possibly from a single adminis¬
tration, although its impact on long-term complications of
interventional procedures remains to be determined.

4.4. Study limitations

Damaged vessels lose their hyperactivity to platelets
within 8 h after injury, despite incomplete endothelial
regrowth [21,32]. However, presently it is unknown
whether the antiplatelet effects of SNVP persist for >30
min after angioplasty. In endothelium-denuded rat femoral
arteries, ~75% of the vasodilatation to novel S-nitro-
sothiols is still present at 4 h [33], emphasising the long-
acting nature of these compounds. This complementary
vasodilator effect would be beneficial in limiting vaso¬

spasm following angioplasty. However, the results of
functional experiments in the current study failed to
confirm a prolonged vasodilator effect in rings from
angioplastied carotid arteries treated with SNVP. There
was no difference in the maximum contraction to high K
Krebs or PE between vessels that received different NO
donors and no evidence from oxyhemoglobin experiments
of NO-mediated, sustained vasodilatation in SNVP-treated
vessels. However, these results do not preclude the possi¬
bility that sufficient S-nitrosothiol remains in the vessel to
inhibit platelet adhesion, but not to cause vasodilatation.
Alternatively, the setup time and processing of the isolated
carotid ring experiments may reduce the concentrations of
drug retained in the tissue. Further experiments are needed
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to investigate the mechanism and duration of action of
drugs like SNVP, and will help to establish their therapeu¬
tic potential in the prevention of restenosis, either alone or
as an adjunct to current therapies.
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Abstract

Background: The inflammation that accompanies the pain and swelling associated with osteo- and
rheumatoid arthritis is mediated by complex interactions of inflammatory mediators. Cytokines
play a pivotal role in orchestrating many of these processes, including inflammatory cell
recruitment, adhesion and activation. In addition, prostaglandins are secreted into the synovial
cavity and are involved in perpetuation of local inflammation, vasodilatation and vasoconstriction,
and also with bone resorption. Pre-clinical models have been developed in order to correlate to
the human disease and principle among these is the adjuvant-induced arthritis model in the rat.

Methods: We have developed a technique to quantitatively assess the contents of synovial fluid
samples from rat joints. Two needles joined together are inserted into the knee joint of
anaesthetised rats and connected to a Watson-Marlow perfusion pump. Sterile saline is infused and
withdrawn at 100 pi min-1 until a 250 pi sample is collected.
Results: Our results demonstrate up to 125 fold increases in synovial ILIa and ILip
concentrations, approximately 30 fold increases in levels of IL6 and ILIO and a 200-300 fold
elevation in synovial concentrations of TNFa during FCA-induced experimental arthritis. Finally,
this novel technique has demonstrated a dose-response relationship between FCA and the total
cell counts of synovial perfusates.
Conclusion: In summary, this new technique provides a robust method for quantifying
inflammatory mediators and cells from the synovial cavity itself, thereby detailing the inflammatory
processes from within the capsule and excluding those processes occurring in other tissues
surrounding the entire articulation.
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I. Background
Inflammatory joint diseases such as rheumatoid arthritis
(RA) are regulated by complex interactions involving
many mediators, such as prostanoids and cytokines. The
infiltration of cells into the synovial tissue and joint space
is another key characteristic of synovitis, which combined
with release of these mediators and degradative enzymes,
eventually leads to cartilage and bone destruction (for
reviews see [1]).

Measuring the levels of these mediators of inflammation
in the synovial fluid from patients can provide informa¬
tion about the underlying pathophysiology of joint dis¬
ease [2], for example the level of severity and current
activity [3-5] as well as inter-individual variations in dis¬
ease [6] and effectiveness of drug-treatments (for review
see [7]). Furthermore changes occurring in the synovial
fluid can be used as biomarkers of disease; this has already
been demonstrated in RA patients with plasma levels of
inflammatory proteins [8,9].

Human joint fluid samples have been taken and analysed
for inflammatory mediator content from both healthy
volunteers and patients with joint diseases. These studies
revealed the importance of particular cytokines, including
Tumour Necrosis Factor (TNF)a, Interleukin (IL) 1 (3, and
IL6, which are now targets for disease-modifying anti¬
rheumatic drugs (DMARDs; for review see [10,11]). Fur¬
thermore increases in virtually all the prostanoids have
been detected from these samples [12,13], but notably
Prostaglandin E2 (PGE2), which has been associated with
erosion of bone and cartilage in RA [14-17].

Although studies have investigated the fluid taken from
joints, most research has focused on the inflammatory
mediators within the synovial membrane, rather than
those released into the intra-articular space. One reason
for this is the technical difficulty of trying to assess
cytokine levels in such a viscous material as synovial fluid.
Several studies have assessed cytokine gene expression lev¬
els in the synovial membrane, rather than the actual pro¬
tein content, both in human clinical samples [18,19] and
in animal models of arthritis [20-22]. In addition, PGE
synthase, the enzyme responsible for the conversion of
cyclooxygenase-derived PGH2 to PGE2 has been detected
in synovial tissues of patients with RA [23].

The early time course of release of key mediators cannot
be determined using human synovial fluid samples, as
patients rarely report to the clinic until the disease has
progressed and is causing chronic pain and swelling [24],
Even then, repeated sampling from individuals is difficult,
and most patients are prescribed drugs, to improve their
symptoms and quality of life, which interfere with inflam¬
matory regulatory processes and cytokine expression.

Therefore by using animal models of disease, the early
events of inflammation can be elucidated, and the effects
of drugs on inflammatory markers can be measured under
controlled conditions.

Rat adjuvant-induced unilateral arthritis is a well estab¬
lished RA disease model. [25-27] and use of this model
has gone a long way in aiding the understanding of the
time-course of the pathology in clinical RA. The model
closelymimics the pathology ofhuman RA, including his-
topathological changes, cell infiltration, hypersensitivity
and swelling of the affected joint [28-30], Previous studies
in animal models of joint inflammation have investigated
the time course of cytokine protein or gene expression
using homogenates of whole rat joints or paws post mor¬
tem [20-22,31-33]. A major limitation of these studies is
that such sampling always includes bone, synovial tissue,
synovial fluid and surrounding muscles and connective
tissue, which will not allow the origin of any analytes to
be determined. Others have surgically dissected and lav-
aged knee joints in order to collect the synovial fluid from
dead animals [34-36]. However, this does not allow for
acute repeated sampling from the same animal over a
period of up to a day to determine the affect of drugs on
the levels of inflammatory mediators, or the acute effect of
an inflammatory insult on inflammatory processes in the
synovial cavity, a significant benefit of the perfusion
method described here. A further study used an in vivo
microdialysis procedure to determine the levels of inflam¬
matory mediators in the synovial fluid of rats with adju¬
vant induced polyarthritis [37]. However, the apparatus
used for this had limitations, for example the molecular
weight cut-off of the microdialysis membrane was 50 kD,
and therefore potentially underestimated the levels of
ILip in the joints. Furthermore, this limits the molecules
that could be assessed by this method, which is in contrast
to the present method, in which there is no limit to the
size of molecules collected. The perfusion technique
described in the present study also allows for the collec¬
tion ofcells from the joint space. As yet, no studies appear
to have been carried out by perfusing saline through the
intact joint space and collecting samples of cells and
mediators from intact anaesthetised animals. The primary
aim of this study was to develop a perfusion method to
sample only the synovial fluid. A secondary aim was to
study the effects of a joint insult on the intra-articular
cytokine concentrations and cell infiltrate levels associ¬
ated with adjuvant-induced arthritis in the joint space
were also measured, as these are known key mediators in
human RA conditions.

2. Methods
Experiments were performed in accordance with Home
Office regulations and within UK animal welfare guide¬
lines, and received Local Ethics Committee approval.
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Male Wistar rats (Charles River, UK; initial weight ranges
240-290 g) were used. Rats were housed four to a cage in
a 12-h light: dark environment and were given free access
to standard animal feed and water for the duration of the

study.

2.1 Arthritis induction

Briefly, rats (8) were transiently anaesthetised using 3%
halothane in oxygen. The left knee was injected with 150
pi of Freund's Complete Adjuvant (FCA; 1 mg ml1 Myco¬
bacterium tuberculosis, Sigma, UK; i.art). A further 3 rats
received a higher dose of FCA (500 pg), in order to assess
the effect of adjuvant dose on inflammatory cell recruit¬
ment and mediator release into the joint space (100 pi; 5
mg ml-1 Mycobacterium tuberculosis, MAFF, UK; i.art).
Only 3 rats were used for this part of the study, as it was
designed as a pilot study to determine whether differences
in the number of inflammatory cells and mediators
present in the knee joint were evident between normal
animals and those injected with the two doses ofadjuvant
using this new technique. The right joints were untreated.
Animals were then allowed to recover from the anaesthe¬
sia.

2.2 Perfusion ofjoint space and analysis of samples
2.2.1. The perfusion needles
A needle perfusion system was constructed by binding a
25- and a 23-gauge needle together using epoxy putty,
with the bevels of the needles positioned on the outside
edges facing away from one another (see Figure 1). The
tips of the needles were set 1-1.5 mm apart.

2.2.2. Perfusion of knee joints
Rats were anaesthetised with urethane (ethyl carbamate;
0.6 ml 100 g-1 body weight; 25% w v1 solution; single i.p.

Figure I
The perfusion needles and the perfusion system managing
inflow and outflow from the knee joint space. A Watson-
Marlow pump controlled the rate of saline infusion and sam¬
ple extraction (100 pi min-1) from the joint. After the knee
was secured to prevent movement of the limb, needles were
inserted into the knee joint through the patella tendon.

injection). Once fully anaesthetised the animal was laid
on its back on an automated heating blanket (Harvard
Apparatus Limited, UK) and its core body temperature
maintained at 37°C via a thermistor probe positioned in
the rectum.

The limbs of the rat were flexed over a 20 ml glass vial,
with the patella facing directly upwards for insertion of
the perfusion needles, and the limb was secured in place
with tape. The 23-gauge needle was connected to a
Watson-Marlow roller pump via silicone rubber perfusion
tubing (internal diameter 1 mm, external diameter 4.2
mm, Watson Marlow, UK). Sterile saline was infused at a
constant rate of 100 pi min-1. After infusion of 100 pi of
vehicle (sterile saline), the outflow tubing was connected
to the 25-gauge needle, to minimise pressure build-up
within the joint space. Fluid was infused and withdrawn
at a constant rate until a 250 pi basal sample was collected
in a 1.5 ml centrifuge tube. Samples were immediately fro¬
zen at -20 °C.

2.2.3 Cytokine assay ofjoint samples
Luminex assay

Samples from the studies investigating the effects of
anaesthetic on joint cytokine levels (n = 10) and the dif¬
ferences between normal (n = 10), high dose FCA-injected
(n = 3) and low dose FCA- injected joints (n = 8) were ana¬
lysed using a multi-cytokine bead array detection system
capable of detecting rat ILla, ILip, IL2, 1L4, IL6, IL10,
Interferon (IFN) y, Granulocyte Macrophage-Colony
Stimulating Factor (GM-CSF) and TNFa, according to the
manufacturers instructions (Bio-Rad cytokine rat 9-plex,
Biorad, USA). Briefly, a monoclonal antibody directed
against the desired analyte was covalently coupled to dyed
5.5 pm polystyrene beads (2.5 x 106 beads ml1 cytokine-
!). The conjugated beads were exposed to 50 pi of sample
or standard solutions containing a known amount of
cytokine, in a 96-well filter plate and incubated overnight
at 4°C, protected from light. After a series of washes and
vacuum filtration to remove unbound protein, a bioti-
nylated detection antibody specific for a different epitope
on the analyte was added to the reaction. After incubation,
the unbound antibody was removed; the reaction mixture
was detected by the addition of streptavidin-phycoeryth-
rin (streptavidin-PE), which binds to the biotinylated
detection antibodies. Following a further series ofwashes
and vacuum filtration, the beads were re-suspended in
200 pi 5% BSA in PBS; the plate was stored at 4°C in the
dark until analysis. The reaction mixture was read using a
Luminex Data Collector in a Luminex 100 flow cytometer
(Luminex, USA). The minimum detection limit of the
assay was 2 pg ml-1 for each mediator measured. Any val¬
ues lower than these levels were classed as 0 for the pur¬
poses of this study.
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Luminex data analysis
Excel data files were generated containing individual bead
numbers and the associated median fluorescence intensi¬
ties. Standard curves were plotted to calculate the relative
amount of each cytokine in samples, using the aliquoted
serial dilutions of a positive control solution for calibra¬
tion. Unknown sample cytokine concentrations were cal¬
culated from the curve.

ELISA assay
The levels ofTNFa and IL(3 in samples from studies inves¬
tigating the effects of the needles (n = 6), and leakage of
infusion from the joint cavity (n = 2) were measured using
commercially available EL1SA kits that specifically recog¬
nize the rat cytokines (BioSource International,
Camarillo, USA) according to the manufacturer's instruc¬
tions. Briefly, 100 pi aliquots ofsample were pipetted into
the wells of a microdter plate pre-coated with an antibody
specific for rat IL-ip or TNFa and incubated for 3 h at
room temperature. After washing, a different biodnylated
and-rat IL-lp or TNFa andbody was added and incubated
at ambient temperature for 1 h. Streptavidin-peroxidase
was added and incubated for 30 min. After a third incuba¬
tion and washing to remove all unbound enzyme, colour
was developed by addition of stabilized chromogen
(tetramethylbenzidine), a stop solution added and the
intensity of the coloured product quantified spectropho-
tometrically at 450 nm. The minimum detection limit of
the assay was 2 pg ml1.

2.3 Study design
2.3.1 Anaesthetic effects
In order to determine what effect anaesthetic agents had
on inflammatorymediators in joints, control experiments
were carried out. Firstly, five naive rats were anaesthetised
with urethane (ethyl carbamate; 0.6 ml 100 g-1 body
weight; 25% ww1 solution; single i.p. injection), and five
further rats with sodium pentobarbital (1 ml kg 1 body
weight; 60 mg ml1 solution; single i.p. injection main¬
tained with i.v. 375 pi hr1 20 mg ml1 solution of pento¬
barbital). No other procedures were carried out for 7
hours, atwhich point perfusion needles were inserted into
both knee joints and a 250 pi sample collected. The sam¬
ple was frozen immediately at -20 °C, and later assayed
using the Luminex assay.

2.3.2 Needle effects
In order to determine what effects inserting the perfusion
needles had on synovial cytokine concentrations, an
experiment was carried out in which six animals were
anaesthetised with urethane (as described above), and the
perfusion needles inserted into both knee joints and held
in position for 7 hours, at which time a 250 pi sample was
collected. The sample was frozen immediately at -20 °C,
and later assayed using an ELISA.

2.3.3 Perfusion effects on the concentration of analyte
Two naive rats were anaesthetised with urethane (as
described above) and a basal sample taken immediately.
Then 1000 pg recombinant rat IL1 (3 (Biodone, USA) in
100 pi was infused over 1 min. A second sample was
taken 1 hour later; this was repeated hourly until 7 hours
post-ILip infusion. The samples were frozen and later
assayed for ILip content using an ELISA, to determine if
the sample contained the same amount of IL1 p that was
initially infused.

2.3.4 Cytokine levels in normal and FCA-injected joints
Basal samples from ipsilateral and contralateral joints of
10 normal animals were compared with basal samples
from 8 rats which had received i.art low dose FCA (150
pg) and 3 that were injected with i.art high dose FCA (500
pg) 14 days earlier. Samples (250 pi) were collected and
frozen for later testing with the Luminex bead array.

2.3.5 Total cell counts

Joint perfusion samples were collected from ten naive rat
knee joints, eight 150 pg FCA-injected ipsilateral and con¬
tralateral joints and three 500 pg FCA-injected ipsilateral
and contralateral joints. Undiluted samples were viewed
by light microscopy in a haemocytometer. If red blood
cells were present, or a high number of inflammatory
cells, samples were diluted in saline, with added Zap-
poglobin, as per the manufacturer's instructions (1 drop
per 20 ml).

2.4 Data Analysis
Data were collected and analysed using Microsoft Excel
and Graphpad Prism software. Results are expressed as
mean ± standard error of the mean (SEM) where appropri¬
ate.

Statistics

The Mann-Whitney U (non-parametric) test was used to
analyse differences between groups, which were not nor¬
mally distributed, or in which the sample size was small.
To determine differences between the means ofmore than
two groups a non-parametric one-way analysis ofvariance
(Kruskal-Wallis) test was performed and a post-hoc test
(Dunn's) undertaken if the testwas significant. In all cases
the null hypothesis was rejected at P < 0.05.

3. Results
3.1 Anaesthetic effects
Samples from naive animals (n = 5) which received no
treatment during 7 hours ofurethane anaesthesia, showed
a slight trend for increased levels of cytokines, but the
increases were not statistically significant for ILla, ILip,
IL2, IL4, IL6, IL10, GM-CSF, IFNy, or TNFa compared
with samples taken from rats immediately after adminis¬
tration of anaesthetic (n = 10; P > 0.05, Mann Whitney)
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see Table 1. However, in contrast, animals anaesthetised
with pentobarbital (n = 5), had significantly higher levels
of GM-CSF and TNFa (P < 0.05, Mann Whitney) after 7
hours, in comparison with naive joints, see Table 1.

3. 2 Needle effects
Samples taken from knee joints in which the perfusion
needles had been in place for 7 hours while the animal
was anaesthetisedwith urethane (n = 6) showed increased
levels ofTNFa, as measured by ELISA, but these were not
statistically significant from basal samples from the same
rats immediately after needle insertion (P > 0.05, Mann
Whitney). IL1(3 levels in two joints increased to approxi¬
mately 40 pg ml1 over this time period, see Figure 2.

3.3 Perfusion effects on the concentration ofanalyte
Two joint perfusions were carried out to determine if any
of the infused solution leaked from the joint space prior
to withdrawal of samples. Recombinant rat ILip (1000
pg), a cytokine known to be detectable by ELISA, was
infused into the joint, alongwith saline, and samples were
collected hourly. In both cases the full amount (1000 pg)
administered was recovered in the first two samples. How¬
ever, a greater amount of ILip was recovered compared to
the initial dose administered; Table 2 shows the results.

3.4 Levels of cytokines in normal and FCA-injected joints
Fourteen days after rats received 150 pg or 500 pg FCA
i.art (n = 8 and 3 respectively), the ipsilateral joint con¬
tained significantly higher levels of ILla, ILip, IL6 and
TNFa compared with samples from naive joints (n = 10),
as measured by the Luminex assay (P < 0.05, Two-way
ANOVA; see Figure 3a). The contralateral joints of rats
injected with 500 pg FCA also contained significandy
higher levels of ILla, ILip, IL6 and TNFa (P < 0.05, Two-
way ANOVA; see Figure 3b).

3.5 Total cell counts
Total inflammatory cell counts from normal animals (n =

5) and those injected with FCA (n = 8) 14 days prior to
sampling are shown in Figure 4. Normal joints had no
cells detectable, whereas all others samples had measura¬
ble levels. However, only the 500 pg FCA ipsilateral (n =

3) joints proved to have a significantly greater number of
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Figure 2
Levels of (a) TNFa and (b) ILip from joints immediately after
needle insertion (basal), and 7 hours later. Cytokines were
assayed using an ELISA, and although there was an apparent
increase in TNFa concentrations, to approximately 300 pg
ml-' in two samples, this was not statistically significant (P >
0.05, Mann Whitney). The horizontal lines on the graphs rep¬
resent the median values in each group.

cells than normal joints (4.8 ± 0.06 x 106 cells ml1; P <
0.05, Mann Whitney). A dose-response relationship was
demonstrated by the total cell count in both ipsilateral
and contralateral joints.

4. Discussion
The main aim of this study was to develop a method for
sampling synovial fluid from the knee joint of anaesthe¬
tized rats. The technique was firstly validated by assessing
whether any inflammatory response was evoked by the
experimental set up, including the anaesthetic or the nee¬
dles themselves; the efficiency of the system was investi¬
gated, i.e. whether any infused solution leaked from the
joint space prior to sample extraction. Once the above fac¬
tors had been assessed, theywere taken into consideration
when comparing samples from naive and adjuvant-
injected inflamed joints. Finally, the novel perfusion tech¬
nique was used to quantify inflammatory cell numbers
within the rat synovial cavity. This technique proved to be
reliable and consistent when perfusing the joint cavity,
and regular volumes of sample were easily collected.
There were no problems with measuring protein content
due to high sample viscosity, and this technique is there¬
fore a valuable addition to protocols which use homoge-
nates of entire joints to assess inflammatory mediator
content.

Table I: The effect of anaesthetic on basal levels of cytokines in the joint.

ILla ILip IL2 IL4 IL6 1L10 GM-CSF IFNy TNFa

Basal (n = 10) 0.8 ± 0.5 1.0 ± 1.0 0.5 ± 0.5 0.2 ± 0.2 2.5 ± 2.5 1.5 ± 1.0 0 ± 0 0.1 ± 0.1 0.2 ± 0.2
Mean ± SEM
Urethane (n = 5) 2.6 ± I.I 0±0 0 ± 0 0±0 0±0 0 ± 0 1.0 ± 0.6 0.3 ± 0.3 36.6 ± 20.9
Mean ± SEM

Pentobarbital (n = 5) 1.4 ± 0.7 0.2 ± 0.2 0.1 ± 0.1 0±0 0±0 6.2 ± 6.2 1.7 ± 0.4* 0.1 ±0.1 44.2 ± 21.6*
Mean ± SEM

Levels of nine cytokines in rats anaesthetised for 7 hours with either urethane or pentobarbital, in comparison with samples taken immediately after
urethane anaesthesia (basal). Mann Whitney test were performed to determine differences between each anaesthetic and basal levels. Pentobarbital
anaesthesia resulted in a significant elevation of GM-CSF and TNF(x levels; statistical significance P < 0.05 indicated by *.
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Table 2: Perfusion effects on the concentration of analyte.

Animal I Animal 2

ILip concentration (pg ml'1; 250 pi) Amount of IL 1 p (pg) ILI p concentration (pg ml-1; 250 pi) Amount of ILI P
(Pg)

I hour 2000 500 2000 500

2 hour 2000 500 2000 500
3 hour 200 50 356 89

4 hour 544 136 216 54
5 hour 350 87.5 210 52.5
6 hour 458 114.5 200 50
7 hour 318 79.5

Total (pg) 1467.5 1245.5

ILI P concentrations in each 250 pi sample collected, up to 7 hours post-infusion of ILIp (1000 pg). The amount of ILI p protein in each sample was
calculated and summed, to show that little or no leakage from the joint space occurred. In fact, more ILI p was present than was injected, in both
cases as a result of de novo release of endogenous ILI P protein.

It was established that the choice of anaesthetic may play
a role in initiating an inflammatory response within the
knee joints. Urethane, a hypnotic anaesthetic agent com¬
monly used for laboratory animals, resulted in very little
change in any of the mediators measured over a 7 hour
period. In contrast, pentobarbital (pentobarbitone), a
short-acting anaesthetic which must be maintained by i.v
infusion, therefore requiring further surgical preparation
of the animal, induced increases in GM-CSF and TNFa
after continuous administration during the day, perhaps a
result of the surgery of the implanted cannulae. It was
therefore decided to use urethane for experiments, given
that it provides an extended period of anaesthesia with
minimal physiological changes [38], without the need for

(a) (b)

□Normal (n=1Q)
ESI Low dose FCA (n=8)
■High dose FCA (n=3)

Figure 3
Levels of ILI a, ILip, IL6, ILIOand TNFa in (a) ipsilateral and
(b) contralateral joints of normal rats and those injected with
low (150 pg; n = 8) and high (500 pg; n = 3) dose FCA 14
days earlier. There were negligible levels of any of the media¬
tors measure in naive joints (n = 10), but a significant
increase in the expression of ILI ex, ILI p, IL6 and TNFa was
seen in all ipsilateral inflamed joints and in contralateral joints
of rats injected with the high dose FCA (P < 0.05, Two-way
ANOVA; compared with normal joints); statistical signifi¬
cance represented by *

invasive surgical preparation. Furthermore, pentobarbital
can cause respiratory depression in rats, whereas urethane
causes minimal cardiopulmonary disturbances [38,39].

Once it was established that urethane anaesthesia had no
adverse effects on the system, it was necessary to evaluate
any inflammatory component as a result of the perfusion
needles themselves, over a sustained time period of 7
hours. It was noted that a few rats developed increased
TNFa or ILip levels as a result of the needles being main¬
tained within the joint. However, the change occurred in
only 20% of animals, and was not significant; moreover,

Figure 4
The effects of 150 pg (low dose; n = 5) and 500 pg (high
dose; n = 3) FCA on total cell count from joint perfusates.
Naive joints contained no cells (0), whereas all other joints
contained increased levels, although only high dose ipsilateral
joints proved to have significantly raised levels (P < 0.05,
Mann Whitney); statistical significance donated by *
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the increases in the two mediators did not occur in the
same animals.

This study has demonstrated that very little, if any, solu¬
tion infused into the joint is lost into the surrounding tis¬
sue, and can be recovered in full through the effusion
tubes. This was confirmed by injection of Evans blue dye
into the joint cavity and later dissection of the tissue (data
not shown here). Furthermore, there was an increased
quantity of ILip detected in the perfusate collected.
Although this study was not designed to show the effects
of the protein on the joint, the 1 ng dose of ILip adminis¬
tered resulted in de novo release of natural ILip, as shown
by the fart that elevated levels of IL1 were detected, in
addition to the 1 ng dose.

Adjuvant-induced arthritis is a widely used model of
inflammatory joint disease, and will be the primary sub¬
ject of future studies applying this novel perfusion
method. It was therefore important that samples collected
in this way could detect differences between cytokine lev¬
els in naive joints and FCA-treated joints. Levels of all
cytokines measured in this study (ILla, ILip, IL6, IL10
and TNFa) showed dramatic increases 14 days after an
initial inflammatory insult to the joint, including high
and low doses ofFCA. Furthermore, the contralateral joint
of rats injected with the high dose of FCA also had higher
levels of all cytokines measured, illustrating the contralat¬
eral effect also noted in the inflammatory cell count study.
Finally, this study investigated the total number ofwhite
blood cells present in the jointwashout samples. Not sur¬
prisingly it was observed that FCA-injected joints con¬
tained higher levels than normal rat knee joints, as
previously shown [40]. However, of particular interest are
the cell counts in contralateral, non-injected limbs. Con¬
tralateral effects arising from a unilateral insult is a well
documented phenomenon. In general, contralateral
changes in behaviour, magnitude of biochemical fluctua¬
tions or histopathological lesions are less than those
observed on the ipsilateral side (for review see [41]). Total
cell count data from this study are in agreement with this
finding, and although the lower dose of FCA used here
does not elicit behavioural signs of inflammation or
hypersensitivity in the contralateral joint, there is evi¬
dence of infiltration of inflammatory cells.

5. Conclusion
In summary, we have demonstrated the use of a novel
method for sampling synovial fluid and washing out the
joint cavity to collect the "inflammatory soup", and have
performed assays to measure levels of cytokines during
adjuvant-induced arthritis. This method has the advan¬
tage ofenabling the contents of synovial fluid to be inves¬
tigated alone, without the contamination of the
surrounding tissue. We have also revealed its value in

measuring cellular components of inflammation. In con¬
clusion, as this new method of joint perfusion uses anaes¬
thetised animals, acute effects of anti-inflammatory drugs
or novel compounds could be investigated, thus improv¬
ing the knowledge of how novel drug targets are affecting
the inflammatory process.
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C5a Mediates Peripheral Blood Neutrophil Dysfunction
in Critically III Patients
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Rationale. Critically ill patients are highly susceptible to hospital-
acquired infection. Neutrophil function in critical illness remains
poorly understood.
Objectives: To characterize and define mechanisms of peripheral
blood neutrophil (PBN) dysfunction in critically ill patients. To
determinewhether the inflamed lung contributes additional phago¬
cytic impairment.
Methods: Prospective collection of blood and bronchoalveolar lavage
fluid from patients with suspected ventilator-associated pneumonia
and from age- and sex-matched volunteers; laboratory analysis of
neutrophil functions.
Measurements and Main Results: Seventy-two patients and 21 volun¬
teers were included. Phagocytic capacity of PBNs was 36% lower in
patients than in volunteers (P < 0.0001). From several biologically
plausible candidates only activated complement was significantly
associated with impaired PBN phagocytosis (P< 0.0001). Phagocy¬
tosis was negatively correlated with serum C3a and positively
correlated with expression of C5a receptor type 1 (CD88) on PBNs.
CSa recapitulated impaired PBN phagocytosis and significantly
down-regulated CD88 expression in vitro. C5a-mediated phagocytic
impairment was prevented by blocking either CD88 or phosphoino-
sitide 3-kinase, and completely reversed by granulocyte-macrophage
colony-stimulating factor. CSa also impaired killing of Pseudomonas
aeruginosa by, and migration of, PBNs, indicating that effects were
not restricted to phagocytosis. Bronchoalveolar lavage fluid leuko¬
cytes from patients also demonstrated significantly impaired func¬
tion, and lavage supernatant reduced phagocytosis in healthy
neutrophils by 43% (P = 0.0001). However, lavage fluid did not
affect CD88 expression and lavage-mediated impairment of phago¬
cytosis was not blocked by anti-CD88 antibody.
Conclusions: Critically ill patients have significant dysfunction of
PBNs, which is mediated predominantly by activated complement.
Further, profound complement-independent neutrophil dysfunc¬
tion occurs in the inflamed lung.

Keywords: complement; natural immunity; intensive care; phagocy¬
tosis

Patients with critical illness are highly susceptible to developing
hospital-acquired infections (HAIs) (1, 2). HAIs are thought to
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Neutrophil dysfunction occurs in critical illness but remains
poorly characterized. Animal models of sepsis implicate
C5a in this process.

What This Study Adds to the Field
This study provides the first human demonstration of C5a-
mediated dysfunction of peripheral blood neutrophils in
critical illness. The findings demonstrate that C5a-medi-
ated dysfunction of peripheral blood neutrophils is pre¬
ventable and reversible ex vivo, suggesting potential
therapeutic avenues. Provides evidence that neutrophil
dysfunction persists, but is independent of C5a, in the
inflamed lung.

affect 2 million American patients, resulting in 77,000 additional
deaths, per annum (3, 4). Various factors may contribute to the
risk of infection including the nature of the underlying illness
(5), medical interventions (e.g., intubation [6], insertion of
vascular lines [7], drugs [8]), and the acquisition and trans¬
mission of relatively virulent pathogens in the intensive care
unit (ICU) (9, 10). Running parallel to these themes is the
observation that innate immunity is impaired in critically ill
patients. Neutrophils are critical for the clearance of most ICU-
related pathogens, and defective phagocytosis by peripheral
blood neutrophils (PBNs) has been described in mechanically
ventilated patients (11, 12). However, surprisingly little is
known about the mechanisms underlying defective neutrophil
function in the critically ill. Identification of such mechanisms
would be expected to suggest novel targets for the prevention
and treatment of HAI.

The aims of this study were therefore to characterize
neutrophil dysfunction and to define the underlying mecha¬
nism^) in patients with a high clinical suspicion for ventilator-
associated pneumonia (VAP), the most commonly fatal HAI
(13). We hypothesized that profound systemic inflammation
characteristic of critical illness drives impairment of neutrophil
phagocytic capacity. We also sought to determine whether the
local, inflamed environment of the lung imparts additional
dysfunction to neutrophils migrating from the blood. Our work
proposes a significant role for activated complement (in partic¬
ular high concentrations of C5a) in neutrophil dysfunction in
critically ill patients. Elevated concentrations of C5a have been
previously described in sepsis and have been shown to impair
neutrophil function in rodents (14-17). Some of the results of
these studies have been previously reported in the form of an
abstract (18).
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METHODS

Reagents
Recombinant human C5a (an anaphylotoxin generated by cleavage of
complement factor 5), formyl methionyl leucyl phenylalanine (fMLP),
and platelet-activating factor (PAF) were from Sigma (Gillingham,
UK), and granulocyte-macrophage colony-stimulating factor (GM-
CSF) was from Affinity Bioreagents (Golden, CO). S5/1, a specific an¬
tibody against the C5a receptor CD88, was from Abeam (Cambridge,
UK). Fluorophore-labeled antibodies against CDllb and the Fc-y
receptors CD32 and CD64 were obtained from Invitrogen (Paisley,
UK). Isoproterenol (a pr and (^-adrenoceptor agonist), the adenylate
cyclase inhibitor SQ22536, and the phosphoinositide 3-kinase (PI3K)
inhibitors wortmannin and LY294002 were from Tocris Bioscience

(Bristol, UK).

Patients and Volunteers

Patients were recruited from two teaching hospital ICUs if they had
clinically suspected VAP, that is, mechanical ventilation for at least
48 hours, new and persisting infiltrates on a chest radiograph, and at
least two of the following: purulent tracheal secretions, temperature
greater than 38°C, or white cell count greater than 11 X 109/L.
Patients provided blood and had fiberoptic bronchoscopy and bron¬
choalveolar lavage (BAL) performed by a standardized technique
(see the online supplement for details). This study considered all
patients with clinically suspected VAP together as a single group;
however, subgroups with microbiologically confirmed VAP and adult
respiratory distress syndrome are analyzed separately in the online
supplement.

Age- and sex-matched volunteers (MVs) were recruited from a local
primary care practice and also underwent blood sampling, bronchos¬
copy, and BAL. Exclusion criteria and additional details pertaining to
patients and volunteers are in the online supplement. Separate
university staff and students provided blood to generate healthy PBNs
for in vitro experiments. Informed, witnessed assent was obtained from
a relative or main carer for all patients. Informed, written consent was
obtained from all volunteers. The study was approved by the relevant
research ethics committees.

Processing of Bronchoalveolar Lavage Fluid and Blood
Details of processing are in the online supplement. Bronchoalveolar
lavage fluid (BALF) was separated into a cellular fraction and
supernatant. Serum and neutrophils were derived fresh from whole
blood (19).

Inflammatory Cytokines and Complement Factors
Concentrations of C3a des-Arg and C5a des-Arg, the breakdown
products of complement factors C3a and C5a, were estimated with
a cytometric bead array kit (BD Biosciences, Oxford, UK). GM-CSF,
IL-6, IL-8, and tumor necrosis factor (TNF)-a levels were assessed by
the same method.

Lavage concentrations of these molecules were corrected for
dilution by measuring urea in BALF and plasma (20).

Phagocytosis Assays
PBNs were adhered in Iscove's modified Dulbecco's medium (IMDM)
containing 10% autologous serum. Cells were exposed for 1 hour to
zymosan particles (Sigma) that had been preincubated with 50%
autologous serum. PBNs were air dried, fixed with methanol, and
stained with Reastain Quik-Diff (Reagena, Toivala, Finland). Light
microscopy was used to distinguish PBNs containing two or more
zymosan particles. Duplicate counts were performed on four randomly
selected fields (minimum of 100 neutrophils per field). Variations of
this core protocol were performed to explore mechanisms underlying
defective phagocytosis, and to assess killing of Pseudomonas aerugi¬
nosa strain PA01 (details are in the online supplement).

Superoxide Production and Transmigration Assays
Neutrophil superoxide production was assayed by cytochrome c re¬
duction assay (21). Transmigration was quantified by histological
assessment of neutrophils traversing a Transwell filter (pore size,
3 |xm; Coming, Lowell, MA). Further details are described in the on¬
line supplement.

Flow Cytometry
PBNs were incubated with primary, fluorophore-tagged antibody or
isotype control (details of labeling and of the antibodies used are in the
online supplement). Cells were fixed with 10% formalin and analyzed
by FACSCalibur (BD Biosciences). Expression was quantified as
geometric mean fluorescence.

Epithelial Cell Inflammation Assay
A549 cells (American Type Culture Collection, Manassas, VA) (de¬
rived from human type II alveolar epithelial cells [22]) were grown to
confluence. Freshly isolated neutrophils (500,000) were applied. LPS
0127:B8 (Sigma), derived from Escherichia coli, was added (final
concentration, 100 ng/ml) for 24 hours at 37°C. To distinguish soluble
from membrane-mediated effects experiments were repeated with

TABLE 1. DEMOGRAPHIC AND CLINICAL DATA FOR PATIENTS AND MATCHED CONTROL SUBJECTS

All Patients Matched Volunteers

in =72) (n = 21) P Value

Mean age, years (range) 58 (26-87) 60 (24-84) 0.89*

Percentage of patients male 64 79 0.14'
Mean (95% CI) APACHE II score 22 (20-23) NA

Median (IQR) days of ventilation before enrollment 8 (6-10) NA

ICU mortality, % 35 NA

Percentage with surgical diagnosis on admission 52 NA

Percentage with si comorbidity 54 NA

Percentage receiving immunosuppressant drugs 11 0

(including corticosteroids)
Median (IQR) serum C3a des-Arg, ng/ml 606 (388-847) 346 (216-400) 0.0006*
Median (IQR) serum C5a des-Arg, ng/ml 90 (59-141) 36 (25-43) <0.0001*
Median (IQR) serum GM-CSF, pg/ml 3(2-4) 2(0-5) 0.34*
Median (IQR) BALF C3a, ng/ml 15 (4-1 30) 1 (0-1) <0.0001*
Median (IQR) BALF C5a, ng/ml 6 (0.5-30) 1 (0-2) 0.005*
Median (IQR) BALF GM-CSF, pg/ml 2 (1-9) 2(0-4) 0.23*
Median (IQR) BALF neutrophils, X 105/ml 2.8 (0.4-16) 0.03 (0.01-0.09) <0.0001*
Median (IQR) BALF macrophages, x 105/ml 1.8 (0.3-3.9) 2.6 (1.9-6.24) 0.04*

Definition of abbreviations: APACHE II = Acute Physiology and Chronic Health Evaluation II; BALF = bronchoalveolar lavage
fluid; CI = confidence interval; C3a/C5a des-Arg = breakdown products of complement factors C3a/C5a; GM-CSF =
granulocyte-macrophage colony-stimulating factor; ICU = intensive care unit; IQR = interquartile range; NA = not applicable.
* By t test.
* By chi-square test.
1 By Mann-Whitney U test.
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Figure 1. Neutrophil phagocytosis is impaired in patients with sus¬
pected ventilator-associated pneumonia (VAP) compared with
matched volunteers (MVs). Phagocytosis by peripheral blood neutro¬
phils (PBNs) from all patients was compared with that of matched
volunteers. Data are presented as medians, interquartile ranges (box),
and range (whiskers); ***P < 0.0001 by Mann-Whitney U test. Data are
derived from 89 subjects (68 patients and 21 MVs); for the remaining 4
patients phagocytosis data were not available because of insufficient
PBN adherence to tissue culture plates.

permeable membranes (Transwell; pore size, 0.4 pm), preventing
direct contact between neutrophils and A549 cells.

Statistical Analysis
Analysis was conducted with Prism (Graphpad Software, La Jolla,
CA). Nonparametric data were analyzed by the Mann-Whitney U test
for two variables and by the Kruskal-Wallis test for greater than two
variables, using Dunn's post-hoc analysis test. Normally distributed
data were analyzed by Student's t test or analysis of variance with post-
hoc analysis by Bonferroni's test. Correlations were assessed by
Spearman's rank test. Categorical data were assessed by chi-square
test. P < 0.05 was considered statistically significant.

RESULTS

Of the subjects enrolled, 72 patients and 21 volunteers had
recoverable BALF, and so entered the analysis. Clinical and

demographic details for patients and volunteers are described in
Table 1. Details relating to subgroups of patients are shown in
the online supplement.

The capacity of PBNs to phagocytose zymosan was signifi¬
cantly lower in patients than in volunteers (Figure 1). Various
strategies were employed to investigate potential mechanisms
underlying the phagocytic defect in patients. To test the
hypothesis that deficient opsonization explained the observed
impairment, zymosan was incubated in serum from patients
(known to have defective PBN phagocytosis) or volunteers
(known to have efficient PBN phagocytosis), and then added to
healthy PBNs from four separate donors. The rates of phago¬
cytosis were 61% (95% confidence interval [CI], 55-68%) and
65% (95% CI, 55-74%) in patient- and volunteer-opsonized
zymosan, respectively (P = 0.5). Further experiments relating
to opsonization are reported in the online supplement.

To test whether a serum factor (preventing ligation of mi¬
crobes to phagocytic receptors) may explain the observed phago¬
cytic impairment, healthy PBNs from four separate donors were
preincubated in serum from patients (known to have poor
phagocytosis) and volunteers (known to have efficient phago¬
cytosis), and then exposed to zymosan. No significant differ¬
ences in phagocytosis were observed (P = 0.94).

PBNs from the patients and volunteers in Figure 1 were used
to study correlations between phagocytosis and expression of
neutrophil phagocytic receptors (23). No significant correlation
was found for CDllb (r = -0.3, P = 0.12), activated CDTlb
(r = -0.2, P = 0.45), CD32 (r = 0.3, P = 0.2), or CD64 (r =
—0.34, P = 0.1). In addition, no evidence was found for de¬
fective expression or activation of the predominant complement-
mediated phagocytic receptorCD1 lb (see the online supplement).

No correlation was found between phagocytosis and serum
concentrations of inflammatory cytokines including IL-6, IL-8,
and TNF-a (Figures 2A—2C). In contrast, serum concentration
of C3a des-Arg demonstrated a significant inverse correlation
with the phagocytic capacity of PBNs (Figure 2D). As neutro¬
phils have considerably more binding sites for C5a than for
C3a, leading to rapid C5a clearance from the serum, C3a is a
more reliable serum marker of complement activation and
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Figure 2. Phagocytosis in peripheral
blood neutrophils correlates with
markers of activated complement but
not with serum IL-6, IL-8, or tumor
necrosis factor (TNF)-a. (A) Correlation
between serum TNF-a and neutrophil
phagocytosis (n = 79 study partic¬
ipants5). (B) Correlation between serum
IL-8 and neutrophil phagocytosis (n = 79
study participants). (Q Correlation be¬
tween serum IL-6 and neutrophil phago¬
cytosis (n = 79 study participants). (D)
Correlation between serum C3a (a stable
marker of complement activation) and
neutrophil phagocytosis (n = 79 study
participants). All rand Pvalues by Spear¬
man's correlation. §From the n = 93

study participants in Table 1; phagocy¬
tosis data were not available for 4, and
cytokine data were not available for 10.
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anaphylotoxin exposure (24). Serum levels of C3a des-Arg and
C5a des-Arg were significantly elevated in patients compared
with matched volunteers (see Table 1).

We therefore studied the relationship between phagocytosis and
neutrophil expression of CD88 (synonymous with C5a receptor
type 1 [25]). CD88 expression is known to be down-regulated by
C5a (24). In patients and volunteers phagocytosis by PBNs
correlated significantly with expression of CD88 (Figure 3A).

On the basis of these observations the effect of C5a on

neutrophil phagocytic function was investigated further.
Recombinant human C5a applied to healthy PBNs induced
simultaneous down-regulation of CD88 and impairment of
phagocytosis in a dose-dependent manner (Figure 3B), pro¬
ducing a similar correlation to that seen in patients. The C5a-
mediated impairment of phagocytosis could be prevented by
prior treatment of PBNs with S5/1, an antibody specifically
blocking CD88 (26) (Figure 3C).

To establish whether C5a-mediated effects on PBNs were

restricted to impairment of phagocytosis, additional neutrophil
functions were studied. Production of superoxide by PBNs
followed a strikingly similar pattern to phagocytosis, in that
patients produced significantly less superoxide than control
subjects (Figure 4A), whereas superoxide production showed
a significant negative correlation with serum C3a des-Arg
(Figure 4B) and a positive correlation with PBN surface
CD88 expression (r = 0.47, P = 0.03). Addition of C5a to
healthy PBNs resulted in significant impairment of transmigra¬
tion (Figure 4C). Similarly, addition of C5a to healthy PBNs
significantly impaired the capacity to kill P. aeruginosa, a com¬
mon nosocomial pathogen (Figure 4D).

To ascertain whether the dysfunction outlined previously
simply represented global inactivity of PBNs in critically ill
patients, we investigated the effects of PBNs from patients and
age/sex-matched volunteers in a model of epithelial inflamma¬
tion using an epithelial cell line (A549 cells) (22). A549 cells
cocultured with PBNs released negligible amounts of IL-6 and
IL-8, irrespective of whether the PBNs came from patients or
matched volunteers (data not shown). However, when the
cocultures were stimulated with LPS the patient PBNs pro¬
duced significantly greater IL-6 and IL-8 release than those
from matched volunteers (Figures 5A and 5B). The effect of
LPS-stimulated PBNs on IL-6 and IL-8 release required direct
PBN-epithelial interaction, because when contact was pre¬
vented by separating the cells with membranes (pore size,
0.4 (a,m) there was significantly reduced IL-6 and IL-8 release
(see insets in Figures 5A and 5B).

To further elucidate the mechanism by which C5a mediates
the observed defect in phagocytosis we examined the actions of
two other agents. fMLP is a bacterial peptide that acts via
a receptor coupled to the same Ga subunit (Ga]2) as CD88 (27,
28). Incubation of fMLP with neutrophils produced a defect in
phagocytosis similar to that seen with C5a (Figure 6A). C5a and
fMLP activate several intracellular signaling pathways, includ¬
ing pathways dependent on cyclic adenosine monophosphate/
protein kinase A (cAMP/PKA) (29) and PI3K (30). Both
pathways have been shown to influence phagocytosis and cell
migration (31, 32). Blockade of cAMP failed to prevent the
effects of C5a and fMLP on PBN phagocytosis (see the online
supplement). However, preincubation of neutrophils with the
PI3K inhibitor LY294002 blocked the effects of both C5a and
fMLP on phagocytosis (Figures 6B and 6C). A similar effect was
achieved with another PI3K inhibitor, wortmannin (data not
shown).

In considering the clinical implications of our findings it
could be argued that an agent capable of reversing deficient
phagocytosis would be useful. On the basis that GM-CSF has
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Figure 3. Effects of recombinant C5a applied ex vivo to neutrophils. (A)
Correlation between neutrophil surface C5a receptor (CD88) expres¬
sion (as determined by flow cytometry) and phagocytic capacity. Data
are pooled for patients with suspected ventilator-associated pneumonia
(VAP), and matched volunteers (n = 22 consecutive study participants,
i.e., an interim analysis suggested an effect of C5a on phagocytosis,
and CD88 was measured in all consecutive subjects thereafter), rand P
values by Spearman's correlation. (B) Correlation between phagocyto¬
sis and CD88 expression in healthy volunteer neutrophils exposed to
escalating concentrations of C5a (n = 3 peripheral blood neutrophil
[PBN] donors). The neutrophils of three separate donors were exposed
to four separate doses of C5a, that is, each symbol x is from a different
donor's neutrophils exposed to 1000 nM C5a, and so on. (Q Effect of
recombinant CSa on the phagocytic capacity of healthy human
neutrophils in vitro. Neutrophils from healthy volunteers were in¬
cubated with either S5/1 (a murine monoclonal antibody blocking
CD88) orwith control antibody. Neutrophils were then exposed to CSa
and the capacity for phagocytosis of zymosan was estimated. Data are
derived from duplicates (n = 5 PBN donors) and presented as medians
and interquartile range. P < 0.0001 by Kruskal-Wallis, *P < 0.05, **P <
0.01 by Dunn's post hoc test. NS = not significant.

been associated with preservation of phagocytosis in patients
with sepsis (33), we postulated that GM-CSF may reverse the
phagocytic impairment described. GM-CSF conferred no addi¬
tional phagocytic capacity to healthy PBNs, but fully restored
C5a-mediated impairment of phagocytosis (Figure 7). This
principle could be extended to neutrophils from patients with
suspected VAP, GM-CSF producing a 33% increase in phago¬
cytosis (P = 0.018 by Mann-Whitney, n = 6 separate patient
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Figure 4. C5a-mediated neutrophil
defects are not restricted to phagocyto¬
sis. (A) Production of superoxide radical
by neutrophils primed with 100 nM
platelet-activating factor (PAF) and stim¬
ulated with 100 nM formyl methionyl
leucyl phenylalanine (fMLP). P = 0.0076
by Mann-Whitney test. Data are derived
from 16 patients and 12 matched volun¬
teers, reflecting consecutive subjects
recruited after interim analysis suggest¬
ing an effect of C5a on phagocytosis. (6)
Correlation between PAF/fMLP-stimu-
lated superoxide production by neutro¬
phils and serum C3a concentrations in
patients and matched volunteers, rand P
values by Spearman's correlation. Data
are derived from 20 consecutive study
participants (i.e., recruited after interim
analysis suggesting an effect of C5a on
phagocytosis). (Q Transmigration of
neutrophils across a polystyrene mem¬
brane (pore size, 3 p,m) to a target of 100
nM fMLP. Neutrophils from healthy vol¬
unteers were preincubated in control
medium, or 100 nM C5a, **P = 0.008
by Mann-Whiney test (duplicates from
n = 5 healthy peripheral blood neutro¬
phil [PBN] donors). (D) Effect of C5a on
the bactericidal capacity of neutrophils.
P. aeruginosa strain PA01 was added for

30 minutes to wells containing no cells (left column), or to healthy neutrophils preincubated with either 100 nM C5a (middle column) or control
medium (right column). Residual bacteria were quantified and expressed as colony-forming units (CFU) above those at t0. **P = 0.003 by Mann-
Whitney (duplicates of n = 5 healthy PBN donors).
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neutrophil populations). Of note, the levels of GM-CSF in
patient serum and lavage were low and did not differ between
patients and control subjects (see Table 1).

The studies in PBNs and serum were extended to cells and

supernatant derived from BALF, with the aim of determining
whether neutrophils accessing the alveolar compartment func¬
tion in a manner reminiscent of blood neutrophils. Impaired
phagocytic function was observed in cells derived from BALF
(Figure 8A), resembling the pattern in PBNs (Figure 1).
However, whereas the PBNs in Figure 1 comprised a pure
population of neutrophils, the BALF cells from patients were
a mixture of alveolar macrophages (AMs) and neutrophils (see
Table 1). As neutrophils are inherently more phagocytic than
AMs (compare the MV column with the inset in Figure 8A),
patient BALF cells were expected to have a phagocytic "advan¬
tage" over volunteer BALF cells (which are almost exclusively
AMs). That the opposite trend was observed suggests a profound
impairment of phagocytosis in BALF retrieved from patients.

BALF supernatant from patients significantly reduced the
capacity of healthy PBNs to phagocytose zymosan when
compared with BALF supernatant from volunteers (Figure
8B). However, lavage fluid did not influence the expression of
CD88 on healthy PBNs (Figure 8C), and application of anti-
CD88 antibody S5/1 could not prevent the impairment of
phagocytosis induced by patient lavage fluid (Figure 8D).
Although the levels of C3a and C5a in lavage were elevated
in patients compared with matched volunteers, the levels were
10 times lower than in serum (Table 1), and no correlation was
found between lavage C3a and lavage cell phagocytosis (r =
0.21, P = 0.2).

The impairment of neutrophil function induced by patient
lavage was not limited to phagocytosis. Patient lavage abolished

transmigration of healthy PBNs (Figure 8E) and significantly
abrogated their potential to kill P. aeruginosa (Figure 8F) when
compared with lavage from matched volunteers.

DISCUSSION

Although abnormal function of neutrophils has been observed
previously in critical illness (11, 12), our data extend these
findings by proposing a central role for activated complement in
mediating dysfunction of neutrophils in the circulation. We
have also identified a similar profound impairment of neutro¬
phil function in BALF that does not appear to be mediated by
C5a, but by an as yet unidentified factor(s).

C5a in relatively low concentrations is traditionally regarded
as an inflammatory anaphylotoxin promoting chemotaxis and
activation of neutrophils (17). However, it is increasingly
recognized that C5a is overexpressed in sepsis (14), and that
in this setting C5a exerts alternative influences on neutrophil
function. Thus important animal models and in vitro experi¬
ments suggest C5a is an important mediator of neutrophil
dysfunction (15-17), acting via the major C5a receptor CD88
(25). CD88 is not directly phagocytic but is a marker of
exposure to C5a, which inhibits phagocytosis through previously
undefined mechanisms. This study provides a first clinical
extension of these observations, showing that phagocytosis
correlated with CD88 expression on patient neutrophils, that
C5a applied to healthy PBNs could recapitulate the phenotype
of patient PBNs, that blockade of CD88 prevented impairment
of phagocytosis, that the PI3K pathway is involved in regulating
phagocytic impairment mediated by C5a, and that GM-CSF
could restore phagocytosis to levels observed before C5a
exposure.
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Figure 5. LPS-stimulated neutrophils from critically ill patients drive
increased release of inflammatory mediators from A549 cells. (A) IL-6
release induced by LPS-stimulated neutrophils from patients and
matched volunteers (MVs). Data are expressed as a ratio of IL-6 release
by stimulated A549 cells to IL-6 release from unstimulated A549 cells.
The inset shows IL-6 release when the neutrophils were separated from
A549 cells by a Transwell (TW) membrane (pore size, 0.4 pm). Data are
shown as median and interquartile range, *P = 0.017 by Mann-
Whitney U test. Data are derived from 71 study participants (57
patients and 14 MVs, i.e., all subjects from whom sufficient neutrophils
and A549 cells were available to complete the assay). The Transwell
data are derived from 12 study participants. (B) IL-8 release in the same
experiments shown in (A). **P = 0.0098 by Mann-Whitney U test.

Our data cannot exclude an important influence of mediators
other than C5a in driving neutrophil dysfunction. However, we
were unable to demonstrate an association between phagocytic
impairment and alterations in biological factors classically
linked to phagocytosis (e.g., expression of CDllb, CD32, and
CD64). CD1 lb is up-regulated on "activated" neutrophils (34)
and the failure of CDllb expression to correlate with phago¬
cytosis suggests that the correlation observed with CD88 is not
simply the result of generalized "neutrophil activation." CD88
down-regulation can occur after exposure to other inflamma¬
tory mediators than C5a (35),such as IL-8 and TNF-u. How¬
ever, the finding that C3a des-Arg correlated significantly and
negatively with both phagocytosis and ROS production, when
TNF-a, IL-8, and IL-6 showed no such relationship, again sug¬
gests that impaired phagocytosis is related to anaphylotoxin gen¬
eration rather than a nonspecific result of systemic inflammation.

Although the main focus of this work was on PBN phago¬
cytosis we demonstrated that C5a, in concentrations relevant to
critically ill patients, impaired a range of other neutrophil
functions including reactive oxygen species (ROS) generation,
chemotactic migration, and the capacity to kill the nosocomial
pathogen P. aeruginosa. Thus our data are not restricted to an
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Figure 6. C5a and formyl methionyl leucyl phenylalanine (fMLP)
induce similar effects on phagocytosis, which appear to be dependent
on phosphoinositide 3-kinase (PI3K) signaling. (A) The effects of C5a
and fMLP on phagocytosis by healthy neutrophils. Data are presented
as median and interquartile ranges, P < 0.0001 by Kruskal-Wallis, **P <
0.01 by Dunn's post-hoc test (n = 6 individual peripheral blood
neutrophil [PBN] donors, all experiments performed in duplicate). (B)
The effect of preincubation of healthy neutrophils with 6.6 p,M
LY294002 (IC50 for PI3K-y) before exposure to 100 nM C5a. Data are
illustrated as median and interquartile range, P = 0.0002 by Kruskal-
Wallis, **P < 0.01 by Dunn's post-hoc test (n = 6 individual PBN
donors, all experiments performed in duplicate). (Q The effect of
preincubation of healthy neutrophils with 6.6 pM LY294002 (IC50 for
PI3K-y) before exposure to 100 nM fMLP. Data are illustrated as median
and interquartile range, P = 0.0007 by Kruskal-Wallis, **P < 0.01, by
Dunn's post-hoc test (n = 6 individual PBN donors, all experiments
performed in duplicate). NS = not significant.

effect on zymosan or to an effect on phagocytosis. Importantly,
whereas neutrophils from patients exhibit diminished function
with respect to two vital antibacterial activities (i.e., phagocy¬
tosis and ROS production), they demonstrate enhanced proin¬
flammatory effects toward host cells. This suggests that patient
neutrophils are not in a nonspecific and generalized "anergic
state," but in a complex dysfunctional state. The evolution of
a compensatory antiinflammatory syndrome (CARS) is well
described in critical illness (36). This concept arose largely in
relation to monocyte deactivation in septic patients (37), but
other key elements of immune function are now known to be



Conway Morris, Kefala, Wilkinson, et a/.: Neutrophil Defects in Critical Illness 25

NS
Q> ■ I
u BO-i —r~ 1 1

1M
y Control GM-CSF C5a C5a+GM-CSF

Figure 7. Granulocyte-macrophage colony-stimulating factor (GM-
CSF) rescues phagocytic function in neutrophils. Peripheral blood
neutrophils (PBNs) from healthy volunteers were incubated with C5a
or control, and exposed to GM-CSF. The capacity for phagocytosis of
zymosan was estimated. Data are derived from duplicates (n = 5 PBN
donors) and presented as means and standard deviation. P = 0.0001
by Kruskal-Wallis, **P < 0.01 by Dunn's post hoc test. NS = not
significant.

influenced in a similar way (11, 12). The emerging consensus is
that CARS and severe inflammatory response syndrome (SIRS)
are not temporally distinct phases, and may coexist and overlap
within the same patient. The finding that neutrophils may be
driven into a hypofunctional state by a classically proinflamma¬
tory mediator (C5a) supports dynamic, and potentially malad¬
aptive, interactions between proinflammatory molecules and
neutrophils. A practical consequence of our findings is that CD88
may potentially serve as amarker of neutrophil dysfunction much
in the way HLA-DR expression is used in monocytes (38).

In pursuing the mechanisms by which C5a may impair
neutrophil phagocytosis we were unable to demonstrate a role
for cAMP. In contrast, inhibition of PI3K abolished the effects
of C5a. This finding was perhaps surprising, given the work by
Wrann and colleagues suggesting that PI3K blockade does not
rescue phagocytosis and is detrimental in a murine model of
sepsis (39). However, their work did not specifically demon¬
strate C5a-mediated reduction in phagocytosis, in contrast to
our findings and previous findings from the same group (15-17,
40). It also remains plausible that responsiveness to PI3K
inhibitors differs between mice and humans. Although PI3K is
generally thought to facilitate proinflammatory functions (41),
chronic PI3K activation has demonstrated "antiinflammatory"
functions (42). We hypothesize that when neutrophils are
exposed to pathological levels of C5a, as occurs in systemic
inflammation and sepsis, this "overloads" the PI3K pathways
and paralyzes cellular functions such as phagocytosis. Further
work is being undertaken to elucidate the temporal interplay be¬
tween C5a generation, PI3K activation, and neutrophil function.

Given that significant levels of activated complement are
generated in most critically ill patients (14, 43), it is tempting to
suggest that C5a-induced neutrophil dysfunction is common to
most ICU patients. Two important implications arise from this
scenario. First, generation of activated complement could
explain the almost ubiquitous immune impairment seen in the
ICU, despite the wide variation in clinical presentations.
Second, restoration of phagocytosis may be a potential target
in the design of strategies for preventing infection in critically ill
patients. In this regard anti-C5 and anti-CD88 therapies do exist
(44,45). However, these have not yet been used in clinical trials
related to critical illness/sepsis, and of concern is the finding that
CD88 knockout mice fail to clear bacteria (46). On the basis of
data presented here, GM-CSF can potentially restore C5a-

mediated neutrophil dysfunction. As endogenous levels in
serum and BALF were low in our hands, GM-CSF may be an
alternative therapy worthy of further investigation. Clinical
trials of GM-CSF in nonneutropenic critical illness have been
limited, and have not stratified patients by immune phenotype
(33, 47). GM-CSF could potentially have a stronger effect in
preventing nosocomial infections in patients with confirmed
neutrophil dysfunction and, encouragingly, GM-CSF-mediated
preservation of neutrophil function in critically ill patients has
been demonstrated (33).

To our knowledge the phagocytic capacity of cells from the
alveolar compartment has not been systematically assessed in
patients with suspected VAP. The data presented suggest that,
in contrast to neutrophils from the blood, C5a is not the
mediating factor in lavage. Levels of C3a and C5a were far
lower in BALF than in serum, antibody blockade of CD88
failed to prevent the reduction in phagocytosis, and the
application of lavage did not alter CD88 expression. The
implication is that phagocytic impairment is compartmentalized
and multifactorial, with contributing influences in the local
inflammatory milieu and in the circulation. It is intriguing to
note that the ratio of C3a to C5a in the inflamed lung is on the
order of 2:1, in contrast to the serum, where it is 6:1, in keeping
with previous literature on this topic (48, 49). This suggests that
complement activation may be differently regulated in these
two compartments, as indeed are other processes such as
fibrinolysis (50).

The strength of the neutrophil impairment induced by BALF
was perhaps surprising, given that BALF is generally considered
to be 100 times more dilute than epithelial lining fluid (20). The
effect of patient BALF on phagocytosis by, and transmigration
of, healthy neutrophils was particularly striking (Figures 8B and
8E, respectively). The presence of a potent pulmonary inhib¬
itor^) of neutrophil function may partly explain the high
proportion, and clinical importance, of pneumonias among
HAIs in the critically ill (1).

Identification of distinct influences on neutrophil function in
the blood and in the lung is pertinent to the design of ther¬
apeutic strategies discussed earlier. Thus, restoration of phago¬
cytosis in PBNs may not be effective in preventing pneumonia if
a local alveolar environment capable of deactivating recruited
PBNs has already evolved. It remains unknown whether
neutrophils at other sites susceptible to HAI (e.g., the urinary
tract, skin wounds, sinuses) can be deactivated by local factors
or remain dependent on influences in the blood. These consid¬
erations suggest both that a greater understanding of the
pathogenesis of HAI is required before "neutrophil restora¬
tion" therapy is realized, and that the timing of administration
of any such therapy is likely to crucial.

Extending these themes, certain cautions should be exercised
in extrapolating data from our study. The patients studied here
had been mechanically ventilated in ICU for a median of 8 days
and by definition already had chest X-ray infiltrates. Our study
does not have the capacity to dissect whether neutrophil
dysfunction contributed to the propensity for severe and on¬
going illness, or whether it was a consequence of the specific
setting (suspected VAP) studied here. Indeed, the timing of
acquisition of neutrophil dysfunction in critically ill patients has
been the focus of relatively few studies. In addition, this study
was not designed to determine the subsequent rate of HAI in
our cohort of patients. Despite these caveats, however, our
patients were well characterized, satisfied strict predefined
criteria for clinically suspected VAP, and are representative
of an important group of patients seen in all ICUs. We are
currently undertaking a study to investigate these issues further
and to determine whether C5a is a mediator of neutrophil
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lanti-CD88 antibody

Patient lavage C5a100nM patient lavage

Figure 8. Lavage from patients with
suspected ventilator-associated pneu¬
monia (VAP) induces a range of neu¬
trophil defects in a C5a-independent
manner. (A) Phagocytosis by cells re¬
trieved from bronchoalveolar lavage
fluid (BALF) in patients and in
matched volunteers (MVs). The pre¬
dominant cell in patients was the
neutrophil, whereas in MVs it was
the alveolar macrophage (see Table
1). The inset shows the level of
phagocytosis by the equivalent num¬
ber of neutrophils from the same MVs
(making the point that phagocytosis
is more avidly performed by periph¬
eral blood neutrophils than by alveo¬
lar macrophages). Data are presented
as medians, interquartile ranges
(box), and range (whiskers), P =
0.03 by Mann-Whitney U test. Data
are derived from 44 study partici¬
pants (33 patients and 11 MVs, i.e.,
all subjects for whom sufficient num¬
bers of phagocytes were available
and adhered to tissue culture plates).
(B) Effect on phagocytosis of incubat¬
ing healthy peripheral blood neutro¬
phils (PBNs) with BALF from MVs or
patients with clinically suspected VAP.
Data represent duplicates from five
separate healthy PBN donors and are
expressed as medians, interquartile
ranges (box), and range (whiskers),
***P = 0.0001 by Mann-Whitney U
test. (Q Comparison of the effects of
patients' lavage or C5a on CD88
expression by healthy neutrophils.
Data represent duplicates from three

§ separate healthy PBN donors and are
J expressed as mean and standard de¬

viation, P < 0.0001 by analysis of
variance, **P < 0.01 by Bonferroni's post hoc test. (D) The effect of preincubating neutrophils with the anti-CD88 antibody S5/1 on the ability
of patient lavage to induce a defect in phagocytosis in healthy donor neutrophils. Data are shown as median and interquartile ranges of duplicates
from n = 3 separate PBN donors, P < 0.001 by Kruskal-Wallis, *P < 0.05 by Dunn's post hoc test. (£) The effect of preincubating healthy PBNs with
lavage from MVs or patients on transmigration toward formyl methionyl leucyl phenylalanine (fMLP). Data are shown as median and interquartile
ranges of duplicates from n = 3 separate PBN donors (exposed to lavage from one MV and six patients), P = 0.0046 by Kruskal-Wallis, **P < 0.01 by
Dunn's post-hoc test. (F) The effect of preincubating healthy PBNs with lavage from MVs or patients on the killing of P. aeruginosa. Data are shown
as median and interquartile ranges of duplicates from n = 3 separate PBN donors (exposed to lavage from one MV and six patients), **P = 0.013 by
Mann-Whitney U test.
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dysfunction in other groups of critically ill patients. Further¬
more, although our volunteers were closely matched to the
patients in age and sex, they were not mechanically ventilated.
We cannot exclude the possibility that ventilation or underlying
comorbidities may explain some of the neutrophil dysfunction
demonstrated in patients. However, this does not detract from
the purpose of the study, which was to characterize neutrophil
impairment in critically ill patients.

In conclusion, critically ill patients with suspected VAP have
C5a-mediated dysfunction of peripheral blood neutrophils. A
further, complement-independent impairment of neutrophil
function resides in the inflamed alveolar compartment. These
findings have significant implications for the understanding of
the pathogenesis of HAI, and for the design of novel strategies
for the prevention of HAI.
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Abstract

The prostaglandin F2„ (PGF2ot) receptor (FP) is elevated in
endometrial adenocarcinoma. This study found that PGI'2„
signaling via FP regulates expression of chemokine (C-X-C
motif) ligand 1 (CXCL1) in endometrial adenocarcinoma cells.
Expression of CXCL1 and its receptor, CXCR2, are elevated in
cancer tissue compared with normal endometrium and
localized to glandular epithelium, endothelium, and stroma.
Treatment of Ishikawa cells stably transfected with the FP
receptor (FPS cells) with 100 nmol/L PGF2„ increased CXCL1
promoter activity, mRNA, and protein expression, and these
effects were abolished by cotreatment of cells with FP
antagonist or chemical inhibitors of Gq, epidermal growth
factor receptor, and extracellular signal-regulated kinase.
Similarly, CXCL1 was elevated in response to 100 nmol/L
PGF2o[ in endometrial adenocarcinoma explant tissue. CXCL1
is a potent neutrophil chemoattractant. The expression of
CXCR2 colocalized to neutrophils in endometrial adenocarci¬
noma and increased neutrophils were present in endometrial
adenocarcinoma compared with normal endometrium. Con¬
ditioned media from PGF2cx-treated FPS cells stimulated
neutrophil chemotaxis, which could be abolished by CXCL1
protein immunoneutralization of the conditioned media or

antagonism of CXCR2. Finally, xenograft tumors in nude mice
arising from inoculation with FPS cells showed increased
neutrophil infiltration compared with tumors arising from
wild-type cells or following treatment of mice bearing FPS
tumors with CXCLl-neutralizing antibody. In conclusion, our
results show a novel PGF2o(-FP pathway that may regulate the
inflammatory microenvironment in endometrial adenocarcino¬
ma via neutrophil chemotaxis. [Cancer Res 2009;69( 14):5726-33]

Introduction

Endometrial adenocarcinoma is the most common gynecological
malignancy in Western countries, affecting mainly postmenopausal
women with a frequency of 15 to 20 per 100,000 women per year
(1). Overexpression of the cyclooxygenase (COX) enzymes and
prostaglandins has been shown in endometrial adenocarcinoma as
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well as a number of other cancer types and gynecological
pathologies (2, 3).
In the reproductive tract, the most commonly synthesized

prostaglandins are the E- and F-series prostanoids (4). These are

synthesized from arachidonic acid by COX enzymes and prosta¬
glandin synthases, and are then transported out of the cell by a
prostaglandin transporter (5) to act in an autocrine/paracrine
manner on G-protein-coupled receptors. The G-protein-coupled
receptor for PGF2a (FP) is a Gq coupled receptor, which upon
activation leads to release of inositol-l,4,5-trisphosphate and
diacylglycerol (6). Recently, we have shown a role for FP in
endometrial adenocarcinoma, with evidence for elevated PGF2a-FP
signaling up-regulating angiogenic and tumorigenic genes includ¬
ing COX-2 (7), FGF2 (8), and vascular endothelial growth factor
(VEGF; ref. 9), and increasing proliferation and migration of
neoplastic epithelial cells (10-12).
Chemokine (C-X-C motif) ligand 1 (CXCL1, also known as

growth-regulated oncogene a) has angiogenic, chemoattractant,
and inflammatory activities (13). A link between prostaglandins
and CXCL1 has been shown, as prostaglandin E2 signaling induces
CXCL1 expression in colorectal cancer cell lines (14). CXCL1 is up-
regulated in melanoma (15, 16), colorectal (17, 18), and prostate
cancer (19) and binds to the CXCR2 receptor (20) to promote the
recruitment of neutrophils to sites of inflammation (21). Although
the role of neutrophils in cancer is unclear, recent evidence
suggests that they may promote tissue remodeling by production of
proteases including matrix metalloproteinase (MMP)-9 (22) and
angiogenic factors such as VEGF (23), in addition to their classic
role as the first line of defense against invading pathogens (24).
In this study, we used a chemokine antibody array to identify

CXCL1 as a target gene of PGF2a. We investigated the expression,
localization, and regulation of CXCL1 expression mediated via
PGF2tt-FP signaling in endometrial adenocarcinoma and its
downstream regulation of neutrophil influx into endometrial
tumors in vitro and in endometrial tumor xenografts in vivo.

Materials and Methods

Reagents. Indomethacin, PBS, bovine serum albumin (BSA), AL8810, Tri-
reagent, and PGF2a were purchased from Sigma Co. PD98059, AG1478,
Cyclosporin A, and 4C3MQ were purchased from Calbiochem. CXCR2 and
Gr-1 (a murine neutrophil marker) antibodies were purchased from R&D
systems, and CXCL1 and neutrophil elastase antibodies from Santa Cruz
Biotechnology and DAKO, respectively. FITC-CDllb, PE-GR-1, and Cy5-
CDllc antibodies were obtained from eBioscience. The chemokine antibody
array was purchased from RayBiotech.
Patients and tissue collection. Endometrial adenocarcinoma tissue and

normal tissue was obtained as detailed in our prior studies (9, 10). Cancer

Cancer Res 2009; 69: (14). July 15, 2009 5726 www.aacrjournals.org



PGF2a-FP Signaling Promotes Neutrophil Chemotaxis

patients were prediagnosed to have adenocarcinoma of the uterus, and
diagnosis was confirmed histologically in all cases. Normal endometrial
tissue was collected from women undergoing surgery for minor gynecologic
procedures with no underlying endometrial pathology. Ethical approval was
obtained from Lothian Research Ethics Committee, and written informed
consent was obtained from all subjects before tissue collection.

Cell lines, culture, and treatments. Wild-type (WT) Ishikawa cells and
Ishikawa cells engineered to stably express the full-length human FP
receptor to the levels observed in endometrial adenocarcinomas, called FPS
cells, were cultured as described previously (9). Transient transfections were
performed using Superfect (Qiagen) as per the manufacturer's protocol. The
optimal concentrations of all chemical inhibitors and antibodies were
determined empirically by titration using the manufacturer's guidelines as
described in our previous studies (25). Cell viability was determined for each
inhibitor using the CellTitre 96 AQueous One Solution assay (Promega) as
described in our previous studies (10, 25). Within the time frame of
incubation in this study, the inhibitors had no adverse effect on cell viability,
at the concentration used. Cells were treated with vehicle, inhibitor alone,
or 100 nmol/L PGF2a alone or in the presence of YM254890 (1 pmol/L),
AL8810 (50 pmol/L), 43CMQ (1 pmol/L), AG1478 (200 nmol/L), or

Cyclosporine A (CsA; 1 pmol/L) for the time indicated.
Chemokine antibody array. Conditioned medium (CM) was prepared as

described (8). Briefly, FPS cells were stimulated with vehicle or 100 nmol/L
PGF2« for 24 h. The CM (V-CM or P-CM, respectively) was analyzed for
cytokine expression using the RayBio Human Cytokine Antibody Array 3 kit,
following manufacturer's protocol.

CXCL1 luciferase reporter assays. The CXCL1 reporter plasmid
consisting of the CXCL1 promoter fused to the firefly luciferase reporter
(as described in ref. 26) was kindly supplied by Professor Ann Richmond
(Department of Cell Biology, Vanderbilt University School of Medicine,
Nashville, Tennessee). The CXCL1 promoter firefly luciferase reporter was
transfected into FPS cells with pRL-TK (containing the renilla luciferase
coding sequence; Promega) as an internal control. FPS cells were
cotransfected with control vector (pcDNA3.0) or vector encoding a
dominant negative (DN) isoform of EGFR, Ras, MAP/ERK kinase (MEK),
or NFAT (kindly supplied by Professor Zvi Naor, Tel Aviv University, Israel).
The DN constructs have been previously characterized and described (27,
28). Cells were stimulated with vehicle or 100 nmol/L PGF2a for the time
indicated in the figure legend. The activity of firefly and renilla was
determined using the dual luciferase assay kit (Promega) and total
luciferase activity determined relative to the internal renilla control. Data
are expressed as fold increase in luciferase activity compared with vehicle-
treated cells and are presented as mean ± SE from at least three
independent experiments.
Taqman quantitative reverse transcription-PCR. CXCL1 and CXCR2

expression in endometrial tissues and FPS cells was measured by
quantitative reverse transcription-PCR analysis as described previously
(1, 2). FPS cells were treated with vehicle, 100 nmol/L PGF2a alone or in the
presence of inhibitor, or vehicle and inhibitor alone for 8 h. RNA samples
were then extracted using Tri-reagent following manufacturer's guidelines.
RNA samples were reverse transcribed and RT-PCR performed as described
previously (1, 2) using sequence specific primers and probes: CXCL1
forward, 5'-GTT TTC AAA TGT TCT CCA GTC ATT ATG-3'; reverse, 5'-CCG
CCA GCC TCT ATC ACA GT-3'; probe, 5'-TTC TGA GGA GCC TGC AAC
ATG CCA-3'; CXCR2 forward, 5'-TGC TCT TCT GGA GGT GTC CTA CA-3';
reverse, 5'-AGA TCT TCA CCT TTC CAG AAA TCT T-3'; probe, 5'-CCC AGC
GAC CCA GTC AGG ATT TAA-3'. Primers and data were analyzed and
processed using Sequence Detector vl.6.3 (Applied Biosystems). Expression
of analyzed genes was normalized to RNA loading for each sample using
the 18S rRNA as an internal standard. Results are expressed as fold increase
above cells treated with vehicle and inhibitor. Data are presented as
mean ± SE from at least three independent experiments.

CXCL1 ELISA. CXCL1 protein secretion by FPS cells in the culture media
was measured by the Human CXCL1 Quantikine ELISA kit (R&D systems).
FPS cells were treated as described above for mRNA, for time indicated
in the figure legend. The ELISA was then carried out according to
manufacturer's instructions. Absorbance of wells was determined by

spectrophotometry at 450 nm. Data are presented as mean ± SE from at
least three independent experiments.
Immunohistochemical analysis. Expression of CXCL1, neutrophil

elastase, CXCR2, and Gr-1 was localized in endometrial tissue and
xenografts by immunohistochemistry using standard techniques as
described previously (1, 2). Briefly, following antigen retrieval, sections
were blocked in 5% normal rabbit serum (CXCL1 and Gr-1) or normal goat
serum (CXCR2 and neutrophil elastase) diluted in TBS with 5% BSA.
Subsequently, tissue sections were incubated with goat anti-human CXCL1
polyclonal antibody (2 pg/mL), mouse anti-human CXCR2 (5 pg/mL),
mouse anti-human neutrophil elastase monoclonal antibody (2 pg/mL), or
rat anti-mouse Gr-1 (5 pg/mL) overnight at 4°C. Control sections included
the following: no primary antibody, nonimmune goat, mouse and rat IgG, or
CXCL1 antibody preabsorbed with blocking peptide (20 pg/mL; Santa Cruz
Biotechnology). Subsequently, sections were incubated with rabbit anti-
goat/rat biotinylated or goat anti-mouse biotinylated antibodies (DAKO),
followed by streptavidin-horse radish peroxidase complex (DAKO). Color
reaction was developed with 3 3 diaminobenzidine (DAKO). Sections were
counterstained in hemotoxylin. Images were obtained on a PROVIS
microscope at X200 or X400 magnification (Olympus Optical) using Canon
EOS image capture software (Canon). The number of neutrophils was

quantified using neutrophil elastase staining and standard stereological
techniques. Briefly, each section was examined using x40 plan apo objective
from a BH2 microscope (Olympus) fitted with an automatic stage (Prior
Scientific Instruments Ltd.) using a video camera (HV-C20; Hitachi) and
analyzed with Image-ProPlus 4.5.1 software with a Stereology 5.0 plug-in
(Media Cybernetics). A total of 40 randomized fields of view were examined
and counted (n = 7 normal endometrium; n - 30 carcinoma), and data are

expressed as mean number of cells per mm2 of tumor examined.
Immunofluorescence microscopy. CXCR2 expression was colocalized

with neutrophil elastase by immunofluorescence microscopy as described
previously (8, 29). Briefly, sections were blocked in 5% normal goat serum
diluted in PBS with 5% BSA before incubation with mouse anti-neutrophil
elastase (1 pg/mL). Following overnight incubation at 4°C, sections were
incubated with goat-anti mouse biotinylated Fab, then tyramide signal
amplification kit (TSA Fluorescein System; 1:50 dilution; Perkin-Elmer).
Sections were then microwaved in 0.01 M citrate buffer for 30 min and

endogenous peroxidase blocked using hydrogen peroxide. Nonspecific
binding was blocked with 5% normal goat serum and sections were
incubated with mouse anti-CXCR2 antibody (1 pg/mL) at 4°C overnight.
Sections were again incubated with goat-anti-mouse biotinylated Fab and
tyramide signal amplification kit. Nuclei were stained using ToPro
(Molecular Probes). Fluorescent images were visualized and photographed
using a Carl Zeiss laser scanning microscope LSM510 (X400 objective; Jena).
Neutrophil chemotaxis assay. Neutrophil chemotaxis was analyzed

using transwell inserts (5-pm pore size; Corning Costar). Neutrophils were
purified as previously described (30) and resuspended in serum free media.
Cells (750,000) were added to the top chamber of the transwell insert and
600 pL of V-CM or P-CM was added to the bottom chamber. Serum-free
media alone or with 50,000 pg/mL CXCL1 were added as negative and
positive controls, respectively. Cells were incubated at 37°C in a 5% C02
atmosphere for 1 h and the plate was gently tapped to dislodge cells
adhered to the underside of the membrane. Cells in the bottom chamber
were collected and counted at least six times using a haemocytometer. Data
are expressed as mean ± SE from at least three independent experiments.
Xenograft tumor model. A suspension of 500,000 Ishikawa WT or FPS

cells in a total volume of 0.2 mL DMEM was injected s.c. into each dorsal
flank of CD\-Foxnlmi mice (Charles River). The mice (n = 30) were divided
into two groups of equal tumor size after engraftment (1 wk). The mice were
injected twice weekly with 100 pg IgG (WT and FPS) or CXCL1 neutralizing
antibody (FPS) via i.p. injection for 4 wk. One tumor from each mouse was
placed in PBS for flow cytometry analysis and RNA extracted from the
second tumor from each mouse. The animals were maintained under sterile

conditions in individually vented cages.
Flow cytometry analysis. Xenografts from nude mice were assessed for

immune cell infiltrate using flow cytometry (n = 15). Briefly, tumors were

digested by collagenase treatment at 37 °C for 45 min. Tissue was then
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mechanically disrupted into a single-cell solution using a syringe and 40 |im
mesh and resuspended in fluorescence-activated cell sorting (FACS) wash
(PBS + 1%BSA + 2% formalin). Cells were incubated at 4°C for 30 min in
FACS wash containing the following monoclonal antibodies and appropri¬
ate isotype controls: FITC-CDllb, PE-Gr-1, and Cy5-CDllc. RBC were lysed
using BD FACS lysing solution according to manufacturer's instructions (BD
Biosciences). Samples were analyzed using a FACScalibur cytometer (BD
biosystems) using BD CellQuest software. Neutrophils were defined by
expression of Gr-1 and CD lib epitope, absence of CD11c, and scatter
profile.
Statistical analysis. Where appropriate, data were subjected to

statistical analysis with ANOVA and Student's t test (GraphPad Prism).

Results
CXCLl expression in FPS cells. Changes in cytokine expression

in FPS cells in response to PGF^ treatment were examined by
cytokine antibody array (Fig. LI). A combined up-regulation of
CXCLl, CXCL2, and CXCL3 as well as CXCLl alone was observed

following 100 nmol/L PGF2a treatment of FPS cells for 24 hours
compared with vehicle-treated cells. To verify this finding, the
promoter activity (Fig. IB), mRNA (Fig. 1C), and protein (Fig. ID)
expression of CXCLl in response to PGF2a treatment was
examined. All were significantly increased (P < 0.01) in response
to PGF2a treatment in a time-dependent manner compared with
vehicle-treated cells.

Involvement of epidermal growth factor receptor and MEK
signaling in CXCLl production. To determine signaling pathways
mediating CXCLl production in FPS cells, we treated cells with
vehicle, 100 nmol/L PGF2„ alone or with a panel of chemical
inhibitors of cell signaling, or inhibitor alone (Fig. 2). Treatment of
FPS cells with PGF2„ for 8 and 24 hours induced a 91.5- ± 8.4-fold

and 22.3- ± 4.7-fold increase in CXCLl mRNA and protein
expression, respectively, compared with vehicle treated cells
(Fig. 2A and B). This increase was abolished by treatment of cells
with a selective inhibitor of Gq (YM254890; P < 0.01) and
significantly inhibited with the FP receptor antagonist AL8810
(P < 0.05) and inhibitors of epidermal growth factor receptor
(EGFR; AG 1478; P < 0.05) and MEK (PD98059; P < 0.01). Inhibitors
of calcineurin (CsA) and protein kinase A (43CMQ) did not
significantly affect CXCLl mRNA and protein production.

We confirmed a role for EGFR and extracellular signal-regulated
kinase (ERK) in PGF2a-mediated CXCLl production by cotransfect-
ing FPS cells with the CXCLl promoter and either an empty vector
(pcDNA3.0) or DN EGFR, DNRas, DNMEK, or DN-Nuclear factor of
activated T-cells (NFAT; Fig. 2C). Treatment of control-vector-
transfected cells with 100 nmol/L PGF2„ showed an elevation of
CXCLl promoter activity of 18.9- ± 3.6-fold, which was signifi¬
cantly reduced by cotransfection of cells with DN-EGFR (P < 0.05),
DN-ras (P < 0.01), and DN-MEK (P < 0.01), but no significant
difference was shown when cells were transfected with DN-NFAT.

CXCLl and CXCR2 expression in endometrial adenocarci¬
noma and normal endometrium. Because we had ascertained a

role for the FP receptor in regulating CXCLl in an endometrial
adenocarcinoma cell line, we next investigated the expression and
regulation of CXCLl in endometrial adenocarcinoma explants by
PGF2a. Quantitative RT-PCR analysis showed an increase in the
expression of CXCLl and its receptor CXCR2 mRNA expression in
human endometrial adenocarcinoma tissue (n = 58) compared
with normal endometrium (n = 45; 5.9- and 4.2-fold, respectively;
P < 0.001; Fig. 3A and B). We investigated whether CXCLl
expression in endometrial adenocarcinoma explants was regulated
via FP and MEK signaling pathways. Carcinoma tissue was treated
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Figure 1. PGF2„ regulates CXCL1
expression in FPS cells. A, a human
cytokine antibody array was used to
determine differences in protein production
in the conditioned media of vehicle-treated
and PGF2„-treated cells. B, CXCL1
promoter activity was increased in FPS
cells stimulated with 100 nmol/L PGF2„
compared with vehicle control over a period
of 4 to 24 h. Data are expressed as fold
increase in luciferase activity compared
with vehicle-treated cells. C, FPS cells
stimulated with 100 nmol/L PGF2„ show a
time-dependent increase in CXCL1 mRNA
expression as measured by quantitative
RT-PCR. Data are expressed as fold over
vehicle-treated cells. D, CXCL1 protein
secreted into media was measured by
ELISA and was increased after treatment
with PGF2„ up to 72 h. Columns, mean of
at least three independent experiments.
P < 0.05, b is significantly different from a;
P < 0.01, c is significantly different from
a and b.
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with PGF2„ in the absence/presence of AL8810 and PD98059 for
24 hours. CXCL1 mRNA was found to be elevated 5.3- ± 0.8-fold
in response to PGF2„ (P < 0.05). Cotreatment of tissue with AL88I0
or PD988059 significantly reduced this increase in CXCL1 expres¬
sion (P < 0.05).
Localization of CXCL1 and CXCR2 in endometrial adeno¬

carcinoma. The site of expression of CXCL1 and CXCR2 protein in
carcinoma tissue was then determined by immunohistochemistry
(Fig. 4/1). CXCL1 and CXCR2 immunoreactivity was localized to
glandular epithelium, vascular endothelial cells, and stroma in all
well, moderately, and poorly differentiated carcinoma sections
studied {n = 4 each group).
Using serial sectioning, CXCL1 expression could be localized to

the same glandular epithelial and vascular endothelial cells as the
FP receptor (Fig. 4B, arrowheads). CXCL1 has been previously
described as a potent neutrophil chemoattractant. We next
colocalized CXCR2 expression throughout the stroma with
expression of neutrophil elastase, a neutrophil marker, in
endometrial adenocarcinoma using dual immunofluorescence
immunohistochemistry (Fig. 4C). No immunoreactivity was ob¬
served in sections incubated with nonimmune IgG. The number of
neutrophils present in endometrial tissue was then quantified
using immunohistochemistry for neutrophil elastase (Fig. 4ft) and
was found to be 13.9- ± 2.3-fold higher in cancer compared with
sections of normal endometrium (P < 0.01).
PGF2ri-stimulated CXCL1 induces neutrophil chcmotaxis

in vitro and in vivo. We next determined whether the CXCL1

expressed in FPS cells via PGF2a-FP receptor interaction could
induce neutrophil chemotaxis. Human neutrophils were purified
from peripheral blood and used in a chemotaxis assay. We found a

significant increase in neutrophil chemotaxis in response to
conditioned media from FPS cells treated with 100 nmol/L PGF2„
(P-CM) compared with vehicle-treated cells (V-CM; Fig. 5/1). This
effect was significantly inhibited with immunoneutralization of
CXCL1 before incubation with neutrophils or with the addition of
the CXCR2 antagonist SB225002 to P-CM (P < 0.001).

To explore whether FP receptor signaling could promote
neutrophil migration in vivo, we injected WT or FPS cells s.c. in
nude mice. Mice were then regularly injected with control IgG
(WT and FPS xenografts) or CXCL1 antibody (FPS xenografts).
Tumors formed from FPS cells expressed significantly higher
CXCL1 mRNA compared with WT tumors (Fig. 5ft) and, when
analyzed by flow cytometry, had increased neutrophil infiltration
(P < 0.001; Fig. 5C). This infiltration was significantly decreased in
FPS xenografts injected with CXCL1 neutralizing antibody
compared with those treated with nonimmune IgG (P < 0.001).
This analysis was confirmed further by immunohistochemistry
(Fig. 5ft), where increased neutrophils were seen distributed
throughout FPS xenografts compared with WT or CXCI, immuno-
neutralized FPS xenografts.

Figure 2. CXCL1 production in FPS cells is mediated by EGFR, Ras, and MEK.
A, CXCL1 mRNA production, measured by quantitative RT-PCR, was increased
after 8 h of PGF2„ treatment. This was decreased by cotreatment with
YM254890, AL8810, AG1478, and PD98059. No reduction was seen after
cotreatment with CsA or 4C3MQ. B, CXCL1 protein secretion after 24 h of
PGF2„ treatment was reduced after cotreatment with YM254890, AL8810,
AG1478, and PD98059. No reduction was seen after cotreatment with CsA or
4C3MQ. C, CXCL1 promoter activity was measured in cells treated with PGF2„
alone or with DN-EGFR, DN-Ras, DN-MEK, or DN-NFAT. Significant reduction in
activity was seen after 8 h with all constructs except DN-NFAT. Columns,
mean of at least three independent experiments; **, P < 0.01.
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Figure 3. CXCL1 and CXCR2 expression is increased in endometrial
adenocarcinoma. CXCL1 (A) and CXCR2 (8) mRNA expression is significantly
increased in endometrial adenocarcinoma tissue (n = 58) compared with
normal endometrium (n = 45). C, CXCL1 mRNA is increased in endometrial
adenocarcinoma explants (n = 4) after treatment with PGF2„. Cotreatment
with AL8810 or PD98059 significantly decreases this effect. P < 0.05, b is
significantly different from a; P < 0.001, d is significantly different from a and b.

Discussion

The link between inflammation and tumor progression has
been shown in a range of studies. For example, elevated
expression of inflammatory COX-2 and prostaglandins has been
correlated with tumor growth and angiogenesis in prostate,
pancreatic, and colon cancer (31-33), and the risk of long-term
inflammation has been shown by studies showing that continued
use of specific COX-2 inhibitors nonsteroidal anti-inflammatory
drugs can significantly reduce cancer occurrence in patients at
high risk (34). In the present study, we show that PGF^-FP
signaling can regulate expression of the inflammatory chemokine
CXCL1 in endometrial adenocarcinoma cells to modulate

neutrophil influx in tumors. To our knowledge, this is the first
study to provide a link between inflammatory prostanoids,

specifically PGF2ct, and neutrophil recruitment in endometrial
cancers.

Prostaglandins have been shown to regulate chemokine
expression in vitro (35, 36). Prostaglandin E2 is overexpressed in
many cancer types and has been shown to induce CXCL1
production in colon cancer cells, which can then promote tube
formation and migration of endothelial cells (14). We have
previously ascertained a role for the FP receptor and PGF2„
signaling in regulating endometrial adenocarcinoma (8-11). In the
present study, we investigated a role for the FP receptor in
modulating the expression of chemokines using an in vitro model
system of Ishikawa cells stably expressing the human FP receptor
(FPS cells; ref. 9) and a human cytokine antibody array. The array
identified CXCL1 as a key cytokine induced by PGF2ct-FP signaling.
Using FPS cells, which we have previously shown to reproduce the
ex vivo effects of PGF^ on endometrial adenocarcinoma tissue
explants (9), we elaborated the signaling pathways mediating the
role of FP on CXCL1 expression using chemical inhibitors and DN
mutants of cell signaling pathways. A key effector pathway that has
been previously shown to regulate tumorigenic signaling molecules
in response to G-protein-coupled receptor signaling is the
mitogen-activated protein kinase (MAPK) pathway. The signaling
components of this pathway in FPS cells have been identified in
our laboratory, where the phosphorylation of the downstream
component of the MAPK pathway, ERK1/2, was shown to be
mediated by EGFR trans-activation and c-src phosphorylation (9).
We found that chemical inhibitors of EGFR and MEK could inhibit
CXCL1 production, as did cotransfection of DN EGFR, Ras, and
MEK. However, NFAT, a common regulator of cytokine expression
(37), was not involved in PGF2a-mediated CXCL1 production in this
cell type. These data are supported by previously published
evidence in colorectal adenocarcinoma cell lines where the ERK

pathway was also shown to be crucial in the regulation of CXCL1
expression after stimulation with prostaglandin E2 (14).
Overexpression of CXCL1 has previously been shown in a variety

of tumor types, including colorectal (18) and melanoma (15), and
promotes a variety of cellular functions including cell proliferation
in esophageal cancer (38) and cell invasion in bladder cancer (39).
Here, we showed elevated expression of CXCL1 and its receptor
CXCR2 in endometrial adenocarcinoma compared with normal
endometrium. Expression of both was localized to glandular
epithelium, stroma, and vascular endothelial cells. In addition,
treatment of endometrial adenocarcinoma explants with PGF2„
caused an increase in CXCL1 expression via FP receptor and ERK1/2
signaling pathways confirming the importance of this signaling
cascade in regulating CXCL1 expression ex vivo. CXCR2 localization
in neutrophils in endometrial adenocarcinoma suggested that
CXCL1 via CXCR2 could play a role in immune cell function. A
role for CXCL1 in neutrophil influx has been previously shown in an

angiogenic sponge model in the mouse, as endogenous CXCL1
expression increased immediatelypreceding a neutrophil influx (40).
Here, we show by immunohistochemistry that neutrophils are

elevated in human endometrial adenocarcinomas. We have also
confirmed that CXCL1 is strongly chemotactic to neutrophils as
conditioned media from PGF2a-stimulated FPS cells induced
chemotaxis of peripheral neutrophils. This chemotaxis was

significantly reduced by CXCL1 immunoneutralization and CXCR2
inhibition using a specific antagonist. To determine a role for
CXCL1 induced by PGF2<I-FP interaction in vivo, we inoculated nude
mice with FPS and WT cells. The increased neutrophils in the
resulting FPS tumors compared withWT were significantly reduced
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by injection of CXCL1 neutralizing antibodies, demonstrating that
PGFja signaling via CXCL1 is influencing neutrophil cell infiltrate in
endometrial adenocarcinomas. Neutrophil infiltration into tumors
has also been shown to be dependent on CXC chemokine-CXCR2
signaling in amodel of melanoma in a CXCR2 null nude mouse (41).
A chemokine-mediated influx of neutrophils is seen in the late

secretory phase of the normal endometrium (42). Their role may be
dependent on the activating agents and cytokines present, but they
are thought to be involved in the breakdown and repair at
menstruation by degranulation and the release of proteases that
degrade the extracellular matrix (43). They may also be capable of
remodeling vasculature, as neutrophils found close to or associated
with endothelial microvessels express VEGF during or coincident
with angiogenesis in the normal menstrual cycle (44).
The role of neutrophils in endometrial adenocarcinoma is

unclear, and in our study, similar to other reports (45, 46),
neutrophil influx in our xenograft model did not effect on tumor
size. However, considering their profound tissue-remodeling
capabilities, which have been shown in a number of animal
models of other cancer types, it is possible that they play a similar
role in endometrial cancer. For example, neutrophils have been
shown to uniquely produce a tissue inhibitor of metalloproteina.se-
free MMP-9, a key protease involved in extracellular matrix

degradation, which may affect the tumor microenvironment by
tissue remodeling (24). In addition, the depletion of neutrophils in
a mouse model was shown to prevent metastasis of fibrosarcoma
cells from the primary tumor (45), suggesting a role for neutrophils
in the switch to a metastatic phenotype. In a nude mouse model
of breast cancer, overexpression of interleukin-8, a chemokine
related to CXCL1, caused an infiltration of neutrophils, which
increased invasiveness of the tumor, likely due to an increase in
protease production (47). Similarly, the decrease in neutrophil
infiltration caused by an inhibition of CXCL1 expression in a nude
mouse model of colon cancer significantly decreased metastasis in
these animals (48). Furthermore, neutrophils may also promote
tumorigenesis through means other than tissue remodeling. In an
in vitro model of colon cancer, neutrophils promote cellular stress
by inducing transient errors in DNA replication in epithelial cells
(49), which could ultimately lead to carcinogenesis, whereas
neutrophils from ovarian cancer patients released higher levels of
reactive oxygen species, which could potentially lead to cellular
changes that support tumor progression (50).
In conclusion, we provide evidence for a novel PGF2a-FP

pathway that can regulate the inflammatory microenvironment
in endometrial adenocarcinoma via CXCLl-induced neutrophil
chemotaxis.

Figure 4. CXCL1 and CXCR2 are expressed in
endometrial adenocarcinoma and colocalized with
FP receptor expression and neutrophil elastase,
respectively. A, immunohistochemical staining of
CXCL1 and CXCR2 in moderately and poorly
differentiated endometrial adenocarcinoma. GL,
glandular; VE, vascular endothelial; S, stromal.
S, CXCL1 can be colocalized to the same cells as
FP receptor (arrowheads) in well-differentiated
adenocarcinoma by serial sectioning. C,
colocalization of the site of expression of CXCR2
(green) and neutrophil elastase (red). Inset,
negative controls are inset. D, carcinoma sections
(n = 30) and normal proliferative endometrium
(n = 7) were analyzed for expression of neutrophil
elastase. Increased expression was seen in cancer
(b is significantly different from a, P < 0.01). Scale
bars, 100 pm (A and B) and 10 pm (C).
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Figure 5. Neutrophils migrate in response
to PGF2„-induced CXCL1 in vitro and
in vivo. A, neutrophil chemotaxis was
increased in response to conditioned media
from FPS cells treated with PGF2„ for
48 h (P-CM) compared with vehicle-treated
cells (V-CM). CXCL1 immunoneutralization
and the addition of 60 nmol/L SB-225002
significantly decreased chemotaxis.
Control goat IgG immunoneutralization
showed no significant effect. Data are
expressed as fold over negative control
(serum-free medium). 5, CXCL1 mRNA
expression is significantly increased in
nude mice xenografts formed from FPS
cells compared with WT cell xenografts.
Injection of CXCL antibody into xenografts
made no significant difference to CXCL1
mRNA expression. C, percentage of
neutrophils in tumors from WT and FPS
xenografts (n = 5 per group), measured by
flow cytometry. Increased neutrophil
infiltration is seen in FPS xenografts, which
is significantly reduced by injection of
CXCL1-neutralizing antibody. D,
localization of neutrophils in xenografts by
Gr-1 staining. Arrowheads, neutrophils;
scale bars, 100 pm (P < 0.05, b is
significantly different from a; P < 0.01, c is
significantly different from a and b;
P < 0.001, d is significantly different from a,
b, and c).
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Inhibition of eosinophil migration by lactoferrin
Irini Bournazou1, Karen J Mackenzie1, Rodger Duffin1, Adriano G Rossi1 and Christopher D Gregory1'2

Eosinophilic granulocytes are innate effector cells that are important in immune responses against helminth parasitic infections
and contribute towards the pathology associated with allergic inflammatory conditions, including allergic rhinitis and asthma.
Their recruitment to inflammatory sites occurs in response to chemotactic and activation signals, such as eotaxin and
interleukin-5, and is a tightly controlled process. However, the mechanisms that counterbalance these positive chemoattractive
processes, thereby preventing excessive eosinophil infiltration, have received little attention. Here, we show that, lactoferrin
(LTF), a pleiotropic 80-kDa glycoprotein with iron-binding properties, acts as a powerful inhibitor of eosinophil migration.
Irrespective of its source (milk or neutrophil derived), LTF inhibits eotaxin-stimulated eosinophil migration with no effects on
eosinophil viability. Transferrin, a closely related cationic glycoprotein, failed to produce an analogous effect. Furthermore, the
iron-saturation status of LTF did not influence the observed inhibitory effect on migration, proving that LTF exerts its effect on
eosinophil chemotaxis independent of its iron-chelating activity. These results highlight LTF as one of the few molecules
reported to negatively regulate eosinophil migration. Thus, through its ability to inhibit eosinophil migration, LTF has potential
as an effective therapeutic in the control of eosinophil infiltration in atopic inflammatory conditions.
Immunology and Cell Biology advance online publication, 17 November 2009; doi:10.1038/icb.2009.86

Keywords: allergic disorders; chemotaxis; eosinophils; iron

Eosinophils, though they constitute only about 1-6% of leukocytes, are
important in defense against invading parasites and have prominent
effector roles in several inflammatory disorders.1 Normally, eosinophils
are essentially limited to the digestive tract and are absent from other
tissues;2 however, the inflammatory responses observed in bronchial
asthma, allergic rhinitis, dermatitis or in allergic gastrointestinal diseases
are characterized by the local accumulation of eosinophils within the
affected tissues.3 The presence of eosinophils is associated with the release
of eosinophil-derived toxic inflammatory mediators, such as major basic
protein, eosinophil cationic protein, eosinophil-derived neurotoxin and
eosinophil peroxidase, all of which are stored in intracellular granules
within eosinophils.4 The release of these products, evolved to deal
efficiently with invading parasites, is also believed to contribute to the
pathophysiology of the underlying inflammatory disorders.5
Recruitment of eosinophils to inflammatory sites is tightly regu¬

lated and occurs in response to chemokines, especially eotaxin, and
cytokines expressed at sites of allergic inflammation, such as inter-
leukin-1 (IL-1) and tumor necrosis factor-a, along with the Th2
cytokines, IL-5, IL-4, IL-13 and IL-9, that promote eosinophil recruit¬
ment and activation either directly or by regulating local IL-5 and
eotaxin synthesis and by suppressing interferon-y production. Leuko-
trienes and prostaglandins, mainly leukotriene B4 and prostaglandin
D2, respectively, along with platelet-activating factor, are also impli¬
cated in promoting eosinophil chemotaxis.5

Although such positive chemoattractant signals have been well
characterized,6-8 little is known about the mechanisms or the presence
of regulatory molecules that negatively influence eosinophil migration,
and thus may account for few eosinophils in normal tissues. Indeed,
agents that can influence eosinophil infiltration and activation have
proven application in the treatment of allergic disorders, and several
therapeutic agents targeting multiple mechanisms underlying eosino-
philia are being investigated. For example, glucocorticoids limit
eosinophil cytokine production and promote eosinophil apoptosis,9
leukotriene antagonists and inhibitors interfere with eosinophil
recruitment, whereas therapeutic antibodies against IL-5 and
eotaxin-1 are under development to treat allergic conditions.10
Recently, it has also been found that lipoxin A4 blocks eosinophil
trafficking,11 whereas IL-6, IL-11 and IL-12 cytokines inhibit Th2
cytokine expression, vascular cell adhesion molecule-1 expression and
eosinophilia.12-14
Lactoferrin, a 75-80 kDa glycoprotein, belongs to the transferrin

family of proteins because of its iron-binding properties and is a well-
characterized component of neutrophil secondary granules, lacrimal
fluid, colostrum, saliva and mucosal secretions, with a range of
antimicrobial and antiinflammatory functions.15 We recently showed
that LTF is produced by apoptotic cells as part of the antiinflammatory
program of apoptosis and that the released protein functions as a

potent inhibitor of neutrophil chemotaxis both in vitro and in vivo by
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affecting signaling pathways that regulate neutrophil adhesion and
motility.16 LTF is also one of the most abundant proteins in the airway
surface liquid covering the mucosal epithelium.17 Interestingly,
administration of LTF has been implicated as a suppressor of airway
inflammation and its instillation has been shown to inhibit eosinophil
infiltration into bronchoalveolar lavage fluids and subepithelium in a
mouse asthma model.18 Also, in an allergic sheep model of asthma,
aerosolized LTF inhibited both late-phase bronchoconstriction and
airway hyperreactivity.19 Although the underlying antiinflammatory
mechanisms that account for this effect are still unclear in the first

case, it was proposed to be related to the iron-chelating properties of
LTF that caused reduced levels of reactive oxygen species in bronchial
epithelial cells, whereas in the second case, it was due to LTF
interaction with the tryptase released from mast cells, a causative
agent in asthma. On the basis that (a) LTF inhibits neutrophil
chemotaxis, (b) eosinophils, similar to neutrophils, are granulocytic
leukocytes and (c) LTF exerts an antiinflammatory effect on asthma
models, the aim of our study was to investigate the effect of LTF on
eosinophil migration.

RESULTS AND DISCUSSION
We first determined the migration of eosinophils towards milk-
derived purified or towards neutrophil-derived LTF by means of a
Boyden-type in vitro chemotaxis assay. We found that both milk-
derived and neutrophil-derived LTF exerted inhibitory effects on
eotaxin-induced eosinophil migration (Figure la). Furthermore, LTF
purified from human milk displayed a concentration-dependent
inhibitory activity toward eosinophil migration in response to eotaxin
(Figure lb), as well as towards other chemoattractants such as fMLP
(N-formyl-methionyl-leucyl-phenylalanine), C5a and leukotriene B4
to similar levels (Figure lc). It should be noted that both types of
purified LTF used were free of endotoxin contamination and therefore

the observed inhibitory effect was not due to LTF-associated lipopo-
lysaccharides. Moreover, LTF exerted no toxic effects on eosinophils, as
assessed by Annexin V/propidium iodide staining of control and LTF-
treated eosinophils (data not shown). In addition, LTF (125|im)
neither promoted eosinophil apoptosis nor affected constitutive
apoptosis when the cells were cultured over a 48-h time period
(data not shown). We next investigated whether LTF acted by
inhibiting eosinophil migration directly or by promoting eosinophil
repulsion. In chemotaxis assays, in which LTF was added to the upper
chamber along with eosinophils, we observed inhibition of eosinophil
migration towards eotaxin and control medium, suggesting that LTF
exerts a direct effect on eosinophils by inhibiting their migratory
ability and not by forcing them to migrate in all directions away from
the chemoattractant (Figure Id).
Lactoferrin is also known for its iron-binding properties, which

have been shown to be of utmost importance in many immunomo¬
dulatory functions. More specifically, iron-saturated LTF suppresses
IL-1 release by monocytes, whereas an inhibition of granulocyte-
macrophage colony-stimulating factor production by monocytes and
macrophages is correlated with the iron-saturation status of LTF.20,21
To investigate whether the ability of LTF to inhibit eosinophil migration
is coupled to its iron-saturation status, chemotaxis assays were

performed in which the inhibitory activities of iron-depleted (apo-LTF),
partially iron-saturated or fully iron-saturated LTF (holo-LTF) were

compared. We found that the levels of iron saturation were not related
to the levels of inhibition in eosinophil migration (Figure 2a).
Furthermore, as LTF is closely related to transferrin, a cationic iron-
binding glycoprotein of similar size and structure (74% sequence
homology),15 we reasoned that, if the underlying eosinophil migration
inhibitory mechanism was based on its ability to chelate iron, then
transferrin might display similar effects on eosinophil migration.
To explore this possibility, eosinophils were induced to migrate towards

Control CS» IKIP 178. " + - - + - Top j |_1*F
+ - - + Bottom I

Figure 1 Lactoferrin (LTF) inhibits eosinophil chemotaxis. Chemotaxis assay to determine (a) eosinophil migration towards eotaxin (100 nut) in the presence
of milk-derived or neutrophil-derived LTF (125gM); *P<0.05 versus eotaxin control, (b) eosinophil chemotaxis towards eotaxin (100nM) in the presence of
varying concentrations of purified human LTF; *P<0.05 versus eotaxin control, (c) eosinophil chemotaxis to other chemoattractants (/V-formyl-methionyl-
leucyl-phenylalanine (fMLP), 100nM; C5a, 726nM and leukotriene B4 (LTB4), 50ni/i); *P<0.05 versus corresponding positive control and (d) eotaxin-
induced chemotaxis assay in the presence of LTF (125gM) in the top or bottom compartment of the Transwell insert; NS, non-significant versus
corresponding LTF (bottom+) controls. All results are representative of the mean of three independent experiments, error bars indicate s.e.m. and one-way
ANOVA (analysis of variance) was performed followed by Bonferroni's post hoc test.
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LTF + Eotaxin

Figure 2 The effect of lactoferrin (LTF) on eotaxin-induced chemotaxis occurs irrespective of the iron-saturation status and iron-binding properties of LTF.
Chemotaxis assay to determine (a) eosinophil migration towards eotaxin (100 nM) in the presence of recombinant iron-depleted (Apo-), partially iron
saturated and fully iron-saturated (Holo—) recombinant LTF (125 pm) and (b) eosinophil migration towards eotaxin (100 nM) in the presence of purified
human LTF (125|im) or purified human transferrin (TF, 125gM). All results are representative of the mean of three independent experiments, error bars
indicate s.e.m. and one-way ANOVA (analysis of variance) was performed followed by Bonferroni's post hoc test; *P<0.05 and NS, non-significant versus
eotaxin control.

eotaxin in the presence of transferrin. Our results clearly showed that
transferrin, in stark contrast to LTF, displayed no inhibitory effect on
eosinophil chemotaxis, providing in this way strong evidence that the
observed inhibition is LTF-specific and does not require iron-chelating
activity (Figure 2b).
Collectively, in this study, we showed that LTF, independently of its

iron-chelating activity, exerts an inhibitory effect on eosinophil
migration. This inhibitory effect does not alter the intracellular Ca2+
levels, [Ca2+];, that typically increase after stimulation with eotaxin
(data not shown). Although the exact molecular mechanisms still
remain unidentified, based on our published findings of the effects of
LTF on neutrophils,16 we propose that LTF interferes with the
activation status of eosinophils. In neutrophils, LTF inhibits their
migratory activity by impairing mobilization and/or expression of
surface (32-integrins and reducing the activation of intracellular
kinases (for example, the mitogen-activated protein kinase family
kinase, extracellular signal-regulated kinase) that influence cell migra¬
tion and motility.16'22 The observed effect of LTF complements earlier
findings describing the ability of LTF to reduce allergic airway
inflammation in in vivo models,18,19 the inability of soluble, contrary
to immobilized, LTF to activate eosinophils and the identification of
ITF receptors on eosinophils.23 In detail, two classes of LTF receptors
on eosinophils were identified using 125I-labelled LTF with dissocia¬
tion constants of 47 and 260 nM. However, the detailed molecular
mechanisms underlying eosinophil inhibition by LTF will require
extensive further work.
In conclusion, LTF can now be counted as one of the few molecules

that negatively regulate not only neutrophil but also eosinophil
migration. More importantly, LTF has the capacity to act directly on
eosinophils without affecting the transcription of chemoattractant
regulatory molecules, as in the case of the currently available drugs
targeting eosinophils.24'25 In addition, as a natural, physiological
component of the immune system, it has obvious appeal over the
chemical and antibody-based eosinophil-regulating drugs that are in
use or under development. In this way, LTF holds promise as a natural
therapeutic with potential for treating a range of atopic inflammatory
conditions, such as allergies and asthma that are characterized by
eosinophilia.

METHODS

Eosinophil isolation
Fresh human venous blood was collected from volunteers according to the
Royal Infirmary of Edinburgh (Scotland) Research Ethics Committee (1702/95/

3/11). Polymorphonuclear leukocytes were isolated as previously described.26
Eosinophils were separated by negative selection using an immunomagnetic
separation step with sheep anti-mouse IgG-Dynabeads (Dynabeads M-450,
Invitrogen, Paisley, UK) coated with the murine anti-CD 16 antibody 3G8.27
Eosinophils were routinely > 98% pure and > 99% viable.

Chemotaxis assay
Eosinophils (1 x 105 cells) were added on top of polyvinyl uncoated Transwell
inserts (Corning-Costar, Fisher Scientific, Loughborough, UK, 5 (am pore size)
and stimulated to migrate towards milk-derived (Sigma-Aldrich, Poole, UK) or
neutrophil-derived (Athens Research and Technology, Athens, GA, USA) LTF
(125 gM; TC-tested) in the lower chamber, in the presence or absence of a
chemoattractant for 60min at 37 °C. Chemotactic agents included eotaxin
(100 nM; PeproTech, London, UK), fMLP (100nM; Sigma-Aldrich), C5a
(726nM; Sigma-Aldrich) and leukotriene B4 (50nM; Sigma). Filters were
observed using an inverted microscope (Zeiss Axiovert 25, Zeiss, Welwyn
Garden City, UK) and relative cell migration was determined by enumerating
the number ofmigrated cells in 10 random high-power (x400) fields.

Statistics
Results from multiple experiments are presented as mean ± s.e.m. One-way
ANOVA (analysis of variance) was performed followed by Bonferroni's post hoc
test. In all cases, P-values of 0.05 or less were considered significant.
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ARTHUS REACTION
Paul G Hellewell, Applied Pharmacology, Imperial College School of Medicine at the National
Heart and Lung Institute, London, UK
Adriano G Rossi, Respiratory Medicine Unit, Department of Medicine, Rayne Laboratory,
Edinburgh, UK

The Arthus reaction was first described by Maurice
Arthus as an acute inflammatory response induced
in rabbit skin by a local injection of horse serum in
rabbits sensitized by previous injections of the same
substance. Although the reaction described originally
could have had components of anaphylactic and
delayed hypersensitivity responses, the term Arthus
reaction best describes the acute response initiated
by local deposition of immune complexes and is an
example of type III hypersensitivity. Strictly speak¬
ing, the Arthus reaction is restricted to the skin and
Arthus-like or Arthus-type reactions occur in other
organs.
Antibody-antigen complexes are believed to be

principal in the inflammatory response associated
with a number of diverse diseases which are listed in
Table 1. Some of these are well known while others
are more obscure and are complications of other dis-

Table 1 Diseases and conditions which have features of the
Arthus reaction

Systemic lupus erythematosus
Rheumatoid arthritis

Immune glomerulonephritis
Vasculitis

Kawasaki disease

Erythema nodosum leprosum
Inflammatory demyelinating neuropathies
Hypersensitivity pneumonitis
Reaction to immunization with diphtheria toxoid
Drug hypersensitivity

eases (e.g. erythema nodosum leprosum is a serious
complication of lepromatous leprosy) or can be
adverse reactions to drugs. In the Arthus reaction as
originally described, antigen was injected intra-
dermally into sensitized animals and, as antibody dif¬
fused from cutaneous microvessels, immune com¬
plexes were deposited in and around the vessel wall.
Experimentally it is convenient to induce the reaction
passively and in reverse, such that antibody is
injected intradermally and antigen intravenously -
the so-called reversed passive Arthus reaction.
The Arthus reaction can be dissected into three

fairly distinct stages: a rapid increase in vascular per¬
meability and extravasation of plasma protein,
which is maximal at 1-2 hours, infiltration of leuko¬
cytes (initially neutrophils) and hemorrhage which
peak in intensity after 4-8 hours. Longer reactions
are sometimes associated with necrosis. Experimen¬
tally, hemorrhage is the most notable feature of the
reaction in transparent tissues such as skin.

Role of complement

Immune complex-mediated tissue injury is thought
to be mediated in the initial stages by activation of
primarily the classical pathway of the complement
system. In the Arthus reaction the formation of
immune complexes in and around the wall of
microvessels (Figure 1) results in the activation of
complement and the generation of C3a and C5a as
well as assembly of the membrane attack complex
C5-C9. Depletion of complement (e.g. with cobra



238 ARTHUS REACTION

Macrophage

Figure 1 Some of the mechanisms involved in the pathological changes associated with an Arthus reaction. Although considered
to be driven primarily by complement components (in particular C5a), recent studies suggest that the mast cell Fc receptor plays
a crucial role (see text for details). Evidence that amines, PAF and LTB4 contribute to the edema formation and neutrophil accumu¬
lation has been obtained from pharmacological studies. A similar approach (using neutralizing antibodies) has demonstrated a role
for the cytokines and chemokines listed.

venom factor) reduces the magnitude of the Arthus
reaction and has led to the idea that C5a plays a key
role in orchestrating the early stages of the reaction.
Thus, generation of C5a could act on mast cells to
release bioactive amines which increase vascular per¬
meability and C5a itself increases permeability by a
mechanism that depends on circulating neutrophils.
This would supply more plasma proteins, including
complement components, leading to further C5a
generation. In support of this idea, both antibodies
to C5a and soluble CR1, which inhibits the gener¬
ation of C5a, provide partial protection against
immune complex-induced lung and skin inflam¬
mation in animal models. However, this concept has
been challenged recently by studies in mice geneti¬
cally deficient in complement components C3, C4 or
C5. In these animals the Arthus reaction is indis¬
tinguishable from that in wild-type controls, suggest¬
ing that complement is not required.

Role of blood elements and adhesion
molecules

One of the characteristic features of the reaction is
the accumulation of neutrophils. Experimentally this
peaks 4—8 hours after initiating the reaction and an
early observation was that edema formation and

hemorrhage in the Arthus reaction could be sup¬
pressed by depletion of circulating neutrophils.
Similar findings have been made using monoclonal
antibodies directed against neutrophil fb-integrins
and endothelial ICAM-1, which prevent neutrophil
recruitment to sites of Arthus reactions, presumably
by preventing firm adhesion and migration. Neutro¬
phils contribute to inflammatory changes in the
Arthus reaction in several ways: neutrophil-depen-
dent edema formation induced by C5a; neutrophil-
derived proteases which could cleave C5 in tissue
fluid leading to the generation of C5a; neutrophil
proteases such as elastase which could lead to tissue
destruction and hemorrhage; neutrophil production
of lipid mediators (such as platelet-activating factor
(PAF) and leukotriene B4 (LTB4)) and chemokines
(e.g. interIeukin-8, IL-8).
Arthus reactions are also suppressed by reagents

that interfere with selectin function, for example an
anti-E-selectin monoclonal antibody, which reduce
neutrophil accumulation and the attendant patho¬
logical changes. This has been attributed to the
capacity of selectins to mediate neutrophil rolling,
the first stage in the process of leukocyte recruitment.
An unexpected finding was the ability of a mono¬
clonal antibody against the leukocyte Pj-integrin
VLA-4 to decrease neutrophil accumulation in
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immune complex-induced lung inflammation. As
neutrophils do not express VLA-4, the protective
effect of the. antibody might be due to suppression
of macrophage function.
Platelet depletion also reduces neutrophil accumu¬

lation in the Arthus reaction. The reason for this is

not entirely clear but platelets are suggested to facili¬
tate efficient recruitment of neutrophils into tissues,
perhaps via lipid mediator interactions and P-
selectin-mediated adhesion.

Mediators involved in the Arthus
reaction

A list of inflammatory mediators demonstrated
(using a pharmacological approach) to have a role in
the pathology of the Arthus reaction is given in
Table 2. Biogenic amines (histamine and 5-
hydroxytryptamine) released from mast cells, usually
in response to the anaphylatoxins C3a and C5a, can
increase vascular permeability, although this action
is greatest in rodents. Antagonists of these amines
have no effect on neutrophil recruitment and
hemorrhage. A role for PAF in the Arthus reaction
was discovered almost a decade ago and it appears
to be an important mediator of plasma leakage. The
site of deposition of immune complexes may be
important in this regard; in the Arthus reaction neu¬
trophil phagocytosis of immune complexes in the
vessel wall releases PAF adjacent to endothelial cells
leading to plasma leakage. In contrast, phagocytosis
of immune complexes away from the vessel wall does
not reveal a role for PAF. The same consideration

may apply for LTB4 because specific receptor antag¬
onists reduce edema formation in an Arthus reaction.
Vasodilator prostaglandins (e.g. PGE2, prostacyclin)
produced in the Arthus reaction may modulate
edema formation and neutrophil accumulation by
augmenting the blood supply; this increases hydro¬
static pressure in postcapillary venules and increases
the delivery of neutrophils to the tissue.
Of the cytokines, IL-1 is involved in the edema

formation, neutrophil accumulation and hemorrhage

Table 2 Mediators demonstrated to be involved in the Arthus
reaction

Class Examples

Lipid-derived PAF, LTB4, prostaglandins
Amines Histamine, serotonin

Complement-derived C5a
Cytokines TNFa, IL-1
Chemokines IL-8, MCP-1, MIP-1a
Others Nitric oxide

in the Arthus reaction and immune complex-induced
lung injury. In contrast, tumor necrosis factor a
(TNFa) appears to have a more important role in the
lung as a number of TNFa inhibitors have no effect
on Arthus reactions in skin. The source of these cyto¬
kines is speculated to be macrophages which are
stimulated by immune complexes. Macrophages are
also likely to be one of the sources of chemo¬
kines, including IL-8 and macrophage-inflammatory
protein la (MlP-la), which appear to play a role in
the Arthus reaction. However, other cells, including
endothelial cells, fibroblasts and even neutrophils
themselves, could contribute to production of these
mediators.
Other neutrophil-derived factors that contribute to

the pathological changes in the Arthus reaction
include proteases, particularly elastase which may
cleave C5 but also destroys tissue and leads to
hemorrhage. Indeed, an elastase inhibitor prevents
immune complex-induced hemorrhage in the lung.
Nitric oxide (NO) can enhance blood flow and
exacerbate the Arthus reaction in a similar manner
to PGE2. Moreover, on interaction with superoxide
anion, NO forms the highly reactive peroxynitrite
anion (ONOO~), which in turn can be protonated to
form the tissue damaging hydroxyl radical.

Recent advances in mechanisms

underlying the Arthus reaction
As discussed above, recent data suggest that in the
mouse the presence of an intact complement system
is neither necessary nor sufficient to trigger or propa¬
gate an Arthus reaction. This is a surprising finding
given that antibodies to C5a are effective at attenuat¬
ing the reaction in rat and rabbits, and treatment
with an anti-C5 mAb for 6 months prevents the
spontaneous development of an autoimmune syn¬
drome with features of systemic lupus erythematosus
(SLE) in NZBAV mice. In addition, a soluble form
of the complement regulatory protein CD46
(membrane cofactor protein), which inhibits com¬
plement activation in vitro, reduces inflammatory
cell influx and edema formation in the Arthus reac¬

tion. In the same model, soluble CD35 (CR1) and
CD55 (decay-accelerating factor) were also effective
as anti-inflammatory agents.
An alternative mechanism has been proposed

based on the greatly diminished capacity of mice
deficient in the y subunit of Fc receptors to develop
Arthus reactions. Mast cell reconstitution of the mast

cell-deficient mouse strain W/Wv reveals that FcyRIII
on this cell is responsible for triggering the inflam¬
matory response in the Arthus reaction. Other
FcyRIII-expressing resident tissue cells (macrophages
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and Langerhans cells) and neutrophils could be
involved in later" stages of the reaction. Similarly,
Fc7R.II is involved in aspects of the Arthus reaction.
A soluble form inhibits hemorrhage and perivascular
neutrophil recruitment; this may be related to sup¬
pression of neutrophil activation in vivo.
Although much progress has been made in under¬

standing the physiological and cellular mechanisms
underlying the Arthus reaction, clearly much has still
to be elucidated concerning the relevant inflam¬
matory and hemorrhagic response process to be
targeted clinically.

See also: Acute inflammatory reaction; Adhesion mol¬
ecules; Anaphylatoxins; Autoimmune diseases; Mast
cells; Chemokines; Cobra venom factor; Comp¬
lement, classical pathway; Cytokines; Fc receptors;
Histamine; Hydrostatic pressure, effect on immune
system; Immune complexes; Integrins; Intercellular
adhesion molecules; ICAM-1, ICAM-2 and ICAM-3;
Interleukin 8 and its receptor; Neutrophils; Nitric
oxide; Phagocytosis; Platelet-activating factor (PAF);
Prostaglandins; Selectins (CD62-E/L/P); Serotonin;
Systemic lupus erythematosus, experimental mod¬
els; Tumor necrosis factor a; Chemotaxis of neutro¬
phils.
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1. Introduction
Neuu'ophils play a vital role in host defence and are
normally the predominant leucocytes found in peripheral
blood. These essential cells, once recruited at the site of
tissue injury or infection, phagocytosc foreign particles
such as invading bacteria or the host's own unwanted
products, including damaged or dead cells as well as
cellular debris. The phagocytosed material is destroyed
and digested by a vast array of enzymes and various
oxygen metabolites. Paradoxically, it is the uncontrolled
and overexuberant production of these neutrophil
products released into the surrounding milieu that is
partly responsible for much of the tissue damage often
observed with acute inflammation, and the damage
associated with chronic inflammatory diseases such as

Immunopharmacology of Neutrophils
ISBN 0-12 - 339250-0

rheumatoid arthritis and psoriasis. It is therefore of no
great surprise that the mechanisms responsible for the
accumulation of these cells in tissues has been the focus
ofmuch attention in recent years. Neutrophils, in order
to fulfil their primary function of host defence, firstly
have to interact with the blood vessel wall, traverse the
endothelial cell laver, penetrate the basement membrane
and move through the interstitial medium to reach the
affected area (Figure 10.1).

2. Historical Perspective
Although the ancient Egyptians and Greeks had some
understanding of the inflammatory process, it was
Cornelius Gelcus, a Roman writer of the first century AD

Copyright © 1994 Academic Press Limited
All rights of reproduction in any form reserved.



224 A.G. ROSSI AND P.G. HFXLHVVELL
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Figure 10.1 Schematic representation of the various processes involved in neutrophil accumulation in tissues
showing at which stage the different families of cell adhesion molecules are involved. See text for full details.

who highlighted, with remarkable precision, the major
clinical hallmarks of inflammation (redness and swelling
with heat and pain). It was not until the 1800s, with the
aid of the light microscope, that the involvement of
white blood cells in the above process became apparent.
By observing the passage of blood through the trans¬
parent tails of tadpoles, Trochet (1824) first documented
the adherence of white blood ceils to blood vessels and
their emigration through tissues. Building on the work
of Addison (1843) and Waller (1846a, 1846b), Julius
Cohnheim, a pupil of the founder of modern cellular
pathology, Rudolph Virchow, examined microscopically
inflammatory responses in the cornea, mesentery and
tongue of live frogs or rabbits (Cohnheim, 1867, 1873,
1889). He noted that white cells adhere preferentially to
venular blood vessels rather than to arteriolar vessels
where the blood flow was much taster (Cohnheim,
1889). Cohnheim believed that it was changes on the
blood vessel wall that were responsible for the adherence
and subsequent emigration of the leucocytes and not the
directed movement of these cells.
This latter theory was promoted by Pfrffer who investi¬

gated the directed movement ofmicroorganisms towards
chemical stimuli (Pfeffcr, 1884, 1888) and by the
German ophthalmologist, Theodore Leber, who first
described chemotaxis of leucocytes (Leber, 1888, 1891).
Leber studied the directional movement of leucocytes in
inflammatory reactions in the cornea induced bv
injecting, through fine capillary tubes, microorganisms or
chemical substances into the anterior chamber of rabbir
eves. It was, however, the Russian biologist, Elie
Metchnikoff, who made sense of Leber's observations bv
elegantly describing the fate and purpose ofthe emigrated
white blood cells. Using intravital microscopy on a

number of transparent invertebrates, Metchnikoff noted
that leucocytes showed a capacity to engulf foreign
material such as bacteria which he referred to as "cellular

eating" (Metchnikoff, 1893). Furthermore, he demon¬
strated that bacteria, whether dead or alive, injected into
the peritoneal cavity could induce an inflammatory
response manifested by the accumulation of leucocytes
into the cavity. Thus, the main thesis ofMetchnikoffand
others was that leucocytes emigrated to sites of infection
or damaged tissue because of their ability to exhibit
directed movement. Chemotaxis in vitro was subse¬

quently investigated by time-lapse cinematography
(Comandon, 1917) and by the micropore chamber
technique (Boyden, 1962). For comprehensive reviews
on ehemotaxis sec Xigmond (1978), Valerius (1984),
Wilkinson (1982) and Movat (1985).
Elegant intravital studies bv the Clarks showed

emigration of leucocytes from the microvasculature of
frog tails towards locally applied starch grains and from
new blood vessels that formed in ear chambers in rabbits

using croton oil as a stimulus (Clark and Clark. 1920,
1922, 1935). Similar observations were made bv Allison
et al. (1955) who showed the rolling, sticking and
emigration of leucocytes in the rabbit ear chamber
induced by thermal injury. Other important contri¬
butions were made bv Marchesi and Florev (1960) who
presented electron microscopic evidence for the emi¬
gration of leucocytes in the rat mesentery preparations
and bv Atherton and Born (1972) who quantified the
adhesiveness of leucocytes to blood vessels. For com¬
prehensive reviews on adherence and emigration of
leucocytes see Grant (1973) and Movat (1985).
With the observations made by the above investigators

and many others, Celsus's description of inflammation
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could now at least partly be explained; vasodilatation
could account for the redness, the increased blood flow
for the heat, the exudation of tissue fluid for the swelling.
These processes taken together could presumably result
in the sensation of pain. In addition, the involvement of
white blood cells in the inflammatory process was now
certain. These studies also provided a detailed account of
the interaction between the leucocyte and the micro-
vasculaturc, highlighting the rolling phenomenon of
these cells on the venular vessel wall as well as the
adherence of neutrophils to each other and to venular
endothelial cells. Furthermore, it is now apparent that
Cohnheim's idea that changes in the endothelial cells of
the microvasculature and MctchnikoiFs view that
directed movement of leucocytes and their ability' to
phagocytose all plat' important roles in the inflammatory
response. The molecular mechanisms underlying the
above processes were, however, not forthcoming until
recently due to the merging disciplines of biologv and
medicine together with rapidly developing technology
which has led to the discovery ofCAMs (sec Chapter 7).
The essential role of these molecules in the accumulation
of neutrophils into the inflammatory locus has now
become apparent.

3. Mediators ofNeutrophil
Responsiveness

As outlined in the introduction, the neutrophil, in order
to fulfil its primary function ofhost defence, has to reach
the inflammatory stimulus in the tissue. Consequently,
this cell has evolved rather complex mechanisms for
detection of the diverse tvpes of inflammatory stimuli.
The neutrophil, like many other cells, can be visualized
as containing numerous receptors on its plasmalemma
(see Chapter 6 for an account of neutrophil chemo-
attractant receptors). Ligand-receptor interactions
trigger highly specialized signal transduction pathways
which ultimately result in changes in neutrophil respon¬
siveness (see Chapter 8). A list of mediators known to
affect neutrophils is given in Table 10.1.

3.1 Microbe-derived Factors

3.1.1 FMLP

Detection of invading bacteria by the neutrophil is of
primary importance. It was known for some time that
prokaryotic organisms or their products were cherno-
tactic for neutrophils but the causative stimuli remained
elusive. It was Schiffmann who realized that these

organisms synthesized peptides using an N-terminus of
formvl methionine and that it was the N-formyl peptide
fragments that were chemotactic (Schiffmann et al.,

Table 10.1 Mediators of neutrophil
responsiveness

Mediator Primary effect

Microbe-derived factors
FMLP Stimulation
Endotoxin Priming

Host-derived factors
C5a Stimulation

LTB4 and related lipids Stimulation/priming
PAF Stimulation/priming
11-8 Stimulation/priming
TNFa/IL-t/IFNy/GM-CSF Priming
PGs Inhibition

(3-Adrenergic agonists Inhibition
Adenosine Inhibition

1975). The discover)' of the highly potent chemotactic
tripeptide, FMLP, led to the demonstration and eventual
characterization of FMLP receptors on neutrophils (see
Chapter 6). The tripeptide not only activates neutrophils
in vitro (Becker, 1987; Omann et al., 1987) but also
causes ncutrophil-depenclent oedema formation and
neutrophil accumulation in vivo (Issekutz, 1981a, 1981b;
Wedmore and Williams, 1981a; Hellcwell et al.,
1989).

3.1.2 Endotoxin

The cell wall ofmost Gram-negative bacteria contains on
its outer membrane LPS molecules, often referred to as
endotoxin. The chemical structure of these molecules,
which is thought to possess the majority of its biological
activity, is the lipid A domain. F.ndotoxin is believed to
be the main cause of shock induced by bacterial infection
and in endotoxacmia in pregnancy. When injected
intravenously, endotoxin causes amongsr other effects a
profound hypotensive state and a transient neutropaenia
(Worthen et al., 1987a; Rietschei and Brade, 1992).
When administered intradermals into rabbit skin, it
causes a dose-dependent neutrophil accumulation
(Cvbulsky etal., 1988). Many of the effects ofendotoxin
are thought to be due to the generation of cytokines
such as TNFa and IL-1. Typical endotoxin-mediated
haemorrhagic and inflammatory lesions arc the generalized
and local Shwartzman reactions (Bronza, 1990). There is
evidence to suggest that these lesions are dependent on
circulating neutrophils (Becker, 1948; Stetson and Good,
1951; Thomas and Good, 1952) and that cytokines may
be involved (Beck etal., 1986; Biliiau etal., 1987; Movat
etal., 1987; Heremans etal., 1990). In vitro, endotoxin
does not appear to exhibit many direct neutrophil acti¬
vating properties, but it is very effective at priming them
for enhanced responses when stimulated by other
agonists (see Chapter 9).
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3.2 Host-derived Factors
3.2.1 Complement Fragments
Mediators can be produced in the host's tissue fluid or
by the host's cells. A prime example of the former type
of mediator is C.5a produced by the activation of the
complement system. The complement system is activated
bv two pathways; the classical pathway and the alter¬
native pathway (for review, sec Jose, 1987). The former
pathway is predominantly activated bv immune com¬
plexes produced by immunoglobulin antibodies (e.g. IgG
and IgM) binding with antigens on the microbe or on
microbe products. The vasculitis associated with the
Arthus reaction is a typical example of an inflammatory
response mediated by antigen—antibody complexes
resulting in the activation of the classical pathway
(Cochrane and JanofF, 1974). Polysaccharides found in
yeast cell walls (e.g. zymosan) activate the alternative
pathway. The pivotal event in activation of the comple¬
ment cascade by both pathways is the formation of C3a
and C3b from the cleavage ofC3. The smaller fragment,
C3a, is capable of liberating histamine from mast cells
(Jose, 1987). C3b and iC3b bind covalentlv to microbes
and render them more palatable to neutrophils (opsoniz¬
ation). Neutrophils recognize these opsonized microbes
by possessing plasmalemmal receptors for C3b and
iC3b (CR1 and CR3; CR3 is also known as Mac-1 or

CDUb/CD18, see Chapter 7). The fragment C3b also
facilitates the formation of C5a and C5b by cleaving C5.
Other complement fragments C6-C9 spontaneously
combine with C5b and the resultant complexes are partly
responsible for inducing cell lysis. This cellular lysis is just
one of the host organism's defence mechanisms against
invading bacteria.
The most important complement-derived fragment, as

far as neutrophil chemoattraction is concerned, is the
74-amino-acid polypeptide C5a. The effect of C5a on
neutrophil responsiveness in vitro has been well character¬
ized; it causes aggregation, degranulation and superoxide
release by binding to specific and saturable receptors on
the plasmalemma (Hugli, 1986). The G-protein and
PLC-linked C5a receptor was the first chemoattractant
receptor to be sequenced and cloned (Gerard and Gerard,
1991, Chapter 6). In row, C5a, or its less active metab¬
olite, C,5a des Arg, has been detected in large quantities
in certain inflammatory models (Jose et al., 1983). C5a
production is essential for immune-complex mediated
inflammatory reactions (e.g. Arthus reaction): if animals
have had their complement system depleted by intra¬
venous cobra venom factor or if their capacity to generate
C5a locally has been compromised by administration of
soluble complement receptor type 1, the reaction is
severely attenuated (Cochrane etal., 1970; Cochrane and
Janoff, 1974; Yeh et al., 1991; Rossi et al., 1992).
Neutralizing antibodies to C5a also abrogate the reaction
(Hellewell etal., 1988). Similarly, inflammatory reactions
induced by zymosan, which primarily activates the

alternative pathway, arc also inhibited by such
experimental procedures. Moreover, C5a or zvmosan-
activated plasma (a source of preformed C5a) when
mtradermally injected alone or in the presence of vaso¬
dilators such as pge2 and CGRP will cause a marked
oedema and neutrophil accumulation at the skin site
(Williams, 1978; Issekutz, 1981a, 1981b; Wedmorc and
Williams, 1981a; Williams and Jose, 1981; Buckley ctal.,
1991). Thus, the involvement of CSa in neutrophil
attraction is well established.

3.2.2 Cellular-derived Mediators

3.2.2.1 LTB4 and Related Lipids
One of the most potent cellular derived mediators of
neutrophil accumulation in vivo and neutrophil activation
in vitro is the dihydroxy lipid, LTB4 (Ford-Hutchinson

1980; O'Flaheity, 1982; Samuelsson etal., 1987;
Nourshargh, 1992; Rossi etal., 1993). Arachidonic acid,
liberated from phospholipids bv the action of PLA2, is
enzymatically oxygenated to a variety of bioactive
products. In the neutrophil, for example, arachidonic
acid is predominantly oxygenated by 5-LO resulting in
the production of 5(S)-HETE and LTB4. In other cells
and to a lesser extent, in the neutrophil, arachidonic acid
is oxygenated by 12-LO and/or 15-LO yielding 12- and
15-hydroxy derivatives. These products have their own
biological profile (Saniuelsson etal., 1987). Alternatively,
LTA4, an intermediate of 5-LO activity, is converted to
the sulphidopeptido-leukotricnes, LTC4, LTD4 and
LTE4 (Samuelsson etal., 1987).
LTB4 activates neutrophils by interacting with specific

plasmalemmal receptors (Kreisle and Parker, 1983;
Goldman and Goetzl, 1984; O'Flahertv et al., 1986).
In vitro, like FMLP, LTB4 induces the repertoire of
neutrophil responses and in vivo causes neutrophil-
dependent oedema and neutrophil accumulation. There
is evidence to suggest that I.TB4 may be an important
mediator of various inflammatory conditions such as
rheumatoid arthritis, ulcerative colitis, psoriasis and
ischaemia/reperfiision injury (Nourshargh, 1992;
Chapter 11).

3.2.2.2 PAJF
PAF, an ether phospholipid produced by tie novo
synthesis or by the consecutive enzymatic actions of
PLA2 and acetyl transferase, is produced by many cell
types including the neutrophil (Snyder, 1989). PAF
stimulates neutrophils by interacting with specific
receptor sites; these receptors have recently been
sequenced and cloned (see Chapter 6). In vivo, PAF
causes the accumulation of neutrophils into lungs and
into skin sites when administered exogenously
(Humphrey et al., 1982; Issekutz and Szpejda, 1986;
Chung, 1992). In rabbit skin, PAF causes a rapid
ncutrophil-independent oedema formation; neutro-
paenic animals still give an oedematous response to i.d.
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PAF (Wedmore and Williams, 1981b). Although PAF
does stimulate neutrophil accumulation in vivo and acti¬
vates these cells in vitro, it seems that the predominant
effect of this lipid, at least in rabbits, is to act directly on
endothelial cells to cause an increase in vascular perme¬
ability. In the dog trachea, PAF-induced increases in
microvascular permeability are partiallv reduced in
neutropaenic animals and restored when neutrophils are
infused into the isolated tracheal microcirculation (Lien
etal., 1992).
Using specific PAF antagonists, PAF has been shown to

play an important role in immune-complex mediated
reactions (Hellevvell and Williams, 1986; Warren eta/.,
1989; Hellevvell. 1990; Rossi etal., 1992; Pons era/.,
1993). PAF, like I-tb4, stimulates neutrophils and is
synthesized by activated neutrophils and has therefore
the capacitv to act as a positive feedback stimulus to cause
further activation of the neutrophil. There is considerable
information in the literature demonstrating inter¬
actions between the various lipids. For example, the
monohydroxy acid, 5(S)-HETE, produced in large
quantities by stimulated neutrophils, exerts little direct
neutrophil-activating effect perse but can augment
neutrophil responses induced bv PAF (Rossi and
O'Flaherty, 1991; Rossi et a/., 1991). Whether this
particular interaction has any relevance in vivo remains to
be established.

3.2.2.3 IL-8
II.-8, a polypeptide ofapproximately 8 kD, was originally
shown to be a potent chemoattractant for neutrophils
produced by endotoxin-stimulated monocytes (Walz
et al., 1987; Yoshimura et til., 1987). It has now been
shown to be produced by many cells, including neutro¬
phils themselves (Baggiolini and Clark-Lewis, 1992; sec
Chapter 5). The IL-8 receptor has recently been cloned
and sequenced (Murphy and Tiffany, 1991; Chapter 6).
Neutrophil IL-8 receptor occupancy results in cellular
activation via turnover of the PI cycle and elevation of
cvtosolic free Ca2+ (Baggiolini and Clark-Lewis, 1992).
In vivo, IL-8 causes a marked neutrophil accumulation
and plasma exudation when intradermally injected into
skin of many species including man (Rampart et al.,
1989; Collins etal., 1991; Leonard etal., 1991; Swensson
et al., 1991). In addition, IL-8 has been shown to be
produced in an in vivo experimental model of peritonitis
(Beaubien et al., 1990; Collins etal., 1991). Zymosan
particles injected i.p. induce an inflammatory exudate in
the cavity. After 1 -2 h the predominant inflammatory
mediator present is C5a (Collins et al., 1991). When
the exudate is examined after longer time periods, the
majority of the inflammatory activity appears to be due
to IL-8 (Beaubien et al., 1990) and a related cytokine,
MGSA (Jose etal., 1991). Furthermore, IL-8 and related
cytokines have been detected in psoriatic skin and in the
synovial fluid of arthritic joints (Brennan et al., 1990;
Nickoloff et al., 1991; Seitz et al., 1991). Thus, this

intriguing family ofcytokines may play an important role
in both acute and chronic inflammatory reactions.

3.2.2.4 Other Cytokines
There are a number ofother cytokines such as TNFa and
IL-1 which, when injected into skin, cause a marked
neutrophil accumulation (Cybulsky et al., 1988;
Rampart and Williams, 1988; Von Uexkull etal., 1992).
Whether these cytokines directly influence these cells to
cause their accumulation in vivo is unknown. They do,
however, appear to influence neutrophil responsiveness
directly in vitro: they, for example, "prime" neutrophils
for enhanced superoxide anion release and dcgranulation
in response to other agonists such as ltb4, PAF or
FMLP (O'Flaherty et al., 1991; sec Chapter 9). The
mechanism underlying this priming phenomenon is as
yet unknown and is the subject of intense investigation
(Chapter 9). Despite these reported effects on neutro¬
phils, perhaps the overwhelming effect of these cytokines
is not to influence neutrophils direcdv per se, but to up-
regulate cellular adhesion molecules on microvascular
endothelial cells (see Chapter 7, and Section 4 of this
chapter).

3.3 Neutrophil modulators
It is important to note that there are a number of bio¬
logical substances capable of modulating or inhibiting
neutrophil function. For example, it has been demon¬
strated that certain PGs (mainly pge2 and pgd2),
generated from the action of cyclo-oxygenase activity on
AA, can inhibit neutrophil responses such as chcmotaxis,
aggregation, degranulation and superoxide anion gener¬
ation. These PGs presumably interact with specific
neutrophil PG receptor subtypes (Rossi and O'Flaherty,
1989) linked to AC resulting in an elevation of cAMP
(Coleman and Humphrey, 1993). The precise mech¬
anisms whereby cAMP renders the neutrophil less
responsive are unknown, but there is evidence to suggest
that other second-messenger systems arc influenced
(Delia Bianca et al., 1986; Takenawa et al., 1986).
The situation with regard to PGs in vivo is, however,

more confusing. Depending on the route of adminis¬
tration, PGs can either be pro-inflammatory or anti¬
inflammatory. For example, a marked oedema formation
is produced in rabbit skin when PGs are coinjected with
permeability-increasing substances such as bradykinin,
histamine, FMLP or ltb4 (Williams and Peck, 1977;
Williams. 1979; Wedmore and Williams, 1981a). This
pro-inflammatory effect is thought to be due to the
vasodilator properties of the PGs; arterioles become
dilated thereby augmenting intralumenal hydrostatic
pressure downstream in venules where the plasma leakage
occurs (Majno and Palade, 1961). On the other hand,
when given i.v. at a sub-vasodepressor dose, PGs can
selectively inhibit oedema formation induced by i.d.
injections of neutrophil-dependent agonists (e.g. FMLP
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or LTB4) whilst responses to ncutrophil-independent
stimuli (e.g. histamine or bradykinin) remain unaffected
(Rampart and Williams, 1986). A plausible explanation
for this anti-inflammatory effect may be that i.v. PGs are
directly influencing neutrophil responsiveness and
thereby reducing plasma exudation. There are many
animal models where PGs have been shown to be either

pro-inflammatorv or anti-inflammatory (Hclleweil and
Williams, 1988).'
Neutrophils also possess AC-linked $ adrenergic

receptors which, when activated, suppress neutrophil
function (Dulis and Wilson, 1980; Mueller etal., 1988).
However, the significance of this in inflammatory
situations is unclear. Certainly )3 agonists show anti¬
inflammatory properties in animal models of inflam¬
mation, but it is not known which is the target cell
(Spector and Willoughbv, 1960; Green, 1972; Whelan
and Johnson, 1992).
It has been suggested that endogenouslv released

adenosine, a purine nucleoside, may be an important
regulator of the inflammatory response. Indeed, there is
evidence showing the existence of at least two types of
adenosine receptors on the neutrophil; occupancy of
the adenosine Ai receptors increases agonist-induced
chcmotaxis or adherence to endothelial cells, whereas
occupancy of A2 receptors results in an inhibition of
agonist-induced superoxide anion release and adherence
(Cronstein etal., 1992). In vivo adenosine agonists have
been shown to inhibit inflammation in the carrageenin-
induced pleural response in rats (Schrier etal., 1990).
The above incomplete list and brief description of

neutrophil agonists and inhibitors is included merely to
highlight the chemical diversity of the mediators of
neutrophil function, and to stress the importance of
possible interactions between mediators and their
involvement in the recruitment of neutrophils to
inflammatory sites.

molecular basis for these interactions was not established
until the last decade. The different families of endothelial
and leucocyte cell adhesion molecules are discussed in

Chapter 7. Tables 10.2 and 10.3 show summaries of
the molecules involved in leucocyte adhesion to
endothelium. Observations in the living microcirculation
using intravital microscopy have shown that the process
of leucocyte accumulation primarily occurs in the post¬
capillary venules (Clark and Clark, 1935; sec Section 2).
This appears to be the case for the majority of
microcirculations, the exception being the pulmonary
circulation where the capillary appears to be the
predominant site of cell interaction and migration
(discussed below).

Table 10.2 Leucocyte adhesion molecules

Family Cell distribution

Integrins
02 CD11a/CD18 (LFA-1)
02 CD11b/CD18 (Mac-1, CR3)
02 CD11c/CD18 (p150,95)

di CD29/CD49d (VLA-4)
Selectins
L-selectin

Carbohydrates
SLe*

Immunoglobulin superfamily
ICAM-3

All leucocytes
All leucocytes
Neutrophils, eosinophils,
monocytes

All except neutrophils

All leucocytes

All, but only some
lymphocytes

All leucocytes

4. Mechanisms ofLeucocyte
Accumulation

4.1 General Observations

Our understanding of the processes by which leucocytes
accumulate at sites of inflammation has advanced greatly
over the last 10 years. In the decade before, great
advances were made as a result of improvements in tissue
culture techniques and successful isolation and culture of
vascular endothelial cells (Jafte ct al., 1973; Gimbronc
et al., 1978). Thus, from the late 1970s to mid-1980s
pioneering studies were conducted which established
that neutrophils isolated from peripheral blood could
adhere to and migrate through cultured endothelial cells
(Beeslev et al., 1978. 1979; Pearson ct al., 1979;
Tonnesen et al., 1984; Harlan, 1985). However, the

Table 10.3 Endothelial cell adhesion molecules

Basal Agonists which Kinetics of

Family expression enhance expression expression

IgSF
ICAM-1 Yes IL-1, TNF-a, LPS, Hours

Yesa
IFN7

ICAM-2 non-inducible Constitutive
VCAM-1 Yesb IL-1, TNF, LPS, Hours

IL-4

Selectins
P-Selectin No Thrombin, Minutes

histamine
E-Selectin No IL-1, TNF, LPS Hours

Others
L-Selectin No IL-1, TNF Hours

ligand

°

Higher level than ICAM-1.
Lower level than ICAM-1.
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4.2 The role of Selectins
In post-capillary venules, leucocytes have been observed
to roll slowly along the wall of the vessel sticking tran¬
siently and cells flattened against the vessel wall appeared
to stick with greater avidity (Athcrton and Born, 1972).
Hvdrodvnamic mechanisms appear to play an important
role in allowing rolling to occur by maintaining the
marginal position of leucocvtes while red blood cells
remain in the centre of the vessel. This process is also
known as margination.
Rolling of leucocytes is thought to be absent in normal

tissue and its presence in the exposed microcirculation
(e.g. mesentery) is likely to be a result of the mild surgical
trauma necessary to expose the tissue for intravital micro¬
scopy (Fiebig era/., 1991). Infusion of anti-CD] 8 mAbs
is unable to prevent this rolling of leucocytes (xArtbrs
et al., 1.987; Von Andrian et al., 1991) suggesting that
the mechanisms that govern the rolling response arc
CD18 independent. Observations bva number ofgroups
(see below) have extended these studies by providing
convincing evidence that selectins (Table 10.2) are
responsible tor "capturing" or "tethering" leucocytes in
post-capillary venules, allowing the cells to roll along the
vessel wall (this first step in the process of leucocyte
accumulation is depicted in Figure 10.1). For example,
infusion of anti-L-selectin antibodies virtually abolishes
leucocyte rolling in both rat and rabbit mesentery (Ley et
al., 1991; Von Andrian ct al., 1991) and murine L cells
stablv transfceted with human L-selectin cDNA are able
to roll in rat mesenteric venules in vivo (Ley etal., 1993).
In ritro studies have also revealed the importance of
L-selectin in mediating the CD18-independent adhesion
that occurs under shear forces in studies designed to
mimic the conditions of flow in the microcirculation.
However, the shear rates at which adhesion via L-selectin
occurs are calculated to be only 10-20% of those in
post-capillary venules (Smith et al., 1991), under shear
forces similar to those calculated to exist in vivo, then the
conditions appear to be too extreme to allow adhesion to
occur in vitro. This apparent discrepancy remains to be
resolved but might be explained ifmultiple sclectins were
induced in vivo, and all were contributing to leucocyte
rolling (i.e. L-sclectin on the neutrophil binding to its
ligand on the endothelial cell and P- or F.-selectin on the
endothelial cell binding to carbohvdrate determinants on
the leucocyte). In vitro studies in which the relative-
abilities of sclcctins, in isolation or in combination, to
mediate rolling of different leucocytes under flow have
yet to be carried out.
Certainly P-selectin functions as an adhesion molecule

for neutrophils in vitro and under shear conditions that
render ICAM-1 completely ineffective (Lawrence and
Springer, 1991). Recent preliminary studies have shown
that leucocyte rolling in mesenteric venules is impaired
in P-selectin "knockout" mice (Wagner, 1993). While
the leucocyte ligand for P-selectin is known to be a

carbohydrate (sec Chapter 7; Table 10.4), the endothelial
ligand that binds L-selcctin is unknown. Some studies
have suggested that neutrophil L-selcctin is coated with
SLe' and can therefore bind E-sclectin (Picker et al.,
1991) while others have identified a heavily glycosylated
ligand, GlyCAM-1, on HEV that binds lymphocyte L-
selectin and may be involved in lymphocyte recirculation
(Laskv et al., 1992). However, there is no evidence for
expression of GlyCAM-1 on post-capillary venules nor
for it binding to neutrophil L-sclectin. There have been
two reports of an L-selectin ligand expressed on cultured
endothelial cells (Spcrtini et al.. 1991a; Brady ct al.,
1992). This molecule is inducible bv cytokines but the
kinetics of expression dissociate it from E- or P-selectin.
Additional studies arc required to resolve the identity of
this potentially important molecule, generate reagents
that block its function and ascertain its role in neutrophil
accumulation in inflammation.
Selcetins are thought to support adhesion of leuco¬

cvtes, including neutrophils, in the presence of shear
stress bv virtue of the interaction being governed by the
kinetics rather than the affinity of binding. Thus, while
selectins bind their ligands with relatively low affinity
compared with, for example, the interaction ofa chemo-
attractant with its neutrophil receptor, they arc thought
to do so very rapidly and form multiple interactions
(Williams, 1991;Tozercn and Ley, 1992). In addition,
upon neutrophil stimulation, L-selectin appears to
undergo a rapid but transient up-regulation in its affinity
for an artificial ligand polyphosphomonoester (PPME)
(Spcrtini et al., 1991b). It will be interesting to examine
whether a similar increase in L-selectin affinity for the
novel endothelial ligand for L-selectin also occurs.
Following this activation step, L-sclectin is shed from the
cell surface, concomitant with increased expression of
integrins. This "release" mechanism may be important in
allowing firm adhesion, spreading, movement and
transmigration to occur (sec below). The shedding of
L-selectin appears to be a proteolytic process and a
neutrophil protease (chvmotrypsin-like) has been
implicated as an endogenous regulator (Jutila etal.,
1991; see Chapter 4).

Table 10.4 Cell adhesion molecule pairs involved in
leucocyte binding to endothelium

Leucocyte
CAM Endothelial cell CAM Function

L-Selectin L-Selectin ligand. Leucocyte rolling
E-selectin?

SLe* E-Selectin, P-selectin Leucocyte rolling
CD11a/CD18 ICAM-1, ICAM-2 Firm adhesion

CD11b/CD18 ICAM-1 Firm adhesion

CD11c/CD18 Unknown Firm adhesion

CD29/CD49d VCAM-1 Firm adhesion

(VLA-4)
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4.3 the role oe Integrins and
Immunoglobulin
superfamily members

There is good evidence, therefore, that the first step in
leucocyte accumulation is mediated by selectins.
However, this event by itself does not necessarily lead to
cells moving out of blood vessels. For example, obser¬
vations in the microcirculation have shown that a rolling
leucocyte can be washed oft" by the passing blood. In
addition, histamine can induce several changes in the
microcirculation that would favour neutrophil accumu¬
lation: degranulation of cultured endothelial cells such
that they rapidly express P-selectin on the cell surface
(Gcng et al., 1990) and support neutrophil adhesion;
histamine-treated FIUVECs also support the adhesion of
neutrophils under flow conditions in vitro and this is
abrogated by an anti-P-selectin antibody (C.W. Smith,
unpublished data); infusion of histamine induces leuco¬
cyte rolling in mesenteric venules (K. Ley, unpublished
data). However, despite these observations, histamine is
a poor inducer of neutrophil accumulation in tissues
in vivo at doses that cause a large increase in microvascular
permeability leading to oedema formation (Figure 10.2).
Thus, once rolling has occurred, a second stimulus that

activates the leucocyte integrins is required before leuco¬
cyte accumulation can occur. This activation process is
thought to be the result of a conformational change from
a non-adhesive form to an adhesive one. At least for the

neutrophil, activation of $2 integrins (CD11/CD18)
appears to be under the regulation of a novel neutrophil-
dcrived lipid, IMF (Hcrmanowski-Vosatka et al., 1992).
As a result of integrin activation, neutrophils are able to
adhere to ICAM-1 and/or ICAM-2 (expressed constitu-
tivelv or that have been up-regulated by cytokines; Table
10.3) and adhesion is "strengthened" (or becomes
firmer) so that the leucocyte is less susceptible ro being
washed off by the passing blood. Traditionally, the
neutrophil has been thought to flatten against the vessel
wall as a prelude to migration between adjacent endo¬
thelial cells (Figure 10.1). However, there is little
evidence to show that flattening really docs occur; rather
it may be that the neutrophil surface in contact with the
endothelial cell becomes larger but without the leucocyte
becoming discoid.
As far as the stimuli that activate integrins, there

are several examples and these have already been
discussed in Section 3 of this chapter. For example, the
stimulus can be endothelial cell associated such as PAF or
IL-8 (Kuijpcrs etal., 1992), tissue generated such as C5a
or LTB4, or bacterial derived such as FMLP. Recent
studies have indicated that other adhesion molecules, in
particular CD44, can act as an anchor for chemotactie
peptides (including chemokines such as MIP-1|3)
allowing the appropriate leucocyte receptor to interact
with its ligand (Tanaka etal., 1993). The chcmokine IL-8

a) oedema formation

50i

saline histamine ZAP

b) neutrophil accumulation

Figure 10.2 Local inflammation in guinea-pig skin
induced by intradermal injection of histamine or ZAP.

Oedema formation (a) and accumulation of
111ln-iabelled neutrophils (b) were assessed

simultaneously in guinea-pig skin in response to i.d.
injection of histamine (2.5 x 10~a moles/site) or ZAP
(zymosan-activated plasma, as a source of C5a des

Arg). Responses were measured after 2 h according to
published methods (Teixeira ef a/., 1993). Histamine
and ZAP caused substantial oedema formation above

the saline control (a) but only ZAP induced the
significant accumulation of 111ln-labelled neutrophils
(b). Values are means ± SEM of five experiments.

binds to endothelial cells of post-capillary venules in
tissue sections and this may also involve CD44 or other
proteoglycans (Rot, 1992a, 1992b). Thus, the leucocyte
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is envisaged as "sniffing and licking" the endothelial
surface as it rolls on selectins. If it likes the smell or taste,
i.e. the appropriate chemoattractant molecules are bound
to proteoglycans, then the neutrophil's integrins
(CD11/CD18) can up-regulate their affinity for their
appropriate immunoglobulin supcrfamily ligands
(ICAM-1, ICAM-2) expressed on the endothelial cell
surface and the cell can adhere firmly to the vessel wall
(Table 10.4). Leucocytes that express the /Si iiltegrin
VLA-4 (i.e. monocytes, lymphocytes, eosinophils,
basophils) can also respond to appropriate stimuli by
increasing the affinity of this molecule for the endothelial
ligand VCAM-1 (Table 10.4). Once firm adhesion has
occurred, the process of cell emigration takes place
(Figure 10.1). In vivo this occurs rapidly (10-15 min) and
also appears to involve CAMs, in particular GDI 1/CD18
and ICAM-1. Exactly how these molecules interact to
allow cell movement after the cells have firmly adhered
remains to be resolved. One important aspect could be
the "shedding" of L-selectin from the leucocyte surface
(Kishimoto et al., 1989) induced by the same chemo¬
attractant that leads to activation of the intcgrins. Loss of
L-selectin may allow the cells to crawl along the
endothelium as a prelude to migrating between the cell
junctions.
ICAM-1 expressed at endothelial cell junctions appears

to be important for neutrophil emigration, at least in vitro
(Smith et al., 1989; Furie et al., 1991, 1992). There is
also evidence that E-sclectin can mediate migration of
neutrophils across endothelial cells (Luscinskas et al.,
1991), although other studies do not support these
findings (Hakkcrt et al., 1991; Kishimoto et al., 1991;
Furie et al., 1992). Differences between the studies have
been attributed to the in vitro techniques used. Other
studies of migrating neutrophils have suggested that, in
response to repeated stimulation with low doses of
chemoattractant, intracellular pools of CD1 lb replenish
surface CDllb which is transported to the uropod and
filopodia of the neutrophil during migration (Francis
et al., 1989; Hughes et al., 1992). Newly expressed
CD1 lb is found at the leading edge of the cell and recent
studies suggest that this new CDllb is used during
adherence-dependent migration (Flughes ct al., 1992).
In order for this process to function, a concentration
gradient of chemoattractant is required and this may well
be surface attached as discussed above.

4.4 THE MARGINATED POOL
It has been recognized for some time that a so-called
marginated pool of neutrophils exists in the lung which
is in dynamic equilibrium with the circulating pool
(Hogg, 1987; Worthen et al., 1987b; MacNee and
Selby, 1993). The observations that neutrophils are
released into the circulation when cardiac output is
increased by infusion of adrenaline and, conversely, arc-
retained in the lung when cardiac output is decreased

suggests that the lung plays an important role in the
control of neutrophil kinetics. From direct observations
of lung capillaries and manipulation of cardiac output,
it has been suggested that the marginating pool is a
reflection of different transit times of leucocytes as they
pass through the capillars' networks of the pulmonary
circulation.
While there are many studies which demonstrate

accumulation of leucocytes via post-capillarv venules in
the systemic circulation (see above), the situation in the
pulmonary circulation is less clear. In part this relates to
methodological difficulties in studying this site but there
are several notable differences between the two micro¬
circulations: intravascular pressure in the pulmonary
circulation is approximately 10-fold lower than systemic
(Von Euler and Liljestrand, 1946); flow in the
pulmonary microvessels is pulsatile leading to conditions
ofstop-flow which favour capillary localization of passing
leucocytes (Lee and Dubois, 1955; Hogg, 1987); the
mean diameter of pulmonary capillaries is 5.5 (im
(Gunthcroth et al., 1982) whereas that of the neutrophil
is 7—8/un (Schmidt-Schonbein et al., 1985; Downey
et al., 1990). Thus, the neutrophil will have to deform
to pass through a capillary, a process that is likely to slow
its progress and may not involve adhesive interactions. In
addition, for a neutrophil to emigrate via either arterioles
or post-capillarv venules to gain access to the alveolus
would involve movement over long distances through
the interstitium. Teleologically, this does not make
sense. Observations in several animal models have

suggested the capillary to be the major site of migration
from the pulmonary circulation into the airspaces (Shaw,
1980; Meyrick and Brigham, 1984; Lien et al., 1991;
Downey et al., 1993).
Exposure of neutrophils to chemoattractant molecules

or LPS reduces their deformabilirv and renders them less
able to squeeze through capillaries (Downey and
Worthen, 1988; Erzerum et al., 1992). Studies of
neutrophil retention in model capillaries have shown that
GDI 8-dependent adhesion is not required for this
process but reorganization of the neutrophil cytoskeleton
with accompanying increases in cell stiffness appears to
play a key role (Downey and Worthen, 1988; Worthen
et al., 1989; Selby et al., 1991). Evidence that this
mechanism is important in vivo comes from studies in
which FMLP-induced retention of neutrophils in rabbit
lungs was attenuated by pretreatment of the cells with
cytoehalasin D which prevents actin polymerization
(Worthen et al., 1989). Importantly, this has also been
demonstrated in lungs of humans (Selby et al., 1991).
Indirect evidence that retention of neutrophils in the
lungs is independent of 02 integrins comes from the
observation that LAD patients show a normal neutro¬
philia in response to adrenaline administration (Buchanan
ct al., 1982; Haslett and Warren, 1990). Nevertheless,
while a decrease in neutrophil dcformability may allow
the cell to be retained in capillaries, it is likely that the cell
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must become more deformable in order to penetrate
the capillarv wall. Thus, it may be that a decrease in
neutrophil deformabiiity allows that neutrophil to
become sequestered initially, analogous to the tethering
of leucocytes by selcctins in post-capillary venules.

5. Modulation ofExperimental
Inflammation with Monoclonal
Antibodies Directed Against Cell
Adhesion Molecules

From the preceding overview, it is apparent that there are
a number of potential sites for targeting leucocyte
accumulation in inflammation. These are: generation
and action of signals (i.e. inflammatory mediators);
expression of CAMs; blocking of rolling or activation of
integrins; interaction with extracellular matrix. In vivo
investigations to date have been carried out using
blocking mAbs to the integrin, immunoglobulin and
selectin families of CAMs. All studies indicate that

blocking CAM function in vivo has profound effects on
the inflammatory process and on the outcome of
experimental models ofvascular and tissue injury. Rather
than list all the models in which anti-CAM Abs have
been shown to inhibit inflammation, the different
tissues/organs in which anti-inflammatory effects of these
reagents has been demonstrated are summarized in Table
10.5. For an extensive list the reader is referred to an

excellent recent review (Ffarlan etal., 1992). However,
a few examples will be discussed below.

5.1 Studies in the Peripheral
Microcirculation

The first indication that CDI8 was important for
accumulation of neutrophils at sites of inflammation
in vivo was from a study by Arfbrs et al. (1987) in which
intravenous administration of the mAb 60.3 suppressed
the accumulation of neutrophils into skin sites injected
with chcmoattractants. Direct visual observation of the
microcirculation (by intravital microscopy) showed that
60.3 also prevented stimulated neutrophil adherence to
endothelium (Arfbrs etal., 1987); thus, while neutrophil
adherence in the venules and migration into the tissues
(in response to extravascular chemoattractant) was
inhibited, rolling of neutrophils along the venular
endothelium was unaffected. However, inhibitors of
L-selectin do prevent leucocyte rolling in vivo (Ley ct al.,
1991; Von Andrian ct al., 1991, 1992). Together with
in vitro data, these observations led to the proposed
mechanism of leucocyte accumulation discussed above.
The expected outcome of inhibiting L-sclectin-

mcdiated rolling in vivo is that neutrophil accumulation at

sites of inflammation will be abrogated. Indeed, systemic
administration of the anti-murine L-selectin mAb
MEL-14 has demonstrated the importance of L-selectin
in regulating the extravasation of neutrophils from the
bloodstream into the inflamed peritoneal cavity of
the mouse (Lcwisohn et al., 1987; Jutila ct al., 1989).
The inhibition was not a consequence of neutrophils
being removed from the circulation as a result of anti¬
body administration. Suppression of neutrophil accumu¬
lation into the inflamed peritoneum has also been shown
in the mouse using a soluble immunoglobulin chimaera
of human L-selectin (Watson ct al., 1991).
In view of the inhibitory activity of both anti-ft

integrin and anti-L-selcctin mAbs on neutrophil accumu¬
lation, we studied the relative contribution of these
adhesion molecules to neutrophil accumulation in a
model of caragccnan-induced pleurisy in the mouse
(Henrique's et al., 1990). Four hours after intrapleural
administration of carageenan, an intense neutrophil
influx into the cavitv is observed. However, neutrophil
accumulation was abrogated in mice pretreated with
either the anti-CDllb mAb 5C6 or the anti-L-selcctin
mAb MEL-14 (Figure 10.3) (Henriques, Williams and
Hellcwcll, unpublished data). These in vivo observations
add support to the concept that neutrophil accumulation
involves sclectins and integrins but also suggest that
the processes that utilize these molecules (i.e. rolling and
firm adhesion/migration) are independent events, and
that inhibiting either is effective at abrogating the
inflammatory response.
In other studies, Hernandez etal. (1987) were the first

to show that neutrophil adhesion via 02 integrins was a
critical event in reperfusion injury. Thus, pretreatmcnt of
cats with the anti-CD18 mAb 60.3 provided protection
against ischacmia-induced microvascular injury of the
gut. Subsequent studies have shown that anti-CD18
mAb-mediated inhibition of granulocyte adherence is
effective at reducing injury in myocardial and whole-
animal models of reperfusion injury, supporting the
proposition that granulocytes plav an important role in
reperfusion injury (see Chapter 11; Mullanc and Smith,
1990). However, in all these studies mAbs were
administered before the onset of ischaemia. The clinically
relevant situation would be to provide treatment after the
onset of the ischaemic event but before reperfusion.
Nevertheless, Vedder ct al. (1990) have shown that

treatment with an anti-CDl 8 mAb either before or after
ischacmia, but prior to rcpcrfusion, did result in the same
degree of significant protection against microvascular
injury in the rabbit car. In a similarly designed study,
organ injury (particularly in the gut) after hacmorrhagic
shock in rhesus monkeys was dramatically protected
by administration of 60.3 just prior to fluid-induced
resuscitation. Perhaps the most noticeable observation
was that, in the treated group, all animals survived for up
to 72 h whereas 40% of the control animals died (Mileski
etal., 1990).
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Figure 10.3 Suppression of neutrophil accumulation in
experimental pleurisy in the mouse by either (a) an
anti-CD11b mAb or (b) an anti-L-selectin mAb. Mice
received either saline or mAb i.v. followed by an

intrapleural injection of saline or carrageenan (300 fig).
Neutrophil migration into the cavity was assessed
after 4 h. The anti-murlne CD11b mAb 5C6 was

injected at 1 mg per mouse and the anti-murine
L-selectin mAb MEL-14 at 100 fig per mouse. These

doses had no effect on circulating neutrophil numbers.
Values are means ± SEM of four experiments.

More recently, clinically relevant studies have shown
that anti-CD 18 mAbs prevent tissue injur)' in two
extreme forms of microvascular damage in which
ischaemia plays an important role, burns and frostbite. In
thermal injur)' an area of irreversible injury is surrounded
by a marginal zone of reduced blood flow. Anti-CD 18
mAbs and an anti-ICAM-1 mAb improved microvascular
perfusion in this zone of stasis which resulted in
accelerated re-epithclialization (Buckv ct al1991;

Mileski et al., 1992). In frostbite, administration of an
anti-CD 18 mAb (60.3) at the time of rcwarminga frozen
foot dramatically reduced swelling and tissue loss (Mileski
et al., 1993). Delaying the administration of 60.3 for
30 min after the start of rcwarming was much less
effective.

Interestingly, the non-immune, hacmorrhagic and
inflammatory lesion, the Shwartzman reaction, produced
in rabbit skin is inhibited by systemic administration of
Abs directed against ICAM-1, CD18 and CD1 lb but not
by CDlla (Argenbright et al., 1992). In addition, the
immune-complex mediated vasculitis associated with a
reversed passive Arthus reaction in rabbit skin is
abolished by i.v. administration of an anti-CD18 mAb
but only partly attenuated by i.v. injection of an anti-
ICAM-1 mAb (Norman et al., 1994). The elegant
studies bv Mulligan, Ward and co-workers on immune-
complex mediated inflammation in the rat lung have
shown a role for E-selectin, VLA-4, ICAM-1, CD18,
CDlla and CDllb adhesion molecules (Mulligan et al.,
1991, 1992a, 1992b, 1993a, 1993b; Table 10.5p
Despite this work, the precise role and the complex
interactions of these adhesion molecules in the above

inflammatory reactions remains to be fully elucidated.
Furthermore, our understanding of their role will depend
upon obtaining a clearer insight into which cells and
cytokines are involved in these inflammatory models.
The integrin VLA-4 (or CD29/CD49d) is not

found on neutrophils and therefore blocking Abs would
not be expected to have any effect on neutrophil accumu¬
lation. In contrast, prctreating guinea-pig eosinophils
with the anti-VLA-4 mAb HP1/2 prevents their
accumulation at sites of inflammation in guinea-pig skin
(Weg et al., 1993). However, in a model of contact
hypersensitivity in the mouse ear, systemic adminis¬
tration of an anti-VLA-4 mAb not only reduced ear

swelling and lymphocyte accumulation but also attenu¬
ated neutrophil infiltration (Chisholm ctal., 1993). This
suggests that neutrophil accumulation is somehow
dependent on VLA-4 expressing cells or perhaps murine
neutrophils express this integrin.

5.2 Sepsis and Safety

Neutrophil activation is a common feature of sepsis;
thus, inhibition of neutrophil accumulation may be an
effective therapeutic strategy in septic shock and ARDS
(see Chapter 13). Indeed, CDllb has been shown to be
up-regulated on neutrophils from pigs treated with LPS
(Simrns etal., 1991) and Abs against this integrin reduce
cndotoxin-induced neutrophil-mediated tissue damage
in liver and lung (Jacschkc et al., 1991; Burch et al.,
1993; Miotla ctal., 1993). In addition, an anti-CDllb
mAb increased survival of mice following endotoxin
challenge (Burch et al., 1993).
Survival of rabbits with septic shock was also signi¬

ficantly increased bv treatment with an anti-CD 18 mAb,
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Table 10.5 Effects of mAbs to cell adhesion molecules on neutrophil accumulation in experimental inflammation

CAM blocked Effects in model Organ/tissue

CD11a Inhibition of accumulation of neutrophils Skin,1 lung2-3
CD11b Inhibition of accumulation of neutrophils (and Peritoneum,4,5 lung,2,3,6,7 pleural cavity,8 foot pad,9

monocytes) heart,10 skin,1,5 kidney11
CD18 Inhibition of accumulation of neutrophils (and Skin,5,12-16 intestine,17 heart,18-20 peritoneum,5,21

eosinophils and monocytes); inhibition of lung,5,22-26 eye,27 knee joint,25 meninges,29-30
oedema formation foot,31 ear32

VLA-4 Inhibition of accumulation of neutrophils Ear,33 lung2
ICAM-1 Inhibition of accumulation of neutrophils Skin,34 intestine,35 lung,2,3,24,36 kidney.11,37

(eosinophils and T lymphocytes) airways,38 heart20,39
L-Selectin Inhibition of accumulation of neutrophils (and Skin,40 peritoneum,41,42 pleural cavity8

monocytes)
P-Selectin Inhibition of accumulation of neutrophils and Lung43

associated tissue injury
E-Selectin Inhibition of accumulation of neutrophils and Lung,44,45 peritoneum,44 skin44

associated tissue injury

'Issekutz and Issekutz (1992); ''Mulligan ot al. (1993a); "Mulligan et al. (1993b); 4Rosen and Gordon (1987); 5Mu!ligan et al. (1992b); eRosen
and Gordon (1990); 7Miotla et al. (1993); 8Henriques, Williams and Hellewell, unpublished data; 9Rosen et al. (1989b); '"Simpson et al. (1988);
"Mulligan et al. (1993c); ,aArfors et al. (1987); ,3Price et al. (1987); "Rampart and Williams (1988); 15Nourshargh et al. (1989); ,6Lindbom et
al. (1990); "Hernandez et al. (1987); ,8Winquist et al. (1990); '"Williams etal. (1990); 20Byrne et al. (1992); "'Mileski et al. (1990); 220oerschuk
et al. (1990); 23Horgan et al. (1990); 24Barton et al. (1989); Mulligan et al. (1992a); 26Lo et al. (1992); 27TIII et al. (1992); "Jasin et al. (1992);
28Tuomanen et at. (1989); 30Saez-Llorens et al. (1991); Mileski et al. (1993); 32Vedder et al. (1990); 33Chisholm et al.
(1993); ""Rampart ef al. (1991); ""Granger et al. (1991); 36Wegner et al. (1992); 37Cosimi et al. (1990); 38Wegner et al. (1990); 39Ma et al.
(1992); 40Lewinsohn et al. (1987); "Jutila et al. (1989); ""Watson et al. (1991); '"Mulligan et al. (1992c); "Mulligan et al. (1991); ""Gundel et
al. (1991).

although increases in lung vascular permeability in the
same animals were not attenuated (Thomas et al.. 1992).
One ofthe major concerns with this type of treatment for
sepsis is that it may interfere with the important function
ofneutrophils in recognizing and removing bacteria from
the bodv. Thus, any protection may be countered by the
risk of uncontrolled bacterial infection. For example,
pretreatment ofmice with an anti-CD 1 lb mAb resulted
in a substantial increase in mortality following infection
with Listeria monocytogenes (Rosen et al., 1989a),
However, in the rabbit, a short treatment period with
60.3 did not increase mortality rates in abdominal sepsis
(Mileski ct al.. 1991), did not alter bacterial growth in a
model of meningitis (Tuomanen et al., 1989; Saez-
Llorens et al., 1991) and did not increase abscess size or
incidence following subcutaneous administration of
clinically relevant numbers of Staphylococcus aureus
(Sharar et al., 1991). In contrast, inoculation with high
numbers of bacteria resulted in overwhelming abscess
formation in skin when animals were treated with the
same niAb (Sharar et al., 1991). The major worry,
therefore, is that treatment of patients with these
antibodies may prove problematic because of the
infection risk. An alternative route for treatment in sepsis
may be with blockers ofseiectins. For example, E-selectin
is expressed in most tissues following septic shock in
baboons, while hypovolaemic shock does not provide
such a stimulus (Rcdl et al., 1991; Engelberts et al.,
1992).

5.3 Lung Inflammation
In the lung there are two microvascular beds to consider;
the large pulmonary circulation that is involved in gas
exchange and intimately associated with leucocytes (see
Section 4.3), and the smaller bronchial circulation that
supplies the airways.
In asthma, which is essentially a disease of the con¬

ducting airways, it is the bronchial circulation that is con¬
sidered to be the most important. The group at
Boehringer Ingclheim have carried out an excellent series
of studies with mAbs to cell adhesion molecules in their

primate model of asthma. In the first studies, antigen-
induced bronchial hvper-responsivencss and bronchial
eosinophil influx were significantly attenuated by
systemic administration of the anti-ICAM-1 mAb R6.5
(VVegner ct al., 1990). Neutrophil numbers were not
measured in these experiments. Since airway epithelial
cells express ICAM-1 in this model and may be the
subject of eosinophil-mediatcd damage, the efficacy
of inhaled anti-ICAM-1 was also determined. Daily
nebulization of the mAb inhibited the antigen-induced
airway responsiveness (Wcgner et al., 1991) suggesting
that this route of administration could be exploited in
asthma. In the same model, intravenous administration
of CL2, an anti-F,-sclectin (human) mAb, which cross-
reacts with primate F.-sclectin, had no such inhibitory
efFect (Gundel etal., 1991). However, when the anri-E-
selectin mAb CL2 was studied in primate following a
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single challenge with antigen, neutrophil influx and
the late-phase airway obstruction were abrogated
(Gundel et al., 1991). This suggests that the late-phase
response may be the result of an influx of neutrophils
into the airways dependent on E-selectin. Interestingly,
the anti-ICAMT mAb had no effect on neutrophil
accumulation which is surprising in view of the inhibitory
effect of anti-ICAM-1 mAbs on neutrophil trans¬
migration in vitro (Smith et al., 1989) and accumulation
in vivo in other studies (Rampart et al., 1991; Table
10.5).
Another example of CD18/ICAM-l-independent

neutrophil accumulation was demonstrated in studies of
whole-animal models of reperfiision injury. While tissue
damage in gut and liver was attenuated by anti-CD 18
mAbs, lung injury in the same animals did not appear to
be suppressed (Vedder et al., 1988). Further studies
revealed that neutrophil accumulation from pulmonary
capillaries in the lung can occur via CD18-dependent and
CD18-independent mechanisms that appear to depend
on the stimulus (Doerschuk et al., 1990). Thus,
intrabronchial instillation of Streptococcus pneumoniae or
hydrochloric acid induced neutrophil accumulation in
the lung that was not inhibited by the anti-CD18 mAb
60.3. In contrast, neutrophil accumulation induced by
intrabronchial PMA or E. coli was reduced by 70-99%
by 60.3. In the skin of the same animals, neutrophil
accumulation induced by the same stimuli was abolished
(i.e. inhibited by >98%) by 60.3 treatment.
Lung injury in the rat, as assessed by increases in

vascular permeability and haemorrhage, induced by
intravenous cobra venom factor or by intra-alveolar
deposition of immune complexes is reported to be
partially reduced by an anti-CD 18 mAb (Mulligan et al.,
1992a, 1992b). Neutrophil accumulation as assessed by
tissue myeloperoxidase was also reduced by anti-CD18
treatment (Mulligan et al., 1992b). The response to
cobra venom factor and immune complexes is comple¬
ment dependent, C5a being the major mediator. The
response to C5a itselfwas not examined, although others
have shown that C5a-induced neutrophil accumulation
in rabbit lung is largely CD18 independent (Hellewell
and Henson, 1991; Hellewell et al., 1994). The anti-E-
selectin mAb CL-3 that cross-reacts with the rat has also
been shown to reduce neutrophil accumulation in the
lung in response to immune complexes (Mulligan et al.,
1991). Lung injury was also attenuated as judged by
inhibition of vascular permeability and haemorrhage
(Mulligan et al., 1991).
How C5a itself induces neutrophil accumulation in the

lung remains to be determined. It is unlikely to be via
E-selcctin since in vitro studies have shown that C5a is
unable to up-regulate endothelial CAMs; it is possible
that C5a stimulates resident lung cells such as macro¬
phages to generate TNF and there is some in vitro
evidence to support this idea (Okusawa et al., 1988).
These studies with C5a also indicate that the process of

cell migration is CD 18 independent which is intriguing
because in vitro evidence to date indicates that GDIS is
essential for cell emigration to occur (Smith et al., 1988,
1989). Neutrophils from LAD patients (GDI 8 deficient)
can adhere to activated endothelium via E-selectin but

they cannot migrate (Smith etal., 1988). However, post
mortem examination of lungs from LAD patients shows
clear evidence of neutrophil migration into the air spaces
at foci of bronchopneumonia (Hawkins et al., 1992).
While the retention of neutrophils in the pulmonary
microcirculation may be occurring via E-selectin it
suggests that alternative mechanisms for retention and
migration of granulocytes exist (Worthen ct al., 1989;
MacNee and Selby, 1993). The role of neutrophil
deformabilitv was discussed above.
Evidence for a role for P-selectin in mediating neutro¬

phil accumulation in lung tissue has also been published
(Mulligan et al., 1992c). In these experiments, die anti-
P-selectin mAb PNB1.6 reduced cobra venom factor-
induced neutrophil infiltration into rat lung as assessed by
lung total myeloperoxidase content. The effect of anti-P-
selectin on neutrophil emigration into the air spaces was
not assessed, although two other indices of lung injury,
permeability index and haemorrhage, were attenuated by
the mAb.
There is also evidence that VLA-4 plays a role in

neutrophil accumulation in certain types of lung injury.
Mulligan et al. (1993b) found that an anti-rat VLA-4
mAb was very effective at inhibiting neutrophil accumu¬
lation into lung tissue and into the airspaces in models of
lung inflammation induced by intratracheal instillation of
IgG or IgA immune complexes. Blocking VLA-4 may
interfere with functions of pulmonary macrophages that
are important for the development of lung injurs' in these
models, e.g. production of cytokines or toxic products
from oxygen and L-arginine.

6. Concluding Comments
In this chapter we have reviewed current knowledge on
the mechanisms by which neutrophils accumulate at sites
of inflammation in tissues. It is clear that there is still
much to be learned about how neutrophil migration is
controlled and that more undiscovered mediators

probably exist which will have effects on this process.
There may even be more adhesion molecules waiting to
be discovered that are involved in neutrophil accumu¬
lation, for example, in capillaries of the lung. When one
considers that, in the setting of inflammation, there are
likely to be multiple mediators and adhesion pathways,
all ofwhich can interact in complex ways, deciding which
of these is important and thus the potential target for
therapy is daunting. Nevertheless, the prospects look
favourable for novel anti-inflammatory drugs in the
future.
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The role of PAF in platelet accumulation and oedema
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Although platelet accumulation has been documented to occur in a number of
inflammatory reactions and platelets have the capacity, when activated, to liberate
a variety of proinflammatory substances, their precise role in inflammation is only
partly understood. Platelet-activating factor (PAF) stimulates platelets to mobilize
their membrane phospholipids, elevate their cytoplasmic Ca2+, aggregate, and
release their granule constituents presumably via a specific receptor-directed
mechanism. In this study we have examined the role of PAF in platelet accumula¬
tion and oedema formation induced by soluble mediators, zymosan particles, and
produced in a reversed passive Arthus (RPA) reaction in rabbit skin using the
selective, potent and long-acting PAF antagonist, UK-74,505 (Cooper et al., 1990;
Parry et al., 1991). This compound was either administered i.v. to investigate the
role of endogenous PAF or used to pretreat radiolabeled platelets in vitro before
their injection into recipient rabbits in order to assess the role of platelet PAF
receptors. In these latter studies, platelets were also labelled with Fura-2 to
examine their ex vivo reactivity to PAF after the in vivo experiment.

New Zealand White rabbits were anaesthetized with pentobarbitone, their
backs were clipped and marked with 12 sites in six replicates according to a
balanced site plan. To quantitate simultaneously oedema formation and platelet
deposition, animals were given an i.v. injection of 125I-albumin (5 /xCi) mixed with
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the visual marker Evans blue dye (10 mg/kg), followed 5 min later by an i.v.
injection of 1,1 In-labelled platelets. After 10 min test animals were treated with
UK-74,505 (0.5 mg/kg; i.v.) and the control animals received the UK-74,505
vehicle. In another series of experiments test animals were given 1!l In-labelled
platelets which had also been loaded with Fura-2 (2 gM; 45 min; 37° C) and/or
had been pretreated in vitro with UK-74,505 (1 /xM; 15 min; 25° C). Following a
further 10 min, titres (100, 50, 25, 12.5%) of anti-bovine -y-globulin (BGG) anti¬
serum or agonists were injected i.d. in 0.1 ml volumes followed 5 min later by an
i.v. dose of antigen, BGG (5 mg/ml). In order to facilitate the measurement of
microvascular protein leakage some agonists were co-injected with the vasodilator
PGE2 (Wedmore and Williams, 1977). After either 30 min or 4 h the animals were
killed, their dorsal skin removed, the skin sites excised with a 17 mm diameter
punch and the radioactivity in the skin sites was counted by an automatic gamma
counter.

UK-74,505 (0.5 mg/kg, i.v.) suppressed PAF-induced oedema formation, but
not the response induced by zymosan, bradykinin, histamine, FMLP. zymosan-
activated plasma (ZAP), Ieukotriene B4, and interleukin-8 (IL-8). Platelet deposi¬
tion induced by PAF but not by IL-8 or ZAP was attenuated by i.v. UK-74,505.
Although oedema induced by zymosan was not affected by i.v. UK-74.505, zy-
mosan-induced platelet deposition was inhibited by the PAF antagonist. The
marked protein exudation and platelet accumulation produced in the RPA reac¬
tion were both suppressed by i.v. UK-74,505. In vitro, UK-74,505 was a potent and
long-acting inhibitor of PAF-induced aggregation of washed rabbit platelets. In
addition, n,In-labeIIed and Fura-2 loaded platelets pretreated with UK-74,505
when washed and injected into recipient rabbits accumulated at inflammatory
sites. These platelets exhibited an 80% reduction in their responsiveness to PAF
after 4 h as measured using Fura-2 ex vivo. However, pretreatment of platelets
with the compound did not affect their deposition in the RPA reaction, except at
the lowest antibody dose, or their accumulation to exogenous PAF. These results
suggest that PAF is an important mediator of oedema formation and platelet
deposition in the Arthus reaction in rabbit skin. The results, however, question the
role of PAF receptors on platelets in this model.
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I. Introduction

The guinea pig has long been recognised as an appropriate experimental
animal in which several of the pathological characteristics of asthma can
be modelled [1], Such pathology includes the development of polyphasic
reactions [2, 3], the selectively eosinophilic nature of the pulmonary cell
infiltrate and the induction of airways hyperresponsivencss following
exposure of actively sensitized animals to allergen [4-6]. Moreover,
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several of these pathological characteristics are modified by established
anti-asthma therapies in the guinea pig [6], indicating the utility of this
species as a relevant animal model for novel drug selection.
Bronchial hyperresponsiveness (BHR) is an exaggerated response to a

wide range of stimuli that increase resistance to airflow in the lung. It is
a characteristic feature of asthma [7] and is demonstrable in asthmatics
as a leftward shift (hypersensitivity) together with an increase in the
slope (hyperreactivity) of the dose-response curve to an inhaled agonist
[8], Despite this distinction, the terms hyperreactivity and hyperrespon¬
siveness are often used interchangeably. The majority of studies investi¬
gating the effects of either platelet-activating factor (PAF) or allergen
on pulmonary function in the guinea pig, have described airways
hyperreactivity resulting from exposure to these agents. Consequently
we have used this term throughout this article.
Airways hyperreactivity has been demonstrated following exposure of

guinea pigs to several different agents including tachykinins [9], ozone
[10], cigarette smoke [11], viruses [12], propranolol [13], isoprenaline
[14], indomethacin [15], and immune-complexes [16]. However, it is the
purpose of this chapter to discuss enhanced airways responses resulting
from exposure of guinea pigs to PAF, or of sensitized animals to
allergen.

2. PAF-Induced Bronchial Hyperreactivity in the Guinea Pig

2.1. Discovery, Synthesis and Cellular Sources of PAF

In 1971 it was proposed that activation of leukocytes by allergen caused
secretion of a material or materials that induced histamine release from

platelets [17] and the release of such material was demonstrated using
IgE-sensitized rabbit basophils [18]. This factor, termed PAF, was
identified as a phosopholipid and its chemical structure was elucidated
as l-alkyl-2-acetyl-sn-glycero-3-phosphorylcholine by three independent
groups in 1979 [19-21], Subsequently PAF has been variously referred
to as PAF-acether, acetyl-glyceryl-ether-phosphorylcholine, or anti-hy¬
pertensive polar renomedullary lipid [22],
The biosynthesis of PAF occurs not only from de novo synthesis [23],

but also via the concerted actions of two enzymes, phospholipase A2
(PLA2) and acetyltransferase [24], Cellular activation increases intracel¬
lular free calcium ion concentration which in turn activates a calcium-

dependent PLA2. This enzyme metabolizes membrane phospholipids
including l-0-alkyl-2-arachidonyl-glycerophosphocholine at the sn-2
position into the biologically inert l-0-alkyl-2-lyso-glycerophospho-
choline (lyso-PAF) and arachidonic acid. Lyso-PAF_is acetylated by
acetyltransferase in the cytoplasm to produce PAF. PAF is rapidly
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hydrolysed in vivo by acetylhydrolase which converts the active molecule
to its inactive precursor lyso-PAF. Indeed, acetylhydrolasc is extremely
active, such that in the rabbit up to 70% of intravenously injected PAF
is converted to lyso-PAF within one minute [25].

Since the first demonstration of PAF release from basophils, it has
been established that a range of leukocytes including granulocytes
[26, 27], macrophages [28], monocytes [29] and platelets [30], as well as
endothelial [31] and epidermal cells [32], have the capacity to release
this molecule. PAF exerts its effects upon these cells by interacting with
specific, high affinity binding sites that have been characterised on
human platelets [33], neutrophils [34] and lung membranes [35]. Guinea
pig and human PAF receptors have been cloned, both having 342
amino acids and seven transmembrane domains [36, 37]. PAF binding
at these sites appears to correlate with its functional effects; the predom¬
inant effector pathway being phosphoinositide hydrolysis resulting in
the generation of inositol triphosphate and diacylglycerol. This in turn
releases intracellular calcium and activates protein kinase C respectively
[38], In addition, there is now considerable evidence that most of the
PAF synthesized by stimulated cells actually remains associated with the
cell. In this context, it has been postulated that PAF may act intracellu-
larly to modify Lhe alkylacyl-GPC cycle, exert physical effects within
membranes, and function as an intracellular mediator [39]. Interest¬
ingly, rabbit basophils appear unusual in this respect as they release the
majority of PAF generated upon activation.

2.2. Actions of PAF In Vivo

PAF is a highly potent inflammatory mediator with multiple actions,
many of which arc pertinent to a mediator of allergic disease [40]. In the
guinea pig, intravenous administration of PAF results in systemic
hypotension [41] whilst the peripheral vasculature of the lung [42] and
the coronary circulation [43] constrict in response to PAF. Further¬
more, PAF has been reported to contract airways smooth muscle in vivo
(whilst having no effect on isolated tracheal rings [44]), increase vascu¬
lar permeability [45], decrease mucociliary clearance [46], induce the
accumulation [6] and activation [47] of inflammatory leukocytes, and
increase airway reactivity.

2.3. Airways Hyperreactivity

Airways hyperreactivity to intravenous injections of histamine, bombesin
or substance P following intravenous infusion of PAF in the guinea pig
was first demonstrated by Mazzoni et al [48], These studies indicated
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that whilst the induction of hyperreactivity by PAF was unaffected by
prior bilateral vagotomy or neutrophil depletion, this phenomenon was
abolished by selective depletion of platelets with lytic anti-platelet
anti-serum. Subsequent studies confirmed that acute intravenous expo¬
sure to PAF increased airways reactivity. The roles of thromboxane,
intrathoracic platelet accumulation and lipoxygenase metabolites in the
induction of airways hyperreactivity by PAF in the guinea pig have been
investigated [49, 50, 51]. Exposure of guinea pigs to aerosolized PAF also
resulted in increased airways reactivity to aerosolized 5-hydroxy-
tryptamine (5-HT) [52], or to intravenously administered histamine or
carbachol [53], In addition, chronic administration of PAF over 14 days
from subcutaneously implanted osmotic minipumps, that were connected
to the jugular vein, produced airways hyperreactivity to intravenous
histamine in guinea pigs. This effect was associated with hyperplasia of
airways smooth muscle and marked eosinophil infiltration of the airways
[54], Subsequently, several mechanisms have been proposed to account
for this activity of PAF and these are discussed below.

2.3.1. Airways smooth muscle: Whilst being a potent airways smooth
muscle spasmogen in vivo, PAF did not contract guinea pig isolated
tracheal smooth muscle [44], However, PAF has been reported to
contract guinea pig isolated parenchymal lung strips, a preparation in
which vascular elements may predominate. Contraction was indepen¬
dent of the presence of both platelets and neutrophils [55] and has been
demonstrated to depend on the release of acetylcholine from cholinergic
nerves [56] and generation of thromboxane [57]. In the anaesthetized
guinea pig, intravenous injection but not aerosolized PAF induced
bronchoconstriction that was platelet-dependent [44], These spas¬
mogenic actions of PAF, taken together with the observation that
airways hyperreactivity to histamine was associated with hyperplasia of
airways smooth muscle following chronic exposure of guinea pigs to
PAF [54], lead to the concept that structural or functional changes in
airways smooth muscle could explain the increased airways reactivity
that followed exposure to PAF. However, hyperreactivity to histamine
was not observed in lung strips taken from guinea pigs that had been
chronically exposed to PAF, indicating that it was not simply a conse¬
quence of the changes observed in the airways smooth muscle [54],
Moreover, airways hyperreactivity to histamine or acetylcholine follow¬
ing exposure to intravenous or aerosolised PAF was not related to
changes in airways smooth muscle function, or to changes in muscarinic
cholinoceptor or histamine receptor density or function [58], indicating
that alternative mechanisms may explain such pathology.

2.3.2. Oedema: PAF is a potent mediator of oedema formation and
administration of doses as low as 1 ng/kg resulted in extravasation of
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circulating Evans blue dye (which binds to intravascular ovalbumin)
throughout the respiratory tract in the guinea pig [59], Infusion of PAF
in guinea pig isolated lung preparations caused pulmonary oedema [60].
Indeed, oedema of the bronchial mucosa together with other structural
changes leading to airway wall thickening in asthmatic airways has been
proposed as a major determinant of airways hyperreactivity [61], How¬
ever, the increased basal airways resistance and decreased basal dy¬
namic compliance following intravenous infusion of PAF in anaes¬
thetized ventilated guinea pigs were associated with a wide range of
altered reactivity to different spasmogens, and notably, reactivity to
acetylcholine was diminished [62], Furthermore, vascular engorgement
causing physical obstruction of the airways following infusion of dex-
tran did not alter reactivity to histamine. In addition, oedema of the
airways induced by intravenous infusion of histamine was associated
with a reduction in reactivity to acetylcholine and LTC4 [62]. These
observations question the proposal that airways hyperreactivity is a
consequence of airways obstruction and suggest that other properties of
PAF may account for this phenomenon.

2.3.3. fi2-Adrenoceptors: Incubation of cerebellar tissue with PAF in
vitro has been reported to decrease p2-adrenoceptor binding sites, an
effect that was prevented by prior incubation with a PAF antagonist
[63], Moreover, a reduction in the bronchodilator response to isopre-
naline has been demonstrated in guinea pigs rendered hyperreactive
following exposure to PAF [64], These observations suggest that PAF
could increase airways reactivity by altering -adrenoceptor function.
However, no change in /^-adrenoceptor number or binding affinity was
observed in lungs removed from PAF-treated animals or even following
incubation of airways with PAF in vitro [64], The reduced spasmolytic
activity of isoprenaline in guinea pigs exposed to PAF may be explained
by the presence of airways oedema which is not readily reversed by
ft-agonists.

2.3.4. Nerves: Induction of airways hyperreactivity by PAF was not
influenced by prior bilateral vagotomy in anaesthetized, ventilated
guinea pigs [48]. More recent studies have demonstrated that pretreat-
ment with capsaicin, whilst not influencing the immediate bronchocon-
strictor or hypotensive effects of intravenously administered PAF,
completely abolished PAF-induced bronchial hyperreactivity to his¬
tamine [65], indicating an important role for capsaicin-sensitive sensory
fibres in this phenomenon. PAF can initiate the release of tachykinins,
substance P and neurokinin A, from isolated perfused guinea-pig lungs
[66] and substance P from guinea pig isolated bronchi [67]. Indeed,
enhanced airways reactivity following local release of sensory neuropep-
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tides in the guinea pig has been reported [68], Alternatively, activation
of leukocytes by PAF induces an array of inflammatory agents includ¬
ing prostacyclin, 15-hydropefoxy eicosatrienoic acid (15-HPETE),
lipoxins, and cationic proteins released from eosinophilic granulocytes,
which may exert some of their effects via activation of capsaicin-sensi-
tive mechanisms [69].

2.3.5. Platelets: Intravenous infusion of PAF in the anaesthetized

guinea pig caused an acute change in reactivity of the airways to
intravenous injection of histamine [48], a response that was accompa¬
nied by a transient accumulation and dispersal of platelets within the
pulmonary vasculature [70], These blood elements have been proposed
to determine the changed behaviour of the airways to histamine and
other spasmogens, since hyperreactivity does not develop in animals
whose platelets have been removed from the circulation by prior intra¬
venous injection of lytic anti-platelet anti-scrum [48], Moreover, other
stimuli eg. ADP, collagen, and the thromboxane mimetic U46619,
which caused comparable platelet aggregation in the lung, did not alter
airways reactivity, indicating that induction of BHR by PAF is not
secondary to pulmonary platelet recruitment [71]. This latter finding
raised the possibility that PAF might interact selectively with platelets
to yield some unique product having the capacity to induce airways
hyperreactivity. By incubating platelets briefly (1 min) with PAF and
injecting the supernatant into platelet-depleted guinea pigs it proved
possible to demonstrate such biological activity [72], This effect could
not be attributed to PAF, since PAF was no longer detectable in the
fluid phase following 30 s contact with stirred platelets and since the
airways of the test animals (being depleted of platelets) did not respond
to intravenous injection of PAF by development of airways hyperreac¬
tivity. The activity of this platelet-derived factor was rapidly lost when
the supernatant vyas stored in the absence, of platelets, suggesting
prolonged or even continuous generation of such material from platelets
[72]. Moreover, the generation of this factor was inhibited by preincu¬
bation of platelet-rich plasma with iloprost, ketotifen and prednisolone,
but not by cromoglycate. In anaesthetized ventilated guinea pigs the
induction of hyperreactivity by this platelet-derived factor was pre¬
vented by intravenous infusion of ketotifen and prednisolone, but not
by cromogiycate or aminophylline (Figure 1, [73]). Whether differential
inhibition of the action of this factor in the guinea pig implies distinct
mechanisms or sites of action for these drugs remains to be explored.

2.3.6. Eosinophilia: An association between the presence of an
eosinophilic infiltrate and airways hyperreactivity in the asthmatic lung
led to the concept that hyperreactivity was secondary to, and therefore
a consequence of, pulmonary inflammation [74]. Exposhre of conscious
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Figure I. Induction of airways hyperreactivity by platelet-derived hyperreactivity factor
(PDHF) in the anaesthetized, ventilated guinea pig: PDHF was generated by incubating
platelet-rich plasma (PRP) from donor guinea pigs with PAF (32ng/kg, 1 min). Following
centrifugation, the supernatant containing PDHF was injected into anaesthetized, thrombocy-
topacnic guinea pigs and airways reactivity, expressed as increased airway resistance (RL) to
PGF2, (56 /rg/kg i.v., filled bars), was assessed before and after 3 successive injections (10 min
intervals) of PDHF (•). Hyperreactivity to PGF2„ (A) was prevented when animals received
concomittant infusion of prednisolone (I pg/kg/min i.v.) during injection of PDHF (B).
*
p < 0.05 by comparison with the response to PGF2„ after injection of PDHF in untreated

animals. Data taken from reference [73],

guinea pigs to aerosols of PAF led to the selective accumulation of
eosinophils in bronchial alveolar lavage (BAL) fluid [75]. This response
may largely be attributed to systemic absorption of PAF within the
nasal cavity, since intraperitoneal [76] or subcutaneous [77] injection of
PAF are also effective stimuli of pulmonary eosinophil accumulation.
However, unlike the associated increase in airways reactivity, eosinophil
accumulation following inhalation of aerosolised PAF was not evident
acutely and was unaffected by platelet depletion with lytic anti-platelet
anti-serum. Indeed, pulmonary eosinophilia was progressive, peaking at
48 h when increased airways reactivity was no longer evident [75],
Hence pulmonary eosinophilia and increased airways reactivity result¬
ing from exposure to PAF may occur via distinct mechanisms and can
be described as parallel pathologies as previously suggested [78].

2.3.7. Influence of established and experimental anti-asthma compounds:
The ability of PAF to increase the reactivity of guinea pig airways
has allowed evaluation of established and developmental anti-asthma
drugs to influence this pathological process. A number of different
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classes of high affinity compounds (including synthetic analogs, eg. CV
3988, natural products, eg. kadsurenone, BN 52021, FR-49175, and
synthetic structures such as RP 48740 or WEB 2086) have been iden¬
tified that selectively antagonize the actions of PAF [79]. Some of these
compounds have been examined for effects upon PAF-induced airways
hyperreactivity in the guinea pig. For example, BN 52021 inhibited the
induction of increased reactivity to acetylcholine and histamine in
addition to inhibiting the associated pulmonary eosinophilia [53]. Both
WEB 2086 and the structurally related WEB 2170 have been shown to
reduce PAF-induced hyperreactivity to acetylcholine and histamine
respectively [80, 81]. However, WEB 2086, as well as the structurally
unrelated PAF antagonists BN 52021 and CV 3988, did not block
increased reactivity to histamine induced by either propranolol or
indomethacin at doses which reduced hyperreactivity to acetylcholine
following exposure to PAF [81].
Established anti-asthma therapies such as glucocorticosteroids,

aminophylline, ketotifen and cromoglycate, but not isoprenaline, have
been reported to inhibit the induction of PAF-induced airways hyperre¬
activity in the anaesthetized ventilated guinea pig [82], The inhibitory
effects of these drugs could not be attributed to antagonism of his¬
tamine (H,), 5-HT or leukotriene receptors, parasympatholytic activity,
cyclooxygenase or lipoxygenase inhibition; or mast cell stabilization.
However, conflicting results have been obtained by other workers who
demonstrated that the combined cyclooxygenase aud lipoxygenase in¬
hibitors BW 755C and 5,8,11,14-eicosatetraynoic acid (ETYA) as well
as the leukotricne antagonist FPL 55712 [51] and the thromboxane
antagonist OKY 046 [83] inhibited PAF-induced airways hyperreactiv¬
ity in the anaesthetized guinea pig. More recently, potassium channel
opening compounds (K4" ATP-openers) have been shown to prevent the
induction of airways hyperreactivity by PAF via a mechanism that
remains to be elucidated [ 16], and the selective phosphodiesterase
(PDE) type IV inhibitor, RP 73401, has been reported to inhibit
PAF-induced hyperreactivity to bombesin dose-dependently in the
anaesthetized, ventilated guinea pig [84].

3. Antigen-Induced Airways Hyperreactivity in the Guinea Pig

3.1. Introduction

Allergen-induced early (EAR) and late (LAR) asthmatic responses and
the associated increase in airways reactivity to inhaled bronchoconstric-
tor agents have been extensively studied as an experimental clinical
model for investigating the pathogenesis of atopic asthma [85] and the
effects of established anti-asthma therapies on such pathology [86], The
EAR is considered to result from immunoglobulin E (*IgE)-dependent
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release of performed and newly generated mediators from lung mast
cells. The LAR is associated with the recruitment of inflammatory
leukocytes and airways hyperreactivity and is considered to result from
the actions of granule-derived and newly formed mediators released
following leukocyte activation [87]. However, recent observations
demonstrating that increased airways reactivity precedes the LAR [88]
and can occur in the absence of the LAR [89] question any association
between these pathological events. Although clinically well character¬
ized, the precise mechanisms underlying these responses to inhaled
allergen are poorly understood and experimental studies in patients are
limited by ethical considerations. Consequently, the actively sensitized
guinea pig has been extensively utilized as an experimental animal
model that exhibits early and late responses, pulmonary inflammation
and bronchial hyperreactivity following exposure to allergen [2, 3, 5, 6].

3.2. Sensitization

The presence of IgE is central to the atopic state [90]. Consequently,
sensitization regimes in the guinea pig favouring the preferential pro¬
duction of IgE-type antibodies [91, 92] using low doses of antigen mixed
with the adjuvant, aluminium hydroxide, have been preferred [6, 93,
94], In addition, it has been suggested that sensitization regimes using
Bordetella pertussis vaccine as an adjuvant optimize IgE production
[95], Although it is possible to sensitize guinea pigs actively by exposing
them by injection [4, 91] or inhalation [2, 96] of antigen in the absence
of adjuvants, it has been demonstrated that such procedures result in
the selective generation of IgG-like antibodies in this species [91].
Reports that active sensitization per se can increase airways reactivity

to both inhaled methacholine and histamine in the guinea pig [96]
together with the use of different sensitization protocols, different expo¬
sure times to different doses of antigen, and use of additional drugs to
protect against lethal anaphylaxis, could explain the conflicting results
reported in the literature.

3.3. Airways Hyperreactivity

In 1973, Popa el at. [97] demonstrated increases in airways reactivity to
histamine, acetylcholine and propranolol in conscious, actively sensi¬
tized guinea pigs following exposure to inhaled allergen, and reported
that the duration of these enhanced responses (up to 180min) were
dependent upon the dose of antigen to which animals had been exposed.
More recently, increased reactivity to intravenously administered 5-HT
was reported following exposure of actively sensitized guinea pigs to a
concentration of aerosolized allergen that evoked immediate and sub-
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stantial bronchospasm. The response Was associated with an increase in
the number of polymorphonuclear leukocytes in the lung as well as
pulmonary oedema, suggesting, a causal relationship between these
pathologies [98]. However, following exposure of sensitized guinea pigs
to much lower doses of antigen that caused submaximal bronchocon-
striction (anaphylactic microshock), no overt inflammatory changes in
the lung were observed, even though reactivity to acetylcholine and 5-HT
were increased [99]. The authors concluded that mediator release from
leukocytes resident in the lung may play a more important role in the
pathogenesis of airways hyperreactivity than those recruited from the
circulation. Interestingly, in this study, hyperreactivity was inhibited by
prior treatment with the histamine (H,) receptor-antagonist mepyramine
and it was suggested that the anaphylactic release of histamine may
modulate the release of secondary mediators of airways hyperreactivity.
Other investigators have reported inhibition of the development of

airways hyperreactivity to acetylcholine 30 and 60 min following expo¬
sure of actively sensitized guinea pigs to low doses of allergen by prior
treatment with the thromboxane synthetase inhibitor OKY-046. This
acute increase in reactivity was not associated with increased numbers
of inflammatory cells in the lung [100]. Dose-dependent increases in
reactivity to histamine and acetylcholine have also been demonstrated
in anaesthetized ventilated guinea pigs 24 h after exposure to ovalbumin
[53]. These increases were associated with selective accumulation of
eosinophils in BAL fluid. In this study both the enhanced reactivity and
the associated eosinophilia were significantly reduced by the PAF antag¬
onist, BN 52021, implying a role for PAF in the induction of airways
hyperreactivity and eosinophilia induced by antigen. However, these
observations are at variance with others where, in similar test systems,
administration of PAF-antagonists failed to influence either the induc¬
tion of hyperreactivity or the eosinophilia that resulted from exposure
of sensitized guinea pigs to allergen [101, 102].
The majority of studies that have investigated antigen-induced airways

hyperreactivity in, actively .sensitized guinea pigs have examined re¬
sponses following exposure to a single dose of allergen. The relevance
and interpretation of such observations must be considered within the
context of allergic asthma where patients may be chronically exposed to
small quantities of allergen. In attempting to address this issue, sensitized
guinea pigs have been repeatedly exposed to aerosolized antigen over a
four to six week period [5]. Chronic exposure to allergen induced marked
airways hyperreactivity to acetylcholine that was maximal three days
after the last exposure and was associated with tissue eosinophilia [5].
Another issue raised by studies of this nature in the guinea pig is the

relevance of polyphasic reactions to inhaled allergen in obligate nasal
breathing animals. Whilst early and late phase responses have been
observed in sensitized conscious guinea pigs following, exposure to
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allergen [2], recent studies indicate that such responses may be a
consequence of allergen deposition in the nose, since in animals that
received allergen directly into the lung via an endotracheal tube these
late phase reactions were not observed [103], Various mechanisms have
been proposed to account for the induction of airways hyperreactivity
following exposure of actively sensitized guinea pigs to allergen and
these are discussed below.

3.3.1. Epithelium: Epithelial cell damage has been reported as a patho¬
logical characteristic of biopsied asthmatic lung [104] and has been
suggested to contribute to increased reactivity [741. In the guinea pig,
mechanical removal of airway epithelium enhanced reactivity of the
underlying smooth muscle to both airway spasmogens and neurogenic
stimulation [105, 106]. This has been suggested to occur through loss of
an inhibitory factor, generated by epithelial cells, that modifies smooth
muscle reactivity [107]. Investigation into the effects of epithelial re¬
moval on reactivity of isolated smooth muscle removed from actively
sensitized guinea pigs has indicated that epithelial removal enhanced, to
a similar extent, reactivity of airways from both naive and ovalbumin-
sensitized guinea pigs to airway spasmogens. However, reactivity to
ovalbumin was increased eight-fold in sensitized tissue [108]. These
results are supported by other studies where epithelial removal selec¬
tively enhanced antigen-induced release of histamine, without affecting
release of leukotrienes, prostaglandins or thromboxane B, [109], How¬
ever, it should be noted that airways hyperreactivity can be present in
the absence of any detectable epithelial damage or inflammation both in
patients [110] and normal individuals [111], questioning the level of
contribution of airway epithelium in the induction of airways hyper¬
reactivity.

3.3.2. /?-Adrenoceptors: Since Szentivanyi [112] first proposed the P-
adrenergic theory of atopic abnormality in bronchial asthma, several
studies have examined the effects of sensitization on the density and
function of /i-adrenergic receptors in guinea-pig lungs following expo¬
sure to allergen. A reduction in the concentration of /I-adrenoceptors in
lung homogenates [113] has been associated with a decrease in isopre-
naline-simulated adenylate cyclase activity in lung membranes from
sensitized animals [114]. Additionally, reduced spasmolytic activity of
isoprenaline on isolated tracheal smooth muscle removed from actively
sensitized guinea pigs has been reported [115]. However, none of these
studies assessed whether changes in the density or function of p-adreno¬
ceptors were associated with changes in airways reactivity.
More recently, reduced sensitivity to /J-adrenoceptor-mediated relax¬

ation was reported 24 h after single or repeated exposure of actively
sensitized guinea pigs to allergen. This altered response could not be
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explained by alterations in tracheal smooth muscle sensitivity to his¬
tamine or methacholine [ 1L6], indicating a dissociation between
bronchial hyperreactivity in vivo and reduced ^-adrenoceptor sensitivity
in vitro.

Interestingly, in guinea pigs that had been passively sensitized to
ovalbumin, sustained subcutaneous infusion of racemic salbutamol en¬
hanced airways reactivity both to antigen per se and to a range of
airways spasmogens following infusion of allergen [117]. The mecha¬
nism whereby salbutamol increased airways reactivity has not been
established. Previous studies indicated that it was not. prevented by
propranolol, was inhibited by prior bilateral vagotomy, and was mani¬
fest following infusion of (+) salbutamol, the enantiomer which does
not interact significantly with adrenoceptors, suggesting that it was not
related to /^-adrenoceptor occupancy [118].

3.3.3. Pulmonary inflammation: Exposure of actively sensitized guinea
pigs to allergen results in selective pulmonary eosinophilia [3-6], a
response that has been associated with airways hyperreactivity [3, 6],
Several lines of evidence implicate these granulocytes in the induction of
hyperreactivity in the guinea pig. Demonstration that several human
eosinophil granular proteins are cytotoxic for guinea pig tracheal ep¬
ithelium [119, 120] and that enhanced contractility of isolated tracheal
and bronchial smooth muscle to spasmogens follows removal of airway
epithelium [105, 106], supports the hypothesis that physical or func¬
tional damage to airway epithelium by the products of activated
eosinophils could augment airways reactivity [121]. Indeed, increased
levels ofmajor basic protein have been reported in BAL fluid recovered
from sensitized guinea pigs following exposure to allergen [122] and
incubation of guinea pig isolated trachea with major basic protein
increased airways smooth muscle reactivity to histamine and acetyl¬
choline [123]. In addition, other products of activated eosinophilic
granulocytes such as lipoxygenase metabolites [124], oxygen radicals
[125], basic cationic proteins [123], and PAF [48] have been implicated
in the induction of airways hyperreactivity in this species.
The observation that eosinophilia in parasitized rats was abolished by

treatment with anti-lymphocyte antiserum [126] focused attention on
the lymphocyte playing a critical role in allergic inflammation [127].
Increased numbers of activated CD4+ T-helper cells are present in BAL
fluid from atopic asthmatics [128] and have been associated with in¬
creased serum concentrations of interleukin-5 (IL-5) [129], a cytokine
that together with IL-3 and granulocyte macrophage-colony stimulating
factor (GM-CSF) is critical for the development and maturation of
the eosinophil granulocyte [130]. These cytokines are secreted by a
subset of CD4+ T-helper lymphocytes termed Th2 cejls [131] and have
been implicated in orchestrating both eosinophilic pulmonary inflam-
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mation and airways hyperreactivity in the guinea pig. For example,
treatment with a monoclonal antibody to IL-5 attenuated both lung
eosinophilia [132] and airways hyperreactivity to acetylcholine [133,
134] following exposure of actively sensitized animals to allergen. More¬
over, it has been reported that chronic administration of IL-5 induced
bronchial hyperreactivity to histamine in vivo and enhanced tracheal
contractility to histamine in vitro in the guinea pig [135], Airways
hyperreactivity in this study was temporally dissociated from increased
eosinophil numbers observed in BAL fluid. Intratracheal injection of
recombinant IL-5 in the guinea pig has also been reported to increase
airways reactivity [136] and inflammatory cell numbers in BAL [137]
suggesting that eosinophils might mediate hyperreactivity following
exposure to IL-5. However, other cytokines, such as GM-CSF, IL-3 and
tumour necrosis factor a (TNFa), increased eosinophil numbers in BAL
without altering airways reactivity in the guinea pig [138],
In order for leukocytes to accumulate at an inflammatory locus they

must first adhere to the vessel wall, a process involving different families
of cell adhesion molecules [139]. Whilst monoclonal antibodies to these
adhesion molecules have been used to study their role in inflammatory
responses in several species, only limited studies have been undertaken
in the guinea pig. Inhibition of allergen-induced pulmonary eosinophilia
but not airways hyperreactivity [140], as well as inhibition of both of
these pathologies [141], have been reported following treatment of
actively sensitized guinea pigs with HP 1/2, a monoclonal antibody to
the (J 1 intergrin VLA-4. This molecule is considered to play an impor¬
tant role in the adhesion and transmigration of eosinophils in inflamed
tissues [142], Moreover, treatment of sensitized guinea pigs with R15.7
and 6.5E, antibodies to CD18, an adhesion molecule expressed on
leukocytes that binds to 1CAM-1 on vascular endothelium, inhibited
eosinophil numbers recovered in BAL fluid, whilst only R15.7 reduced
airways hyperreactivity following allergen exposure [143],

3.3.4. Platelets: The role of platelets in the pathogenesis of airways
hyperreactivity following exposure of sensitized guinea pigs to antigen
remains controversial. Platelets have been reported to undergo dia-
pedesis into the extravascular tissue in close proximity to smooth muscle
cells and eosinophils following exposure of sensitized guinea pigs to
allergen [144]. Furthermore, treatment with the PAF antagonist BN
52021 has been reported to inhibit antigen-induced airways hyperreac¬
tivity [53], In contrast, prior treatment with lytic anti-platelet anti-serum
was without effect upon either the pulmonary eosinophila or hyperreac¬
tivity that resulted from exposure to antigen [6] and others have
reported that pretreatment with the PAF-antagonists RP 59227 and
WEB 2086 had no effect upon antigen-induced hyperreactivity in this
species [101].
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3.3.5. Nerves: The release of acetylcholine from vagal nerve endings in
the airways is modulated by prejunctional inhibitory muscarinic (M2)
cholinoceptors that have beenHemonstrated in guinea pig and human
airways [145, 146], It has been suggested that these receptors may
become dysfunctional in asthmatics [147]. In sensitized guinea pigs,
antigen provocation resulted in potentiation of vagally-induced contrac¬
tion of airways smooth muscle both in vivo and in vitro [148]. Moreover,
studies in guinea pigs that had been exposed to acute viral infections
[12], or in actively sensitized animals exposed to antigen [149], have
suggested that M2 receptor dysfunction contributed to the resultant
airways hyperreactivity. Indeed, bronchial hyperreactivity to inhaled
histamine and methacholine in actively sensitized, conscious, perma¬
nently instrumented guinea pigs that had been exposed to allergen, was
inhibited by prior treatment with the muscarinic cholinoceptor antago¬
nist ipatropium bromide, providing further evidence that an exagger¬
ated cholinergic reflex mechanistn contributes to allergen-induced
bronchial hyperreactivity [150]. Recent studies using this animal model
have shown that dysfunction of muscarinic M2 autoreceptors, which
would result in increased release of acetylcholine, was present immedi¬
ately after the EAR and was associated with bronchial hyperreactivity
to histamine [151]. Other studies employing intracellular recording
techniques have demonstrated that in bronchus isolated from actively
sensitized guinea pigs, exposure to ovalbumin resulted in transient
depolarization of the resting membrane potential and altered the ac¬
commodative properties of bronchial parasympathetic ganglionic neu¬
rons leading to an enhanced excitability. Some of these effects were
long-lasting, and although thought to occur as a result of inflammatory
mediator release during the immediate hypersensitivity reaction, direct
effects induced by antigen-antibody reactions at the level of the ganglion
neuron were not excluded [152]. Increased excitability of bronchial
parasympathetic ganglionic neurons following exposure to allergen
could also enhance airways reactivity.
Several lines of evidence implicate tachykinins such as substance P and

neurokinin A in the pathogenesis ofallergic bronchial hyperreactivity. For
example, chronic treatment of guinea pigs with capsaicin, which depletes
tachykinins from- non-adrenergic, non-cholinergic nerves, abolished air¬
ways hyperreactivity to allergen [153], whereas acute exposure to an
aerosol of capsaicin or of substance P induced hyperreactivity to airway
spasmogens. Moreover, prior treatment of guinea pigs with the NK2 (SR
48968) but not the NK, (SR 140333) non-peptide tachykinin receptor
antagonist prevented the development of airways hyperreactivity follow¬
ing exposure of actively sensitized guinea pigs to ovalbumin [154],

3.3.6. Influence of established and experimental anti-asthma compounds:
Prolonged administration of either aminophylline, dexamethasone, keto-
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tifen, or AH 21-132, a mixed type IIT/1V PDE inhibitor, via subcuta-
neously implanted mini-pumps, to sensitized guinea pigs was without
effect on airways hyperreactivity 24 h after exposure to antigen. How¬
ever, all these compounds inhibited the associated increase in eosinophil
numbers recovered in BAL fluid, indicating a dissociation between these
responses [6], In addition, mepyramine and salbutamol were without
effect on either parameter.
The type IV-selective PDE inhibitor, rolipram, has been reported to

inhibit the induction of bronchial hyperreactivity 24 h after exposure of
ovalbumin-sensitized guinea pigs to allergen, as did the non-selective
PDE inhibitor, aminophylline [ 155], Interestingly, whilst the dose of roli¬
pram administered (10 mg/kg), inhibited the immediate airway obstruc¬
tion to allergen and also to histamine in these animals, there was no resi¬
dual spasmolytic activity 24 h after allergen, when hyperreactivity was
assessed. This indicates that inhibition of airways hyperreactivity can
occur via mechanisms that are distinct from smooth muscle spasmolysis,
as has been previously reported for SDZ PCO 400, a potassium channel
opener [16]. More recently, rolipram, ORG 20241, alnixed III/IV PDE
inhibitor, and theophylline, were reported to reduce airways hyperreac¬
tivity following exposure of sensitized, conscious, unrestrained, guinea
pigs to antigen [ 156]. These compounds reduced airways hyperreactivity
at non-bronchodilator doses in addition to decreasing leukocyte numbers
in BAL fluid after allergen exposure.

4. Concluding Remarks

The ethical limitations of experiments in patients have necessitated the
development and use of animal models in order to understand further
the pathophysiological mechanisms underlying human asthma. In the
guinea pig, the distinctive airways pathology observed following expo¬
sure of normal animals to PAF, or sensitized animals to allergen, closely
resembles that of the asthmatic lung, where eosinophilic inflammation
and airways hyperreactivity are characteristic. Whilst the precise mecha¬
nisms by which allergen or PAF enhance airways reactivity remain to be
elucidated, empirical studies in the guinea pig indicate that the influence
of novel and established anti-asthma drugs can parallel clinical effects
[157], reinforcing the utility of the guinea pig as an appropriate species
in which to model the pathology associated with asthma.

References

1. Kallos P, (Callos L. Experimental asthma in guinea-pigs revisited. Int Arch Allergy Appl
Immunol 1984; 74: 79-85.

2. Hutson PA, Church MK, Clay TP, Miller P, Holgate ST. Early and late-phase
bronchoconstriction after allergen challenge of nonanaesthetized guinea pigs. 1. The



66 A. A. Y. Milne, A. G. Rossi and I. D. Chapman

association of disordered airway physiology to leukocyte infiltration. Am Rev Respir Dis
1988; 137: 548-557.

3. Santing RE, Olymulder CG, Zaagsma J, Meurs H. Relationships among allergen-in¬
duced early and late phase, airway Substructions, bronchial hyperreactivity, and inflamma¬
tion in conscious, unrestrained guinea pigs. J Allergy Clin Immunol 1994; 93:
1021-1030.

4. Dunn CJ, Elliott GA, Oosteveen JA, Richards IM. Development of prolonged
eosinophil-rich inflammatory leukocyte infiltration in the guinea-pig asthmatic response
to ovalbumin inhalation. Am Rev Rcspir Dis 1988; 137: 541-547.

5. Ishida K, Kelly LJ, Thompson RJ, Beattie LL, Schellenberg RR. Repeated antigen
challenge induces airway hyperresponsiveness with tissue eosinophils in guinea-pigs. J
Appl Physiol 1989; 67: 1133-1139.

6. Sanjar S, Aoki S, Kristersson A, Smith D, Morley J. Antigen challenge induces
pulmonary airway eosinophil accumulation and airway hyperreactivity in sensitized
guinea-pigs: the effect of anti-asthma drugs. Br J Pharmacol 1990; 99: 679-686.

7. Hargreave FE, Ryan G, Thompson NC, O'Byrne PM. Latimer K, Juniper EF et al.
Bronchial responsiveness to histamine or methacholine in asthma: measurement and
clinical significance. J Allergy Clin Immunol 1981; 68: 346-355.

8. Snashall PD. Mechanisms of hypersensitivity. General review. In: Nadel JA, Pauwels R,
Snashall PD, editors. Bronchial hyperresponsiveness. Normal and abnormal control
assessment and therapy. London: Blackwell, 1987: 257-314.

9. Hsuic T, Garland A, Ray DW, Hershenson MB, Leff AR, Solway J. Endogenous
sensory neuropeptide release enhances non-specific airway responsiveness in guinea-pigs.
Am Rev Respir Dis 1992; 146: 148-153.

10. Murlas CG, Roum JH. Sequence of pathologic changes in the airways mucosa of
guinea-pigs during ozone-induced bronchial hyperreactivity. Am Rev Respir Dis 1985;
131: 314-320.

11. James AL, Dirks P, Ohtaka H, Schcllenbcrg RR, Hogg JC. Airway responsiveness to
intravenous and inhaled acetylcholine in the guinea-pig after cigarette smoke exposure.
Am Rev Respir Dis 1987; 136: 1158-1162.

12. Fryer AD, Jacoby DB. Parainfluenza virus infection damages inhibitory M2 muscarinic
receptors on pulmonary parasympathetic nerves in the guinea-pig. Br J Pharmacol 1991;
102: 267-271.

13. Ney UM. Propranoiol-induced airway hyperreactivity in guinea-pigs. Br J Pharmacol
1983; 79: 1003-1009.

14. Sanjar S, Kristersson A, Mazzoni L, .Morley J, Schaeublin E. Increased airway reactivity
in the guinea-pig follows exposure to intravenous isoprenaline. J Physiol 1990; 425:
43-54.

15. Mitchell HW, Adcock J. Potency of several non-steroidal antiinflammatory drugs on
airway responses to histamine. Eur J Pharmacol 1987; 141: 467-470.

16. Chapman ID, Kristersson A, Mathelin G, Schaeublin E, Mazzoni L, Boubekeur K et al.
Effects of a potassium channel opener (SDZ PCO 400) on guinea-pig and human
pulmonary airways. Br J Pharmacol 1992; 106: 423-429.

17. Siriganian RP, Osier AG. Destruction of rabbit platelets in the allergic response of
sensitized leukocytes. 1, Demonstration of a fluid phase intermediate. J Immunol 1971;
106: 1244-1251.

18. Benveniste J, Henson PM, Cochrane CG. Leucocyte-dependent histamine release from
rabbit platelets. The role of IgE, basophils and a platelet-activating factor. J Exp Med
1972; 136: 1356-1377.

19. Demopolous CA, Pinckard RN, Hanahan DJ. Platelet activating factor. Evidence for
l-0-alkyl-2-acetyl-sn-glyceryI-3-phosphocho!ine as the active component. A new class or
lipid chemical mediators. J Biol Chem 1979; 254: 9355-9358.

20. Benveniste J, Tence M, Varenne P, Bidault J, Boulet C, Polonsky J. Semie-synthese et
structure proposee du facteur activant les plaquettes (PAF); Paf-acether, un alkyl ether
analogue de la lysophophatidylcholine. C R Acad Sci 1979; 289: 1037-1040.

21. Blank ML, Snyder F, Bye is LW, Brooks B, Muiihead EE. Anti hypertensive activity of
an alkyl ether analog of phosphatidylcholine. Biochem Biophys Res Commun 1979; 90:
1194-1200.

22. Braquet P, Touqui L, Shen TY, Vargaftig BB. Perspectives in platelet-activating factor
research. Pharmacol Rev 1987; 39: 97-118. *



Bronchial Hyperreactivity in Guinea Pigs 67

23. Renooij W, Snyder FF. Biosynthesis of I -alkyl-2-acetyI-sn glycerol-3-phosphory!choline
(platelet-activating factor) and a hypotensive lipid by cholinephosphotransferase in
various rat tissues. Biochem Biophys Acta 1981; 663; 545 556.

24. Snyder F. Chemical and biochemical aspects of platelet-activating factor: a novel class of
acetylated ether-linked choline phospholipids. Med Res Rev 1985; 5; 107-140.

25. Latrigue-Mattei C, Godeneche D, Chabard JL, Petie J, Berger JA. Pharmacokinetic
study of 5H-labelled Paf-acether. II. Comparison with 3H-!abelled lyso-Paf-acether after
intravenous administration in the rabbit and protein binding. Agents Actions 1984; 15:
643-648.

26. Clay KL, Murphy RC, Andres JL, Lynch J, Henson PM. Structure elucidation of
platelet-activating factor derived from human neutrophils. Biochem Biophys Res Com-
mun 1984; 121: 815-825.

27. Lee TC, Lenihan DJ, Malone B, Roddy LL, Wasserman SI. Increased biosynthesis of
platelet-activating factor in activated human eosinophils. J Biol Chem 1984; 259:
5526-5530.

28. Arnoux B, Duval D, Benveniste J. Release of platelet-activating factor (PAF-acether)
from alveolar macrophages by calcium ionophure A23187 and phagocytosis. Eur J Clin
Invest 1980; 10: 437-441.

29. Lynch JM, Henson PM. The intracellular retention of newly synthesized platelet-activat¬
ing factor. J Immunol 1986; 137: 2653-2661.

30. Chignard M, LeCouedic JP, Vargaftig BB, Benveniste J. Platelet-activating factor
(PAF-accthcr) secretion from platelets: effect of aggregating agents. Br J Haematol 1980;
46: 455-464.

31. Camussi G, Aglietta M, Malavasi F, Tetta C, Piacibello W, Sanavio F et al. The release
of platelet-activating factor from human endothelial cells in culture. J Immunol 1983;
131: 2397-2403.

32. Cunningham FM, Leigh I, Mallet AI. The production of platelet-activating factor (PAF)
by human epidermal cells. Br J Pharmacol 1987; 90: 117P.

33. Ukena D, Dent G, Burke FW, Robaut C, Sybrecht GW, Barnes PJ. Radioligand binding
of antagonists of platelet-activating factor to human platelets. FEBS Lett 1988; 228:
285-289.

34. O'Flaherty JT, Surles JR, Redman J, Jacobson D, Piantadosi C, Wykle RL. Binding and
metabolism of platelet-activating factor by human neutrophils. J Clin Invest 1986; 78:
381-388.

35. Hwang S-B, Lam M-H, Shen TY. Specific binding sites for platclct-activating factor in
human lung tissues. Biochem Biophys Res Commun 1985; 128: 972 979.

36. Honda Z-I, Nakamura M, Miki H, Minami M, Watanabi T, Seyaina Y et al. Cloning
by functional expression of platelet-activating factor receptor from guinea-pig lung.
Nature 1991; 349: 342-346.

37. Nakamura M, Honda ZI, Izumi T, Sakanaka C, Mutoh H, Minami M et al. Molecular
cloning and expression of platelet-activating factor receptor from human leukocytes. J
Biol Chem 1991; 266: 20400 20405.

38. Chao W, Olson MS. Platelet-activating factor: receptors and signal transduction.
Biochem J 1993; 292: 617-629.

39. Henson PM. Extracellular and intracellular activities of PAF. In: Snyder F, editor.
Platelet-activating factor and related lipid mediators. New York: Plenum, 1974: 255-
271.

40. Barnes PJ, Fan Chung K, Page CP. Platelet-activating factor as a mediator of allergic
disease. J Allergy Clin Immunol 1988; 81: 919-934.

41 Tanaka S. Kasuya Y, Masuda Y, Shigenobu K. Studies of the hypotensive effects of
platelet activating factor (PAF, l-o-alkyl-2-acetyl-sn-glyceryl-3-phosphorycholine) in
rats, guinea-pigs, rabbits and dogs. J Pharm Dyn 1983; 6: 866-874.

42. Hamasaki Y, Mojarad M, Saga T, Tai HH, Said SI. Platelet-activating factor raises
airway and vascular pressures and induces edema in lungs perfused with platelct-frcc
solutions. Am Rev Respir Dis 1984; 129: 742-746.

43. Levi R, Burke JA, Guo ZG, Hattori Y, Hoppens CM, McManus LM et al. Acetyl
glyceryl ether phosphorycholine (AGEPC): a putative mediator of cardiac anaphylaxis
in the guinea-pig. Circ Res 1984; 54: 117 124.

44. Vargaftig BB, Leforl J, Chignard M, Benveniste J. Platelet-activating factor induces a



68 A. A. Y. Milne, A. G. Rossi and 1. D, Chapman

platelet-dependent bronchoconstriction unrelated to the formation of prostaglandin
derivatives. Eur J Pharmacol 1980; 65: 185 -192.

45. Rogers DP, Autsudfcij B, Evans TW^Relvisi MG, Chung KF, Barnes PJ. Platelet acti¬
vating factor increases protein exudation hut not mucus secretion in guinea pig trachea
in vivo. Am Rev Respir Dis 1987; 125: A160.

46. Aursudkij B, Rodgers DF, Evans TW, Bclvisi MG, Chung KF, Barnes PJ. Reduced
tracheal mucus velocity in the guinea-pig in vivo by platelet activating factor. Am Rev
Respir Dis 1987; 135: A160.

47. Lee TC, Lenihan D, Malone B, Roddy LL, Wasserman SI. Increased biosynthesis of
platelet-activating factor in activated human eosinophils. J Biol Chem 1984; 259:
5526-5530.

48 Mazzoni L, Morlcy J, Page CP, Sanjar S. Induction of hyperreactivity by platelet-acti¬
vating factor. J Physiol 1985; 365: 107P.

49. Chung KF, Aizawa H, Leikauf GD, Ueki IF, Evans TW, Nadel JA. Airway hyperre-
sponsiveness induced by platelet-activating factor: role of thromboxane generation. .!
Pharmacol Exp Ther 1986; 236: 580-584.

50. Robertson DN, Page CP. ElTecl of platelet agonists on airway reactivity and intratho¬
racic platelet accumulation. Br J Pharmacol 1987; 92: 105-111

51. Anderson GP, Fennessy MR. Lipoxygenase metabolites mediate increased airways
responsiveness to histamine after acute platelet-activating factor exposure in the guinea-
pig. Agents Actions 1988; 24: 8-19.

52. Fitzgerald MF, Lees IW, Parente L, Payne AN. Exposure to PAF-acether aerosol
induces airway hypei responsiveness in guinea-pigs. Br J Pharmacol 1987; 90: 112P.

53. Coyle AJ, Urwin SC, Page CP, Touvay C, Villain B, Braquct P. The effect of selective
PAF antagonist BN 52021 on PAF and antigen-induced bronchial hyper-reactivity and
eosinophil accumulation. Eur J Pharmacol 1988; 148: 51-58.

54. Mencia-Huerta JM, Touvey C, Pfistcr A, Braquet P. Effects of long term administration
of platelet activating factor on pulmonary responsiveness and morphology in the
guinea-pig. Int Arch Allergy Appl Immunol 1989; 88; 154-156.

55. Stimler NP, O'Flahcrty JT. Spasmogenic properties of platelet-activating factor: Evi¬
dence for a direct mechanism in the contractile response of pulmonary tissues. Am J
Pathol 1983; 113: 75-84.

56. Stimler-Gcrard NP. Parasympathetic stimulation as a mechanism for platelet-activating
factor-induced contractile responses in the lung. J Pharmacol Exp Ther 1986; 237:
209-213.

57. Lefort J, Rotilio D, Vargaftig BB. The platelet-independent release of thromboxane A,
by PAF-acethcr for guinea pig lung involves mechanisms distinct from those for
leukotriene C4 and bradykinin. Br J Pharmacol 1984; 82: 525- 531.

58. Robertson DN, Coyle AJ, Rhoden KJ, Grandordy B, Page CP, Barnes PJ. The effect of
platelet-activating factor on histamine and muscarinic receptor function in guinea-pig
airways. Am Rev Respir Dis 1988; 137: 1317-1322.

59. Evans TW, Chung K, Rogers DF, Barnes PJ. Effect of platelet-activating factor on
airway vascular permeability: possible mechanisms. J Appl Physiol 1987; 63: 479-484.

60. Pretolani M, Lefort J, Vargaftig BB. Limited interference of specific PAF antagonists
with hyper-responsiveness to PAF itself on lungs from actively sensitized guinea-pigs. Br
J Pharmacol 1989; 97: 433-442.

61. James AL, Pare PD, Hogg JC. T he mechanics of airway narrowing in asthma. Am Rev
Respir Dis 1989; 139: 242- 246.

62. Hoshiko K, Morley J. Allergic bronchospasm and airway hyperreactivity in the guinea-
pig. Jpn J Pharmacol 1993; 63: 151-157.

63. Braquel P, Etienne A, Clostre F. Down-regulation of beta2-adrenergic receptors by
PAF-acether and its inhibition by the PAF-acether antagonist BN 52021. Prostaglandins
1985; 30: 721-726.

64. Barnes PJ, Grandordy BM, Page CP, Rhoden KJ, Robertson DN. The effect of platelet
activating factor on pulmonary ^-adrenoceptors. Br J Pharmacol 1987; 90: 707-715.

65. Perretti F, Manzini S. Activation of capsaicin-sensitive sensory fibers modulates PAF-in-
duced airway hypcrresponsiveness in anaesthetized guinea-pigs. Am Rev Respir Dis
1993; 148: 927-931.

66. Martins MA, Shore SA, Drazen JM Release of tachykinins by histamine, methacholine,
PAF, LTD4 and substance P from guinea pig lungs. Am J Physiol 1991; 261: 1.449-455.



Bronchial Hyperreactivity in Guinea Tigs 69

67. Rodriguc F, HoffP, Touvay C. Vilain B, Carre C, Mencia-Huerta JM et al. Release of
immunoreactivc substance P and vasoactive intestinal peptide (VIP) from guinea pig
upper airways by platelet activating factor (PAF-acether). Prostaglandins 1987; 34:
A178.

68. Ilsieu TR, Garland A, Ray DW. Hershenson MB, LefT AR, Solway J. Endogenous
sensory neuropeptide release enhances nonspecific airway responsiveness in guinea pigs.
Am Rev Respir Dis 1992; 146; 148 153.

69. Mapp CE, Fabbri l.M, Boniotti A, Maggi CA. Prostacyclin activates tachykinin release
from capsaicin-sensitive aflerents in guinea pig bronchi through a Ruthenium Red-sensi¬
tive pathway. Rr J Pharmacol 1991; 104: 49-52.

70. Smith D, Sanjar S, Morley J. The effect of prophylactic anti-asthma drugs on PAF-in-
duced platelet accumulation in the thorax of the guinea pig. Jpn J Pharmacol 1989; 51:
161-166.

71. Robertson DN, Page CP. Effect of platelet agonists on airway reactivity and intratho¬
racic accumulation. Br I Pharmacol 1987; 92: 105-111.

72. Sanjar S, Smith D, Kristersson A. Incubation of platelets with PAF produces a factor
which causes airway hyperreactivity in guinea-pigs. Br J Pharmacol 1989; 96: 75P.

73. Morley J, Chapman ID, Sanjar S. Actions of ketotifen on PAF-induced airway hyperre¬
activity in the anaesthetized guinea-pig. Br J Pharmacol 1989; 96: 76P.

74. Barnes PJ. Asthma as an axon reflex. Lancet 1986; 1: 242-245.
75. Sanjar S, Aoki S, Boubekeur K, Chapman ID, Smith D, Kings MA et al. Eosinophil

accumulation in pulmonary airway of guinea-pigs induced by exposure to an aerosol of
platelet-activating factor: effect or anti-asthma drugs. Br J Pharmacol 1990; 99: 267-272.

76. Sanjar S, Aoki S, Boubekeur K, Burrows L, Colditz I, Chapman I, Mortey J. Inhibition
of PAF-induced eosinophil accumulation in pulmonary airways of guinea-pigs by
anti-asthma drugs. Jpn J Pharmacol 1989; 51: 167-172.

77. Colditz IG, Topper EK. The effect of systemic treatment with platelet activating factor
on the migration of eosinophils to lung, pleural and peritoneal cavities in the guinea pig.
Int Arch Allergy Appl Immunol 1991; 95: 94-96.

78. Chapman ID, Foster A, Morley J. The relationship between inflammation and hyperre¬
activity of the airways in asthma. Clin Exp Allergy 1993; 23: 168-171.

79. Handley DA. Preclinical and clinical pharmacology of platelet-activating factor receptor
antagonists. Med Res Rev 1990; 10: 351-370.

80. Seeds EA, Kilimus N, Coyle AJ, Page CP. The effect of the selective PAF antagonist
WEB 2170 on PAF and antigen-induced bronchial hyperresponsiveness and inflamma¬
tion. Eur J Pharmacol 1990; 183: 1131P.

81 Dixon EJ, Wilsoncroft P, Robertson DN, Page CP. The effect of Paf antagonists on
bronchial hyperresponsiveness induced by Par, propranolol or indomethacin. Br J
Pharmacol 1989; 97: 717-722.

82. Sanjar S, Smith D, Schacublin E, Kristersson A, Chapman ID, Mazzoni L et al. The
effect of prophylactic anti-asthma drugs on PAF-induced airway hyperreactivity. Jpn J
Pharmacol 1989; 51: 151-160.

83. Takehana Y, Hamano S, Kikuchi S, Komatsu H, Okegawa T, Ikeda S. Inhibitory action
of OKY-046. HCI, a specific TXA, synthetase inhibitor, on platelet activating factor
(PAE)-induced airway hyperrcsponsiveness of guinea-pigs. Role of TXA2 in develop¬
ment of PAF-induccd non-specific airway hyperresponsiveness. Jpn J Pharmacol 1990;
52:621-630.

84. Raeburn D, Underwood S, Lewis S, Woodman VR, Battram CH, Tomkitison A et al.
Anti-inflammatory and bronchodilator properties of RP 73401, a novel and selective
phosphodiesterase type IV inhibitor. Br J Pharmacol 1994; 113: 1423-1431.

85. Pepys J. lmmunopathology of allergic lung disease. Clin Allergy 1973; 3: 1-22.
86. Booij-Noord HJ, Orie NGM, De Vrics K. Immediate and late bronchial obstructive

reactions to inhalations of house dust and protective effects of disodium cromoglycate
and prednisolone. J Allergy Clin Immunol 1971; 48: 344-354.

87. O'Byrne PM, Dolovich J, Ilargreave FE. Late asthmatic responses. Am Rev Respir Dis
1987; 136: 740-751.

88. Durham SR, Graneek BJ, Hawkins R, Newman Taylor AJ. The temporal relationship
between increases in airway responsiveness to histamine and late asthmatic responses
induced by occupational agents J Allergy Clin Immunol 1987: 79: 398 406.



70 A. A. Y. Milne, A. G. Rossi and I. D. Chapman

89. Lai CKW, Twentyman OP, Holgate ST. The effect of an increase in inhaled allergen
dose after rimitcrol hydrobromide on the occurrence and magnitude of the late asthmatic
response and the associated change in nonspecific bronchial responsiveness. Am Rev
Respir Dis 1989; 140: 917-923.

90. Ishizaka K. Mechanisms of reagenic hypersensitivity. Clin Allergy 1971; 1: 9-24.
91. Ovary Z, Kaplan B, Kojima S. Characteristics of guinea pig IgE. Int Arch Allergv

Immunol 1976; 51: 416-428.
92. Andersson P. Antigen-induced bronchial anaphylaxis in actively sensitized guinea-pigs:

anti-anaphylactic effects of sodium cromoglycate and aminophvlline. Br J Pharmacol
1980; 69: 467-472.

93. Iijima H, Ishima M, Yamuchi K, Chao CL, Kimura K, Sliimura S et al Bronchoalveolar
lavage and histologic characterization of late asthmatic response in guinea-pigs. Am Rev
Respir Dis 1987; 136: 922-929.

94 Lellouch-Tubiana A, Lefort J, Simon M, Pfister A, Vargaftig BB. Eosinophil recruitment
into guinea-pig lungs after PAF-acether and allergen administration. Am Rev Rcspir Dis
1988; 137: 948-954.

95. Ishida K, Thomson RJ, Beattie LL, Wiggs B, Schellenberg RR. Inhibition of antigen-in¬
duced airway hypcrrcsponsivcncss, but not acute hypoxia nor airway eosinophilia, by an
antagonist of platelet-activating factor. J Immunol 1990; 114: 3907-3911.

96. Fcatherstone RL, Hutson PA, Holgate ST, Church MK. Active sensitization of guinea-
pig airwavs in vivo enhances in vivo and in vitro responsiveness. Eur Respir J 1988; 1:
839 845."

97. Popa V, Douglas JS, Bouhuys A. Airway responses to histamine, acetylcholine and
propranolol in anaphylactic hypersensitivity in guinea-pigs. J Allergy Clin Immunol
1973;51:344-356,

98. Daffonchio L, Payne AN, Lees IW, Whittle BRJ. Immediate anaphylactic btonchocon-
striction induces airway hyperreactivity in anaesthetized guinea-pigs. Br J Pharmacol
1988; 94: 663-668.

99. Daflbnchio L, Payne AN, Lees TW, Whittle BRJ. Airway hyperreactivity follows
anaphylactic microshock in anaesthetized guinea-pigs. Eur J Pharmacol 1989; 161:
135-142.

100. Komatsu H, Takehana Y, Kikuchi S, Kojima M, Hamano S, Kusama H et al. Effect of
a thromboxane A2 synthetase inhibitor (OKY-046.HC1) on airway hyperresponsiveness
in guinea-pigs. Eur J Pharmacol 1990; 184: 87-95.

101. Underwood SL, Lewis SA. Raeburn D. RP 59227, a novel PAF receptor antagonist:
effects in guinea pig models of airway hyperreactivity, Eur J Pharmacol 1992; 210:
97-102.

102. Havil AM, Van Valen RG. Handley DA. Prevention of non-specific airway hyperreactiv¬
ity after allergen challenge in guinea-pigs by the PAF receptor antagonist SDZ 64-412.
Br J Pharmacol 1990; 99: 396-400.

103. Campos MG, Seminario M-C, Shute JK, Hunt TC, Holgate ST, Church MK
Eosinophils in a guinea pig model of allergic airways disease. In: Gleich GJ, Kay AB,
editors. Eosinophils in allergy and inflammation. New York: Marcel Dekker, 1994:
379-393.

104. Laitinen LA, Heino M, Laitinen A, Kava T, Haahtcla T. Damage of the airway
epithelium and bronchial hyperreactivity in patients with asthma. Am Rev Respir Dis
1985; 131: 599 - 606.

105. Flavahan NA, Aarhus LL, Rimele TJ, Vanhoutte PM. The respiratory epithelium
inhibits bronchial smooth muscle tone. J Appl Physiol 1985; 58: 834-838.

106. Goldie RG, Papadimitriou JM, Paterson WJ, Rigby PJ, Self HM, Spina D. Influence of
the epithelium on responsiveness of guinea-pig isolated trachea to contractile and
relaxant agonists. Br J Pharmacol 1986; 87: 5-14.

107. Vanhoutte PM. Epithelium-derived relaxant factor(s) and bronchial reactivity. Am Rev
Respir Dis 1988; 138: S24-S30.

108. Hay DWP, Raeburn D, Farmer SG, Flemmin WW, Fendan JS. Epithelium modulates
the reactivity of ovalbumin-sensitized guinea-pig airway smooth muscle. Life Sci 1986;
38: 2461-2468.

109. Undem BJ, Raible DG, Adkinson NF, Adams GK. Effect of removal of epithelium on
antigen-induced smooth muscle contraction and mediator release from guinea-pig iso¬
lated trachea. J Pharmacol Exp Thcr 1988; 244: 659- 665.



Bronchial Hyperreactivity in Guinea Pigs 71

110. Lozewicz S, Wells C, Gomez E, Ferguson H, Richman P, Devalia J et al. Morphologi¬
cal integrity of the bronchial epithelium in mild asthma. Thorax 1990; 45: 12-15.

111. Power C, Sreenan S, Hurson B, Burke C, Poulter LW. Distribution of immunocom¬
petent cells in the bronchial wall of clinically healthy subjects showing bronchial
hyperresponsiveness. Thorax 1993; 48: 1125-1129.

112. Szentivanyi A. The beta-adrenergic theory of atopic abnormality in bronchial asthma. J
Allergy 1968; 42: 203 - 232.

113. Barnes PJ, Dollery CT, MacDermot J. Increased pulmonary alpha-adrenergic and beta
receptors in experimental asthma. Nature 1980; 285: 569-571.

114. Taki F, Takagi K, Satake T, Sugiyama S, Ozawa T. The role of phospholipase in
reduced beta-adrenergic responsiveness in experimental asthma. Am Rev Respir Dis
1986; 133: 362-366.

115. Souhrada JF. Changes of airway smooth muscle in experimental asthma. Respir Phys¬
iol 1978; 32: 79-90.

116. Santing RE, Schraa EO, Vos BG, Gores RJ, Olymulder CG, Meurs H et al. Dissocia¬
tion between bronchial hyperreactivity in vivo and reduced ^-adrenoceptor sensitivity
in vilro in allergen-challenged guinea-pigs. Eur J Pharmacol 1994; 257: 145-152.

117. Hoshiko K, Morley J. Exacerbation of airway hyperreactivity by (+) salbutamol is
sensitized guinea-pigs. Jpn J Pharmacol 1993; 63: 159-163.

118. Morley J. Adverse reactions to sympathomimetics in laboratory animals. In: Costello
JF, Mann RD, editors. Beta agonists in the treatment of asthma. Camforth: Parthenon,
1992: 57-68.

119. Frigas E, Loegering DA, Gleich GJ. Cytotoxic effects of the guinea-pig eosinophil
major basic protein on tracheal epithelium. Lab Invest 1980; 42: 35-43.

120. Motojima S, Frigas E, Loegering DA, Gleich GJ. Toxicity of eosinophil cationic
proteins for guinea-pig tracheal epithelium in vitro. Am Rev Respir Dis 1989; 139:
801-805.

121. Gleich GS, Flavahan NA, Fujisawa T, Vanhoutte PM. The eosinophil as a mediator of
damage to respiratory epithelium: a model for bronchial hyperreactivity. J Allergy Clin
Immunol 1988; 81: 776-781.

122. Hunt TC, Summers JA, Campos MG, Rimmer SJ, Sturton G, Paltai S et al. Mono¬
clonal antibodies specific for guinea-pig eosinophil MBP: their use in an ELISA,
inununocylochemistry and flow cytometry. Clin Exp Allergy 1993; 23: 425-434.

123. Flavahan NA Slifman NR, Gleich GJ, Vanhoutte PM. Human major basic protein
causes hyperreactivity of respiratory smooth muscle. Role of epithelium. Am Rev
Respir Dis 1988; 138: 685-688.

124. Fennessy MR, Stewart AG, Thompson DC. Aerosolized and intravenously adminis¬
tered leukotrienes: effects on the bronchoconstrictor potency of histamine in the guinea-
pig. Br J Pharmacol 1986, 87: 741-749.

125. Ikuta N, Sugiyama, S, Takagi K, Satake T, Ozawa, T. Implication of oxygen radicals
on airwav hyperresponsiveness after ovalbumin challenge in guinea-pigs. Am Rev
Respir Dis 1992; 145: 561-565.

126. Basten A, Beeson PB. Mechanism of eosinophilia II. Role of the lymphocyte. J Exp
Med 1970; 131: 1288-1305.

127. Anderson GP, Coyle AJ. T(,2 and TH2-like cells in allergy and asthma: pharmacologi¬
cal perspectives. TIPS 1994; 15: 324-332.

128. Corrigan C, Hartnell A, Kay A. T-lymphocyte activation in acute severe asthma.
Lancet I, 1988; 1129-1132.

129. Corrigan CJ, Haczku A, Gemou-Engesaeth V, Doi S, Kikuchi Y, Takatsu K et al.
CD4 T-lymphocytc activation in asthma is accompanied by increased serum concentra¬
tions of interleukin-5. Effect of glucocorticoid therapy. Am Rev Respir Dis 1993; 147:
540-547.

130. Sanderson CJ. Control of eosinophil production. In: Morley J, Colditz 1, editors.
Eosinophils in asthma. London: Academic Press, 1989: 29-41.

131. Mosmann TR, Coffman RL. TH-1 and TH-2 cells: different patterns of lymphokine
secretion lead to different functional properties. Ann Rev Immunol 1989; 7: 145-173.

132. Gulbenkian AR, Egan RW, Fernandez X, Jones H, Kreutner W, Kung T ct al.
lnterleukin-5 modulates eosinophil accumulation in allergic guinea-pig lung. Am Rev
Respir Dis 1992; 146: 263-265.



72 A. A. Y. Milne, A. G. Rossi and I. D. Chapman

133. Milne AAY, Piper PJ. Effects of interleukin-5 inhibition on antigen-induced airway
hyperresponsiveness and cell accumulation in guinea-pigs. Annals New York Academy
of Sciences 1994; 725: 2R2-287.

134. Mauser PJ, Pitman A, Witt A, Fernandez X, Zurcher J, Kung T et al. Inhibitory effect
of the TRFK-5 anti-IL-5 antibody in a guinea-pig model of asthma. Am Rev Rcspir Dis
1993; 148: 1623-1627.

135. Van Oosterhonte AJM, Van Ark I, Hofman G, Savelkoul HFJ, Nijkamp FP, Recombi¬
nant interleukin-5 induces in vivo airway hyperresponsiveness to histamine in guinea-
pigs. Eur J Pharmacol 1993; 236: 379-383.

136. Iwama T, Nagai H, Tsuruoka N, Koda A. Effect of murine recombinant interleukin-5 on
bronchial reactivity in guinea-pigs, clin Exp Allergy 1993; 23: 32-38.

137. Iwama T, Nagai H, Suda H, Tsuruoka N, Koda A. Effect of murine recombinant
interleukin-5 on the cell population in guinea-pig airways. Br J Pharmacol 1992: 105:
19-22.

138. Kings MA, Chapman ID, Kristersson A, Sanjar S, Morley J. Human recombinant
lymphokines and cytokines induce pulmonary eosinophilia in the guinea pig which is
inhibited by ketotifen and AH 21-132. Int Arch Allergy Appl Immunol 1990; 297:
354-361.

139. Hellewell PG. Cell adhesion molecules and potential for pharmacological intervention in
lung inflammation. Pulm Pharmacol 1993; 6: 109-118.

140. Milne AAY, Piper PJ. The role of the VLA-4 intergrin in a model of airway inflamma¬
tion in the guinea-pig. Br J Pharmacol 1994; 112: 82P.

141. Pretolani B, Ruffiie C, Lapa e Silva J-R, Joseph D, Lobb RR, Vargattig BB. Antibody
to very late activation antigen 4 prevents antigen-induced bronchial hyperreactivity and
cellular infiltration in the guinea pig airways. J Exp Med 1994; 180: 795 805.

142. Hansel IT, Walker C. The migration of eosinophils into the sputum of asthmatics: the
role of adhesion molecules. Clin Exp Allergy 1992; 22: 345-356.

143. Milne AAY, Piper PJ. The effects of two anti-CD 18 antibodies on antigen-induced
airway hyperresponsiveness and leukocyte accumulation in the guinea-pig. Am J Respir
Cell Mol Biol 1994; II: 337-343.

144. Lellouch-Tubiana A, Lefort J, Pirotzky E, Vargaftig BB, Pfister A. Ultrastructural
evidence for extravascular platelet recruitment in the lung upon intravenous injection of
platelet-activating factor (Paf-acether) to guinea pigs. Br J Exp Pathol 1985; 66:
345-355.

145. Fryer AD, MacEagan J. Muscarinic inhibitory receptors in pulmonary parasympathetic
nerves in the guinea-pig. Br J Pharmacol 1984; 83: 973-978.

146. Minctte PA, Barnes PJ. Prejunctional inhibitory muscarinic receptors on cholinergic
nerves in human and guinea-pig airways. J Appl Physiol 1988; 64: 2532-2537.

147. Ayala LE, Ahmed T. Is there loss of a protective muscarinic receptor mechanism in
asthma? Chest 1989; 96: 1285-1291.

148. McCaig DJ. Comparison of autonomic responses in the trachea isolated from normal
and albumin-sensitive guinea pigs. Br J Pharmacol 1987; 92: 809 -816.

149 Fryer AD, Wills-Karp M.' Dysfunction of M2-muscarinic receptors in pulmonary
parasympathetic nerves after antigen challenge. J Appl Physiol 1991; 71: 2255-2561.

150. Santing RE, Pasman Y, Olymulder CG, Roffel AF, Meurs H, Zaagsma J. Contribution
of a cholinergic reflex mechanism to allergen-induced bronchial hyperreactivity in
permanently instrumented, unrestrained guinea-pigs. Br J Pharmacol 1995; 114: 414-
418.

151. Ten Berge REJ, Santing RE, Hamstra JJ, Roffel AF, Zaagsma J. Dysfunction of M2
receptors after the early allergic reaction: possible contribution to bronchia! hyperre¬
sponsiveness in allergic guinea-pigs. Br J Pharmacol 1995; 114: 881-887.

152. IJndem BJ, Myers AC, Weinreich D. Antigen-induced modulation of autonomic and
sensory neurons in vitro. Int Arch Allergy Appl Immunol 1991; 94: 319-324.

153. Matsuse T, Thomson RJ, Chen XR, Salari H, Schellenberg RR. Capsaicin inhibits
airway hyperresponsiveness but not lipoxygenase activity or eosinophilia after repeated
aerosolized antigen in guinea pigs. Am Rev Respir Dis 1991; 144: 366-372.

154. Boichot E, Germain N, Lagente V, Advenier C. Prevention by the tachykinin NK3
receptor antagonist, SR 4X968, of antigen-induced airway hyperresponsiveness in sensi¬
tized guinea-pigs. Br J Pharmacol 1995; 114: 259-261.



Bronchial Hyperreactivity in Guinea Pigs 73

155. Howell RE, Sickels BD, Woeppel SL. Pulmonary antiallergic and bronchodilator effects
of isoenzymc-sclective phosphodiesterase inhibitors in guinea-pigs. J Pharmacol Exp
Ther 1993; 264: 609-615.

156. Santing RE, Olymulder CG, Van der Molen K, Meurs H, Zaagsina J. Phosphodiesterase
inhibitors reduce bronchial hyperreactivity and airway inflammation in unrestrained
guinea-pigs. Eur J Pharmacol 1995; 275: 75-82.

157. Morley J. K+ channel openers and suppression of airway hyperreactivity. Trends
Pharmacol Sci 1994; 15: 463-468.


