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Specific enzyme-linked iminunosorbent essays (ELISA) for rat mast cell
proteinase t II
and(RMCP I and 11), ntestinal mast cell proteinisc (1MCP)
and sheep mast cell proteinase (SMC) were developed. Sheep serum or lymph
contained potent inhibitory factors which interfered with the ELISA for SMCP,
whereas little or no effect was demonstrated in the rodent ELISA by
Secretion of SMCP into gastric lymph was noted in immune
homologous serum.
Development of
sheep following oral challenge with Ostertagla circuhicincta.
the
ebility
to excludt
in
sheep,
expreLsec
immunity to Haemonchus contortus
larvae from the mucosal surface, was characterised by an increase in mucosal
mis t cells (MMC) and increased abomasal tissue concentrations oi SMCP.
Increased concentrations of SHCP were demonstrated in serum and mucus in
irnune, but Tot in naive, sheep foliocing direct abomasal challenge with 1 x
10 L !laemonchus larvae.
The abrogation of immune exclusion by treatment with corticosteroids was
associated with a significant reduction in the number of MHC and
Immune exclusion persisted for 6
concentrations of SMCP in abomasal tissue.
weeks but had declined by 12 weeks following the cessation of larval
challenge. This decline was associated with a significant reduction in the
Ovine mast
number of MMC and concenEtations of SHCP in abomasal tissue.
cells derived from in vito culture of bone marrow cells (ENJIC) were compared
BMHC contained similar constituents to 11MG including 5MG?,
with MHC.
BMMC contained an additional
istamine, dopamitte and arylsulphatase.
[H)-DFP reactive protein not demonstrated in MMC.
In the mouse, the major source of 1MG? was the gatsrointestinal tract. During
infection with Trichineila spiralls, secretion of IMC? was demonstrated.
Murine mast cells of the gastrointestinal tract exhibited heterogeneity in
their proteinase phenotype, with many cells apparently containing a mixture of
Heterogeneity in the proteinase expression of mast cells in the
proteinases.
rat was also demonstrated, with mast cells containing either RMCP I, RMCP 11
Cells expressing dual proteinase phenotype were
or RNC? I and II.
Cells containing RMCP II were also
particularly prevalent in liver and lung.
observed in some non-mucosal locations. During a primary infection of
Nippostroflgylus braslliensis, changes in the RMC? I and II concentrations
occurred in almost all tissues of the rat. These included significant
increases in RMCP II concentrations in mesenteric lymph node, lung and
Other changes, including those of
intestinal tract 12 days after infection.
MCP I concentrations in bone marrow, are described.
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CHAPTER 1

INTRODUCTION

General Introduction

Nematodes are ubiquitous and found in almost a11 of the
natural environments on earth. Many are parasites, but this
thesis is specifically concerned with nematodes infesting the
gastrointestinal tract of laboratory and domestic animal.
Intestinal nematode parasites can have a devastaciig impact on the
Eeàlth of the host and, in ruminants, are responsible for

extensive disease and economic loss.

In the past,

anthelmincic

treatments, •together with pasture management, have effectively
controlled nematodiasis in domestic animals in countries with
efficient farming industries. However, elsewhere nematodiasis is a
major problem and,

with the increasing incidence of anthelmintic

resistance (Taylor and Hunt,

1988; Waller, 1987), the search for

- effective, cheap and reliable vaccines is imperative.

A sound scientific rationale is required for the development
of nematode vaccines and it is important to define the mechanisms
of resistance and immunity in order to identify those worm antigens
which elicit immunity. However, despite considerable research
effort, the mechanisms of immunity to nematode parasites has yet
to be fully elucidated. Nematodes within the gastrointestinal tract
reside close to the mucosal surface or within the mucosa, and it is
at these sites that immune rejection occurs. Thus, analysis of
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the pathological reactions within mucosal tissue during the immune
response is likely to provide important information on the
mechanisms of worm expulsion. In view of this, a significant early
finding was the observation that nematode infection is invariably
associated with a massive increase in the number of mast cells in
the gastrointestinal mucosa (reviewed Miller., 1980,

1

1984).

Subsequent research has concentrated on the function and
characteristics of intestinal mast cells, in an attempt to define
their role during nematode immunity. There remains, however,
controversy relating not only to the nature ...Intestinal mast
;cells and their effector function but also to their relationship,
in terms of cell lineage, with other cells in mucosal tissues and
to mast cells elsdwhere.

Mast cells in the rat have been, perhaps, the most extensively
characterized with regard to their histochemical, biochemical and
functional properties, and the experiments in this thesis will
relate mainly to the rat. However, where applicable, comparisons
with mast cells from other species will also be made. A recent
important finding is that mast cell sub-populations in the rat may
be distinguished on the basis of their granule-specific proteinases
or chymases (Woodbury,
Miller,

Gruzenski and Lagunoff, 1978; Gibson and

1986). Moreover, the demonstration that rat intestinal

mucosal mast cells (tINC) secrete a proteinase into blood during the
immune expulsion of nematode infections (Miller et al.,
Woodbury at

al.,

1983b;

1984) has provided clear evidence for the

functional activity of these cells during nematodiasis.

The

3

function and heterogeneity of mast cells have been investigated in
this thesis with particular emphasis on the distribution and
secretion of a major granule constituent, the granule chymase, in
rat, mouse and sheep during infection with nematode worms.

MAST CELLS AND NEMATODE PARASIT&a

Historical Perspective

The mast cell was first rioted by Ehrlieh lS78) as a cell with
cytoplasmic metachromatië granules, which distinguished it from
ofher cells. Early indicatic'ALs that mast cells representeda
heterogeneous

cell

population come from morphological studies

(Maximow, 1906; Hardy and Wesbrook, 1895), where mast cells in
the intestinal tract from several species were observed to be
smaller and less granulated than mast cells elswhere. The enteric
cells were termed 'atypical' mast cells (Michels,

1935),

to

distinguish them from 'typical' or connective tissue mast cells
(CTMC). During this period, however, there was considerable
controversy over

the existence

of

'atypical' mast cells

(Ballantyne. 1929). There was also confusion over their
relationship with other cell types. Thus, Michels (1938) used the
term 'atypical mast cell' for a group of cells with reddish
granules which included eosinophils and globule leukocytes. The
origins of the latter have been the topic of considerable debate,
and some controversy over the nature of the globule leukocyte
remains to this day.
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Globule leukocytes (CL) were first fully described by Weill in
1919, who found cells with large acidophilic granules or globules
located intraepithelia1-lY in the intestinal tract of a number of
species. It was suggested that CL were derived from lymphocytes
(Weill, 1919;

Dawson, 1927) or were plasma cells packed with

Russell bodies (Hole, 1937).
appearance of CL,

The relationship between the

intestinal mast cell proliferation and,

nematodiasis was noted by Taliaferro and Sarles (1939) in the
intestines of rats
Nippostrongylus

infected with the enteric nematode

brasii.iensis.

Over the next f'w decaaes the

association between CL and parasitism was confirmed Ln scvra1
species including sheep (SommervLil.; 1956), although several
workers maintained that CL were derived from either modified plasma
cells (Dobson, 1966) or lymphocytes (Kent, 1966), and not from
mast cells (Whur, 1966).

Mast Cell Heterogeneity

An important observation was made by Enerback (1966 a and b)
who showed that rat intestinal mast cells required special fixation
techniques for their adequate demonstration by thiazine or copper
phthalocyanine dyes. Moreover, the use of modified fixation and
application of the alcian blue/safranin histochemical staining
sequence were reported to distinguish rat mast cell
sub-populations, since the cytoplasmic granules of intestinal mast
cells stained blue, whereas those in the majority of dermal CTMC
stained predominantly red (Enerback, 1966a and b). However, this
distinction based on location and staining characteristics was not

since dermal mast cells exhibited varying amounts of

absolute,

blue and red stain, with some staining blue alone (Enerback,
1966b). This finding has been confirmed more recently and a small
but significant proportion of mast cells in 'non-mucosal' tissue
sites stain blue in the alcian blue/safranin sequence (Gibson
al.

at

, 1987), as do immature CTMC (Combs; Lagunoff and Benditt,

1965).

The differential fixation and staining .properties are probably
due to the degree of suiphation of mast z c4

granule

g lycosaminoglycans, and the association of cationic proteins iich
tS& highly acidic granule proteog1yans (Enerback,

1966a and b;

'a

Millet andWaishaw,

1972;

Wi.ngren and Enerback,

1983). These

staining techniques may therefore provide only an approximate guide
to their phenotype, since events such as maturation (Combs,
Lagunoff and Benditt, 1965), or the accumulation of basic proteins
within the granules (Miller and Walshaw, 1972) are likely to alter
mast cell staining characteristics. Moreover, microenvironmental
influences may also induce changes in mast cell granule
glycosaminoglycans (Kitamura et al.,
1986).

1987; Levi-Schaffer at al.,

Finally, the distinction of phenotypes during the staining

procedure Is critically dependent on several factors including the
pH at which the reaction is performed,

the concentration of stain

and duration of staining (Enerback,

1966a and b;

Enerback,
(Enerback,

Wingren and

1983), as well as the fixative and duration of fixation
1966a and b; Newlands, Huntley and Miller, 1984). For

these reasons,

the distinction of mast cell sub-populations based

on their intra.granule proteinases is likely to provide a more

accurate and reliable estimate of mast cell heterogeneity and
evidence in support of this view will be presnted later.
Nevertheless, the differential staining and fixation properties of
mast cells remains the most widely employed method to distinguish
rodent mast cell phenotypes (Enerback, 1966a and b; Crowle and
Phillips,
Pabst,

1983; Newlands, Huntley and Miller, 1984; Fritz and
1.989).

these techniques have a1io been extended to

distinguish mast cells in other species including man (Strobel,
1982) and pig (Pabst
Miller and Ferguson, 1981; Ruitenberg et al.,
a-ad Beil, 1989).

The pioneering work of Enerback (196 a and b) represented an
4•

important milestofle in mast cell biology,

confirming earlier

observations (reviewed in Michels, 1938) that mast cells represent
a heterogenous population. Moreover, it was not until these
developments that the full extent of the association between
intestinal mastocytosis, CL and nematodiasis was realized. In a
series of histochemical and ultrastructural studies in both
ruminants and rodents (Jarrett, Miller and Murray, 1967; Miller,
Murray and Jarrett,
Miller, 1971a and b;

1967;

Murray,

Miller and Jarrett,

1968;

Miller and Waishaw, 1972) it was shown that

CL were derived from intestinal mast cells.

Cells morphologically intermediate between mast cells and CL
and termed transitional cells (Miller,
were identified in rats (Murray,

Murray and Jarrett, 1967)

Miller and Jarrett,

1968) and

more recently in sheep (Huntley et al., 1984). In the latter study
mast cells were isolated from abomasal tissue and both eosinophilic

-
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and basophilic granules were identified in the transitional cells,
suggesting a morphological gradation between intestinal mast cells
and CL. Furthermore, the granule constituents of both mast cells
and CL were the same or were highly similar (Huntley, Newlands and
Miller, 1984). Isolated abomasal mast cells, CL and transitional
cells contain proteoglycan, dopamine, and a serine esterase.
Membrane-bound and intracellular. immunoglobulinwas also present in
all 3 cell types, confirming Dobson's (1966) original observations
that sheep CL contain immunoglobulin. These observations are
therefore in accord with the view that,
foiThwing stimulation with antigen,

and

during mar'ation,

mast cells tend to migtae

to

an intraepithelial location and releae their granule contents
resulting in cells with the morphological appearance of CL (Miller,
Murray and Jarrett, 1967).

The relationship between intestinal mast cells and CL in some
species has long been the subject of controversy (reviewed in
Gregory, 1979), as is the distinction between mast cell
sub-populations. For example, in normal mouse intestine there are
few mast cells in the lamina propria and cells with basophilic
granules are located mainly within the epithelium (Miller

et al.,

1988). In parasitized nude mice intraepithelial cells with
basophilic granules were described as CL (Ruitenberg and Elgersma,
1979) and were considered to be distinct from mast cells in the
lamina propria (Ruitenberg and Elgersma, 1979). The recruitment of
CL and lamina-propria mast cells in mice was thymus dependent since
neither cell type proliferated following nematode infection in nude
mice (Ruitenberg and Elgersma, 1976 and 1979). similar findings

were reported in the rat where depletion of recirculating
long-lived T cells by thoracic duct cannulation blocked the
generation of intestinal mast cells (Mayrhofer, 1979; Mayrhofer
and Fisher, 1979). Furthermore, the intestinal mast cell response
was accelerated in

NippostrOngy1US-inf ec ted

rats following the

adoptive transfer of thoracic duct lymphocyte or T cells from rats
(Nawa and Miller, 1978; Nawa, Parish
immune to N. brasilieñsiS
and Miller,

1978).

It was not clear from these studies whether
or whether T-cells act

mast cells were derived from T-cells,
indirectly to stimulate

pcecursor cell r cruitment

differentiation (Nawa and Miller,
sdort the latter theory,

cSIls

1979).

Early izsz.iicaticsns to

and the haemopuiatC origin of mast

was provided by experiments in

W IW'v mice,

which are

genetically mast cell-deficient (Kitarnuflc, Co and Hatanaka, 1978)..
Ma'st cell-deficiency in W mice was repaired following grafts of
bone-marrow or spleen (Kitamura, Co and Hatanaka, 1978) and later
studies have shown that W/W mice do not have obvious defects in
responses involving antibody production or T-cells (Ha, Reed and
viva
Crowle, 1986). However, it was not until in vitro and in
culture experiments involving the generation of mast cells in
culture that the haemopoietic source of rodent mast cell precursor
cells was confirmed (Schrader et al., 1981; Nabel et al.,

1981;

Haig, McKee and Jarrett, 1982; Crapper and Schrader, 1983). The
generation of mast cells from bone-marrow cells
marrow-derived mast cells:

BMMC) in

vitro

(bone

was highly T cell

7/

F
P'-A

dependent (Nabel at al.,
1983;

McMenamin,

1982; Haig et al.,

1981; Haig et al.,

Jarrett and Sanderson,

1985), the principal

factor being interleukin 3 (IL-3) (reviewed in Schrader,

1986;

Haig at al., 1988b).

In vitro growth of Bt*IC provides a convenient source of cells
for studies on

th&

origin,

differentiation,

heterogeneity and

functional activity of mast cells. The biochemistry and
histochemistry of BMMC in rat and mouse have been compared with
mast

edt

populations from different tissues in order to deir.. he

relationship between them and determine the phenotypes of :ultured
igast cells. These comparisons have been pat :icularly revealing in
thrat since mast cell sub-sets in this species are probably the
most fully characterized. On the basis of histochemical staining,
fixation properties and granule proteinase content, rat B.MKC were
considered to be similar to intestinal mast cells (Haig et al.,
1982) and further evidence for this view will be presented later.

Mast cell heterogeneity in rodents has been investigated by
examining the granule constituents of different subpopulations. The
granule proteoglycans consist of a protein core with covalently
linked glycosaminOglycan side chains which are highly negatively
charged due to the large numbers of sulphate and carboxylic
residues (Yurt et

al.,

1977), and this property enables the

proteoglycans to act as a structural element allowing binding and
stabilization of granule constituents such as histamine and
cationic enzymes (Yurt at al.,

1977). That there is proteoglycan

heterogeneity amongst sub-populations of rat mast cells was

10

al.,

confirmed (Stevens at

1986) when 35 S-labelled proteoglycans

were purified from isolated rat intestinal mast cells.

The

glycosaminoglycan side-chains were typical of chondroitin sulphate
di-B and chondroitin sulphate A, which are not present in the
giycosaminoglycans of heparin in serosal mast cells (SMC) (Stevens
et al.,

1986; Katz

et .21.,

1986). Rat EMMC also contain•

chondroitin sulphate rather th&hçparin (Haig,
1984),

Jarrett and.Tas,

providing further evidence for their characterization as

MNC (Haig at al.,

1982). However, the distinction between the

glycosamnoglYcaiL tUntett Jf rat bD1C and SMG is not absolute, since
trace amounts or chondroitin sulphate E are present in isolated ra
, 1986) rhj:h is
MP4C" (Stevens et al. , 1986) and 5MG (Katz at al.
probably synthesized during maturation of these cells (Stevens

at

al., 1983; Katz cc al., 1986).

Measurement of the content and release of histamine from mast
cells isolated from the intestinal tract and from serosal mast
cells

(5MG)

has been employed to investigate the functional

differences between mast cell sub-populations. Much of the
evidence for functional heterogeneity has again come from
investigations in rats, and a compilation of the relative effects
of secretogogues, anti-allergic drugs and other agents such as
flavonoids and neuropeptides on 5MG or isolated intestinal mast
cells are summarised in Table 1. These findings have therefore
provided further evidence that in the rat, there are two major
sub-populations of mast cells which can be distinguished by their
functional activities. However, there are few studies on the
functional activities of mast cells from other sites in the rat,

11

although pleural mast cells were reported to be less responsive but
functionally similar to S14C (Befus et al., 1986). The functional
activities of rat BMMC in response to immunologic and
non-immunologic stimulation have also been compared with SMC and

S.
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Table 1
Effect of Substances on Secretion of Histamine by Rat Mast Cells
Mast Cell Type

Intestinal
A)

SECRETAGOGIJES
Compound 48/80
Bee Venom 401
lonophore A23187
lonomycin
Br X537
FLAVONOIDS
Flavone
PhioretirL
Querce tin
NETJROPEPTIDES
Substance P
Somatostatin
Bradykinin
Dynorphin
VI?

a.:

B)

ANTI-ALLERGIC DRUGS
Sodium Cromoglycate
Theophylline
Doxantrazole
IMMUNOLOGICAL
Antigen, Anti-IgE
T-cell factor

Serosal

0
0
±
++
++

4-f
-f-i-

+
+

-s--i-

-i--f

-i-i4-4.
-H-

-4--I++

+
0
0
0
0

4-4-

+44-f

0
0
0

0

0

++
-s-I-

0
0

response determined by the amount of histamine released from
cells, ++ high histamine secretion, + low histamine secretion, 0 no
histamine secretion.
anti-IgE or
Effect' of drugs on cells during antigen,
ionophore 'induced histamine release, 0 inhibition of histamine
secretion, +4- no inhibition of histamine secretion.
Information compiled from:- Befus et al., 1982
Pearce et al., 1982
Shanahan et al., 1986
Pearce, Befus and Bienenstock, 1984
Shanahan et al,, 1984
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isolated intestinal mast cells (Shanahan et al., 1986) and on this
basis rat

were assigned to the

BMNC

MMC

phenotype.

Similar

conclusions have been drawn from functional studies with murine
BMMC (Sredni et

al., 1983).

Leukotrienes (LT) and prostaglandins (PC) are potent lipid
mediators inducing vascular permeability and smooth muscle
constriction (Lewis and Austen, 1984) and are derived from the
metabolism of arachidonic acid (Higgins, 1985). They are generated
by mast cells in response to stimulation with ionophore (Roberts
al., 1979) ot antiIg (Flencia-Huerta

cC

et al. , 1983) . There have

been reports indicating that mast cell sub-populations in the at
may be distinguished on the basis of whether they prercntially
in response to
geh:erate LT or PC. 5MG preferentially generated FGD 2.
stimulation with ionophore (Roberts
(Lewis

et

al.,

1982; Heavey et al.,

cc al.,

2979) and anti-IgE

1988), whereas isolated

intestinal mast cells generated substantially more

LTC 4

and LTD

(Heavey et al., 1988).

Recent advances indicate that there may be heterogeneity in
the expressions of Fc receptors for IgE on the surface of mast
cells. Purified rat mast cells from the intestinal tract have
significantly lower numbers and density of surface IgE Fc receptors
when compared to SMC (Lee,

Sterk and Ishizaka, 1985), and analysis

of purified Pc receptors from these cells has demonstrated
differences (Swieter et al.,
50,000 MW

1989). Intestinal mast cells yielded

polypeptide chains from high affinity receptors, whereas

those from SMC

consisted of 51,000 MW polypeptide chains (Swieter

et al. , 1989). Differences in the polypeptides derived from
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isolated low affinity receptors were also noted (Swieter

et al.,

1989). These differences in Fc receptors may reflect important
functional differences between mast cell sub-sets, and further
analysis of mast cell Fc receptors in other species are required.

In summary, th e preceding discussion has established that mast
cell (At least in rodetfts) represent a heterogeneous population of
cells which may be distinguished by a number of different criteria
including their histochemical or functional characteristics, as
well as in a bicclLe.iixical analysis of their ganu1e constituents.
Nevertheless, for those criteria so. far discussed, they may oe
dtffictiit to interpret and in general lack the specificity eqci:2d
a

fdf the unequivocal characterization of mast cell sub-types.

In view of this,

the isolation and characterization of

distinct mast cell proteinases which distinguished sub-populations
of rat mast cells was particularly significant (Woodbury et al.,
1978a and b) and these,

together with mast cell proteinases from

other species, will be discussed later in this review.

-

Function of Mast Cells during Parasitic Infection

While the evidence was accumulating for a distinct
sub-population of mast cells within the intestinal mucosa, other
experiments focussed on their role in the expression of resistance
to gastrointestinal nematode parasites. The development of
resistance is associated with a variety of changes in the worms,
including stunted, arrested or retarded growth and loss of
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fecundity (reviewed in Miller, 1984).

However, perhaps the most

dramatic event is the expulsion of established worms from the
intestine which has been termed self or spontaneous cure (Africa,
1931; Stewart,

1955). The work of Stewart (1953, 1955)

1953,

was particularly relevant, since he was the first to show
immediate hypersensitivity reactions were involved in the rejection
of an already established adult worm burden after challenge of
sheep with Haemonchus contortus

larvae. Following challenge,

there was an increase in blood histamine levels, and changes in the
mucosa which were considered to be consistenc with a local
hyp e rsensitivity reatiolt (Stewart, 1955). Stewait (1955)
coricluaed that the local hypersensitivity reaction al,:ered the
environment within the lumen so that the worms could no longer
survive.

• - Hypersensitivity reactions in the intestines of rats were also
noted (Urquhart et al.,

1965) following the intravenous injection

of NippostrongylUS -worm antigen in previously primed animals. The
resultant anaphylactic reaction was accompanied by gross
alterations in the intestine involving hyperaemia, mucus secretion,
oedema and plasma leakage into the gut lumen (Urquhart et al.
1965). These observations led to the 'leak-lesion' theory for the
expulsion of adult
changes

N.

brasiliOr]SiS in rats,

where premeability

intestinal epithelium induced by local

in the

hypersensitivity reactions, allow the pathotopic transfer of
anti-worm agents such as antibody and complement into the lumen
(Jarrett et al.,

1967; Murray et al.,

Confirmation of the

1971; Murray, 1972).

increase in mucosal permeability during
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expulsion of N.

brasiliensis

from rats has been provided by more

recent studies (Nawa, 1979; King and Miller, 1984), and evidence
for the involvement of mast cells in these reactions and the
expulsion of parasites will now be presented.

In several host/parasite systems, reinfection of the host
1edsto the expulsion of the chaltenge infection at a greatly
increased rate and, for Trichinella spiralis in the rat, where
expulsion is complete within 24 hours, this phenomenon has become
known as rapid epuiv.ion (RE) (Bell, McCrgor and Oespommier,
1979). It is in - this latter, type of reaction that mast cells are
likely to play an important role (Miller, 1984).
'4

The evidence for mast cell involvement is adduced from 3
different approaches: 1) Histopathological correlation of the mast cell response.to
worm infection and expulsion.
• 2) Experimental manipulation of the mast cell responses, or
•

the use of a host deficient In mast cells.
3) Functional analysis of mast cells and their products in
viva and in vitro

Intestinal mast cell hyperplasia has

frequently been

associated with gastrointestinal nematode infections.

The now

popular term 'mucosal mast cell' (MHC) was coined to describe these
intestinal mast cells recruited during infection with

N.

brasiliensiS ( Mayrhofer, Bazin and Gowans, 1976) and infestation of

rats or mice with nematodes such as

Nippost ongylus brasiliensis
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(Taliaferro

and Sarles, 1939;

Jarrett,

1971),

(Ruitenberg and Elgersma, 1976) and

Trichinella spiralis
Neinatospiroides

Miller and

dubius

(Crandall, Crandall and Franco, 1974) is

associated with a pronounced MMC hyperplasia, as is infestation in
ruminants with the nematodes TrichostrongyluS colubriforniis
et al.,

(Gregg

1978; O'Sullivan and Donald, 1973), Haeznunchus contortus

(O'Sullivan and Donald, 1973)lat?d Ostertagia circumcincta (Murray,
Miller and Jarrett, 1968; Christie

et al,

1978; coop, Angus and

Sykes, 1979). These and many other investigations indicated that
14MG may be itupottant in the development of immunity to nematodes
and several attempted to relate this MMC response to the kinetics
of infection and worm expulsion.

A temporal relationship between gastrointestinal mastocytosis
and worm expulsion has been noted in several host/parasite systems.
For example, mastocytosis occurred during infection of mice with T.
spiralis and maximal numbers of MMC were demonstrated at, or just
after, the onset of worm expulsion (Alizadeh and Wakelin, 1982a).
Furthermore, this association was noted in several strains of mice
which differed markedly in their ability to respond to and expel
worms (Aiizadeh and Wakelin, 1982b).

Similarly, in Wistar, DA, and PVG/C strains of rats, the
timing of the appearance of 141W coincided with the final phase of
worm expulsion of

N. brasili.ensis

although the kinetics of

expulsion varied in each strain (Nawa and Miller, 1979). A similar

W

correlation was demonstrated when the onset of mucosal mastocytosis
and worm expulsion was accelerated in

NippostrOflgylUS infected

naive rats which had received thoracic duct lymphocytes (TDL) from
immune rats (Nan and Miller, 1979).

Correlations between the development of immunity and
mastocytosis and globule leukocyt':is: have also been demonstrated
in ruminants, (Murray, Miller and Jarrett, 1968). For example,
there was a close correlation between the number of CL in the ovine
gastrointestinal itacL and development, of resistance to infection
with N. contortts

andT.

coiubriforinis (O'Sullivan and Donald,

19Th). The relationship between CL and resistance was also cv.idnt
(Dineen and Windon, 1980) in sheep genetically selected for
resistance based on responses to vaccination and challenge with T.
colubrlformis. However, in contrast to the above findings it was
noted that worm expulsion often preceded peak mastocytosis and this
generated controversy as to the role, if any, of IINC in worm
rejection.

Wells (1962) found that mast cell numbers in the

intestinal mucosa of rats did not increase until after the
expulsion of adult N.

brasiliensiA, a finding confirmed by others

(Keller, 1971; Kelly and Ogilvie, 1972). In neonatal and
lactating rats undergoing a primary infection of N. brasilietisis,
worm expulsion did not occur despite the presence of large numbers
of MNC (Jarrett, Urquhart and Douthwaite, 1969), which led to
the suggestion that the mechanism of worm expulsion occurred
independently of mast cells (Kelly and Ogilvie, 1972). A similar
conclusion was drawn from experiments by Lee and Wakelin (1982),
who examined MMC responses in strains of mice with different
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expulsion kinetics for the large intestinal nematode,

Trichuris

muris. A non-temporal relationship between MMC and worm expulsion
has also been demonstrated for

T. spiralis

infections in rats

(Alizadeh and Wakelin, 1982a) and mice (Tronchin et al., 1979).

Data based solely on the enumeration of I'D(C and uhzt kinetics
of worm expulsion, do not resolve .the question as to whether rING
play a significant role in the expulsion of parasites. While -the
reasons for such conflicting data are unknown, they highlight the
problems hi assigLis a functional activity to a 6 iven cell type.
merely - by histological assessment. Furthermore there are
ditiict1ltis . in accurately assessing 14MG numbers due tc ithoir
pdicu1ar fixation requirements (Enerback. 1966 a and b) and
because partially de.granulated cells may be refractory to
hitochemical detection (Miller and Walshaw, 1972).

The effects on worm expulsion of altering the 14MG response, or
of utilizing animals genetically deficient in mast cells have also
been examined. The expulsion of N.

brasiliensis

from the

intestines of irradiated rats, mediated by the transfer of TDL or
mesenteric lymph nodes from non-irradiated donors, occurred in the
absence of mucosal mastocytosis (Ogilvie

et al., 1977). However,

experiments with athymic Nu/Nu mice which were profoundly deficient
in 14MG, indicated that expulsion of

N. brasiliensis could be

dependent on the presence of these cells since expulsion occurred
at the normal rate only when mastocytosis was restored following
the injection of thymus cells (Olson and Levy, 1976).
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The administration of corticosteroids (Jarrett et al. ,
or of serotonin antagonists (Parmentier et al.,
cell populations

1967)

1987) affects mast

Serotonin antagonists abrogated

in viva.

intestinal mastocytosis in mice during a T.

spiralis infection

although worm expulsion still occurred (Parmentier et al.,

1987).

Corticosteroid treatment suppressed both the development of
intestinal masiobytosis and expulsion of worms in rats infected
with N.

brasilierzsis (Jarrett

et al.,

1978).

ratti (Olsen and Schiller,

1967) or Strongyloides

Corticosteroid treatment of

rats also abrogated the manifestations of anaphylaxis induced by
injection of soluble worm antigens into N.
animals (King et

al. ,

brasili.ensis primed

1985a) and was associated with marked

depletion of MNC. Since the CTMC population was not altered, these
results indicate that MMC are more sensitive to steroids than CTMC
and provides further evidence for mast cell heterogeneity in the
rat.

Th rapid expulsion of larvae from the abomasal lumen of sheep
resistant to H.

contortus

was entirely abrogated in animals

pretreated with corticosteroid,

and the distribution of challenge

larvae after 48 hours was very similar to that in normal,
susceptible sheep (Miller

et al.,

1986). The failure to expel

worms was associated with a dramatic reduction in the number of
mast cells and CL in abomasal tissue (Miller et al. ,
Chapter 4).

1986 and

A similar association between loss of acquired

resistance to infection with T. colubriformis and reduction in the
numbers of CL was described in sheep treated with dexamethasone
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(Douch at al.,

1986), further indicating a role for these cells in

the immune expulsion of worms.

However,

it should be emphasized

that there are problems in interpreting drug-induced changes in
since they may

nematode expulsion,

especially using steroids,

affect a large

number of different cells.

However,

corticosteroids inhibit the generation and release of inflammatory
med{atbis by specific receptor-mediated mechanisms (Fahey,

Guyre'

and Munck, 1981). Moreover, glucocorticoids have been shown to
inhibit in vitro

transcription of the IL-3 gene in murine helper

T-cell clones (Cuipepper aid Lee, 1985), as well as the productien
of the'&IMC growth factor from cultures of lymphocytes from
nippritrongyius-infected rats (McMenamin, Cault and Haig, J8).
Thus, '' the effect of steroids on mast cells may be through
w

inhibttion of their regulatory cytolcines, although a direct effect
of steroids on mast cell function cannot be excluded.

Mast cell deficient 141v mice (Kitamura and Go, 1979; Kitamura,
Go and Hatanaka..

1978) have also been used to define mast cell

function during intestinal nematodiasis.

Although W,'W mice are

deficient in both MMC and GTMC (Crowle, 1983), they are not
apparently iminuno-deficient with regard to antibody responses
including IgE production, contact sensitivity and delayed type
hypersensitivity reactions (Ha, Reed and Crowle, 1986). Following
infections with T. spiralis or S.

ratti,

immune expulsion of

worms was retarded in W/WV mice when compared with the response in
mast cell-sufficient +/+ littermates (Ha, Reed and Crowle, 1983;
Abe and Nawa, 1987). Repair of the mast cell deficiency with
bone-marrow grafts from congenic +/+ littermates was accompanied by

22

the accelerated immune expulsion of T.
Crowle, 1983) and S.
brasiliensis-infected

spiralis (Ha,

Reed and

ratti (Abe and Nawa, 1987). similarly,

wif

N.

mice did not develop intestinal

mastocytosis and eliminated a primary infection more slowly than
control, mast cell sufficient +/+ mice, but they were able to expel
secondary and tertiary infections at the normal rate suggesting
that mast dells were-not central S the expulsion mechanism (Crowl
and Reed, 1981). However, any conclusion based on experiments
with mast cell deficient mice should be treated with caution. These
mice, in addition to being, mast cell deficient, may also be
deficient in other as yet unrecognised factors and therefore do not
ne€essariLy provide direct evidence for the invclvement of MMC in
a

SiutnitS' to nematodes.
expulsion kinetics for

For instance,
T. spiralis

the restoration of normal
and S. ratci fcllowing

bone-marrow grafts may be due to the rectification of other
deficiencies, in addition to the ability to generate MNC.

Granule Mediators and Mast Cell Function during Intestinal
Neznatodiasls

The association between mucosal mastocytosis and the
development of nematode immunity led to further attempts to define
mast cell function. It was recognised that perhaps the most direct
approach was to analyse the role of granule constituents, and early
experimental studies in vivo

and in vitro focussed on monoamines,

since the techniques for their detection and/or quantification were
then available. The concentrations of histamine or
5-hydroxytryptamine (5-HT) in gastrointestinal

tissues were
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brasiliensis in

measured during infection with the nematodes N.
rats (Wells,

1962;

Keller, 1971; Murray et al.,

colubriformis infections in guinea-pigs (Jones
Jones,

1971) and T.
1974;

et al.,

Rothwell and Adams, 1978) or sheep (Douch et al.,

1984).

Not surprisingly, an increase in amine levels occurred in mucosal
tissue during infection which, in rats, correlated with the number
Johnston and Bier,enstock,

dfMMC p r esent in the mucosa(Befus,
1979).

Keller (1971) noted that concentrations of histamine in

intestinal tissues at the onset of expulsion of N.

brasiliensis

were less than tho.e in tissues from normal (non-infected) 1'atE and
therefore concluded that histamine was not important in the process
of\orn expulsion. Similarly, no relationship between the histamine
conthentrations in mucosal tissues of .sheep and susceptibility to
challenge infection with
al.,

T. colubriformis was observed (Douch et

1984). In contrast, Jones et z1.,

(1978) demonstrated a

relationship between concentrations of mucosal histamine and the
capacity to expel T. colubriforrais worms in guinea-pigs. However,
the relevance of these results is debatable since they indicate the
concentrations of stored rather than the secreted amines and do not
therefore, reflect the functional activity of mast cells.

Histamine concentrations in blood and intestinal contents of
sheep have been quantified during expulsion of the nematodes H.
contortus and T. colubriformis (Stewart, 1953; Douch et al.,
1984).

concentrations of histamine and 5-HT have also been

measured in intestinal contents
colubriformis in guinea

pigs

during expulsion of

(Jones

et al.,

1974).

T.
Low

concentrations of histamine and 5-HT were detected in blood and
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intestinal contents during worm expulsion but interpretation of
these findings is complicated by the fact that histamine, and 5-UT
may be stored by cells other than mast cells. For instance, 5-NT
is present in human nervous tissue, platelets and enter ochromaff in
cells, but it is not detected in mast cells from man (Schwartz and
Austen, 1984). Moreover, quantification of histamine and 5-HT
does not distinguish the functional a ctivity of distinct mast call
sub-populations since, at least in the rat, mast cell
heterogeneity is expressed as a quantitative rather than
qualitative difference in their content of amines (Befus et al.
1982):

Rat SMC which are considered to be equivalent to CThC,

contain 10-30 pg histamine/cell (Benditt, Arase and Roeper, 19),
whereas MMC isolated

from the intestinal tract contain only 1-2 pg

histamine/cell (Befus et al., 1982).

Studies have been performed to determine whether amines can
directly damage or adversely affect worms and cause their
expulsion.

Following infusion of a mixture of 5-UT and histamine
expulsion of T.

directly into the intestines of guinea pigs,

colubriformis was hastened (Rothwell, Prichard and Love,

1974).

Thus, histamine and 5-UT may damage T. colubrifarmis in vivo,
although similar experiments suggest that amines do not have a
direct effector function in the expulsion of N. brasiliensis (Kelly
at al., 1974) or T. spiralis (Stewart at al, 1985).

Leukotrienes may have a direct effect on worms in vitro, since
mucus from the gastrointestinal tract of sheep resistant to
challenge with Trichostroflgylus colubriforniis

contains factors
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which inhibit the migration of exsheathed T.
in vitro (Douch et al.

colubriformis larvae

1983). These factors had properties which

were similar to those of slow reacting substance of anaphylaxis and
which is now known to constitute LTC 4' LTD

and LTE 4 (Samuelsson,

1983; Lewis and Austen, 1984). Mucus from sheep resistant to T.
colubriformis also inhibited the migration of other nematode
species including H.

contcirtus and 0. circumcincta (Douch et al.,

indicating a non-specific mechanism for the inhibition of

1983),

larval migration.

However,

- fuither -investigttions with

confirmation of these results and
other host/parasite systems are

required.

t}fore recently the enteral and systemic release of LTC 4 and
The

LTB4 was demonstrated during systemic anaphylaxis in rats.
latter were immunized by infection with

N.

brasiliensis

challenged intravenously with worm antigens (Moqbel et al.,

and

1986).

Similarly, there was release of LTC 4 and LTB 4 into the intestinal
contents of primed rats during the rapid expulsion of a challenge
infection with T. spiralis -(Moqbel

et al.,

1987), although it

should be noted that the precise source of the LT was not
identified since other cells including eosinophils, neutrophils and
macrophages are all capable of generating LTB 4 and LTC 4 (Lewis and
Austen, 1984).

The release of glycosaminoglycans into blood following the
intravenous injection of homologous worm antigen into

N.

brasilierisis primed rats has also been demonstrated (King et al.,
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1985b),

and although the origin of this glycosaminoglycan was not

confirmed,

the concomitant release of the specific granule

proteinase,

rat mast cell proteinase II (see following section)

strongly suggested a MMC source for this glycosaminoglycan.

While these studies with amines,

proteoglycans and the

generated products of arachdonic acid have provided further
evidence for mast cell heterogeneity,
their functional activity,

as well as information on

interpretation is difficult since they

may not distingui.h -the activities of a defined sub-population of
mast cells. In this respect, perhaps the most significant advance
in iecintyears has been the identification of mast cell-sp2cific
grailule proteinases, and these will be discussed in more detail.

To summarise, there is conflicting evidence for the involvement
of mast cells in the immune expulsion of nematode worms; on the
one hand there is evidence to suggest that they are not involved,
while on the other there is much evidence to support the view that
mast cell preformed or generated products may induce won expulsion
by a direct anti-worm activity, or indirectly by the generation of
a microenvironment which is inimical to worm survival.
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MAST CELL PROTEINASES

Granule Proteinases and Mast Cell Heterogeneity in Rat and Mouse

The presence of granule proteinases in mast cells in several
species was first demonstrated by histochemical staining with
,esterasesubstrates(Gornori, 1953). Mast cell esterases in the
rat were later shown to be 'chymotrypsin-like' in their substrate
activity (Benditt and Arase, 1959; Lagunoff and Benditt, 1961)
and were thus termed 'chymases'.

Most of the early studies

Gr

purificatiob tnd characterization of granule protcinases were
performed in the rat, due in part to the availability of SMC which
could-be isolated in relatively large numbers. Confirmation of the
• location of serine esterase in the granules of rat SMC was
accomplished, using [ 3 H]diisopropy1-f1uorophoSphate (UP) (Budd,
Darzynkiewicz and Barnard, 1967).

A chymase was initially purified from SMC by Kawiak et al.
(1971) who noted the anomalous .chromatographic behaviour of the
enzyme in the absence of high concentrations of salt. Consistent
with this observation was the demonstration that the enzyme
co-sediinented with granule heparin at physiological
concentrations,

salt

and required 1 M salt for its solubilization

(Lagunoff and Pritzl,

1976; Yurt and Austen, 1977). Rat chymase

has been isolated and purified from other tissue sites such as
liver (ICatunuina et al.,
muscle (Woodbury et al.,
Katununla,

1975),

skin (Seppa and Jarvinen, 1978)

1978a) and tongue (Kido,

Fukusen and

1984), and characterized as a serine proteinase with a
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MW of 29,000 (Lagunoff and Pritzl,

1976).

This chymase is now

termed rat mast cell proteinase I (RMCP I) (Woodbury and Neurath,
1980), to distinguish it from a similar, but distinct, chymase
isolated from intestinal mucosa (Katunuma et al.,

1975) and termed

rat mast cell proteinase II (RMCP II) after immuno-fluorescence
studiessuggested that it was derived from intestinal mast cells
(Woodbury,. Cruzeaski and Lagunoff, 1978)

RMCP I is a major constituent of rat SMC granules,

and

accounts for approximately 15% of the granule protein (Lagunoff and
Pritzl, 1976). The similarity between RNCP I and RNCP ii was.
initially demonstrated by N-terminal amino-acid sequence :tomolqgies
(Woodbury et al., 1978a; Woodbury cc al.,
analysis (Le Trong

et al.,

1978b). Further

1987) has coniiriaed that there is an

overall sequence identity of 75% between RJ4CP I and II.
RNCP II, in contrast to RNC? I,

However,

is a highly soluble enzyme

(Woodbury and Neurath, 1978) and, although similar in many respects
including substrate specificity (Yoshida

et

1. ,

1980) the two

chyinases can be distinguished on the basis of physical, chemical,
structural and immunological properties (Woodbury et al., 1978a and
b). More recently, the gene encoding RMCP II has been cloned and
sequenced (Benfey, Yin and Leder, 1987), and sequence analysis
together with studies on the cellular distribution of RNCP II mRNA
indicated that RMCP I and II are likely to be coded by separate,
highly homologous genes in separate cell populaions (Benfey et
al., 1987).

0401

The antigenic distinction between RMCP I and II has been
exploited and, by raising specific antibodies, immunoassays and
immunocytochemistrY of the cellular distribution of RMCP I and II
have been developed. The first such iinmunofluorescent study of the
intestinal mucosa,
immur.odiffusion,

together with immunoassay by radial

indicated that RMCP II was present in intestinal

mast cells (Woodbury, Gruzenski and Lagunof, 1978), although the
same study also suggested that RMCP II was present in mast cells of
the connective tissues. However, by preparing monospecific,
polyclonal antibodies Gibson and Miller (1986) showed that FMCP I
and II were expressed in a site-specific fashion in diffnent mast
cell populations. Further immuno-histochemical analysis indicated
that there were two major non-overlapping populations of rat mast
cells, termed CTMC and MMC which contained RMCP I . and II
respectively (Gibson et al.,

1987). However, a third, minor

population of cells containing RMCP I but staining blue in the
Alcian blue/safranin sequence was also detected, demonstrating a
discrepancy between glycosaminoglycan . histochemistry, and
proteinase phenotype for the discrimination of rat mast cell
sub-populations. The question therefore arises as to which method,
proteinase phenotyping or histochemical staining, provides the most
accurate guide for distinguishing these sub-populations of mast
cells. For reasons previously discussed, it is likely that
proteinase phenotyping provides a more accurate assessment of mast
cell heterogeneity, and the finding that rat BMNC contain RNCP II
rather than R11CP I (Haig et al.,

1982; McMenamin at al., 1987) has

provided the most convincing evidence for their characterization as
14MG.
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Enzyme histochemistrY revealed that chymotrYPsin ].ke enzymes
were also present in mast cells of sheep, man and mouse (Huntley

et

al., 1985). Earlier biochemical studies had demonstrated a
c hyrnotrypsinlike enzyme present in a murine mastocytoifla cell line

(Vensel, Komender and .Barnar& - 1971). Recently, a serine
proteinase has been purified from the small intestine of mice
al., 1987) and termed murtha
infected with T. spiralis (Newland .t
intestinal mast cell proteinase (1MG?). This enzyme was initially
reported to be a single 26,000 MW polypeptide (Newlands

et al.,

1987), although more recent observations indicae a MW of 30,000
, 199). attbodiCE raic'd against 1MG! recognise a
(Miller et 31.
e l a ted enzymes (Miller at al.
complex of 3 an tigenically closely
1990). Biochemically, 1KGp is a highly soluble chymase (Newlands
at al.,

1987), structurally similar to R}{G? I and II with which it

shares 74.3% and 74.1% sequence homology respectively (Le Trong

et

al., 1989). Further structural homology between RNC? I and II and
by antigenic similarities (Miller et al. , 1989)
IMCP is reflected
where polyclonal antibodieJ raised against an Individual proteinase
cross-react with the 2 other enzymes to varying degrees depending
on whether the latter are adsorbed to solid phase, in solution, or
are denatured (Miller et al.,

1989).

Polyclonal rat or rabbit antibodies raised against 1MG? also
detected a 25,000 MW (now revised to 28,600 MW (Miller at al.,
1990)) putative proteinase in murine SMC (Miller et al.,

1988) and

were immunoreactive with mast cells in inucosal and non-mucosal
tissues including tongue and skin. However, antibodies to RMCP I,
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cross-absorbed on lMCPSePharOse, are monospecific on Western blot
for the 28,600 MW 'proteinase' extracted from SMC and do not
recognise IMCP (Miller et al.,

1988). This antibody detects SMC

and tissue mast cells, as well as a sub-population of
gastrointeStthal.t cells (Miller

at al., 1988) indicating that

thsre is proteinase heterogeneity even within the 11MG population in
the mouse.

Further evidence ---for heterogeneity in murine mast cell
•

proteinaSe phenotypes has come from studies with mouse BMMC which
like rat BhMC,

ae thuglst--to be the in vitro equivalent of MNC

because they share histochemical and biochemical characteristics,
- as well as similar functional activities (Schrader at al.,
Tertian et al.,

1981; Razin et al.,

1981; Sredni at al., 1983).

Of particular interest was the dertonstration that mouse BMMC,
contrast to rat BMMC,

1981;

in

3
contain four 27,000-31,000 MW [H]-DFP

binding set-me proteinases (Dubuske

1984).

et al.,

similarly,

four proteins of comparable MWs, - extracted from mouse BMNC, react
with anti-IMCF on a Western blot (Miller at al.,
that they are the same as,
binding serine proteinases.

1990) suggesting

or closely related to, the 4 [ 3 H]-DFP
However,

anti-RMCP I,

which

identifies the 28,600 MV putative mouse SMG enzyme, also detected
the 28,500 MW proteinase derived from mouse BMMC (Miller cc al.,
1990). This result indicates the heterogeneity of proteinase
expression by murine BMMG.

Thus,

it is possible that 2 sub- , sets

of mast cells co-exist. in the cultures of BMMC.
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The fact that murine BMMC and 14MG are apparently heterogeneous
populations have relevance when i

n terpreting the putative

transdifferentiation of murine mast cells from one phenotype to
another (Kitainura

et a1,

1987; Levi-Schaffer

et al.,

1986).

This phenomenon La exemplified when murine BMMC are cultured on
• 3T.3fibrob1aSt5 where changes in proteoglycan histochemistry,
- . consistent with a phenotypic charge . froth. PING to CTMG, were
demonstrated (Levi-Schaffer, 1986; Dayton

et al.,

1988).

Similarly, when BMMC were ..transferred into the • , peritorleal cavity
of

w pv mice, cells with the htstochemical appaarance of CTMC

.. the stomach wall generated
appeared whereas 5MG injected. - intn
'CTMC' in the sub-mucosa but

(C' in the mucosa (Kitaraura et al.,

1987): The results of these and of similar transfer experiments
(Kobayashi at

al.,

sub-sets are

1986) in the mouse, indicate that mast cell

derived from common precursors and their

differentiation is

influenced by factors

microervi.roflhllent (Kitamura

•et al.,

in the tissue

1987). However, the

transdifferentiation data were derived from the histochemistry of
glycosamifloglYcans and, for 814MG and 5MG, functional activities
including generation of leukotrienes and biochemistry of the
granule proteoglycans. The interpretation of the data is based on
the assumption that mouse 814MG represent a single (14MG) or
homogeneous population of cells (Kitainura et al.,

1987). The fact

that there is considerable heterogeneity in the proteinase
phenotypes of mast cells, particularly in the stomach of mice
(Miller

et al.,

1989) with a high proportion (88%) of mast cells

in the mucosa staining with anti RMGP I antibodies, suggests that
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the transdifferentiation data requires further evaluation.

Since

the proteinase distribution in rat mast cell sub-sets is more fully
characterized, it would be of considerable interest to determine
whether a similar phenotypic switch amongst mast cell sub
popthatin5 can be oèmonstrated in this species.

Mast Cell Seine Frôteinases in other S pec ies

A chyinotryPsi.tt-like proteinasehas been purified from mast
cells isolated from abomasal mucosa of the sheep (Huntley ec al.,
i9'8,6) . Thi enzyme, termed sheep mast c.l1 proteinase (SMCP) is a
pofypeptideof MW 19,000-25,000 and is relatively insoluble when
cnpàred with RMCP II (Woodbury and Neurath
(Newlands et al.,

1987).

1978) or IMCP

Although initially characterized as an

eridopeptidase of unknown catalytic activity (Knox,

Gibson and

Huntley, 1986) SMCP has subsequently been shown to be a serthe
proteinan (Knox and Huntley, 1987). Antibodies against 5MG?
detect mast cells in the mucosa of the gastrointestinal tract
(Huntley

et al.,

1986), although iinmunoreaction with mast cells

in trypsinized sections of skin have also been observed (Huntley
and Miller, unpublished observations).

In addition to chymases, mast cell trypsin-like enzymes have
been isolated from rat SMG (Kido, Fukusen and Katunuma, 1984), dog
skin and mastocytoma tissues (Schechter et al.,

1988; Caughey et

al. , 1988), and from human lung (Schwartz, Lewis and Austen,
1981), pituitary gland (Cromlish et al.,

1987) and skin (Fraki and

Hopsu-HaVU, 1975). The human lung tryptase is a tetramer of
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144,000 MW, composed of 2 pairs of sub-units with MWs of 37,000 and
35,000 respectively, each of which binds [

3 H)-DFP (Schwartz, Lewis

and Austen. 1981) and is biochemically and antigenically distinct
from a chymase purified from isolated lung mast cells (Schechter et
al.,

l9B6). Heterogeneity amongst human mast cell sub-population

has been defined according to the distribution of chymase and
tryptase (Schwartz, 1989), where the majority of mast cells in the
mucosa of the small intestine, bronchial epithelium. and lung
alveoli contain tryptase only, whereas- the majority of mast cells
in the submucosa of the small intesttne and skin contain both
eyptase and chymase (S±wrtZ. 1989).

Immunoassay of Mast Cell Proteinases

Perhaps the most significant advance in recent years in
is the demonstration
characterizing mast cell activation in vivo
that mast cell proteinases are released systemically into blood
19814). While most of the
(Miller at al., 1983b; Woodbury et al.,
published work has been performed in the rat, investigation of mast
cell proteinase concentrations in mice and sheep responding to
nematode infection are included in this thesis and will be
discussed in the relevant chapters.

The development of a radial iminunodiffusion assay (RID) for
the quantification of RMCP II established a correlation between
concentrations of this enzyme and the numbers of MMC in enteric
tissues during primary and

seconcary

1ILLeLw,sa

bzasilieflS!3 in rats (Woodbury and Miller, 1982), thus confirming
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the original observations by Woodbury and Neurath (1978) that
concentrations of RMCP II correlated with mast cell numbers during
development of the young rat. Investigations on the distribution
of both RMCP I and II in various tissues in the rat provided
further evidence for the digestive tract as the predominant source
and that concentrations of RMCP I and II in tissue
of RMCP II ;
homog enit6s were consistent with the overall distribution of these
enzymes as determined by j

unohistochemistry in normal rats

1987). substantial tissue concentrations of RNCP I
(Gibson cc al.,
'were present: in tissues populated with abundant GTMG such as tongue
and buccal iuucesa, whreas RMCP Ii was detected uniquely in gastric
and enteric tissue 'hich were rich in PdicP Ii-containing MW:
(Gibson et al.

, 1987). These findings therefore support the view

that there are two major no n-overlapping populations of mast cells
• \,hich can be distinguished by their content of proteinases, and an
assay for the detection of secreted RMCP II would, when developed,
provide a direct measurement of M14C activity.

The greater sensitivity, when compared with the RID assay, of
an enzyme-linked immunosorbent assay (ELISA) for RMCP II permitted
an investigation of the secretory response of MMC during nematode
infections (Miller cc al.,

1983b; Woodbury cc al.,

1984). RMGP

II was found to be released systemically into the blood during
challenge infection of primed rats with N.

brasi.liensiS,

anaphylactic shock, and during primary infections of T.
or N.

brasiliensis.

during
spiralis

In the latter experiment, systemic secretion

of RMCP II coincided with the immune expulsion of these nematodes.
Thus, for the first time a uniquely mast cell-specific marker from
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a defined mast cell subpopulati0n, was quantified-in blood and
tissues, thus confirming that MMC are functionally active during
the immune elimination of primary nematode infections. In
addition, it was evident that immature MMC secreted RNCP II well
before -maximal mastocytosis occurred and, also, before the onset of
worm expulsion (Woodbury
the -

et al.,

1984). This result emphasises

danger of asscssAng mast cell function merely from the kinetics

of appearance of MMC in the mucosa and conclusions based on these
criteria alone-may therefore be erroneous.

Substantial secretion of P.MCP II into blood (King and Miller,
1984;

King et al

1984)

1985b) and gut lumen (King and Miller,
.

1

has also been demonstrated in

N.

brasiliensis-pri-iied

rats

challenged intravenously with worm antigen. The releae of RMCP II
was abolished and MFIC were depleted in rats pretreated 48 hours
earlier with

, 1985a). Intestinal
c orticosteroids (King - et al.

anaphylaxis was associated with increased intestinal mucosal
permeability, massive mucus secretion (King and Miller, 1984), and
epithelial shedding (Miller et al.,

1983b). Because RNCP II was

rapidly secreted into the intestinal lumen, whereas translocation
of injected Evans blue dye from blood to gut lumen occurred
relatively slowly, it was proposed that the epithelial and
vascular p e

rmeability were two distinct events with RNCP II acting

primarily on epithelial basement membrane (King and Miller, 1984)
through its activity against collagen type IV of basement membrane
(Sage,
perhaps,

Woodbury and Bornstein,

1979).

These results have,

provided the most convincing evidence

participation of MNC in local anaphylactic reactions.

for the
They add
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Jarrett and

support to the'leak-lesion, hypothesis (Barth,

Urquhart, 1966; Murray, 1972) where increased permeability of the
basement membrane may allow the pathotopic transfer into the gut
lumen of plasma proteins with anti-worm activity such as antibodies
I

aid complement. Further evidence of a primary role for RNCP II in
the development of intestinal anaphylaxis has come from studies in
rats sensitzed to thicken eg albumin (Patrick

et al., 1988)..

Following intraluininal challenge, these animals developed patchy
but extensive disruption of the basement membrane associated with a
pronounced systemic and enteral .secretion of RNCP II.

That ethiC,
direct function

and RMGPII, may have an indfrect rather than a

in

the expulsion of

N.

bras!lieflSi3 is suggested

from studies in rats which have been injected with monoclonal IgE
which, in conventional animals results in the production of auto
antibodies to IgE, reduced concentrations of circulating IgE
(larsha1i and Bell, 1985), but an increase in the number of 11MG
(Marshall at al

., 1987). Following a secondary infection with

N.

brasilieflSiS, the rate of expulsion was accelerated in rats .
immunized with IgE and while there was no reduction in mastocytosis
nor an inhibition of IgE production, there was a small decrease in
the systeniic secretion of RMCP II when compared with infected
controls (Marshall, Wells and Bell, 1987). Furthermore, the maximal
secretion of RNCP ii occurred before the augmented elimination of
worms (Marshall, Wells and Bell, 1987). However, further studies
are required to define the role of RMCP II and mast cell
proteinases in general, and a direct effect of these enzymes on
worms cannot be discounted. For example, type IV collagen is an

in

important element in maintaining the structural integrity of the
nematode cuticle. Although this protein is normally protected by
suface proteoglycans, mast cell proteinases may have access to the
structural collagen if the protective surface proteoglycans are
damaged during the immune response (McKèan and Pritchard, 1989).

sUMMARY AND AIMS

The mechanisms of immunity to nematode parasites remain poorly
defined, even in those host/parasite systems that have been
brasiliensis
exttns;iV.sly studied such as T, spirails ii.: mice, or N.
There are problems also in assessing al the evidence

in rats.

that has accumulated from these studies,
Rothwell (1989),

since, as pointec out by

it is not known if different hosts use the same

mechanism to expel parasites, or if the same host can use several
different mechanisms to expel the same or similar parasites.
Neither is it clear whether the same basic mechanism, but differing
perhaps

it

intensity and duration, is used to reject worms from a

primary infection and to rapidly expel worms from an immune host.
Despite these inadequacies in our knowledge, however, there is
much evidence to support the view that 11MG play a major role in a
complex process resulting in the immune expulsion of nematode
worms. In view of this, the central aim of this thesis is to
analyze mast cell heterogeneity and function through
characterization of the granule proteinase with a view to further
determining the role of mast cells in intestinal nematodiasis.
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The formation of antibodies to mast cell proteinases isolated
from the rat, mouse and sheep will enable the development of
sensitive and specific immunoassays for their detection and
measurement. These will be employed to investigate the functional
activity of mast cells during nematode infection, by measuring the fl
secretion of mast cell proteinases into blood or lymph. The
cellular distribution of rodent mast cell proteinases will be
examined, to further define mast cell proteinase phenotypes in
various body tissues. -- An analysis of changes in these mast cell
populations during nematode infection will also be undertaken, to
prctAr-ide - further information on the role of mast cell
sub, -populations in nematode immunity. Finally, the use of BMMC
pr&vides an advantage for

in vitro

studies of MMC function,

particularly in the sheep where there are obvious problems in the
availability and isolation of 11MG. Although the culture of ovine
BMMG has been described previously (Haig et

al. , 1988a), these

cells have not been fully characterized. In the present study
ovine BMMG will be compared with 11MG isolated from ahomasal tissue
by an analysis of their granule constituents, and in the secretion
of these products and the generation of LT in response to ionophore
stimulation.
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CHAPTER 2

MATERIALS AND METHODS

a)Mice
Inbred NIH mice (6-8 weeks old) were purchased from
(Bicester, Oxon) and were maintained in positive pressure
isolators. Inbred BALB/c mice (3-4 months old) and random bred
8-10-week old Swiss white mice were raised at Moredun Research
Institute. Al.! mice were offered food and water ad libitum.
0•

Rats
Random bred Wistar rats aged between 6-10 weeks were used
for studies in Chapter 7, whereas Wistar rats employed in Chapter 8
were aged between 14-16 weeks. All rats were bred at More.dun
Research Institute, and were offered food and water ad 1ib.tum.

All rodents were exsanguinated and killed under deep ether
anaesthesia

Sheep
i) Worm Free Sheep
The worm-free sheep used in the study were all Creyface x
Suffolk ewe and wether lambs that were born and reared indoors.
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Their dams were fed hay and concentrates with the lambs being
given access to creep feed (Latnbweena BOCK Silcock) from 2 weeks of
age. At weaning the lambs were transferred into the parasitology
accommodation at Moredun and fed and watered ad libitum.

ii) Conventional Sheep
conventionally-reared sheep of a variety..-,.fbreeds and
ages that had grazed pastures at Moredun Research Institute were
used for the production of antibodies. -.

Al". sheep used in these studies were killed by stunning with a
captive bolt pistol prior to exsanguination.

-

d) Rabbits
Rabbits (New Zealand whites) were used to raise antiserum
and

I

were maintained in the small animal unit, Moredun Research

Institute.

P a rasitological Techniques
(i) NippostrongyluS brasilienSis The strain of N.

brasiliensiS used in these experiments

was originally established and maintained in the Department of
University of Glasgow and is now

Experimental Parasitology,

maintained in our laboratory by passage in Wistar, rats.
culture and maintenance of

N.

brasiliensis

described by Nawa and Miller (1978).

The

was essentially as

Briefly, seven days after

infection faeces were collected into water, washed and mixed to
form a thick paste.

previously washed granular charcoal (10-18
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mesh, BDH Chemical Co.) was added to the faeces, and the mixture
incubated at 28 °

C in a humidified plastic box. Seven to 14 days

) were
after incubation the infective third stage larvae (L 3
collected into water at 37 °

C and then transferred to a steel mesh

covered with rice paper through which they migrated. After
ashing the larvae in sterile saline, suspensions-of larvae were
counted under a dissecting microscope. The concentrations of the
larval suspension was normally, unless otherwise stated, adjusted
to an infective dose of 3000 L 3

in 0.5 ml which was inoculated

subcutaneously intc the flank of anaethetized rats.

(ii) Triehi-flella SpiraliS
The strain of

T.

spiralis used was originally derived

from the London School of Hygiene and Tropical Medicine and was
maintained as stock infections in. both mice and rats at the
Department of Zoology,
and recovery of

T.

University of Nottingham. The maintenance
sp.Lralis,

and infections of mice with 309 T.

spiralis muscle larvae were as described previously (Wakelin and
Lloyd, 1916) and performed at the Department of Zoology, university
of Nottingham by D. Wakelin and colleagues.

(iii) HaemonchuS CoritortuS
Sheep were initially infected with 10,000 third stage
HaemorzchuS contortuS

larvae. Six weeks after the first infection

they were subjected to daily oral challenge with 10,000 third stage
larvae. Third stage larvae were cultured from the faeces of
haemonchuS-infected sheep according to published techniques
(Christie and Patterson, 1963). Faecal egg counts and blood
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haematocrit values for these sheep were measured weekly,

and when

faecal egg output ceased (after a further 7 to 10 weeks) they were
Both the worm-free and previously

considered to be immune.

Hoechst 5 mg/kg)

infected lambs were given anthelmintic (Panacur,

on the day after the infected groups had completed their immunising
schedule. For subsequent challenge the larvae were exsheathed
overnight (16-18 hours) in Ringer's solutiott (4ppendix 1) a 37 0 C,
gassed with 5 per cent carbon dioxide (Mapes, 1969) and were held
at 37 ° C until they were instilled directly., into the lumen of the
abomasurn via an indwelling Folatex balloon, catheter seven days
:af&ét anthelmthtic treatment as described by Miller et al.,
(19'83a).

Lambs treated

(Ciba Geigy,

with corticosteroid received opticortenol

0.5 mg/kg) two days and one day before challenge and

were given long acting tetracycline (Terramycin
mg/kg) two days before challenge.

Food,

Pfizer,

but not water,

20
was

withheld on the days before and after challenge. The techniques
used to recover and estimate total worm burdens were those
(1983a), •except that all animals were

described by Miller et al.,

killed 48 hours after challenge and that 5 per cent and 2.5 per
cent samples were examined from animals challenged with 1 x lo

and

1 x 10 larvae, respectively.

(iv) Ostertagia circurncinta
A strain of 0.

circurnciricta was used which has been

maintained at Moredun Research Institute for several years. Sheep
were orally dosed with 2 x 10 larvae per day for 9 weeks and
treated with anthelmintic (Panacur, 5 mg kg). One week later a

YEA

total of eight immune sheep and four naive controls were challenged
orally with 5 x lO

0.

circumcirzcta

(Smith

et al., 1983). A

further three immune animals were challenged orally with I x lO

0.

circumciflcta.

Fixation for Histology
2
ecised fron the
Small seents (1 cm )of fold tissue were .
abomasum and placed in Carnoy's fluid (Enerback,
1) for 24 hours.
ethanol series,

1966a) (Appendix

Tissues were then processed through a graded
cleared in toluene and embedded in paraffin wax.

SOttions cut at 5 Am were depar.affi.niZed in xylerte . and were
renydrated and stained. Mouse duodenal tissue was fixed and
p?ocessed as described previously (ALizadeh and Wakelin, 1982a).

rissue Fixation for ImmunohistoChemistr
a) House
Although several fixation methods were tested, including 4%
paraformaldehYde (6 hours) (Newlands, Iluntley and Miller, 1984)
and iso-isotonic formalin acetic acid (24 hours) (Enerback, 1966a),
Carnoy's fluid (24 hour) proved to be the best fixative for
detection of both mast cell proteoglycans and granule proteinases
in tissues (Miller et al.,

1988). Small (approximately 0.5 cm 2 )

pieces of tongue, ear pinna, stomach, and 1 cm segments of
proximal and distal jejunum (approximately 10 and 30 cm distal from
the pyloric ring, respectively), colon and caecum, were placed in
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Carnoy's fluid for 24 hours. Tissues were then processed through a
graded ethanol series,
paraffin wax.

and embedded in

cleared in toluene,

Sections (5 Am) were deparaffinized in xylene,

rehydrated and stained.

b) Rat
fixed,- . in

All samples were

4%

weight/volume

paraformaldehYde in Phosphate buffered saline (PBS) pH 7.4
(Appendix 1).

Small segments (0.5c 2..)of each tissue were fixed

in 4% paraformaldehYde pi-( 7.4 for 6 hours,
7O ethanol for 24 hours (Ncwlnds et PI.,

and then immersed in
1984). A piece of

jejunum was excised approximately 15 cm distal from the pyloric
ring and was adjacent to a sample taken for proteinase
determination. Tissues were then processed as described for the
mouse.

c) Sheep
2.
Small segments (1 cm /'of fundic folds were excised from
the abomasum and fixed in 4% paraformaldehYde in PBS pH 7.4 for 6
hours. They were the i processed and embedded and sectioned as
described above for the mouse.

Histochemitfl
Sections from sheep
toluidine blue (C.1.52040),
minutes (Enerback,

abomasuin tissue were stained with
0.5% in 0.5 N HC1 pH 0.5 for 15

1966a) and counterstained with 0.5% safranin 0

46

(C.1.50240) in 0.125 N HCl for 5 minutes (Enerback,

1966a) or in

Lendrum's carbol chromatrope solution for 30 minutes (Lendrum,
1944).

Sections of mouse intestine were stained with Alcian blue

as previously described (Alizadeh and Wakelin, 1982a).

Collection of Gastric Lymph
Lymph for SMCP analysis was obtaine'&from samples collecte4
during earlier experiments (Smith et al., 1983; 1984), which had
been stored at -20 0 C. The methods used for .cannulating the common
gastric lymph duct and for sampling have been described (Smith et
.al., 1981).
1

-

Collection of Serum

Blood from normal (non-infected) sheep, or from animals which
h a d been primed by daily challenge with 1 x 10

Haemonchus larvae,

were-collected just before, and at 1, 2, 6, 24 and 48 hours after
intra-abomasal challenge with 1 x 10 6 .exsheathed larvae. Rodents
were anaesthetized with ether and exsanguinated after cervical
dislocation.

Blood was allowed- to clot before sera were separated by
centrifugation. Sera were stored at -20 ° C until assay.

Collection of Mucus
Individual abomasal folds were excised and then gently washed
in 10 ml of 1% sodium bicarbonate.

During this wash, the surface
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of the rnucosa was gently rubbed to dislodge adherent mucus.

After

brief homogenisation (Potter S, B. Braun, W. Germany), the sample
was centrifuged at 600 g for 10 minutes to remove debris and the
supernatant stored at -20 ° C prior to assay.

Column Chromatozravhy
Ion-exchange, gel-filtratiofl ,and affinity chromatography were
carried out with the aid of fast protein liquid chromatography
equipment (FPLC, Pharmacia). -.

ProteinetqrminaCiOfl
Unless stated otherwise protein concentrations were estimated
23225, Pierce and

with BCA protein assay reagent (Catalogue No.
WarMer,

UK Ltd., Chester, UK) as described by the manufacturer

with bovine serum albumin (BSA) (grade V,

Sigma) as a protein

standard. Briefly, bovine serum albumin (1 mg/ml in PBS) was used
to prepare standards in the range 15-500 ug/mi.

Pierce reagents

were made up in the ratio of 1 part B to 50 parts A.

Incubation

was for 30 minutes at 60 ° C and absorbance was read at 562 mu.
were estimated by absorbance
Alternatively, protein concentrations
at 280 mu.

Enzyme Activity
The standard assay for monitoring enzyme activity during the
purification of proteinases using the

esterase

substrate,

ester (CBZ-L-Tyr-4-NPE), was
as follows:
buffer,

to 150 ul of H 2 0 2 were added 50 ul of 0.25 M Tris-HCL

pH 7.5,

50 ul of sample solution and 10 ul of 0.0IM
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Esterase

CBZLTyr4NPE dissolved in dimethyl sulphoxide.
activity was terminated after 5 minutes at 20 °

C by the addition of

1 ml of 70% methanol and the reaction product at E 405

was measured

and compared with a control where the sample was replaced with
buffer alone.

Purification of Proteinases
RMCP I, RNCP II and IMCP
RMCP I, RNCP II and IMCP were kindly supplied by C.
Newlands and were purified according to previously, published
et al, , 1987).
methods" ( ,Gibson and Miller, 1985; Newlsr.ds
'4

SMCP
SMCP was purified by a modification of the method of
Huntley et al.,

(1986). Abomasal folds, collected from animals

which had been infected with H.

contortUS or 0. circumciflCta, were

minced and homogenized (Po].ytron homogenizer) in 20 mM Tris/HC1
buffer pH 7.5

(1 g tissue to 3 ml of buffer) at 4 0 C. Homogenates

were then centrifuged at 15,000 g in an Eppendorf centrifuge for 2
minutes, and the resultant pellet re-extracted in 20 mM Tris/HC1
After
buffer pH 7 • 5 containing 0.4 M NaCl by homogenization.
the supernatant was
centrifugation (50,000 g for 10 minutes),
diluted 1/4 with 20 mM Tris/HCI buffer containing 0.1% BRIJ 35
(Sigma) and applied to a column (10 x 100 mm) of CM-SepharOse
equilibrated in 20 mM Tris/HCI pH 7.5 containing 0.1% BRIJ 35.
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A linear gradient (0.1 -1M NaCl) was applied, and the
fractions with enzyme activity (CBZ-L-Tyr-4-NPE) were pooled,
diluted 1:2 in 20 mM Tris/HC1 buffer containing 0.1% BRIJ 35, and
applied to a Mono-S column (FPLC, Pharmacia) equilibrated in 20 MM
Tris/IIC1 bufEetT pH 7.5 containing 0.1 M NaCl. This column was
eluted with a linear salt gradient (0.1-1 M NaCl) over 10 ml and
the resultant fractions cmpising the major peak with enzyme
activity were pooled and stored at -20 0 C.

The purified enzyme was analysed

oy

sodium dodecyl

sulphate polyacrylaidde gel electrophoresis and by subsequent
Western blots with specific antibodies.

Pebaration of Polyclonal Antibodies

'roteiflases

The preparation of monospecific :cabbit or sheep antibodies
(whole antibody or F(ab) 2 ) to RMCP I and II have been described
previously (Gibson and Miller, 1986), as has the preparation of
monospecific antibodies to IMCP (Newlands et al,

1987) and SMCP

(Huntley et al., 1986).

Antibody Conjugates
Affinity purified IgG antibodies to mast cell proteinases or
their F(ab) 2 fragments were coupled to horse radish peroxidase
(HRP) (Sigma, Type VII, 100 units/mg) using the periodate methods
of Nakane and Kawaoi (1974).

Sheep I8G or F(ab) 2 anti rabbit IgC,

Fab-HRP, sheep IgG anti-mouse IgG-HRP,

rabbit IgG anti-sheep

IgG-HRP and sheep anti-rat fluorescein isothiocyanate (FITC) were
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from Sera Lab., Crawley Down,
from Nordic Ltd., Maidenhead,

Sussex. Goat anti-rat IgG-HRP was
Berks.

Sheep anti-mouse IgC-FITC

was from the Binding Site Ltd., Birmingham, sheep anti-rabbit
IgGtetramethY1rh0mJ.t isothiocyanate (TRITC) was from Cooper
rim

Biomedicals, Malvern, USA and goat anti-rabbit IgG-30
from Janssen Biochimica,

Wantage,

Oxon.

gold was

Donkey anti-rabbit

IgG-biotin was from the Scottish Antibody Production Unit, Carluke,
Lanark.

Monoc. lonal Antibody to RMCP.J1
MI_B/c nice recaiwd two intraperitofleal injections of RNCP II
(50 ug of RMCP II/injection) six weeks apart,

followed two months
Three days

later by an intravenous injection of 100 ug RFICP II.
after this final injection,

spleen cells were prepared and fused

with a mouse myeloma cell line (NSO) at a ratio of 1 NSO:4 spleen
Groth and

cells using polyethylene glycol (Fazekas de St.
Scheidegger,

1980).

Cell colonies producing antibody to RMCP II

were detected by an enzyme-linked imraunosorbent assay,
RMCP II (1 ug/inl) coated microtitre plates (M129B,
Ltd.).

involving

Dynatech Lab.

After the addition of supernatants derived from cell

colonies or control media consisting of RPMI (Flow Lab., Irvine)
containing 10% foetal calf serum (FCS), plates were incubated for 1
hour, and then washed in PBS pH
(Sigma).

Positive controls,

1.4

containing 0.05% Tween 20

consisting of dilutions in RPMI/10%

FGS of serum from BAT_B/c mice injected with RNCP II,
included.

were also

Bound antibody was demonstrated following further

incubation of wells with sheep anti.mouse-HRP conjugate (1/1000
dilution of stock in RPMI containing 10% FCS), and colour reaction
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was developed with orthophenylene-diaxfline (OPD) and 11202 (Voller et
al.,

Cells producing antibody were cloned three times by

1979).

limiting dilution,

and were then considered to be monoclonal when
Three different monoclonal

all clones were producing antibody.
cell lines were produced,

although only one (designated 6D9) has

been extensively characterized and employed in the present studies.

Sulphate

Sodium Dodecyl
(SDS-PAGE)

polvacrylamide Gel

Electrophoresis

.

arDiscontiflUOUs SDS-PAGE was conducted as described by Laerninli
(1970) with electrophoresis for 1 hour at a constant 200 volts.,
usiJQigthe Biorad Mini Protean II system and 12% gels (Biorad Lab.
Watford). The separating, stacking, sample and tank buffers for
SDS-PACE are described in appendix 1, as are the proportions of
constituents for the SDS-PAGE gels. Protein standards used for
calibration were cytochrome

C

(12,300), myoglobin (17,209),

chymotrypsinOgen A (25.700), ovalbuinin (45,000), albumin (66,250)
and ovotransferrin (76-78,000).

The silver stain method of

Morrissey (1981) was used to detect proteins within the gels.

The

following pre-stained markers were employed for visualisation of
molecular weights on iminunoblots:- phosphorylase B (130,000),
(75,000),

ovalbumin (50,000),

soyabean trypsin inhibitor (27,000),
Lab., Watford).

BSA

carbonic anhydrase (39,000),
lysozyme (17,000) (Biorad

The following [ 14 C-methy1ated protein standards
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myosin

were used for SDS-PAGE of samples bound to [ 3 H)-DFP,
BSA (69,000),

ovalbumin

(200,000),

phosphorylase B (92,500),

(46,000),

carbonic anhydrase (30,000) and lysozyme (14,300)

(Amersham International plc, Bucks, England).

Standards and samples, including pellets of purified cells
were prepared for SDS-PAGEbY the addition of an equal volume of
sample buffer and heated at 90 0 C for 3 minutes. Samples (10 ul)
for [3111-DFP studies were pre-incubated with 1.5 u Ci [ 3 H]-DFP (91%
pure; 5.8Ci/m mole) (Amersham), prioi to the addition of sample
buffer and prepared as described above for SUS-PAGE.

Immunoblotting
Antibodies were initally examined for specificity by
jnununoreaction on nitrocellulose membranes. RI-IC? I, RMCP II, IMCP
or SMCP (2 or 3 ul at 100 ug/ml).were spotted directly onto strips
of nitrocellulose membranes (Schleicher and Schuell, Dassel, West
Germany), or were transferred from SDS-PAGE gels using a semi-dry
transfer apparatus (Kyhse-Andersen, 1984) at 0.9 mA per cm
for 1 hour at room temperature.

The anode and cathode buffers

employed during transfer are described in Appendix 1.
SMCP detection,

of gel

Except for

the nitrocellulose membranes or blots were

incubated in PBS pH 7.4 containing 0.1% v/v Tween 20 (PBS/Tween 20)
for either 1 hour or overnight, to block non-specific protein
adsorption and then incubated in polyclonal affinity purified
cross-absorbed rabbit, sheep or rat antibody or F(ab') 2 fragments,
or in monoclonal antibody to RI-IC? II. All antibodies were diluted
in PBS/Tween 20 and used at 1-10 ug/ml.

Following incubation for
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1-2 hours the nitrocellulose membranes or blots were washed 6 x 5
minutes in PBS/Tween 20 before incubation for 1 hour in the
appropriate conjugate (goat anti-rat IgG-HR}';
IgG-HRP;

sheep anti-mouse

pig anti-sheep IgG-1-3RP or sheep anti-rabbit IgG-IIRP)

diluted 1-10 ug/mi in PES/Tween 20. After a further 6 washes in
PBS/Tween 20, peroxidase activity on blot's or membranes was
revealed with .3,-3,diaminobenzidine and hydrogen peroxide (Graham
and Karnovsky, 1966). Nitrocellulose blots for SMCP were incubated
overnight at 4 0 C in Fab anti-SMCP (1 ug/mi) diluted in 0.1 Pt
Tris/IIC1 pH 7.5 containing lOt ovalbumin.
with PBS/Tween 20

Ps

described above,

After washing the blots
they were developed with

biotinylated donkey anti-rabbit IgG (1 ug/mi in 10%
ovalbumin/PBS/Tween 20) and avidin-peroxidase conjugate (1/200 in
10% ovalbumin/PBS) (Vector Laboratories Inc., Burlingame, CA).
Peroxidase activity was revealed with diaminobenzidine and hydrogen
peroxidase. Control blots consisted of replacing antibodies with
IgC (10 ug/ml) from normal rabbit,, sheep or mice, or with normal
rat serum diluted 1/100 in PBS/Tween 20.

Immunohistochemistry
Endogenous peroxidase activity in both sections and smears was
inhibited with periodic acid/sodium borohydride (Heyderman and
Neville, 1977) and all slides were treated with 5% BSA/PBS for 30
minutes before overnight incubation with affinity-purified rabbit
antibodies (or F(ab) 2 or Fab fragments) (1-20 ug/ml) in 5% BSA/PBS,
or affinity purified monoclonal antibody (1 ug/mI) in 5% BSA/PBS.
Slides were rinsed 3 x 10 minutes in 5% BSA/PBS and incubated with
sheep F(ab) 2 anti-rabbit Fab-peroxidase conjugate, or with sheep

/
54

anti-mouse imrnunoglobulin-peroXidase conjugate (10 ug/ml in
BSA/PBS) for 1.5-2

hours.

5%

After rinsing 3 x 10 minutes in 5%

BSA/PBS, peroxidase activity was developed with diaininobenzidirte
and 11202 (Graham and Karnovsky, 1966).

Slides were lightly counterstained with haernatoxylin.

For

control purposes, initial overnight incubation of slides was with
normal rabbit IgC
ug/ml in 5%

(20

ug/mi in 5% BSA/PBS) or with mouse IgG (10

BSA/PBS) purified on Protein A-Sepharose (Pharinacia).

Subsquent treatment of slides, and incubation with appropriate
peroxidase conjugate, was as described above.

.4

Enumeration of Mast Cells and CL in Abomasal Tissue Sections
The numbers of mast cells and CL were estimated in sections of
abomasa stained with toluidine blue, pH

0.5,

anti-SMCP or carbol

chromatrope. Stained cells were enumerated using a x 10 eye-piece
containing a calibrated graticule with an area of 0.08 mni 2 using a
x 40

objective lens. Counts were made systematically from the

muscularis to the mucosal surface on a minimum of 20 graticule
fields from thred separate sections of the folds. The results were
expressed as the number of cells per 0.2

mm

of mucosa.

Histochemical Enumeration of Intestinal Mast Cells in Sections of
Mouse Duodenum
These were performed by Dr.

D.

previously (Alizadeh and %Jakelin, 1982a).

A. Laminas, as described

55

Tissue preparation for Proteinase Determinations
a) Rat
The following tissues were excised from exsanguinated
rats:- stomach,

small and large intestine,

liver, mesenteric lymph node,
trachea, lung,

thymus,

ear pinna,

bone marrow,

kidney,

spleen,

tongue,

larynx with

skeletal muscle, heart,

brain, skin and uterus. The samples were immediately weighed,
minced using scissors in 3 volumes of 0.02 M Tris/lWl buffer pH 7.5
containing 1 M NaCl at 4 ° C and homogenized using a Polytron
homogenizer (Northern Media Supply Ltd.). During homogenization
tissues were kept cool by surrounding the tissue container with
crushed ice. Homogenates were centrifuged at 8000 g in an Eppendorf
bench. centrifuge at 4 0 C for 5 minutes and supernatants stored at
-20 ° C prior to assay.

b) Mice
Hicn were ki'...ed by cervical dislocation.
org.is were excised,

weighed,

Tissues and

and placed in plastic containers

embedded in crushed ice. The following samples were taken:
stomach, small intestine, large intestine, mesenteric lymph node,
ear pinna, tongue, larynx, lung, titymus, spleen, liyer and kidney.
Samples were homogenized and .cupenatant5 prepared as described
above for rat tissues, which were stored at -20 ° C prior to assay.

c) Sheep
Abomasal fold tissue was immediately weighed,

minced

using scissors in 3 volumes of 0.01 M Tris/HC1 buffer, pH 7.5

containing 2 M KC1 at 4 ° C, and homogenized using a Polytron
homogenizer as described above for rat tissues.

Following

centrifugation at 8000 g for 5 minutes, supernatants

from

homogenates were stored at -20 ° C prior to assay.

Preparation of Cells for Assa
6
Aliquots (1 x 10 )of isolated tissue or serosal mast cells,
or mast cells derived from in
pelleted by centrifugation.

vitro culture of bone-marrow were

Cell pellets were resuspended in 200

ul of 0.02 M Tris/HC1 buffer pH 7.5 containing 1 M NaCl.

Aliquots

were freeze/thawed rapidly 3 times and, following centrifugation at
8000 g for 5 minutes,

supernatants were stored at -70 ° C prior to

assay.

Isol&tion_and Preparatian of Serosal Mast Cells
a) Mouse
Peritineal cells •%xere . recverr4d from Swiss white mice by
lavage with Ranks .balcrced salt solution (from the media kitchen
at Moredun Institute) containing 0.1% w/v gelatin (HESS/C) and
purified to 85-90% mast cells by density gradient centrifugation
over Metrizamide (Sigma) as described by Hamaguchi at al.,

(1987)..

Serosal cells were extracted from the perft.r . ;cai cavity by lavage
in 5-10 ml HESS/C, pelleted by centrifugation and resuspended in 1
ml HESS/C, and were gently layered onto 1 ml of 22.5% metrizainide
in HESS/C in 10 ml tubes. Following centrifugation at 600 g for 15
minutes,
collected,
counted.

the pellet of mast cells at the bottom of the tubes was
washed twice by centrifugation in HESS/C and the cells
Cytosmears were prepared for differential counts by
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Aliquots of

Leishmans stain and for paired immunofluorescence.

and these pellets

cells were also pelleted by centrifugation,

stored at -20 ° C prior to extraction for proteinase determination or
for analysis by SDS-PACE.

b) Rat
Rat SMC were purified by centrifugation through Percoll
(Pharmacia). Peritoneal cells were recovered by lavage with 10-20
ml Hank's balanced salt solution containing 0.1% ESA (Sigma
fraction V) (HBSS/BSA)

containing 10 u/ml of heparin. They were

pelleted by centrifugation and resuspended in 1 ml of 30% Percoll
This solution containing approximately 1 x 10 cells

in HBSS/BSA.

was gently layered onto a two-step Percoll gradient consisting of a
bottom layer of 1 ml isotonic. Percoll,

osmotic density 1.1 g/ml,

and an upper layer of 2. ml isotonic Percoll,
g/inl. After centrifugation a

osmotic density 1.09

coliec€ed as a pellct at the bottom of the tube,
HBSS/BSA,

rat SIiC were

600 g for 20 minutes,

washed twice in

and counted. Cytosmear preparations and pellets of SMC

were prepared and stored as described for mouse SMC.

Isolation of Tissue Mast Cells
a) Sheep
Mast cells were isolated from the abomasum by enzyme
digestion using hyaluronidase (Sigma:
(Sigma;

type 1-5) and collagenase

type 1) as described previously (Huntley,

Wallace and

Miller, 1982). Immediately after slaughter the abomasum was
removed and small samples of abomasal fold were placed in flanks'
balanced salt solution containing 100 units per ml penicillin and
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1% heat-inactivated foetal calf serum (I-IBSS/FC) at 4 0 C. The tissue
was then chopped finely with scalpel blades in a petri dish on
crushed ice and 400 mg of tissue fragments were added to 10 ml
I-IBSS/FC (prewarmed to 37 ° C) containing the enzymes collagenase (105

units/ml Sigma: type 1 from Clostridium histolyticun,

ammonium
type

sulphate fraction) and hyaluronidase (510 units/ml, Sigma:
1-S from bovine testes) in a sterile glass universal bottle.

The

tissue was then stirred and digested for three hours at 37 ° C.

The

digest was passed through a fine mesh stainless steel sieve,

and

the cells washed twice by centrifugation in HBSS/FC at 4 ° C.

Cells were enriched for mast cells and globule leucocytes by
centrifugation through preformed discontinuous Percoli gradients,
modified from the method previously described (Huntley,
and Miller, 1984). Thth gradients,

Newlands

which were formed in silicone

tread10 ml glass centrifuge tubes, consisted of a bottom layer
of 2 ml isotonic Percoll ,-

-denst.y 1.1 g/mi,

above which was

lajered 4 ml isoto:i 1-ercoll density 1.085 g/ml. Cells were
suspended in 30% isotonic Percoli at concentrations of 1-5 x
10 7 /ml, and 1 ml aliquots were carefully layered on top of the
gradient. Following centrifugation at. 600 g for 20 minutes, cells
were

collected from the interface betw: isctonjc Percoll

densities of 1.085 g/mi and 1.1 g/ml,

and washed 2 times in

HBSS/FCS by centrifugation. This resulted in preparations of cells
which were approximately 90% mast cells and CL, estimated by
differential counts on Leishman stained cytosmears.
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b) Rat
i) Intestinal mast cells
Although several methods were examined for the isolation
of mast cells from rat intestinal mucosa, including digestion of
chopped tissue with the enzymes collagenase, protease,
hyaluronidase and dispase, or with different combinations of these
enzymes, the following method, using dispase, provided the most
reliable technique in terms of the yield of morphologically intact
and undamaged mast cells.
received a secondary

N.

Small intestines from rats which had
brasiliensis. infection 5-15 days
rinsed to remove debris in

previously were opened longitudinally,

HBSS/BSA, and the duodenum and proximal jejunum were cut into 2 cm
length sections.

Four of the sections were placed in a small

conical flask containing 10 ml of HSSS/BSA and 5 u of dispase
(Grade II, BoehringerJ4annheim, Lewes, East Sussex). These were
gently stirred and digested: for .2 hours at 37 ° C, after which the
cell, suspension was decanted and the cells washed 2 times by
centrifugation in kIBSS/SA.

Mast c2lls were purified through

preformed discontinuous Percoll gradients as described for sheep
abomasal mast cells.

Mast cells consisted of 70-80% of the cells

and yields generally were between 1-3 x 106 mast cells per 8 cm
length of intestine.

. ..

ii) Liver
Dispase was also used to digest liver tissue.

The

technique was similar to that described for intestinal tissue,
except that 500 mg liver fragments (< 1 mm 3 ) were digested in 10 ml

MI

of 20 u of dispase in I-IBBS/BSA for 2 hours at 37 ° C.

Mast cells

were purified on Percoll gradients, as described for sheep abomasal
mast cells. Mast cells comprised 60-80% of the cells, as judged by
differential counts on Leishinan stained cytosmears, and the yields
were approximately 1 x 106 mast cells/500 mg of liver.

iii) Bone-marrow
Rat femurs were placed in a small vice and the
bone-marrow was extracted and collected in HBSS/BSA containing 10 u
heparin/ml. Cells were washed twice by centrifugation In HBSS/BSA,
before the preparation of cytosmears for Leishman staining and
immunofluorescence.

Total and differential cell counts were also

performed on cells in suspension,

which were then pelleted and

stored at -20 ° C prior to assay for RNCP I.

C)

Mouse
j) Intestinal mast cell ,
Despite repeated attempts,

the isolation of mast cells

from the intestines of mice 15-25 days post infection with T.
spiralis was unsuccessful.

Various methods,

including enzyme

digestion as described for rat intestine, or.mechanical disruption by the method of Mayrhofer and Whatley (1983), With nr without
disruption of epithelial cells with 30 mM EDTA (Bjerkrvas and Cheng,
1981) were unsuccessful and resulted in low cell yields and poor
cell viability.
or disrupted,

Moreover, isolated mast cells were often damaged
as judged by their morphological appearance in

Leishman stained cytosmears.

On one or two occasions though, the

technique employed for the isolation of rat intestinal mast cells
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using dispase digestion (5 u dispase/lO ml of HBSS/BSA) and
purification on Percoll gradients, provided some murine mast cells
(2-4 x 10 mast cells/digest) which were subsequently examined by
paired immunofluorescence.

Enumeration of Isolated Mast Cells
Viability and total cell numbers in suspension were assessed
by 0.2% trypan blue dye exclusion. The proportion of mast cells
was estimated by diluting an aliquot of cells 1/4 in 0.1% methylene
blue in 50% propylene glycol. After 5 minutes cells were
transferred to a haemocytometer and the numbers of mast cells were
determined.

-

Preparation of Cell Smears

Cell smears were .prepared in a Shandon cytocentrifuge using
0.1 rfl of cell suspension containing 10
C'

centrifuged for 5 minutes -at 600--ev/aiin.
for 5 minutes prior to fixation.
morphological examinations,

cells/ml which was
Smears were air-dried

For differential cell counts and

Leishman-stained smears were rapidly

rinsed in distilled water and immediately dehydrated.

For paired

immunofluorescent studies of rodent.- mast cells, cytosntear
preparations were fixed in 4% w/v paraforma).dehy4i. at' 65 °C-for 0.5
hour and washed with PBS prior to staining (Newlands, Huntley and
Miller, 1984).

Paired Imniunofluorescence
a) Rat
To block non-specific fluorescence from eosinophils,
dehydrated tissue sections or cytosmear preparations were initially
incubated with 3-amino-ethylcarbazole as described for the
demonstration of peroxidase activity (Graham,

et al.,

1965).

Sections and cytosmears were then incubated for 15 minutes in 10%
ovalbumin in PBS, before sequential 1 hour incubations of rabbit
F(ab') 2 anti-RMCPI (10 ug/ml), sheep anti-rabbit IgG-TRITC (1/50),
monoclonal anti-RNCPII (10 ug/ml) and sheep anti-mouse IgG-FITC.
(1/100). All antibodies were diluted in PBS containing 10%
ovalbumin, and slides were washed 6 times in PBS between incubation
with each reagent. After a final wash, slides were mounted in
Citifluor AFI mountant (Citifluor Ltd., London) and viewed under a
Leitt-.Orthopian microscope (Leitz, FRG) sequentially excited with
blue —and gr2en incident light. For control purposes, specific
rabbit and mouse a.atibocLes w-re substiutcc for rabbit and mouse
IgG purified from non-bnmuntzad aniuials..

b) Mouse
Dcaxed and rehydrated sections .c.re pretreated for 30
minutes in 10% BSA in PBS (BSA/PBS) and incubad .fbr:7 -4 hours
with rabbit anti-RNCP I (20 ug/ml) in BSA/PBS. After' -- x 10 minute
washes in PBS, sections were incubated for 1 hour with sheep IgG
anti-rabbit IgG-TRITC conjugate diluted 1:50 in BSA/PBS. After
further 3 x 10 minute washes, sections were incubated overnight
with rat anti-IMCP (20 ug/mi) in BSA/PBS and were washed 3 x 10
minutes before incubation for 1 hour with sheep IgG anti-rat
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IgG-FITC conjugate diluted 1:50 in BSA/PBS. Normal rabbit IgC (20
Lg/m1) and normal rat serum diluted 1/200 with BSA/PBS were
substituted for specific antibodies for control purposes. After
final washing,

sections mounted in Citifluor AFI mountant

(Citifluor Ltd.,

London) were viewed under a Leitz Orthoplan

microscope (Leitz, FRG) sequentially excited with blue and green
incident light.

Enumeration of Fluorescing cells in Tissues
Mouse
The number of FITG (IMCP) or FITC + TRITC (RMCP I-like
antigen) fluorescent cells were counted per 10 villus crypt units
(vcu) in proximal jejunum or distal ileum from each mouse. These
counts included cells within the epithelium and lamina propria.
Counts-were performed an 2 groups of mice, consisting of 5 normal
grd 5 T. spix-alis infected mice, and &he values were expressed as
the mean ± svandard error for & ,-h group.

Rat
For counts of fluorescing cells within thymus,
tongue,

grticuIe

stomach mucosa and int&stnal sub-mucosa,

fields (0.08 mat 2 ) were chosen at random.

MLN,

Randori fields were also

selected for counts of fluorescing cells within intestinal villi,
stomach sub-mucosa and lung pleural membrane,
counted without the aid of a graticule.
parenchyma,

although they were
In liver and lung

graticule fields were selected due to the focal

distribution of fluorescing cells in these tissues.
sections from five normal animals,

and five N.

Tissue

brasiliensis
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infected rats were stained and a total of 100 or 200 fluorescing
cells,

respectively,

were counted at random from each tissue

site.

Results were

expressed as the proportion of cells

fluorescing red (containing RMCP I) or green (containing RNCP II)
only and cells fluorescing both red and green.

Radial Immunodiffusion
Concentrations of RMCP I and II were measured by radial
immunodiffusion (RID) for comparative purposes during the initial
development of the ELJSA. The RID assay for RMCP II was performed
as described previously (King and Miller,

1984).

The assay for

RMCP I by RID was carried out 3n similar manner, using rabbit
anti-rtNCP I serum at a dilution of 1/100, and standards (6.25 ug 100 ug RNCP I/ml) and samples diluted in 0.65 Ft NaCl in 0.02 M
Tris/HCL buffer, pH 7.5;

Enzyme - linked_IrnmunQgbent _iays
The assays routinely employed for the estimation of RNCt' I,
RMCP II, IMCP and SMCP were as follows:1) RNCP I
Micro-ELISA plates (M129B,
Billinghurst,

Sussex).

.Dynatech

Lab.

Ltd.

were incubated ovct;t;ight (4 ° C) with (50

ui/well) sheep anti-R}ICP I antibody (1 ug/ml) in
carbonate/bicarbonate buffer pH 9.6. The coated plates were washed
6 times in PBS containing 0.05% v/v Tween 20 (PBS/T20) and samples
or standards, diluted in PBS/T20 containing 4% BSA (Sigma,
fraction V) (BSA/PBS/T20) with additional (0.5 M) NaCl,
applied (50 ul/well) to the plates.

were

Standards were prepared at
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2,

concentrations of 1,

4,

6, 8, 10, 12 and 14 ng RMCP I/mi.

Plates were incubated for 1 hour at room temperature, then
sequentially incubated with 100 ng/ml of rabbit F(ab') 2 anti-RNCP I
in BSA/PBS/T20 (50 ul/well) and with sheep anti-rabbit IgG-HRP
(1/1000 in BSA/PBS/T20). Each incubation was for 1 hour at room
temperature and plates were washed 6 times in PBS/T20 between
incubations. After. a final wash, the colour reaction was
developed with orthophenylenediamine (OPD) and H 2 0 2 (Volier

cC al.,

1979). Development of colour was stopped by the addition of 25 ul
of 2.5 K.H. 2S04.

The colour reaction at 00 492m was measured in a

Titertek Multiscan Reader (Titertek Flow Laboratories).
Concentrations of RMCPT in unknown samples were calculated from
standard curves prepared from the RMCP I standards.

2) RMCP II
Supernatant from tissue homogenats or cells.
Thq RMC.1
the RMCP I ELM,

TT

ELISA wl ,-..' performed in a similar &inner 'o
except that plates (M129b) were coated with

monoclonal mouse anti-RNCP II antibody (1 ug/mi).
preincubated in 10% ovalbumin w/v (grade II,

Wells were

Sigma) in PBS/T20

(OV/PBS/T20) for 1-2 hours at rociii temperature. OV/PBS/T20 was the
diluent for samples and standards,whteh'wer 0.. 25, 0.5, 1, 2, 4,
8, 16 and 32 ng RMCP II/ml. RNGP IL was detected with sheep
F(ab') 2 anti-RMCP II-HRP and substrate was OPD.as described above.

Serum
The ELISA was as described for tissue homogenates with
the exception of the preparation of standard concentrations of RNCP

II.

For these standards, an initial concentration of 10 ug RMCP

II/ml was made in serum froin normal (non-infected) Wistar rats. In
order to construct the standard curve, further dilutions of the
stock RNCP II in serum were made in OV/PBS/T20. Concentrations of
RNCP II in unknown samples of tissue homogenates or sera were
calculated from standard curves prepared from the respective RNCP
II standards.

3) IMCP
The FLISA for TMCP was performed in a similar manner to
the RMCP II ELISA and has been described previously (Huntley et
al. ,:.1990), except that plates (M129B) were coated overnight with
rabbit: anti- IMCP antibody (50 ui/well at 1 ug/ml).
homogenates or cell samples,
were

For tissue

dilutions of samples and standards

prepared in WA/PBS/T20.

For estimation of .IMCP

concentrations in snum, standards (0.5-12 'iig. IHCP/ml) were
prepared in a similat manner t;, that described for LMCP II, with an
initial concentration of 10 ug IMCP/ml made in serum from normal
Swiss white mice. Standards were then prepared by further dilution
in BSA/PBS/T20. IMCP was detected with peroxidase - conjugated
rabbit anti-IP (1/1000 of stock in BSA/PBS/T20), and substrate
was flED as described previously.

Concentrations of rodent mast cell proteinases are
expressed as ug of proteinase/gram wet weight of tissue or per ml
of supernatant derived from tissue homogenates,

nanograms of

proteinase per ml of serum or per 10 6 cells,

picograms of

proteinase per cell, or ng//.Lg per mg soluble protein.
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Controls for all 3 ELISAs consisted of a) replacing
samples with diluent alone and b) incubating wells with the
heterologous proteinase (50 ug/ml).

4) SMCP
The ELISA for SMCP has been described previously (Huntley
at al., 1987), and is essentially similar to the ELISAs for rodent
mast cell proteinases. Briefly, microtitre plates (M129B) were
coated by Incubation overnight at 4 9 C with rabbit anti-SMCP
antibody (0.25 ug/ml). Dilutions of unknown samples and standard
(0.5-12 ng SMCP/ml) SMCP samples were made in PBS/T20. SMCP was
detected with peroxidase conjugated rabbit anti-SMCP (1/500
dilution of stock in PBS/T20), and substrate was OPD as described
previously. Concentrations of SMCP in unknown samples were
calculated from standard curves prepared from the SMCP standards
and 'results expressed as ug SMC?/g wet weight of tissue, or pg
SMCP/ml of serwi or lymph. Controls consisted of substituting
PBS/T20 for samples.

Because sheep serum caused inhibitiob of the SMCP ELISA,
ELISA

'as also

employed to

invest!.gate

an

inhibitor(s)

antibody-SMCP interactions in serum and )'ntph. Serial two-fold
dilutions of serum or lymph (or fractions dc-rtved from their
separation by gel filtration on Superose 12) from immune or
worm-free sheep were prepared in PBS/T20, and to these was added an
equal volume of SMCP (20 ng/ml).
minutes at 37 ° C,

Follow Lng incubation for 10

the samples were added to antibody-coated wells

and assayed as described above.

Results were expressed as the

dilution of serum or lymph which produced a 50% reduction in 00 at
492 nut, when compared to that produced following incubation of SMCP
in the absence of serum or lymph.

Imrnunoprecipitation of RMCP I or II
To confirm the specificity of rabbit anti-RNCP I and
monoclonal anti RNC? II, immunoprecipitation studies were performed
as described previously (Huntley
precipitation-buffer (Appendix 1,

1990) with radio-immuno

et al,

Cranage or al,

1986) designed

All immunoprecipitations

to prevent non-specific interactions.
were kindly performed by Dr. J. Irvine.

Electron Microscopy
Q Ultrastructure.
Mist cells for ultrastructure were pelleted by centrifugation
•-

(400 g for 5 minutes),
1% glutaralde'rtyde (E.M.

and cells ¶wrc resuspended gently in fresh
grade,

Agar Scientific) in 0.1 M

phosphate buffer pH 7.2 and fixed for 15 minutes at room
temperature.

Cells were then washed 3 times in phosphate buffer

containing 2% dextrose by centrifugation.

The -ce11s were post

- ixed. i 1% osmium tetroxide (Agar Scientific) in phosphate buffer
for 20 minutes at room temperature, washed as before, dehydrated
in graded ethanols and embedded in Agar 100 resin (Agar Scientific)
polymerised at 60 ° C for 48 hours. Ultrathin sections were stained
using saturated aqueous uranyl acetate and Reynolds lead citrate
(Reynolds, 1963) before examination using a Jeol 1200 Lx
transmission electron microscope.

b) Imniunolocalization
gently

Mast cells were

resuspended in fresh 4%

paraformaldehyde in PBS pH 7.4 and fixed for 15 minutes at room
temperature. Cells were washed 3 times in PBS and embedded in
London Resin hard grade (Agar Scientific) polymerised at 50 ° C for
48 hours. Ultrathin s ections were incubated overnight at +4 °C in
rabbit anti-SMCP (100 ug/ml) in phosphate buffer containing 1%
Bovine serum albumin and 0.05% Triton-XlOO (buffer). In control
sections, normal rabbit IgG (1. mg/ml) replaced antibody. Sections
were washed 4 times in buffer before incubation in goat anti-rabbit
G30 (30 nm gold particles. Janssen) diluted 1/10 In buffer pH 8.2
for 1 hour at room temperature. After washing 4 times in buffer,
sections were rinsed in bidistilled water and then stained and
examined as described above.

Ovine Bone Marrow-derived Mast Cells
The generation of

mast calls from ovine bone-marrow cell

cultures was as described in Ilaig at. al.,

(1988a). Briefly,

bone-marrow cells were isolated from sternal marrow, and
fractionated by centrifugation oveF lymphoprep (Nycomed Ltd.,
Sheldon, Birmingham). Cells with a density7af < 1.077 g/ml were
cul.tred in media containing 10% heat-inactivated foitCl. calf serum
and 25-50% batch-tested conditioned medium (CM, see below).
Cultures were refed with this medium every 5-7 days and total
viable and differential cell counts performed. Cells were
harvested between 3-5 weeks of culture, when mast cells typically
constituted > 90% of the population. In one experiment, platelets
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and cell debris were removed from mast cell cultures by
centrifugation (300 g) over Percoll (Pharmacia) at a density of
1.070 g/ml for 20 minutes at 4 ° C. Following centrifugation, cells
were collected from the bottom of the tube. These cells, following
differential counts in Leishinan stained cytosmears, were considered
to be > 99% mast cells.

The preparation of CM was as described previously (Haig et
al., 1988a). Briefly, CM was obtained from supernatants derived
from culture of gastric efferent lymphocytes kindley provided by
Dr. W. Smith and obtained from cannulated sheep infected with 0.
circuwcincta (Smith et al.,

1984), stimulated with concanavalin A

(Sigma) for .5 days. CM was harvested by centrifugation and the
cell-free supernatant passed through 0.22 •. urn filters prior to
storage at -20 ° C.

li-hexosaminidase Assai
B-hexosamintdase activity uas assayed by hydrolysis of the
substrate
(Sigma);

p-nitrophenol-B-D-2-acetamido-2-deoxyglucopyronoside
1 unit of this enzyme cleaves I u mole of substrate per

hour at 37 ° C (Schwartz,

Austen and Wasserman, 1979)... ; Samples (2.5

:.z) wrre added to 50 ul of 5 mM substrate in 0.15 ftdjsoji*.un
citrate buffer titrated to pH 4.5, and incubated for 45 minutes at
37 ° C. The reaction was terminated by the addition of 20 ul of ice
cold 0.2 M glycine-NaOH buffer, pH 10.7 and the optical density was
read at 405 nm. The 0D 405 for blank (control) assays, where
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samples were replaced with buffer, were subtracted from the sample
0D405 and the activities of 3-hexosaminidase were calculated using
E - 18.8 x 10 3 1/mol/cm at 405 nm and expressed as units of
activity/10 6 cells.

Arylsulyhatase Assay
To 25 ul of samples or standards (sulphatase,

type V from

Sigma, 250 ug/ml-1.95 ug/ml) was added 75 ul of substrate (6.255mM
p-nitrocatechol sulphate (Sigma) in 0.2 M acetate buffer pH 5.7).
After incubation for 60 minutes at 37 °C, the reaction was
terminated with 100 ul of SM NaOH and the optical density was read
at 492., run. The amount of arylsulphatase in unknown samples was
determined from the standard curve and expressed as units of
activity/10 6 cells.

Histamine
Histamine was measured by Dr.

P.

MoqUel using a single

radioisotope enzymatic assay (Cuilloux, Hartmann and Ville, 1981).
In brief,

this involved incubating 20 ul of sample or standard

with rat kidney histamine-N-methyl transferase and

3 H-(methyl)-S-adenoxyl- methionine and extracting. the [ 3 H] methyl
histamine that was produced prior to scintillation ecunting. The
amount of radiolabel incorporated into methyl histamine was
directly proportional to the histamine concentration. The
inter-assay and intra-assay coefficients of variation were 12.8 and
6.9% at the 0.2 ng/ml level (R. Moqbel, personal communication).
The amounts of histamine were expressed as ng of histamine per 10 6
mast cells.
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Demonstration of Monoamine
The presence of monoamines in mast cells was demonstrated by
the formaldehyde condensation reaction (Enerback, Custafsson and
Meliblom, 1977).

Cells were examined with a Leitz Orthoplan

fluorescent microscope during excitation with ultraviolet light.

Calcium Tonophore A23187 Activation
Activation of cells with ionophore was similar to that
described previously for the stimulation of rodent mast cells
(MacDonald et al.,
2+
2+
Ca and Mg

1989). Mast cells were prepared by washing in

free Tyrodes solution (Appendix 1) containing 0.1%

.tissue culture grade gelatin at pH 7.4 and 4 mM EDTA,
2 further washes in Ca

2+

and Mg

2+

followed by

free Tyrodes without EDTA. Cells

were finally resuspended in the gelatin/Tyrodes solution
• (pre-warmed to 37 ° C) and 10± aliquots were incubated with A23187 at
.ton.tentratn ors between 10

-5

and 5 x 10

Is were removed by centrifugation a:

-9

o
M at 37 C for 40 mm.

:soo

g fQr 10 mm,

and

supernatants seored at -70 °C for assay of arylsuiphatase, SMCP and
B-hexosaminidase, and for measurement of the membrane-derived lipid
mediator, leukotriene C 4 (LTC ). Prior to incubation with
4
lonophore, aliquots of cells were pelleted and extracted for total
arylsulphatas and B-hexosaminidase as described previously.
Results for the release of preformed mediators were expressed as a
per cent of these total estimations.
incubated without ionophore,
for each determination.

Controls consisted of cells

and duplicate samples were performed
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Leukotriene RadioimmUnOassaY
Immunoreactive LTC 4 was quantified by Dr. R. Moqbel using a
1983). The amounts of LTC 4

double-antibody method (Hayes et al.,

were expressed as nanograms of LTC 4 generated from 106 mast cells.

Sensitizing Ovine Mast Ce1lwith immunoglobu.j
To ovine B!1C (5 x lO cells) in 200 ul of RP4I containing 5%
foetal calf serum (RPMI/FCS) was added 50 ul of serum from sheep
repeatedly infected with H.

con tortus or from normal sheep raised

under worm-free conditions.

After gentle mixing, the cells wcre

incubated for 1 hour at 37 °C,

and than washed three times in

RPMI/FCS' by centrifugation at 300 g at 4 °C.

To each cell

preparation was added 100 ul of ice cold tissue culture supernatant
containing monoclonal antibody to ovine immunoglobulin light chin
(MOM 7, supplied by Dr. K. Beh, McMaster Lab., Clebe, Australia).
After incubation for 1 hour at 4 0 C, the cells were washed 3 times
in RPMI/FqS.and then incubated in 100 ul of sheep anti-mouse-FITC
diluted 1/100 in RPMI/FCS.
at 4° C,

After a further incubation for 1 hour

the cells were finally washed 3 times in RPMI/FCS and

cytocentrifuged smears were prepared.

The smears were fixed in 4%
prior to

paraformaldehyde in PBS pH7.4 at 45 0 C for 30 minutes,
mounting in citifluor AFI mountant (Citifluor Ltd.,

London) and

examination under a Leitz Orthoplan microscope (Leitz,

FRG).

Controls consisted of a) replacing the monoclonal anti-light chain
with supernatant from another, unrelated monoclonal antibody and
b) replacing sheep sera with RPMI/FCS.
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Statistical Analysts
In chapter 4 analysis of variance was performed on
log-transformed data with the aid of the computer programme,
CENSTAT.

All other statistical analyses were performed with the
L

aid of the programme, MINWAB. comparison between group values in
Chapters 6 and 8 was made with Student's two-sample t-test.
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CHAPTER 3

DEVELOPMENT OF ELISA FOR MAST CELL PROTEINASES

INTRODUCTION

The antigenic distinction between RMCP I and RNCP II has
facilitated the development of specific immunoassays for the
quantification of these 2 enzymes (Woodbury and Miller, 1982;
Miller

et al.,

1983b). These assays have beur p1oed to

investigate the distribution of RMCP I and 11 in tissues (King et

al., 1986; Gibson et ti., 1987) and to de.nonstrate the secretion of
RMCPII into the blood during the immune elimination of nematode
worms (Miller

at al.,

1983b; Woodbury

et al.,

1984).

Nevertheless, the antigenic similarity between RNCP I and II is
such that production of inonospecific polyclonal antisera involves
extensive cross-absorption to ensure specificity (Gibson and
Miller, 1986).

A limiting factor in these previous investigations was the
relative insensitivity of the radial irmounodiffusion (RID) and
competitive enzyme linked iminunosorbent assays (ELISA) with limits
of detection of approximately 3 pg and 50 ng respectively of RMCP
II/ml of tissue extract or serum.

To improve specificity a

monoclonal antibody to RNCP II has been used and,
sensitivity,

to increase

antibody capture ELISAs for RNCP I and II have been

developed. Similarly, sensitive and specific ELISAs for the mucosal
mast cell-derived enzymes murine intestinal mast cell proteinase

ILl

(IMCP) and sheep mast cell proteinase (SMCP) have also been
developed. The results of these studies are described in this
chapter, and the influence of plasma-derived proteinase inhibitors
on the development and interpretation of these assays is examined
and discussed.

RESULTS

1) Rat Mast Cell Proteinases
(a) Antibody Specificities for RNCP I and RMCP II

The specificity of the antibodies employed during development
-a

t

of the ELISA for RNCP I and II was tested by dot blotting RNCP I
and II on nitrocellulose, by Western blots of RNCP I and II
fractionated by SOS-PAGE, and also by immunohistochemistry on
tissue sections. The specificity of antibodies was also
investigated by immunoprecipitation.

Dot blots were probed with mouse monoclonal antibody (609) to
RMCP II at a concentration of 10 Ag/ml or 1 pg/inl and intense
immunoperoxidase labelling of RMCP II and, to a lesser extent, of
IMCP was evident, but RNCP I was not detected (Fig. 1). By
contrast, polyclonal sheep and rabbit antisera raised against RMCP
I and RNCP II were strongly cross reactive with the heterologous
proteinases (data not shown). Affinity purified sheep antibodies or
F(ab) 2 fractions retained some cross-reactivity despite extensive
cross-absorption on the relevant heterologous proteinase bound to
Sepharose (Fig. 1). Unlike the sheep antibodies, cross-absorbed
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IA

Fig. 1.
RNCP II (centre), and 1MG?
Dot blots in which RMCP I (left),
(right) were applied to nitrocellulose (2 Al at 100 J.Lg/ml) and
Lg/ml of a) monoclonal anti-RMCP II (6D9)
reacted with 10
b)
IgG
fraction from rabbit antiserum to RMCP II, c)
antibodies,
d) affinity purified sheep
affinity purified sheep anti-RMCP I,
e)
affinity
purified
rabbit anti-RMGP I
F(ab) 2 anti-RNCP II,
antibody, f) affinity purified rabbit anti-RMC? II antibody.
Antibodies in c, d, e and f were extensively cross absorbed against
Blots were reacted with the
heterologous proteinase-Sepharose.
appropriate anti-immunoglobulin-HRP conjugates and developed with
DAB + H202.
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affinity purified rabbit antibodies to RMCP I and RMCP II were
monospecific (Fig. I). No immunoreactiOns were observed in control
blots, where sheep, rabbit or mouse antibodies were substituted
with non-immune IgG from the same 3 species (10 g/m1)

The monospecificity of rabbit anti-RNCP I and monoclonal
anti-PICP II antibodies was determined from Western blots of RNCP I
and II, and of extracts of serosal mast cells (SMC) separated by
SOS-PAGE (Fig. 2). A single polypeptide band of MW 29,000 was
revnaleci by anti-RNCP I in the lanes containing RNCP I and tat E:4C,
whereas no reaction was detected in the lane concaining RMCP Ii.
After probing with n.onc1onal anti-RMCPII,

h

single 26.90C MW band

was present in the l ane containi;tg R14CP II and none was observed in
lanes containing RNCP I or SMC. Where monoclonal antibodies or
• rabbit anti-RNCP I were replaced with normal mouse serum or rabbit
IgG respectively (10 g/ml) no reactions were observed.

• Immunohistochemical analysis of the specificity of monoclonal
anti-RNCP II revealed intense immunoperoxidase reactions in mast
cells within the lamina propria of the intestinal tract and
epithelium of the larynx whereas no reaction was demonstrated in
mast cells within tongue or skin although the latter were strongly
positive following imniunoreaction with rabbit anti-RMCP I. No
reaction product was observed in any tissue when the monoclonal
anti-RMCP II was substituted with either tissue culture supernatant
containing an unrelated monoclonal antibody, or with a 1/25
dilution of normal mouse serum.

79

—

C)

Ca

cc

=

0

=

cc
M

78kD66kD mo45kDb--

3OkD
am
17.3kD'12.2kD"—

anti—RMCP I anti—RMCP II

Fig. 2.
Western-blot following SDS-PAGE of RMCP 1 4 (1 jig), rat serosal mast
cells (SMC) (95% pure; 5 x 10 cells extracted in
SDS-2-xnercaptoethanol) and RMCP II (1 J.Lg).
The blots were reacted with 10 tig/ml of rabbit F(ab) 2 anti-RMCP I
(affinity purified and cross-absorbed with RMCP II) or with 10
jg/ml of monoclonal anti-RMCP II antibody (6D9).

Eff

Immunoprecipitation of ( 3 H)-DFP-RNCP I and II with rabbit
anti-RMCP I and monoclonal anti-RMCP II antibodies further
indicated the specificity of these two antibodies (Table 2) which
was confirmed by autor idiography (Fig. 3). control
iinmunoprecipitatiofls in the absence of antibodies produced low
counts (Table 2) and no bands were visualized in the
auto radio graph.

(b) Development of Antibody Capture ELISAs

A•

diagrammatic representation of the antibody capture ELIM

developed for the assay of RNCP I and U is shown in Fig. 4. For
gMcPI the microtitre tells were coated with sheep I8C anti-RNCP.I
since this antibody was relatively abundant (1 ug/mI).
specificity,

To ensure

bound RKCP I was detected with monospecific rabbit

anti-RMCP I titrated to provide an optimal concentration (0.1
ug/ml),

which was followed by a 1/1000 diluion of sheep

anti-rabbit-HRP.

The presence of protein (41 BSA) was required

during titration to prevent the apparent loss of RMCP I,

possibly

due to the nonspecific absorption of this proteinase to plastic
surfaces during preparation of the dilutions. Moreover, the
addition of NaClto increase.It concentration in the diluent for
RMdP I titrations to 0.65M was essential (Table 3). Without
additional NaCl, values for duplicate samples varied and estimated
concentrations of RNCP I (picograms RNdP I/cell) were highly
variable when compared with the results of assays in 0.65 M NaCl
(Table 3).

The process of sample dilution had minimal effect on

the accuracy of the assay,

since similar amounts of RMCP I/cell
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1 2 3 4 5 6 7 8 9 10 11

12 13

Fig. 3.
Autoradiograph following SDS-PAGE demonstrating the specificity of
mooclonal anti-RMCP II by immunoprecipitation of RMCP I and II
-[ H]DFP with PrStein A-Sepharose. Immuno-precipitation was
demonstrated for [ H] DP-RMCP II either alone (Lanes 2 and 3) or
when combined wish [ H] DFP-RMCP I (Lanes 6 and 7). No
precipitation of [ H] DFP-RI4CP I was observed.
3 HA DFP-RMCP II; l9 es 4 and 5,
Line 1 standards; Lanes 2 and 3
Lanes 6 and 7, [ H] DFP-RMCP I + [ H] DFP-RMCP
H] DF-RNCP I;
[
H]
DFP-RHCP
I or II were at 1 mg/ml, and 5 ill samples were
II;
Lanes 8 and 9,
reacted with 2.5 Ll monoclonal antibody (1 mg/mi) 3
ad Lanes 10 and 11 are controls consisting of [ H] DFP-RMCP I and
H]-RMCP II where antibody was replaced with diluent alone.
Lanes 12 and 13 are [ 3 H] DFP-RMCP II and [ 3 H] DFP-RNCP I
respectively, which were applied directly to the gel (5 ILl and 1
mg/ml) and were not reacted with monoclonal antibody. Radiographs
were developed after 1 week at -700C.
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Table 2
ImmunopreciPitation of [ 3 Hj-RNCP I and -RNCP II
Becquereles 1

Monoclonal anti-RMCP II

Rabbit anti-RMCP I

Control-RMCP

0.81
0.91

1.46
1.0

Control-RMCP 1i 2

0.85
0.66

0.48
0.53

RMGP I
RMCP II

46.5
83.0

0.66
0.68

1.35
1.46

8.7
15.4

3
Counts were performed in duplicate on [ H]DFP bounci to RMCP I or
II, imraunoprecipitated by monoclonal antibody to RMC)? II or rabbit
antibody to RJ4CP I.

1

2 Control reactions were performed without

t.body.
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Table 3
RMCPI ELISA:

The effect of NaCl on estimations of the RMCP
content of extracts of serosal mast cells
Concentrations of RMCPI (picogram/cell)

Sample No.

Estimated No.
of SMC

0.15M NaCl

0.65MNaC1

1

1.92 x 10

60

127.2

2

9.60 x 1O 3

56.6

125.1

3

4.8

x 1O 3

101.8

122.6

4

2.4

x 10

134.6

136

5

1.2

x 10

187.5

131

6

6.0

x i0 2

278

112

7

3.0

x

241

133

8

1.5

x

10
10

266

138

3,

were prepQred
Serial two-fold di].utiors of serosal mast cells (sMc)
extracted
by
.
3 cycles of
constituents
and"the,-'r gratti'
mM
T:Is/HG1
buffer,
. H 7.5.
free-thawiUg in M NaCl iL .23
sw.rnararof these extracts were assayed for 9MG? t.'.ty ELISA and
tL3 results are shown (expressed as picogranisRMCP I'cefl) whcn
dilutions from each sample were prepared in Paf C.i' NaCl)
containing 4% bovine serum albumin and 0.05% Tween 20 with. or
without additional NaCl to 0.65M. Each result is the mean of
duplicate samples, end the variation between duplicates was less
than 10%.
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were detected from extracts containing widely different amounts of
RMCP I (Table 3). The presence of 0.65 M NaCl was required only
during sample titration and during the preparation of standard RNCP.
i concentrations. The addition of 0.5 H NaCl in diluents for
rabbit anti-RNCP I or sheep antirabbitHRP significantly reduced
the colour reaction product.

The assay produced a linear range of colour development
between concentrations of 1-12 ng RJ4C? I/mi. No colour reaction
was observed in control wells where samples were replaced with
diluent, or when wells were incubated with 50 pg/mI of RHCP II or
IMCP, indicating the monospecificity of this ELISA for RNCP I.

For RMCP II, the microtitre wells were coated with an optimal
concentration of affinity-purified monoclonal antibody (I pg/ml)
and sound RHCP II was probc with affinity purified sheep anti-MCP
lI-hap. gon-speclfic binding of conjugate was aboUshed by
pràincubati-ng antibody-coated microtitr€ wells with 10% ov.alUumi
in PBS/T20 for 1 hour at room temperature before the addition of
standards or samples. Assay of standard concentrations of RMCP II
revealed a linear range of colour development beween 0.5-16 ng RMCP
II/ml.

No colour reaction

w-F

observed in control wells where

samples were replaced with diluent,

or in wells which were

incubated with 50 jig/ml of RMCP I or IMCP.

Since RMCP it estimations by ELISA often required extensive
dilution of samples, the effect of dilution was studied. A sample
of supernatant derived from a homogenate of large intestinal tissue
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diluted 1/100 was serially diluted in two-fold steps to provide 6
samples (1/100-1/3200) which were assayed individually for RMCP II.
The concentration of RMGP II in the original supernatant was
estimated by multiplying the values obtained by their respective
dilution factor (Table 4). Estimated concentrations varied from
23-32.7 .sg RHCP

II/ml,

and this variation was considered

acceptable.

The concentrations of RMCP I and II measured by ELISA were
compared with those obtained by radial iminunodiffusion (RID).
Homogenates were prepared from ear pinnae (for RHCP I estimations)
or large intestine (for RNCP IT estimations) from 5 rats, and
supernatants were assayed by ELISA and RID (Table 5). Individual
sample concentrations of both RNCP I and II estimated by ELISA and
RID 'ière in close agregment and no significant differences were
demonstrated between th group means. --

2) Mouse intestinal Mast Cells Proteinose

(a) Antibody Specificities for IMCP
The reactivity of affinity purified rabbit anti-IMCP,
cross-absorbed on RMCP . I.Sepharo5e 4B,

has previously been

assessed on Western blots of purified IMCP,
homogenates and isolated SMC (Miller at al.,

extracts of gut

1990). Purified IMCP

comprised a 30,000 MW polypeptide associated with a minor, higher
MW polypeptide.

Polypeptides of similar MW were identified in

extracts of gut homogenates,

although these contained an

additional polypeptide (approximately MW 31-32,000).

In blotted

M

extracts of 90-95%

pure SMG,

anti-IMCP detected a single

polypeptide of approximately 28,000 MW. This latter polypeptide
also reacted with affinity-purified rabbit F(ab) 2 anti-RMCP I
cross-absorbed on IMCP-SepharOse, suggesting that this antigen
represented the murine SMC chyinase (Miller

1990).

et al.,

Anti-RMCP I did not react with IMCP by Western blotting or dot
blotting on nitrocellulose (Miller

1988).

et al.,

Iminunohistochemical studies with rabbit anti-IMCP revealed intense
iminunoperoxidase staining of numerous intra-epithelial mast cells
in the intestines of

T. spiralis

infected mice (Fig.

However, mast cells in other tissues such as tongue,

5).

were also

specifically labelled. No reaction product was observed in control.
blots'tor tissue sections when normal rabbit IgC was substituted for
anti-IMCP.

(b,), Develoflleflt...2,f_Caflfl!jXf L1SA

A dixect antibody capture ELISA was Jev9loped,

where rhbbit

anti-IMCP was coated onto microtitre wells (1 ug/ml) and the same
antibody conjugated with HRP was employed to detect bound IMCP
(Fig. 4).

A linear ranz of colour development occurred between

concentrations of 2-12 ng IMCP/m]. (FIg.

6). Bovine serum albumin

(4%) was included in all diluents to prevent nonspecific absorption
of proteins to plastic surfaces. Little or no 'non-specific'
colour reaction product was observed when IMCP was substituted with
either BSA/PBS/T20,

RMCP II (up to 50 ug/ml) or RMCP I (up to 50

ug/ml) during the assay.

Extracts of tongue and 5MG were also

assayed to determine whether other granule proteinases were

CjD

•.
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C
S .

V

Fig. 4.
Di.agramatic representation of the enzyme-linked .inmiunosorbent assay
(ELISA) for rat mast •. cell proteinase I and II (RMCP I and II),
mouse .intestinal mast .cell proteinase (1M17?) and sheep mast. cell
proteinase (SMCP). -.
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Fig. 4. ELISA's for mast cell pmteinascs.
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Fig. 5.
14 days after infection with T.
Section of mouse intestine,
localization of IMCP following
demonstrating the
spiralis,
incubation with rabbit anti-IMCP (10 j.Lg/ml). The majority of cells
containing IMCP are located within the epithelium.
Carnoy fixation, x 250

Fig. 6
Graph showing the effect of serum on the development of colour
reaction product during the construction of standard curves in the
ELISA for a) RNCP I b) RMCP II, c) IHCP and d) SMCP. Initial stock
concentrations of each enzyme (10 Mg/ml) were prepared in the
appropriate diluent (see materials and methods), (g—) or in
homologous serum from normal (non-infected) animals (O---3)•
Standard concentrations of each enzyme were then prepared in
diluent without serum, before estimation by ELISA.
All standards
were prepared in duplicate,
and each point represents the mean
0D492.
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Table 4
Effect of Sample Dilution on the Concentrations of RMCP II and
IMCP Estimated by ELISA
a)

hg RNCPII/ml
ilution
Faètcc
f

Sample No.

Concentration in
diluted sample

Concentration in
original supernate
(sample concentration x
dilution factor)

1

100

0.327

32.7

2

200

0.128

25.6

3

400

0.0576

23.0

4

800

0.0317

25.36

5

1600

0.0166

26.56

6

3200

0.0096

30.7

b)

Lg IMCP/ml
Dilution
Factor

Sample No.

Concentration in
diluted sample

Concentration in
original supernate
(sample concentration x
dilution factor)

1

100

0.325

32.5

2

200

0.158

31.6

3

400

0.084

33.6

4

800

0.035

28.0

5

1600

0.018

28.8

6

3200

0.009

28.8

Supernatants from homogenates of large intestinal tissue from a rat
and a mouse was serially diluted 1/100 - 1/3200. The resultant 6
dilutions were treated as individual samples and assayed for RMCP
II (a) or IMCP (b) by ELISA. Each value is the mean of duplicate
samples, and the variation between duplicates was less than 10%.
After multiplying these results by their respective dilution
factor, the original (ug/mI) concentration present in the
supernatant was estimated.

Table 5
Comparison of the performances of ELISA and RID in the estimation
of the concentrations of RMCP I and II in ear pinna and large
intestine respectively.

Tissue No.

jig RNCP1IChII1
Ear Pinna

ELISA

jig RMCPII/m1 1
Large Intestine

RID

ELISA

RID

I

33

35

49

46

2

22

30

36

35

3

27

30

34

.35

23

25

42

41

4

36

35

51

46

42.4±3. 4

40.6±2.5

5
x + SE 2

28.2±2.7

31±2

1 Concentrations of RMCP I and II determined and compared by ELISA
and RID. Results are expressed as jig proteinase /m), of supernatant
derived from homogenate of the ear pinnae (for RMCP I estimations)
or large intestine (for RMCP II estimations). Each result is the
mean of duplicate samples, and the variation between duplicates was
less than 10%.
2 Mean values ± standard error.
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Table 6
Comparison of the performances of ELISA and RID in the
estimation of the IMCP content of murine large
intestine.
jg IMCP/IUI

ELISA

RID

1

53.8

43.5

2

57.9

43.24

3

27.22

22.29

4

35.74

34.11

5

45.9

61.4

44.1 ± 12.7

40.9 ± 14.4

Tissue No.

,c ± SE

1 Concentrations of IMCP determined by ELISA and RID
expressed as Jig IMcP/ml of supernatants derived from
homogenates of large intestine from five mice. Each
value is the mean of duplicate samples, and the
variation between duplicates was less than 10%.
2 Mean values ± standard error
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detected in the assay.

Cell isolations were performedon four

occasions to provide four cell pellets containing 7.5,
and 0.5 x 10 SMC.
tongues were assayed,

1.1,

0.7

When extracts of these SMC and from four
no colour reaction product was observed,

demonstrating the absence of IMCP and of cross-reaction with
putative granule proteinase(s) in SMC wl4ch were detected
j munohistocheuiically.

The effect of sample dilution on estimations of IMCP
concentrations by ELISA was determined as described for the RNCP II
ELISA.

similarly, the effect of .. dilution was m$.nimal when

deternining

C.

concentration of IMCF present in an intestinal.

homogenate (Table 4).

A comparison of the concentration of IMCP estimated by ELISA
and RID in supernatants derived from homogenates of intestinal
tissue from five mice is shown in Table 6. The estimates for each
tissue by both methods itere similar, and were not significantly
different (Table 6).

3)

Sheep Mast Cell proteinase

(a) Antibody Specificity

The m onospecificity of rabbit IgG anti-SMCP was investigated
by Western blotting of samples prepared from homogenates of
abomasal tissue or extracts of isolated mucosal mast cells from
Haeniorzchus infected sheep,

and of purified SMCP prepared by

inununoaffinitY or ion-exchange chromatography.

In all samples,

anti-SMCP reacted with a single polypeptide band of MW 25,000.

No

reactive bands were observed in control blots where anti-SMCP was
substituted with normal rabbit immunoglobulins.

In sections of abomasum from immune. sheep (infected with
nematode larvae, see Chapter 4) large numbers
Raemonchus contortus
of cells were stained within the lamina propria, whereas relatively
few cells were observed in sections of abomasuin from normal
(non-infected) sheep. immunoperox.dasi staining of cytosnear
preparations of isolated ViC from abomasal tissue confirmed that
the reaction product was localized within the mast cell cytoplasm.
a

V

No reaction product was observed in tissue sections whan an2-MC?
was substituted with normal rabbit iminunoglobulins.

(b) Development of Capture ELISA
A direct antibody capture ELISA was developed for SMCP (Fig.
4), and initial studies were carried out to determine the optimal
concentration of coating antibody and dilution of peroxidase
conjugated antibody. The concentration of coating antibody
influenced the sensitivity and the linear range of the test for
SMCP. Although the strongest colour was obtained with the highest
concentration of coating antibody (12 Ag/ml), wells coated with
0.25 pg/ml of antibody produced the most sensitive test which
detected as little as 0.5 ng SMCP/ml (Huntley et al.,

1987). All

subsequent assays were therefore performed with coating antibody
concentrations of 0.25 pg/ml. No colour reaction was observed in
controls, where standards or samples were substituted with PBS/T20.
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4)

Inhibitory Properties of Serum

Following the development of each ELISA,

its performance in

the presence of serum and/or lymph was investigated.

Initial

experiments involved the addition of proteinases to homologous
serum to a concentration of 10 pg/mI. The effect on ELISA estimates
of adding purified proteina1Z to serum was determined by cpi1paring
RMCP I, RMCP II and SMCP in
the standard curves at 0D 492 for IMCP,

the presence or absence of serum (Fig. 6). Initial dilution of
.RMCP I and Ii in norm:l rat serum and
IMCP in normal mouse serum,
SMCP in. normal sheep serum altered and depressed the OD 492when

compared to the same concentrations. of proteinases in diluent
'e. i-IomoThguus sera inhibited
alo'n

RNCP

II and IMCP to a similar

I was greater. Of note, however, was
degree, although that for RNCP
the much greater inhibition of SMCP indicating that inhibitors
within sheep serum severely interfere with the measurement of SMC?
by ELISA.

The inhibitor(s) of antibody-proteinase interactions in sheep
serum and lymph were, therefore, further analysed. Serial two-fold
dilutions of serum or lymph from immune or worm-free sheep which
had previously been shown to contain no detectable

5MG?

were

prepared in PBS/T20, and to these were added equal volumes of SMCP
(20 ng/ml). Following incubation for 10 minutes at 37 ° C, the
samples were added to antibody-coated wells and assayed for SMCP.
The dilution of serum or lymph which produced a 50% reduction in OD
at 492nm, when compared to that produced following incubation of an

I1

equivalent amount of SMCP in the absence of serum or lymph was
determined.

The results are shown in Table 7, expressed as the

mean ± S.E.

of the log10 transformed reciprocal of the dilution

titres.

Inhibition was demonstrated in all samples tested, with

dilutions producing 50% inhibition ranging from 1/185-1/676 for
and between 1/145 and 1/395 from normal

sera from immune sheep,
sheep.

Lymph samples: ..wee somewhat less inhibitory,

with

inhibition titres ranging . between 1/32 and 1/100. No correlation
was observed between the degree of inhibition in serum or lymph and
the immune status of the sheep. Preiticuhation of antibody-coated
wells with serum or lymph had no effect on the subsequent detection
of MCP, demonstrating that inhibition was due to an interaction,
of enzythe, and not antibody, with inhibitory factor(s).

On the assumption that this inhibition was due to the
formation of inhibitor - proteinase complexes, attempts were made
to unmask bound proteinase or dissociate complexes by chemical or
physical disruption.

Following the addition of 1 pg of SMCP to 1

ml of normal sheep serum,

samples were incubated at room

temperature containing either 0.5
1,4-dithiothreitOl, 2 M

H

NaCl, 6

2-mercaptoethanol,

0.5 H,

H

guanidine

H

urea or 6

hydrochloride for 1. hour before dialysing against PBS overnight. In
addition, serum containing SMCP was heated at 60 ° C for 1 hour, or
acidified to pH 2.0 for 1 hour by the addition of buffer which was
then neutralized using 1 H Tris. When these samples were analysed

by ELISA,

no

SMCP was detected indicating that these attempts to

cleave or release

SMOP

from the presumptive inhibitors were

unsuccessful. Alternatively, the antigenic sites on 5MG? were
destroyed during these procedures.

and of rat

The effect of mouse serum on IMCP estimations,

serum on RHCP II estimatiots by ELISA were also examictd.
Concentrations of RNCP II (50-1000 nanograms/ml) or of IMCP
(10-1000 nanograms/mi) were prepared in homologous serum
respectively and assayed by ELISA. The results ne shown in Tables
8 and 9 and a trend towards decreased estimates (20 - 30%) in serum
after mixing with the highest concentrations (1 jig) of IMGP on RNCP
II ;'was' observed. However, when compared to the profound
inhibitory effect of sheep serum on SMGP,

the inhibitory effect of

mouse or rat serum on the immunoassay of
respectively was relatively small.

IMCP

and RMCP II

Nevertheless this

effect was consistent and reproducible and,

1flfliDitOt

to improve accuracy,

the concentrations of IMCP or RNcP II in serum samples were always
calculated using standards prepared by mixing proteinase with serum
(10 jig proteinase/lul of serum) from normal (non-infected) animals.

Preliminary studies were also performed to characterize
further the inhibitor(s) in sheep and rodent serum.

This involved

the fractionation of serum by gel-filtration chromatography,

and

the determination of the relative ability of these fractions to
inhibit the measurement of proteinase by ELISA(Fig. 7). For each
chromatographic fractionation of rodent and ovine serum, two major
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broad peaks (fractions 1 and 2) of inhibitory activity were
identified and are represented in Fig. 7c and d by solid lines.
Fraction 1 contains inhibitors of > 440,000 MW whereas the
inhibitors in fraction 2 range between 25,000-200,000.

The possible interaction of proteinase with inhibitors in
serum was further analysed by assaying for the presence of
presumptiveJMCP complexes in mouse serum following fractionation
on Superose 12. Relatively high concentrations of 1MG? were
detected in the serum of mice infected with

T. spiralis (see

Chapter 6), and the distribution of IMCP in superose 12 fractions
was bómpaced, by ELISA,
frac€ioràted alone.

to the elution profile when 1MG! was

A broad single peak containing immunoreactive

protein was obtained (Fig. 8) following the fractionation of pooled
serum from five mice infected 14 days previously with T. spirali.s,
with an average MW of approximately 67.000 whereas the
fractionation of 1MG? (2.5 Mg) produced a single iminunoreactive
peak located in the 20,000-40,000 MW region (Fig. 8).

Since serine proteinases are inhibited in blood by a group of
heat labile proteins known as serpins (Travis and Salvesen, 1983),
the possible involvement of serpins as a component in the formation
of these assumed complexes was analysed. When 1MG? was added to
normal mouse serum (5 pg IMGP/ml) the proteinase complexed with
molecules in the serum and was detected by the ELISA in the same
fractions as described for constitutive IMGP, with MW 50,000-80,000
(Fig. 8). When serum was heat treated at 60 ° C for 30, 60 or 120
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minutes before addition of 1MG? the ability to form such complexes
was lost.

Even with serum heated at 60 ° C for 30 minutes the bulk

of the 1MG? was recovered equivalent to a MW of 20,000-40,000 (Fig.
8)
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Fig. 7
Serum Derived Inhibitors of Antibody- Proteinase Interactions
Sara fom normal (non-infected) rats,
mice and sheep a•n& from
sheep immune to H.
contortus were fractionatedon a Superese 12
column run in -20 mM Tris/HC1 buffer pH 7.5 containing 2 M NaCl.
The resultant fractions were incubated with an equal volume of the
homologous proteinase (20 ng/znl) for 1 hour b&ture assay by.ELISA.
The resultant colour - reaction product at
for each fraction
°492
was expressed as a % of the - control 0D492
where Superose 12
fractions were replaced with an equal volum e of-the column running
buffer.
In Fig (a), fractions of normal rat serum were incubated with RMCP
II (• •) or with RI4CP I (• U) demonstrating the degree
of inhibition for each proteinase by these serum fractions. The
elution profile of endogenous RNCP II, as determined by ELISA is
also shown (4 4).
Figs b,
c and d show similar inhibitory profiles where- (b)
represent fractions of normal mouse serum incubated with IMCP (.)
(endogenous IMCP profile shown as( #), (c) represents fractions of
normal sheep serum incubated with SMCP (.) and (d) represents
fractions of immune sheep serum incubated with SMCP (C. For each
fractionation, protein concentration was determined from the OD
(r). The elution volumes of the MW standards, Ferritin, 440,088 0
Catalase,
240,000;
Aldolase,
158,000;
Bovine serum albumin,
67,000;
Ovalbumin,
45,000 and Chymotrypsinogen A,
25,000 are
indicated with arrow.
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Fig. 8.
Elution of IMCP, detected by ELISA, in immune mouse serum (200 p1)
(14 days post infection with I. spiralis larvae) from Superose 12
(). The IMCP was secreted into the blood as a consequence of
A similar profile was observed when
infection (see Chapter 6).
purified IMCP (5 pg IMCP/ml; 2282 n Kat/mg) was added to normal
mouse serum and fractionated (not shown). The average MW of the
single broad peak is approximately 67,000, whereas the fractionation
of purified IMCP (2.5 pg) produced a single immunoreactive peak
Also shown is the elution profile of
of 20,000-40,000 MW ( --- ).
IMCP when added to normal mouse serum which had been heat-treated
at 60 ° C for 30 minutes (---") and then incubated for 1 hour at
37 C prior to chromatographic separation and assay.
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Table 7
Inhibitory property of ovine serum or lymph in an ELISA for 5MG?

Group

No. of sheep
-

Inhibition titre
(50% end-point)
x±SE

Immune serum 2

5

2.5235 ± 2.102

Normal serum

5

2.3868 ± 2.07

Immune lymph

2

1.75

Normal lymph

2

1.84

I

Serial two-fold dilutions of serum or lymph were prepared, and an
equal volume of SMCP (20 ng/mi) was added to each dilution. Samples
were tested by ELISA and the dilution was determined which produced
a 50% reduction of colour at 0D 492 when compared to SMGP (20 ng/mi)
plus an equal volume of diluent. The results are expressed as the
mean ± SE of the log 10 transformed reciprocal of these dilutions
(inhibition titre).
2 Sera were taken from normal (non-infected) sheep or sheep immune
to Haemonchus contortus.
Gastric lymph was taken from normal sheep or sheep immune to
Ostertagia circuvjcincta.
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Table 8
The effect of rat serum on RMCPII estimations by ELISA

Nanograms of RHCP II/ml
Concentration
Amount (nanograms)
(Estimated by
of RNCP II in
ELISA)
10 p1 added to
1
990 p1 of rat serum

Theoretical
Concentration
(Basal concentration
plus added RNCP II

% Deviation
of ELISA from
Theoretical
3
Concentration

0

132

132

50

199

182

+9.3

100

205

232

-11.6

200

170

332

-18.6

400

378

532

-29.0

1000

864

1132

-23.7

-

1 For the preparation of concentrations of RMCP II in normal
(non-infected) rat serum, 10 p1 aliquots of RMCP II (5-100 pg/ ml
in 10% ovalbumin in PBS containing 0.05% Tween 20) or diluent alone
was added to 990 p1 of serum.
2 Approximate value only since 990 p1,
used.

not 1000 p1 of NMS were

The proportion of RMCP II recovered is expressed as the %
deviation (+ or -) of the concentration estimated by ELISA from the
theoretical concentration in each sample. The results show the
mean values from duplicate samples and the variation was less than
10%.
Basal concentration of RNCP II present in normal rat serum (see
chapter 7).
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Table 9
The Effect of mouse serum on I14CP estimations by ELISA

Nanograms of IMCP/ml
Amount (nanograms)
of D1CP II in
10 p1 added to
990 p1 of mouse serum

Concentration
(Estimated by
ELISA)

0

121.6

10

116.8

100
1000

Theoretical
Concentration
(Basal concentration
plus added INCP II)

% Deviation
of ELISA from
Theoretical 3
Concentration

121.6

-

131.6

-11.25

201.6

221.6

-

816.8

1121.6

.

9.1

-27.2

preparation of concentrations of IMCP in normal
1 For the
(non-infected) mouse serum, 10 p1 aliquots of IMCP (1-100 pg/ml in
4% bovine serum albumin PBS containing 0.05% Tween 20) or diluent
alone was added to 990 p1 of serum.
2 Approximate value only since 990 p1,
used

not 1000 p1,

of NMS were

The proportion of IMCP recovered is expressed as the % deviation
(+ or -) of the concentration estimated by ELISA from the
theoretical concentration in each sample. The results show the
mean values from duplicate samples and the variation was less than
10%
Basal concentration of IMCP present in normal mouse serum (see
Chapter 6).
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DISCUSSION

The present study describes the development of highly specific
and sensitive ELISAs for the mast cell proteinases IMCP, SMCP, RMCP
I and RMCP II. All four assays involved antibody capture
techniques and the unequivocal demonstration of the specificity of
the antibodyprbes was therefore at. import-ant pre-requisite for
the development of these specific and sensitive assays.

A competitive inhibition ELISA for RMCP II was dzvei.ope.d
initially (Miller at

al.

1983b), although this was relatively

insensitive when compared to the prestnL antibody-capture ELISA,
a.

and

both ELISAs were at least 1.000 fold more sensitive than RID.

assays for these proteinases (Woodbury and Miller, 1982; Huntley
and Newlands, unpublished observations).

Monospecificity of the antibodies against RNCP I and II was
established by several criteria . including detection of enzymes on
nitrocellulose blots, immunohistochemistry in tissue sections,
immunoprecipitation, and immunoreactions by ELISA. Initial studies
established that sheep F(ab) 2 anti-RMCP II and sheep IgG anti-RNCP
I cross-reacted, albeit only slightly, with the heterologous
proteinase despite extensive

cross-absorption.

In contrast,

monoclonal anti-Rt4CP II did not cross react with RMCP I nor did
rabbit IgO anti-RNCP I cross-react with RMCP II,
immunoblotting and by immunoprecipitation.

as judged by

The monospecificity of

each ELISA, using these antibodies, was confirmed by assaying the
heterologous but related proteinases.
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There is a close structural relationship between rodent mast
cell proteinases with a 74.3% and 74.1% amino acid sequence
homology between RNCP I and II and between RMGP II and IMGP,
respectively (Le Trong

et al.,

1989). Although monoclonal

anti-RMCP II did not react with RMCP I, it did cross-react with
1MG? bound to nitrocellulose which provides further evidence for
the close antigenic relationship between RMC? II and, 1MG?.
However,

no colour reaction product was observed when 1MG? was

assayed by the ELISA for RNCP II.
reactions are unciar,

The reason for these disparate

although binding of proteins

to

nit-*oce1lulose .a rcsult in changes to the tertiary structure
and/or unanasktng of previously hidden antigenic epitopes when
compared with their native state in solution.

Apparent differences in

the specificities of antibodies

against 1MG? were noted which depended on the techniques employed.
For example, rabbit anti-IMC? labelled mast cells in tongue, skin
and per.tonea1 cavity as well as in the gut (Miller et al.,

:988:.

Similarly, Western blotting demonstrated that the antibody not
only detected the 30,000 MW 1MG? but also cross-reacted with a
28,000 MW polypeptide from SMC (Miller et al.,

1990). The latter

antigen is uniquely detected with rabbit F(ab) 2 anti-RMGP I which
has been adsorbed against 1MG? (Miller et al.,

1990) suggesting

that the 28,000 MW protein is very closely related to RMGP I in the
rat (Miller et al.,

1988). Despite the apparent lack of

specificity of anti-IMG? on Western blot, the 1MG? ELISA developed
no colour reaction when SMC or tissues rich in CTMC were assayed.
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This was unlikely to have been the result of lack of antigen,

or

to low sensitivity of the assay which readily detected IMCP (< 2
nanograms/mi). These results therefore indicate that this assay is
specific for a MMC derived inurine proteinase (Huntley at al., 1990,
and Chapter 6).

• The systemic *IcrStion äf 1NCP II following challenge with N.
brasi.liensiS worms - or worm antigen has been demonstrated previously
(Miller cc al.,

1983b),

and the principal reason for improving

the sensitivity and specificity of the ELISA5 was to monitor the
circulation during

sec±etion of mast cell proteinase-s into

the

netatode infection and worm expulsion.

In view of this,

an

important aspect of the present study was to determine the effect
of.-putative inhibitors in serum on the performance of the ELISAs.
Setine proteinases in blood are normally rapidly and irreversibly
inWibited by a group of heat-labile plasma proteins collectively
known as the serpins which are synthesized predominantly in the
liver (Travis and Salvesen,

1983).

Previous observations have

shown that concentrations of up to 500 pg IMCP/ml serum are
complexed to serpins and the resultant complexes are readily
identified by Western blotting with antibodies against IMCP (Irvine
at al., 1990).

The formation of these IMCP-inhibitor complexes was prevented
by the heat inactivation of serum (Irvine at al., 1990), and these
results are in accord with the present observations where, after
mixing 1MG? with heat-treated serum, it subsequently eluted from
Superose 12 within the 25,000-35,000 MW range commensurate with

--
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native IMCP.

When serum from mice infected with T. spiralis was

fractionated, the majority of the IMCP detected was in a broad peak
of 50,000-150,000

which is indicative of inhibitor-IMCP

MW

complexes, although small amounts of IMCP were detected at a lower
MW which probably represent free enzyme.

It is likely that interactions between serpins and the mast
cell proteinases were partially responsible for the apparent
reductions in the concentration of proteinase detected by ELISA in
the presence of serum.
antLgenic epitopes,
probeinases.

This effect may be due to the masking of

or by changes in the tertiary structure of

The presence of these inhibitors may,

therefore,

a

reslt in-erroneous estimations of the concentration of mast cel lprteinases in blood,

despite attempts to minimize this effect by

preparing standards in serum.

Furthermore, the concentrations of

serp-ins may vary and such variations may influence the binding of
antibodies to the released proteinase. However, in the present
study the activity of the mast cell proteinases was not determined,
although each enzyme preparation was active on the synthetic
substrate, CBZ-L-TYR-4-NPE. Thus, the relative involvement of
serpins in the inhibitory effect cannot be established, and further
studies are required. Despite these potential problems, the degree
of inhibition of the ELISAs for RMCF II and IMCP by homologous
serum was relatively minor when compared to the profound inhibition
for the assay of SMCP by serum or lymph.
inhibitor-SMCP complexes were unsuccessful,

All attempts to break
and the mechanism by

which SMGP is rendered refractory to antibody- remains unknown.
Inhibition was probably not simply the result of blocking of the
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active site because polyclonal antibodies were used. A murine
monoclonal directed against the active site of the human
plasminogen activator tPA was, in contrast, prevented from binding
in the presence of inhibitor (Holvoet, Boes and Cohen, 1987).

Several groups have developed ELISAs for enzymes in human
blood, including 4ss4ys

for plasmin (Harpel, 1981), urokinase

(Binnema, . Van Iers.el and Dooijewaard, 1986), elastase (Brower and
Harpel, 1983) and tPA (Plassart

et al.,

1988) and in contrast to

the present study all were unaffected by enzyme-inhibitor.
interactions. However, when cathepsin C was complexed to either
human- 2- macrOglGbulin or rat omacrog1obulin it was shown that
most of the complexed enzyme failed to react with the antibody
(Enghild et al., 1989), and these latter findings indicate that at
least some of the inhibitory property. of serum in the present study
may.be due to interactions between macroglobuhin and proteinases.

To summarize, specific and highly sensitive ELISAs have been
developed to measure the concentration of the mast cell protçinases
RMCPI, RMCPII, IMCP and SMCP. These assays will enable the
analysis of distribution of these proteinases in tissues, and allow
the functional activity of mast cells to be monitored in

viva

during nematode infections of rodents. However, the substantial
inhibitory effect of sheep serum on gastric lymph in the detection
and measurement of SMCP provides considerable problems for the
assessment of the mast cell response during nematode infections in
sheep.
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CHAPTER 4

MAST CELL RESPONSES DURING NEMATODE INFECTIONS IN SHEEP

Although the factors influencing nmatode expulsion have been
studied most intensively in rodents there is evidence to suggest
that similar immune mechanisms also occur in sheep (reviewed by
Miller, 1900 4). Of particular interest is the finding that
Haemorzchus larvae are excluded from their site of predilection in

hyperimmne sheep and are expelled from the abomasum within c$
hours of direct gastric challenge (Miller et a1.

1983a). Since

immune exclusion and rapid expulsion of a challenge infection with
intestinal nematodes is associated with activation of enteric MNC
in rodents (Miller, Huntley and Wallace, 1981; Miller ec al.,
1983b; Woodbury et al., 1984) it is important to determine whether
similar reactions occur in the sheep. The potential to carry out
such a study has been facilitated by the identification of a
chyniotrypsin-like mast cell granule enzyme, SMCP, isolated from
ovine gastric MMC (Huntley et al., 1986).

The development of a sensitive ELISA to quantify the tissue
distribution of SMCP (Huntley cc al.,

1987; Chapter 4 of this

thesis) enabled functional studies of ovine MNC to be carried out
during the expression of immunity against nematodes. These studies
have involved analysis of the mast cell responses in naive
(non-infected) sheep and in sheep immune to Haemorichus coritortus,
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including the persistence of mast cell activity with time, and the
systemic and local secretion of SMCP following challenge. The
effect on gastric mast cells of corticosteroid treatment has also
been examined.

Changes in composition of gastric lymph indicating the
presence of a local- hypersensitivity reaction in immune sheep
following challenge with
described (Smith

et

Ostertagia circumcin ;ta

have been

al., 1983, 1984). I have further

investigated this local response by assayng SMCP in gastric lymph
collected from those earlier experiments.

Previous

shown

studies have

that

gastrointestinal

helminthiasis in both rodents and ruminants is associated with the
increase in the numbers of MNC (O'Sullivan and Donald,

1973;

Jarrett, Miller and Murray, 1967), and the present findings
suggest that ovine MMC could be involved in the development of
resistance to gastric nematodes.

RESULTS
Experimental Design

The experiments with

Haemonchus

contortus to be described in

this chapter were carried out over a 3 year period in lambs aged
9-10 months.

The experimental designs and immune status of these

sheep have been described in detail (Jackson

et al.,

1988),

although some of the relevant information on worm burdens and
protocols is, where necessary, repeated in this chapter. The
protocols for each experiment are shown in Table 10.
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Table 10
Experimental Protocols

Experiment
•

No. of
lambs

Immune Status
of lambs

•

.
l) Mast cell
response in
Haemonchusinfected sheep

2) Persistence
•f response

Time of
Challenge
(Days after
antheithintic

Immune-1
Immune
Naive

8
4
8

7
7
7

Naive
Iriu-une
ISmune
Immune
Naive

4
5
5
5
5

7
7
42
84
7

.
-.

Challenge
dose of
exsheathed
larvae.

Saline
1 x.10

1x10
1 x 10 6
1 x 10 6
lxlO
Saline

.4

3) Effect of
.corticosteroids

Immune
Immune
Immune
Naive
Naive

5
5
4
4
4

Steroids'
7
+
7
+
7
+
7
7

4) Effect of
challenge dose
of larvae

Immune
Naive
Immune
Naive
Immune
Naive

8
5
4
3
5
3

7
7
7
7
7
7

.

.
.

6
1x10 5
lxlO
Saline
1x10 6
lxlO
6
lxlO 6
1 x 10
1 x 10 5
1x104
1x10 4
lxlO

1
concortus
Immunized by repeated oral infection with 10,000 H.
larvae/day, S days/week until egg counts depressed to zero (10-12 weeks).
Remaining adult worms were cleared with anthelmintic (Pangcur. 5 mg/kg)
and sheep challenged 7, 42, or 84 days later with 1 x 10 exsheathed L 3
or saline directly into the abomasum. Control (naive) sheep were
similarly challenged 1 week after receiving anthelmintic. Animals were
acrificed 48 hours after challenge.
Group of sheep were tjeated (+) or not (-) with corticosteroid
0.5 mg/kg ) on day 5 and 6 after treatment with
(opticortenol
anthelmintic.
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1) Mast Cell Response in I-laemonchus-infeCted sheep

The mast cell populations in hyperimmune and naive sheep
challenged with 1 x 10 6 exsheathed Haemonchus L3 directly into the
abomasal lumen 48 hours earlier were examined and quantified (Table
11); The numbers of mast cells were determined by counting cells
in secttonbf abojuasal fold cut at right angles to the mucosal
surface. The cells were detected by ixmnunohistochemical
localization of SMCP, or by staining with toluidine blue, pH 0.5.
Since both methods detect CL (I-untley et al.,

1986) the counts

rcprstsent the sum of the numbers of CL and MMC and these cells have
been refe:red to collectively as mast cells. Differential counts
S.

oftL'were performed following staining with carbol chrmotrope.

When compared with naive animals, the number of mast cells in
the' abomasal mucosa of hyperimmune sheep was significantly
increased (p

C

0.001). Less than 10% of the challenge infection of

106 L 3 established in hyperimmune animals when compared with naive
controls (Jackson et al.,

1988). Challenge did not significantly

alter the numbers of mast cells in immune sheep.

The increase in the number of abomasal mast cells in
hyperimmune sheep was reflected by a highly significant, > 500
fold, increase in the concentration of SMCP in homogenates of
abomasal tissues (p < 0.001, Table 12). Intra-abomasal challenge
with

Haemonchus

L 3 did not significantly alter the tissue

concentrations of 5MG? in naive or immune sheep (Table 12).
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Table 11
Mast cell response in sheep hyperiminunized by
repeated infection with Haemonchus con tortus
Mast cells 2 /0.2mm 2
•
Group

Mean worm
(n) Challenge burden x 10

Naive

(8)

Hyperimmune

(4)

Hyperimmufle

(8)

Ix10 6 L 3

245±26
0

saline
1 x 106 L 3

29

.±

6

SMCP

Toluidiae
blue

a 23941

a 19.3 ±3.6

b116 ±16

b1484

b 95557

b105

±31
±12

1 Group of sheep wne hyperimznunized and challenged as described
previously in Table 10, and assayed 48 hours after challenge.
2 Mast cells in tissue sections were estimated following the
ixnmunohistochemical localization of SMCP with rabbit anti-SMCP
fcl1oqed by : sheep anti-rabbit-HR?, and by staining with toluidine
blue, pH 0.5, and the number 2 are expressed as the mean ± standard
error of mast cells per 0.2 mm of abomasal fold.
Statistical significance by analysis of variance,
For each column,
a vs b, p C 0.001

jet

Washings from the surface of abomasal folds, which contained
superficial mucus, were also analysed for their content of SMCP.
The latter was not detected in washings from naive sheep, whereas
low concentrations of SMCP were detected in washings from the
abomasa of hyperimmune sheep (Table 12). significantly greater (p
< 0.01) concentrations were recovered in the mucus from hyperinunune
animals following intra-abothasal challenge with 1 x 106 L 3 , than
from comparable sheep challenged with saline (Table 12). -

The process of cutting tisz;ue during extraction cf folds might
nay ,lave contributed to the concentrations of SMCP in secretions,
and-Athe washings from intact, and excised folds from 3 immune sheep,
weretherefore compared for their content of SMCP.

The results

indicated that the excision of folds did not alter the
concentrations of SMGP in the superficial mucus (Table 13).

2) Persistence of Response

Acquired immunity to larval challenge persisted for at least 6
weeks after immunising infections were removed, with the majority
(90%) of the challenge larvae expelled within 48 hours (Table 14)
(Jackson et al.,

1988). However, the number of mast cells and

the concentration of

SMCP in the mucosa of animals challenged at 6

weeks were significantly reduced (p < 0.001) in comparison with the
values in hyperimniune sheep challenged 1 week after anthelmintic.
Although the SMCP concentrations in the mucosa of animals
challenged 6 weeks after anthelmintic were low they remained
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Table 12
Sheep Mast cell proteinase concentrations in sheep hyperimniunized
by prolonged and repeated infection with Haemonchus con tortus

(n)

Challenge

mg of SMCP/g
soluble pro9in pgSMCP/g soluble
protein in mucus
in mucosa

Naive

(8)

1 x 106 L 3

0.007 ± 0.003 a

ND c

Hyperimmune

(4)

4.0 ± 1.1 b

0.2 ± 0.08 d

Hyperimmune

(8)

4.38 ± 0.79 b

1.0 ± 0.2

Group

1

saline
1 x 106 L3

Immunising regime as described in Table 10.

-

2 The- concentratiorS of: sheep uast call proteinase (SMCP) were
estimated by ELISA in supernatants derived from homogenates of
abomàal tissue: Crucosa) or in 0.1 M bicarbonate washings from the
abomasal surface containing superficial mucus.
ND, concentrations below the level of detection.
Statistical significance by analysis of variance,
a vs b (p C 0.001)
c vs d (p C 0.001)
d vs e (p C 0.01).
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Table 13
The influence of excising abomasal folds on the concentration of
SMCP in superficial mucus

Abomasal fold 1
Sample

jig SMCP/g soluble protein

1

uncut
cut

1.102
1.8

2

uncut
cut

0.082
0.054

3

uncut
cut

0.41
0.31

Sheep No.

An abomasal fold was selected from each of 3 hype.rimmune sheep,
and gently washed in situ with 10 ml. 0.1 M bicarbonate (uncut
folds)'. An adjacent fold of similar size was excised from the
abomasum and i-ashed in a similar manner with an equal volume of 0.1
M bicarbonate (cut folds).
2. The concentrations of SMCP in the bicarbonate washings were
determined byELISA, and expressed as jig SMCP/g of soluble protein.
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significantly elevated (p < 0.001) when compared to the
concentrations in naive sheep. However, the numbers of mast cells
did not differ between the two groups (p > 0.05) (Table 14).
Acquired immunity did not persist 12 weeks after anthelmintic
treatment since animals challenged at this time were as susceptible
as naive sheep, with the majority of larvae (> 90%) retained in
the abomasa (Table 14) (,Jackson et al.,

1988)., By 12 weeks, both

the density of mast cells and concentrations of SMCP in the mucosa
were not significantly different from those of naive sheep (Table
14).

tThe mucosal content of CL stained with carbol chremotrope was
also enumerated 48 hours after. challenge of each group (Table 14:',. The numbers of CL in sheep challenged 6 weeks after anthelmintic
treatment were low and had significantly (p C 0.001) declined when
compared to the numbers of these cells in hyperiminune sheep
challenged one week after anthelmintic. CL were not observed in
abomasal sections from naive sheep challenged 1 week after
anthelmintic or from hyperimmunized •sheep 12 weeks after
anthelmintic. concentrations of SMCP in the superficial mucus of
these groups of sheep were also estimated (Table 14). SMCP was
detected in washings from hyperimmune sheep challenged 1 week after
anthelmintic (1.46 pgSMCP/g soluble protein), whereas little or
none was detected in washings from naive challenged sheep, or from
hyperimmunized sheep challenged 6 or 12 weeks after anthelmintic.

Table 14
The influence of increasing the interval between immunizing infections on concentrations, of 5MG? and on mast
cell density in the abomasum.

Group

(n)

Mast cells/

Interval (weeks)
between challenge
and last immunizing
infection

0.2 mm

2

16a

0.006 ±

088a

0.012 ±

0

ND

NA

0•003a

0

0.002 ± 0002a

NA

± o.44 b

>90

0c

> 90

S

Saline

12.3 ±

Naive

4

1

13.5 ±

1

98 . 6 ± 7.5 b

4.29

± o . 37

6

15.6 ± 1.4 c

0.15

± 0.04 c

± 39d

0.09

± 0.05 d

1-lyperimmune
1-lyperimmune

5
5

10.64

12

Statistical significant by analysis
of variance

b

b ug/g soluble protein from superficial mucus.

39.5
0.294 ±

10
012b

1.4

0d

b vs a
b vs a
c p C 0.001
c p < 0.001
d
d

a mg/g soluble protein from abomasal mucosa

%
Protection

0014a

Naive

Hyperimmune

5MG? in
muc9
ug/g

Globule
Leucocy9s/
0.2 mm

Tissue
SMGP
mg/g

a vs b
p < 0.001

avsb
c p < 0.001
d

C

10
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3) Effect of Steroid Treatment

Two doses of corticosteroid (opticortenol,

0.5 mg/Kg 1 ),

administered to hyperimmune sheep 48 and 24 hours before challenge,
abrogated the immune exclusion and rapid expulsion of challenge
and there was a highly significant reduction in

larvae (Table 15),
•raatt

the numbers of

cells

and

concentrations

of SMCP in the

mucosae of these treated animals compared to untreated hyperimmune
sheep (p C 0.001). However, values were significantly (pC 0.001)
greater than those of naive animals whether treated, or not, with
corticosteroids. Treatment of hyperimmune sheep also significantly
rcdiked (p C

0.001) . the density of globule leucocyts in abomasal

tiue. (Table 15). corticosteroid treatment of naive chep did
not affect the establishment of worms (Jackson et al.,

1988), nor

did it significantly alter the numbers of mast cells. SHCP was
detected at 1.5

g/g soluble protein in abomasal washings from

hyperimmune sheep following challenge,

but corticosteroid

treatment abrogated this response. 5MG? was not detected in naive,
challenged sheep either (Table 15).

4) Effect of Challenge Dose of Larvae

Previous work has shown that immune exclusion of H. contortus
was a dose dependent phenomenon in which resistance was expressed
against challenge with 10 or 10 larvae but not against 10 larvae
(Jackson et al.,

1988). It was therefore of interest to determine

whether a similar dose-related local secretion of SMCP had occurred
5
4
6
in hyperimmune sheep challenged with 10 , 10 or 10 larvae.

Low

Table 15
Effect of stei:nids on mucosal mart cells and on concentrations of SMCP in Haemonchus-infected sheep.

Group

(n)

Challenge

Steroid

Mast cells/

Worm
burden

0.2 mm
5

+

Hyperimmune

5

.4.

+

Hyper immune

4

-

+

Naive

4

+

+

Naive

4

±

Globule
Leucocyts/
0.2 =

SMCP in

39.2 ± 10

1.5±0.4

>90

<0.01

<10

<0.01

-

mucus
Pg/g

91.0 ± 6.2

3.55 ± 0.6

34.7 ± 5.3

0.4 ± 0.07

6.4 ±

29.6 ± 3.12

0.21 ± 0.06

1.5 ± 0.65

223

9.7 ± 3.4

0.008 ± 0.00

0

<0.01

213

20.6 ± 3.5

0.012 ± 0.00

0

<0.01

36

Hyperiinmune

2

Tissue
5110?
mg/g a

t

206

1.4

Protection

-

a mg/g soluble protein from abomasal mucosa
b pg/g soluble protein from superficial mucus

C 0.001) differences in mast cell
Statistical significance by analysis of variance:- there were significant (P
concentrations and globule leucocyte numbers in tissues between hyperiuimune and naive groups, steroid
SMCP
counts, SMGP
0.001) reduced the number of mast cells, globule leucocytes and concentrations of
C
treatment significantly (P
in hyperimmuile animals, although these remains elevated (P <0.001) compared to values in. naive sheep.

-_* Data from Jackson at al., 1988

t-.

I-fl
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concentrations of SMCP were detected in mucus samples from the
abomasum of sheep in all 3 challenge groups although significantly
more SMCP was present in the group challenged with
0.05) (Table 16).

106 larvae (p <

Little or no SMCP was detected in mucus samples

collected from naive challenged sheep.

Relationship between Mast Cell Numbers and Concenflations of SMCP

The

numbers

of

abornasal

immunohistochemically with rabbit

cells

mast

anti- SMCP

were

detected

plotted against

the concentrations of SMCP in homogenates from the same tissues.
Values were aggregated from the experiments described in this
tL

chapter and there was a high degree of correlation (y - 31.4 + 14.1
x; r 2 - 0.65, p < 0.001).

Systemic Secretion of SMCP

The development of the ELISA for SMCP revealed that ovine•
serum and gastric lymph contained inhibitors which substantially
reduced the sensitivity of the assay (Chapter 3).. Nevertheless,
experiments were performed to determine whether systemic secretion
of SMCP occurred during immune exclusion. Serum was collected from
13 naive and 11 hyperirninune sheep before and during the 48 hour
period between intra-abomasal challenge with
the sheep.

10

larvae and killing

SMCP was not detected in sera from naive sheep at any
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Table 16
Effect of the challenge dose of larvae on concentrations of SMCP
in superficial abomasal mucus
Number of
Challenge L3

SMCP g/g
soluble protein

Protection

Group

n

Hyperiminune

8

1 x 10 6

> 90

Naive

5

1 x 10 6

N/A

Hyperimmune

4

1 x 10

> 80

3

1 x10 5

N/A

01)

Naive
Hyperimmune

5

1 x 10

0

0.72 ± 0.34

Naive

3

1x104

N/A

1

See table 12.

Statistical significance by analysis of variance,
a vs b, p C 0.001; a vs C, p < 0.05

1.46 ± 0.37 a
o•

.

± 0.002

0.34 ± 0.03

C
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time nor in sera of hyperiznntune animals before challenge (Fig. 9).
After challenge, a small, but detectable, peak of immunoreactive
enzyme was demonstrated in 8/11 hyperimmune sheep, with maximal
values (600 pg/mi) occurring 2 hours after challenge (Fig. 9)

SMCP concentrations were also measured in samples of gastric
lymph from sheep challenge.d

witKO$tertagia.

sheep previously infected with 2 x 10

0.

Naive ? sflep,

anu

circumcincta larvae/day

for 9 weeks were treated with anthelmintic (Panacur,

5 mg/Kg).

Common gastric lymph ducts were caruiulated. 3 to 5 days late ,--- .
Between 1 and 3 days after cannulation, the sheep were challenged
t.ral]:y with S x lO or I x 10

0.

circumcincta, and daily samples
0•

-

of gastiic lymph were assayed for SHCP content.

the lymph
In two separate experiments SMCP was not detected in
of

the immune

sheep

before

challenge

(Fig.

10),

but

low,

concentrations were detected after challenge with 5 x 10 larvae in
4/5 and 2/3 sheep in the respective experiments.
similar in both experiments,

The response was

with an increase in enzyme

concentration on day 1 and peak values on day 2 which declined to
prechallenge levels by day 4 after challenge. The kinetics ot the
SMCP responses were similar to those previously observed for
pepsinogen (Fig. ba and b). SMCP was not detected in lymph
obtained from four naive sheep either before,
after challenge with S x 10 larvae,

or up to four days

nor was this enzyme detected

in samples collected from three immune sheep after challenge with
the smaller dose of 1 x 10 larvae (data not shown).
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Fig. 9. changes in the concentration of SMCP in sera of 11 sheep
and in 13 normal
immune to Haemonchus con tortus
(non-infected) sheeg (o), - following intra-&bomasal
challenge with 1 x 10 exsheathed Haemonchus larvae. ND,
SMCP was not detected.

(•),

J30

Fig. 10. Changes in SMCP (•) in the gastric lymph of previousl
infected sheep after oral challenge with 5 x 10
Ostertagia larvae. Values for the pepsinogen activity (o)
of these lymph samples which have been previously reported
(Smith et al. , 1983, 1984), are also shown for comparison.
Two experiments are shown, (a) represents the mean results
from five sheep and (b) the mean results from three sheep.
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DISCUSSION

The distribution of the mast cell specific proteinase SMOP in
abomasal tissues, gastric mucus and blood or lymph was compared in
immune and naive sheep,
infection.

and in sheep responding to challenge

Repeated infection with .Jlaemonchus

larvae induced a

pronounced mastocytosis in abomasal tissue which wao associated
with the exclusion and rapid expulsion of a large challenge dose of
larvae. Loss of this immunity, due to the cessation of stimulation
with nematcde worms or to treatment of sheep with corticosteroid,
-

-its assncinted with a marked decline in mast cell density and

concerrrations of SMCP i-u abomasal mucosal tissues. The c::pulsion
of Haemo:chus larvae occurred without any significant reduction in
the numbers of mast cells, nor any obvious change in their gross
morphological appearance.

The worm burdens and immune status of the sheep utilized
during these e:-.periments with
(Jackson et al.,

Haemonchus

have been published

1988). Immunity acquired as a result of the

immunizing schedule and expressed as immune exclusion of the larvae
from their preferred site in the gastric pits persisted for at
least six weeks in the absence of antigenic stimulus but had waned
by 12 weeks. The decline in mast cells, CL and SMCP
concentrations in abomasal tissue by six weeks after the cessation
of larval challenge and the further decline in concentration of
SMCP by 12 weeks indicate that MMG differentiation and
proliferation requires continuous or repeated antigen stimulation
with nematode antigens as previously discussed in the general
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introduction.

However,

in the absence of control sheep of

comparable immune status but which had been challenged with saline
rather than larvae, it is difficult to know whether this decline
had been accelerated during the 48 hour period of challenge.

Despite the pronounced decline in the concentration of SMCP in
the mucosae of sheep 6 weeks. after the cessation of immunizing
infection it remained significantly elevated (p < 0.05) compared
to concentrations in naive sheep,

although there were no

significant differences . in the estimated number of mast cells.

A further difference in the mucosae of sheep challenged 6
weeks after the cessation of immunizing infection when corppared to
naive sheep was the presence of a small residual population of CL,
although the latter were more numerous in the rnucosa of immune
sheep challenged I week after the cessation of dosing with larvae.
The association between the presence of CL and development of
immunity to nematodes has been noted previously in ruminants
(O'Sullivan and Donald, 1973; Gregg et al., 1978; Douch et al.
1986) and rodents (Miller,

Murray and Jarrett,

1967;

Murray,

Miller and Jarrett, 1968; Miller and Jarrett, 1971).

No difference was observed between the abilities of immune
sheep challenged at I or 6 weeks to expel the challenge dose of
larvae (over 90%),

but there were substantial differences betwen

the two groups in the numbers of MMC including CL,

as well as in

SMCP concentrations. Interpretation of these results is difficult,
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but demonstrate that low numbers of MMC do not necessarily reflect
an inability to exclude incoming challenge larvae. Further studies
are requited to relate MMC numbers and SMCP concentrations with the
immune expulsion of nematodes.

The ability of corticosteroids to suppress the development of
intestinal mastocytosis during nematode infection was originally
described in the rat (Jarrett'et al.,
King et al.,

1978;
with N.

brasiliensis

1967; Olsen and Schiller,

1985a). Treatment of rats immune to infection
abrogated enteric anaphylaxis induced with
and was associaced with depletion of

intravenous worm antigen,

RMCP ii 1and of MNC from the intestinal mucosa (King et a1
1985a)-.

A dramatic

reduction

in mastocytosis

corticosteroid-treated sheep resistant to K.
al. • V
1986)..

1986) or

occurs in

contortus (Miller et

Trichostrongylus colizbriformis

(Douch

et al.

and was associated with loss of resistance 48 hours after

treatment (Miller et al.,

1986).

These findings have been

confirmed and extended. Treatment of immune sheep with steroids
reduced mucosal mastocytosis with the concomitant reduction in the
mucosal content of SMCP, and with a loss of resistance to larval
challenge (Jackson et al., 1988).

A further finding was that a small,

but significant, release

of SMCP occurred in serum, gastric lymph and mucus of immune but
not of naive sheep following larval challenge. Similarly, in rats
and mice, the immune expulsion of nematodes or local immediate
hypersensitivity reactions involve increased mucosal permeability
and concomitant release of mast cell proteases both systemically
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and into the intestial lumen (Miller

et al.,

1983b; King and

Miller, 1984; Woodbury et al., 1984; Patrick at al., 1988; Tuohy
et al. , 1990). Hypersensitivity reactions in the CI tract may also

be important in immunity to nematodes in sheep, a finding which
agrees with earlier studies in which . a transient increase in the
pepsinogen content of lymph following challenge with
circumcincta was noted (Smith

0.

at al., .1983, 1984). A direct

comparison between the present results and those earlier studies,
can be made since pepsinogen and SMCP concentrations were estimated
from identical lymph samples. The concomitant release of SMCP and
the increased pepsinogen activity in lymph supports the view (Smith
a

t al.

A

.1984) that the latter is a consequence of a

hypersersitivitY reaction to a large dose of incoming larvae in
immune sheep, and that this reaction involves MNC.

Dur.iñg the development of the ELISA for SMCP (see chapter 3)
it became apparent that serum and lymph contained potent inhibitors
which interfered with SMCP-antibody interactions.
data,

From inhibition

it would appear that there was a substantial excess of SMCP

inhibitors in normal or immune lymph and serum. These inhibitors
may account for the very small quantities of SMCP in serum and
lymph after challenge when compared to the concentrations of RMCPII
in the serum (1-4 j.Lg RNCPII/ml) of rats infected with nematodes
(Woodbury at al.,

1984). The low SMC? values could represent an

excess of enzyme over inhibitor(s) and thus indicate a potentially
substantial systemic release of SMCP. Proteinase inhibitors may
also affect the measurement of SMCP concentrations in tissues and
mucus and, although animals were exsanguinated prior to tissue
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removal, interference by proteinase inhibitors from serum, or from
(Sellers and Murphy.

connective tissue proteinase inhibitors,
1981) cannot be excluded.

Of interest was the finding that the

increase in SMCP in Immune compared to normal tissue

(> 500 fold)

was not proportional to the increase in 14MG (10 fold). It is
considered that this is unlikely to be the result of an increased
synthesis and/or intra-granule storage SMCP during
nematode-induced proliferation of 14MG (unpublished observations),
but due to the presence of residual serum or tissue proteinase
inhibitor(s). In normal mucosac where $MCP values are low, a
significant proportion of the enzyme would be inhibited,

whereas,

in immunemuëosae containing higher concentrations of SMCP,

the

r:. . same amount:.of inhibition would be proportionately smaller. -

To summarize, the present study has demonstrated that sheep,
as well as mouse (Huntley
(Woodbury et al.,

et al.,

1990;

Chapter 6) and rat

1984) 14MG are functionally active during the

immune expulsiop of nematode parasites. However the results of
time course experiments suggest that this activity may not be a
prerequisite for effective worm exclusion.
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CHAPTER 5

CHARACTERIZATION OF OVINE BONE MARROW-DERIVED MAST CELLS

Mast.cell sub,sets,

first identified in the rat,

originally characterised by histochemical (Enerback,
Miller and Waishaw,

were

1966a and b;

1972) and biochemical analysis of their

granule constituents.(Tas a..d i3erndsen, 1977; Wingren and
Enerback, 1983; Woodbury et al.,1978b). Mast cells isolated from
the gut,", also differed from serosal mast cells in their responses
to ionophores and secretogogues (Befuset al.,
al.,

1982; Pearce et

1982). However, it is difficult to isolate homogeneous

preparations of MMC from parasitized rat intestine (Befus et al.,
1986), : especially since the proteinase content of mast cells in
the muscularis differs from that of MNC in the mucosa (see Chapter
7)

An alternative approach is to study mast cells generated in
vitro from haemopoietic cells (BMMC) derived from rodents (reviewed
in Jarrett and Haig, 1984; Haig, 1988) or sheep (Haig et al.,
1988a). These cultures provide a convenient source of cells which
may help to determine the origin,
mast cells.

differentiation and function of

Previous phenotypic analysis of rat BMNC have
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indicated that they are similar to MMC (Haig, McKee and Jarrett
1982; Shanahan et al.,

1986; McMenamin et al.,

1987; Haig,

et

al., 1988b) and results from recent functional studies are in
agreement with this (MacDonald et al., 1989).

Mast cell sub-sets in the sheep have not been defined,

and

the purpose of the present Investigation is to compare &111C
generated from ovine haemopoietic cells with MMC isolated from the
abomasum. The biochemical, ultrastructural and functional
characterization of ovine BtuiC is an Important pre-requisite for
further in vitro

studies involving mast cell differentiation and

for defining their . role in parasite infection. The presence and
amounts ;of various - preformed intragranule constituents including
proteinaSe, B-hexosaminidase, arylsuiphatase and inonoamines will be
determined in the two cell populations, as well as their functional
activity in response to ionophore stimulation.

RESULTS

Morphology of cultured ovine BMMC

Bone-marrow (EM) cells, cultured in Iscoves modified Dulbeco's
medium containing 30% CM,
medium every 7 days.

were adjusted to 5 x 10/nil in fresh

EM cells were examined at intervals during

culture on cytosmear preparations stained with Leishman-Geimsa.
While monocytes, blast cells,

eosinophils and small cells with

basophilic granules were identified early (0-10 days of culture)
during culture, by day 10 there was a decline in the number of
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eosinophils but an increase in the number of blast cells and mast
cells. After the second refeed, the number and proportion of BMMC
increased substantially and by 21 days the majority of cells
(70-90%) were identified as mast cells. These BMMC were of varying
size and granule content (Fig. lla). Many were extensively
vacuolated with poorly defined granules which were less basophilic
than those in mast cells Isolated from tissues (Fig. lib).

-

Ultrastructural examination confirmed the apparent immaturity

of

the - granules which were small,

and often comprised a

heterogeneous mixture of matrices of varying density and of
vesiclest and progranules suggestive of incomplete granule formatior.
a
tt

particularly at the granule periphery

(Fig.

12a). Many of the

* matriceshad a granular or particulate pattern, not observed in the
larger and homogeneous electron-opaque matrices of granules of MMC
(Fig. 12b) isolated from parasitized abomasal mucosa.

Intracellular localization of SMCP in ovine BMNC

To determine the distribution of SMCP, cytosmear preparations
of BMMC were subjected to immunohistochemical analysis.
Immunoperoxidase labelling with anti-SMCP appeared to be confined
to the granules, although cells exhibited considerable variability
in the intensity of staining with some containing only small
amounts of reaction product. In contrast, the majority of isolated
IOIC, similarly stained for SMCP, showed intense immunostaining of
granules and globules.
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Figure 11.
a) A cytocentrifuge preparation of BMMC cultured for 28 days
prior to harvest. The granules of these cells are generally poorly
formed and many cells are extensively vacuolated in comparison with
(b) isolated MMC. Staining:- Leishinan.
x 600
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Figure 12.
(a) Electronmicrograph of a cultured mast cell, demonstrating
the granules which appear incomplete and poorly formed when
compared to those in MMC (b) Some of the granules in BMMC exhibit a
granular of particulate pattern (arrowed), not present in MNC, 1%
glutaraldehyde in 0.1 PO 4 buffer, pH 7.2.
X 9,000
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Granule Constituents of BMMC and MMC

The concentrations of SMCP,

B-hexosaminidaSe, arylsuiphatase

and histamine, in BMMC and MMC were quantified and the presence of
dopamine was determined by the formaldehyde condensation technique
(Table 17). Estimations of SMCP in BMMC (485 ng/10 6 cells) and MMC
(3875ng/10 6 cells) demonstrated that B11MC contained considerably
less SVICP than MMC, a finding which is in accord with observations
of relatively weak immunostaining. BMNC contained 0.6 units of
B-hexosamintdaSc/10
,-onr'entrtion (0.18

than half

this

/10b cell) was detected in MMC.

MMC

celLs,

wh.reas

less

containing twice as much ary1sulphtase (0.39 u/10 6 cells) as
(0.43 u/10 6 cells).

Greater concentrations of his:amtne were also

demonstrated in MMC (200 ng/10 6 cells;

BMMC 48 ng/10 6 cells),

although these latter estimations were performed on single samples
of MMC and BMMC.

The majority of BMMC showed green fluorescence folloing the
formaldehyde condensation reaction (Fig.

13), demonstrating that

like MMC (Huntley ec al.,

1984), contain dopamine.

these cells,

The intensity of cytoplasmic fluorescence varied,

ranging from

intensely fluorscent cells to those which lacked fluorescence.
Within many BMMC, unlike MMC, the fluorescence was apparently
diffuse within the cytoplasm rather than granule associated.
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Figure 13.
A cytocentrifuge preparation of BMMC (21 days of culture)
demonstrating a fluorescent compound derived from dopamine,
following the formaldehyde condensation reaction.
x 600
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Table 17
Granule Constituents of Ovine Mast cells
Concentration per
MMC

10

mast cells
BMMC

SMCP

3875 ± 563 ng

485 ± 154 ng

B,-hexosaxninidase

0.13 ± 0.08 u

0.6 ± 0.03

U

Arylsuiphatase

0.88 ± 0.47 u

0.43± 0.04

U

Histamine

200 ng

48 ng

Dopamine

+

+

1 Con..ntragions of SMCP and histamine an .expressed as nanograms
whereas -hexosaminidgsE? and arylsulphatase
ce ll s ,:
(ng) per 10
are expressed as units of activity (u) per 14 cells, hydrolysing
the substrates p n itr ophenolbacetamid02de0XYC copyronoside and
p-nitroeatechal sulfate respectively. The values for SMCP,
B-hexosaminidase and arylsulphatase represent the mean ± standard
error of estimations on 3 separate mucosal mast cell (MMC)
or on 3 bone marrow-derived mast cell cultures (BMMC)
isolates,
Estimates of the
harvested between 21-35 days of culture.
concentration of histamine are from 1 MMC and BMMC sample only. All
The presence of dopamine was
assays were performed in duplicate.
determined by fluorescence following the formaldehyde condensation
reaction.
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Response to Tonophore Stimulation

The responsiveness of BMHC to stimulation by ionophore A23187
was examined. A dose-dependent response occurred with optimal
6
secretion of arylsulphatase, SHOP, and -hexosaminidase at 10- M
A23187 (Table 18); This concentration of ionophore also induced
maximum generation of LTC 4 (5.3ng/10 6 cells). During this maximal
response, over 90% of (total) arylsulphatase, together with 47%
and 31% of SHOP and 8-hexosaminidase respectively, were released.
Similar results were obtained when the ionophore dose-response
ex periment was repeated with a further culture of BMMC, confirming
tiit there was concomitant release cf SHOP, aryisulph.case and
B-hexosaminidase,
However,

with a maximum response at 10

H A23.l87.

the extent of enzyme release was less than that of the

previous experiment,

35%,

with

16%

and

15% of total

arylsulphatase, SHOP and B-hexosaminidase respectively, secreted
into the medium. The release of LTC 4 was not measured. In control
(non-stimulated) cultures, < 2.0% SMCP and no B-hexosaminidase or
arylsulphatase was detected in supernatants from either experiment.

A dose-response experiment with A23187 was also performed on
isolated lIMO.

Following isolation and purification from tissue,

cells were > 90% viable,

as judged by trypan blue dye exclusion

and phase contrast microscopy.

However, in control cultures high

spontaneous release of SHOP,

arylsulphatase and B-hexosaminiøase
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Table 18
Release of Mast Cell Constituents following Stimulation with
lonophore A23187
% Release

Concentration
of A23187 (M)

..LTC.
(Ngnograms/
10 cells)

SMCP

.B-hexosaininidase

0

0

0

0

0

2.1

0

0

S x 10

37.3

19.8

2.7

0.34

l0

64.1

24.6

11.2

0.53

10- 7

80.6

41.7

29.3

1.8

10- 6

92.5

47.6

31.5

5 x 10

67

37.9

16.0

4.6

10

60

34.3

12.3

2.3

Arylsulphatase

510
10 .8

s

sheep mast
The release of granule constituents arylsuiphatase,
and
the
generation
of
B-hexosaminidase,
cell proteinase (SMCP),
in
response
to
stimulation
of
BMMC
with
different
LTC4
All estimations are the mean
concentrations of ionophore A23187.
results from duplicate saingles. For preformed mediators, the
release from aliquots of 10 cells are expressed as a percentage of
the total extracted from a similar aliquot of cells with 2M KC1 in
0.02 M Tris/HCI pH 7.5 and repeated freeze-thawing. The results
also show the amount of LTC 4 produced after stimulation.
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was demonstrated, which represented approximately 30% of the total
extractible amounts of these enzymes. Following ionophore
stimulation, little further secretion of enzymes was detected, and
these experiments with MMC were discontinued.

Immuno -blotting

In order to compare the SMCP content of BMMC and MMG, 0.5-2 x
10 cells were extracted in SDS-PACE sample buffer, subjected to
SDS-PAGE (12%), and clectroblotted onto nitrocellulose. Blots were
incubated with rabbit antibody to SMCP and polypeptide bands of
identical mobility (27,000 MW) to that of purified SMCP were
.4

observed in extracts of MNC and BMMC (Fig. 14). However, BMMC also
contained a distinct 31,500 MW polypeptide which was not present in
prepa-ratlons of 1114G.

At least two further 18,000-20,000 MW

polypeptides were present in samples of BMMC. Similar, but less.
intensely labelled proteins of comparable molecular weights were
also present in MMC, as was a polypeptide of approximately 14,000
MW.

13 H1 - DF?

Binding to Proteinases

To investigate the total content of serine proteinases,
extracts from BMMC and Mi-IC were incubated with the irreversible
serine esterase inhibitor

1 3 H]-DFP

and separated by SDS-PAGE (Fig.

15). A single band of identical molecular weight (27,000) to 8MG?
was observed in preparations of Mi-IC,

whereas two ( 3H-DF?-binding

polypeptides were present in BMMC.

One of these had MW of
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12345

97.4 K
66.2 K
42.7 K
31.0
21.5 Kdw-

14.4 K

f&,M

10-

Figure 14.
and SMC.
Western blot comparing the SMCP content of
SLiS-J?ACr
gel,
Samples were run under reducing conditions on Izt
and probed with rabbit anti
electroblotted onto nitrocellulose,
2
j.Lg
of
SMCP
in 10 Al of sample buffer.
Lanes
1
and
5
SMCP.
D
tMMC
(day28 of culture) in 20
2
x
10
and
1
x
10
Lanes 2 and 3;
Al of samples buffer. Lane 4; 5 x 10 MMC in 5 Mi sample buffer.
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1

2

3

200kd •
92.5kdP
69kd
46kd

.

Ip

-

30kd '

14.3kd

Figure 15.
Autoradiograph of a SDS-PACE separation of 4 extracts of BMMC
Lane 1; 5 x 10 I IC (day 35 of
and MMC incubated with [ H]-DFP.
culture) in 10 Al of sample buffer. Lane 2; [ C]-methylated
protein standards myosin (MW 200,000), phosphorylase B (MW 92,500),
bovine serum albumin (MW 69,000), ovalbumin (MW 46,000) carboni
anhydrase (MW 30,000) and lysozytne (MW 14,300). Lane 3; 5 x 10
MMC in 10 Al of sample buffer.

T
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27,000 and the other of 31,000, which was similar to that of the
additional polypeptide detected in BMMC by Western blotting. The
binding of DFP to this polypeptide identified this protein as a
serine esterase, indicating that BMNC may contain, in addition to
SMCP, a larger molecular weight serine proteinase. The fast
migrating (18,000-20,000 MW) polypeptides observed in Western blots
of BMMC and MMC did not bind [ 3 H]-DFP.

Because contaminating serine esterases may have been present
in the non-mast cell population of cells,
extracts of purified BMHC was examined.

[ 3 H}-DFP binding, of
BMMC were purified by

density gradient centrifugation through Percoll and > 99% of the
cells were mast cells in Leihman-stained cytosmears. The presence
of two polypeptides (27,000 and 31,000 MW)' binding ( 3 H)-DFP
confirmed that BMMG wçjre the source of the 2 proteinases, one of
which is probably SMCP.

In order to determine the time course of appearance of the two
major [ 3 H]-DFP binding proteins during differentiation of BMMC,
cells were harvested at intervals on days 0, 7, 13, 20, 27 of
culture.

Following a 14 day exposure of radiographs,

both

proteins appeared as faint bands by day 7 of culture, when
relatively few cells were morphologically. recognisable as mast
cells. This result indicates that both enzymes were synthesised
concomitantly at an early stage of mast cell differentiation and
development.
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3
A final j H]-DFP binding study was performed on supernatants
of 814MG following stimulation with calcium ionophore (10 6M) to
determine whether both enzymes were secreted. Two bands of 27,000
and 31,000 14W are clearly visible in supernatants indicating that
both are released (Fig. 16). In controls, consisting of
supernatants from 814MG not stimulated with ionophore, very faint
bands of a similar MW were also observed which may indicate that
there was constitutive secretion of these enzymes.

Pc_recfl9rs

The presence of putative Fc receptors on 814MG was sought by
incubating cells in serum from sheep hyperiinmunized by repeated
infection with H.

contortus.

814MG exhibited an intense speckled

fluorescence after incubation in hyperimniune serum at 37 ° C,
followed by sequential incubations at 4 °t' with a mouse monoclonal
antibcd.y to ovin3 irnmcinoglobulin light-chain and sheep
anti-mouse-FITC (Fig. 17),. This etfect was reprcdutible, and
occurred with sera from six different hyperimmune sheep. Little or
no fluorescence was observed when the hyperimrnune serum was
substituted with serum from worm-free (naive) sheep (Fig. 17) or
in control preparations where the monoclanal antibody was
substituted with medium containing 5% FCS alone, or with a
different monoclonal antibody not directed against ovine antigens.
The speckled fluorescence on 814MG was similar but less intense than
that due to endogenous surface imnunoglobulin on 14MG isolated from
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1 2 3

4 5

100 Met

3Okd

1,.

,

1

Figure 16
Autoradiograph showing the secretion of proteinases from BMMC
following calcium ionophore stimu1aton. Cell extracts or culture
supernatants were i.cubated with [ H]-DFP before separation b
SDS-AGE. Lane 1, standards as in FigJ ; Lanes 2 and 5, x 10
BMMC extracted in 10 jul f samples buffer (unstimulated controls);
5 x 10 BtMC extracted in 10 Al of smple buffer
Lanes 4 and 5,
Lanes 6
after stimulation with calcium ionophore A23187 at 10 ;
and 7, 20 Al of supernatant from unstimulated control BMMC; Lanes
8 and 9, 20 1 of supernatant from ionophore stimulated BMMC,
demonstrating the concomitant secretion of SMCP and the related
putative proteinase.
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12

C

d

Figure 17.
a) Immunofluo'esCent localization of surface immunoglobulin on
B4MC, passively sensitized with hyperimmufle seuin. Surface
irniunoglobulin was detected with a murine monoclonal antibody to
she9p
ovine irnmunoglobulin light-chains followed by
anti-mouse-FITC. (b) Little or no surface fluorescence was
observed when hyperimxnune serum was substituted with serum from a
worm-free sheep. c) Endogenous surface immunoglobulin on ovine tIHC
isolated from abomasal tissue by enzyme digestion with collagenase
and hyaluronidase. d) Control preparation of MNC where monoclonal
anti-ovine inirnunoglobulin light char1'. \ was substituted with an
unrelated monoclonal antibody.
x 600
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abomasal tissue. MMC were reacted with mouse monoclonal antibody
to ovine imxnunoglobulin light-chain and sheep anti-mouse-FITC (Fig.
17). control preparations for MMC were as for BMMC, and little or
no surface fluorescence was observed (Fig. 17).

DISCUSSION

- - The granule constituents of ovine BMMC and MNC are similar, in
that both cell types contain SMcP, B-hexosaminidase,
arylsulphatase, histamine and dopamine. Moreover, EMMC, like MMC
(Lee, Sterk and Ishizaka, 1985) have surface Fc receptors.
However, a major difference was the presence of •a serine esterase
in BMNc which was antigenically similar to SMCP but which was not
detected in MMC. Despite the lack of mature granules within BMNC,
they were functionally .active in response to ionophore stimulation.

I

Fr..vious analysis of [ ] -DFP binding proteins in murine BMt'iC
have indicated co.isiderable complexity in their proteinase content.
with 4 distinct serine proteinases (Dubuske at al.,
et al.,

1984; Miller

1989). A similar proteinase complexity may occur in rat

MMC where several distinct [ 3 H]-DFP binding proteinsbave been
observed (Irvine, personal communicattot), and the present study
has demonstrated that ovine BMMC, unlike . isolated MNC, also
contain more than one serine proteinase. Ovine BMNC may therefore,
differ from MMC although an alternative and perhaps more likely
explanation is that BMMC represent a mixed population of MNC and
CTMC.

A similar hypothesis accounting for the proteinase content

of murine BMNC has been proposed (Miller et al.,

1990) in which
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strong evidence was provided that BMNG and 5MG contain an identical
serine esterase.

Murine BMNG also contain an intestinal mast cell

proteinase (IMCP) (Miller et al.,

1990; Newlands et al., 1990),

suggesting that the cultured cells contain proteinases present in
MMC and CTMC phenotypes. However, the proteinase •content of ovine
CTMC has not been determined and the possibility that the higher
molecular weight proteinase present in ovine BMMC is derived from a
'non-mast' cell source cannot be discounted. In particular, the
immature basophil in several species is difficult to distinguish on
morphological criteria from mast cells (Dvorak, 1986) and the
cultured cells,

while appearing homogeneous,

may have also

contained basophils. In this respect, it is interesting to note
that antibody to SMGP also reacts with basophils in ovine skin (U.
Jenkinson, personal communication) indicating that these cells
contain an antigenicalLy related enzyme to 5MG?.

Ji

The 2stimated molecular weight: of SMG? was 27,000, whereas a
al., 1986).

previous estimate by SOS-PAGE was 25,000 (Hunt1eye

The latter estimation was performed in larger format SOS-PAGE
rather than the minigel system used in the present study. This
anomaly requires further investigation, although in a previous
study the minigel system was shown to provide erroneous estimations
for the molecular weight of IMGP (Miller et al. , 1990).

Concentrations of SMCP,
were 8,

arylsuiphatase and histamine in MMG

2 and 4 times greater than those in BMMC,

contained 3 times as much B-hexosaminidase.

although BMMC

Similar analyses have

been performed on 811MG and isolated mast cells from other species
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(efus et al.,

1986; Miller et al.,

1989; Stevens et al.,

1986),

and it is interesting to compare them with those of the present
study.

The concentration of RNC? I in rat serosal mast cells was

96.5 j.sg/10 6 cells,

and that of RNCP II in mucosal mast cells was

118.5 pg/10 6 cells (Miller et

al. , 1989), compared with

concentrations of 3.5 and 0.48 jig SMCP/10 6 ovine MMC and BMNC
respectively. The values for histamine in ovine BMMC (48 ng/10 6
cells) and MMC (200 ng/10 6 cells) were less than those of serosal
mast cells (10-30 jig/10 6 cells), but were similar to the histamine
concentrations in rodent FNC and BMMC (100-00 ng/10 6 cells)
(Stevens et al., 1986).

The presence of arylsulphatase has not been reported
previously in ovine mast cells,

although concentrations between

6
0.03 and 3.6 u/1O ce.11s have been described in human pulmonary
mast cells (Schwartz
(Orange and Kte,

et al.,

1981) and rat serosal mast cells

197€; heatfield-Barker and Raintan, 19C) and

are similar to those reported here for ovine BMMC and MI-IC.
-hexosaminidase activity in ovine BMMC (0.6 u/10 6 cells) and MI-IC
(0.18 u/10 6 cells) was less than that reported for rodent serosal
(1.1 u/10 6 cells) and human lung (3.4 u/10 6 cells) mast cells
(Stevens et al.,

1986) and less than in rat BMMC (MacDonald,

personal communication).

A comparison of the concentrations of preformed mediators in
isolated and cultured mast cells is difficult to perform, since the
concentrations in 811MG will vary according to their stage of
maturation (MacDonald et al.,

1989). While this is also true for
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tissue mast cells, purification of this population through Percoll
may select for relatively well granulated, mature cells. Although
ovine BMNC were harvested when it was considered that they were at
their maximal development, it is recognised that this may not
reflect the maximal generation and intra-granule storage of all
constituents.

Ultrastructural analysis of rat intestinal mast cells during
maturation have shown the presence of progranules, vesicles and
partially formed granules in immature cells (Miller, 1971a). Rat
cultured mast cells (Dvorak, 1986) and sheep EMMC share some
ultrastructural similarities with immature mast cells, and this
apparent immaturity has been ascribed to the lack of development of
cultured mast cells (Calli, Dvorak and Dvorak, 1984). The factors
regUlating the differentiation and maturation of rodent mast cells
maybe complex, involving IL-3 (reviewcacl in Haig, 1988), IL-4
(Smith and Rennick, 1986)., recently described mast cell grcwth
enhancing factor or 1L-9 (Hultner

et al. , 1990), and factors

derived from the in viva microenvironment (Kitamura et al., 1987).
While it is likely that similar factors control mast cell
differentiation in the sheep (Haig et1., 1988a) they have yet to
be defined.

Despite their apparent immaturity, ovine BMMC responded in a
dose-dependent fashion to calcium ionophore with the concomitant
secretion of SMCP, . B-hexosaminidase and arylsulphatase, and with
the generation and secretion of LTC 4 ;

thereby demonstrating their

functional activity following an influx of calcium ions.

The
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concomitant secretion of pre-formed and generated mast cell
mediators from cultured mast cells following immunologic and/or
ionophore stimulation has been reported previously for both murine
and rat cells (Levi-Schaffer et al.,
Mencia-Huerta et al.,
al.,

1987; Sredni et al.,

1983;

1983; Shanahan et al., 1986; MacDonald et

1989)

Of interest in the present study was the finding that ovine
BMMC could be passively sensitized with homocytotropic antibody
from

Haemonchus infected sheep, but not from non-infected naive

animals. These results indicate that an increase in the synthesis
of homocytotropic immunoglobulin occurs in sheep following
infection with

Haemorzchus,

which probably binds through Fc

receptors on the surface of BMMC. Further studies are in progress
to .characterize this sensitizing, ovine homocytotropic
imnunoglobul in.

MHC extracted from abomasal tissue, using enzyme digestLor,
techniques,lacked function although similar methods have been
successfully employed for the isolation of mast cells from the
gastrointestinal tissue of rodents (}leavey et al.,

1988) and man

(efus et al., 1987). The high sper.aneous release of constituents
from ovine MMC suggested that,

despite their apparent viability,

these cells were damaged during the isolation procedure.

This

observation highlights the advantages of utilizing BMMC for
functional analyses.

159
V

To summarize, ovine

BMMC

have been characterized and their

granule constituents compared with those of isolated 14MG. Although
both cell types are similar, a major difference was revealed in
their content of ( 3 11]-DFP binding proteins which was also reflected
in their response to ionophore stimulation.
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CHAPTER 6

DISTRIBUTION OF MAST CELL PROTEINASES IN THE MOUSE

INTRODUCTION

The 30,000 MW (Miller

chymotrypsin-like

1990)

at al.,

intestinal mast cell proteinase (IMCP) isolated from the
gastrointestinal inucosa of mice infected with Trichinella spiralis
(Newlands at al.,

1987) is, on the basis of its high solubility,

localization in mucosal tissue, and cross-reaction with anti-RMCP
II antibody considered to be analogous to the rat MMC granule
proteinase,

RMCP II (Newlands et al.,

1987; Miller et al., 1988;

Miller cC al., 1990).
4.

Both RHOP II (Miller cC al.,
and SMGP (liuntley

et :al.- :Li987 ;

systemically in rats and sheep,

193b; Woodbury et al.,

1984)

and Chapter 4) are released
respectively,

dL:ring nematode

infections. Therefore the present study was undertaken to
determine whether a similar release of IMCP occurs in parasitized
mice. In order to identify the principal sources of IMCP, tL
tissue distribution of this proteinase wit. also examined in normal
and Tr.Lchinella-infected mice.

Mast cells in the mouse intestine have been studied
jinmunohistochenhicallY (Miller cC

al.,

complexity in their proteinase content.

1988),

revealing a

The demonstration that

antibodies to RNCP I, which have been cross absorbed against IMCP,
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react with a 28,600 MW proteinase in murine SMC (Miller et al.,
1990; Miller et al.,

1988) has enabled the development of a

paired immunofluorescenCe technique to further analyse the
distribution of mast cell proteinase phenotypes in the intestines
of parasitized NIH mice and in normal NIH and Swiss White mice.

RESULTS

Distribution of IMCP in mouse tissue

%A variety of tissues and organs from normal BALB/c mice were

14 NaCl
ext'r'acted in 0.0214 Tris/HC1 buffer, pH 7.5, containing 1.5
andthe concentrations of IMCP were determined by ELISA (see
Chapter 3) (Table 19).
ofiMCP,

The intestinal tract was the major source

there being 41 and 27 ug IMCP in the large and small

intestine respectively. Relatively low conce1:tratiOns of IMCP were
detec€ed in the stomach (0.37

tg)

and, apart from the thymus (0.03

pg), other tissues contained either traces (C 0.01 qg'; 'or no
detectable IMCP. The latter tissues included ear pinnae and tongue,
in which there are numerous connective tissue mast cells.

Effects of infection with T. sp.Lral.Ls
(a) Control mice

In NIH mice, concentrations of proteinase were generally very
low, and were below the level of detection in tongue, oesophagus,
trachea, spleen, ear, skin, lung, liver and mesenteric lymph
node (Table 20). Highest concentrations of IMCP were recorded in
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Table 19
Distribution of IMCP in tissues and organs from normal
(uninfected) BALB/c mice

Tissue

,Ug IMCP/organ1

0.37

± 0.026

Small intestine

27.88

± 8.23

Large intestine

41.63

± 5.16

Stomach

Spleen

0.002 ± 0.0006
ND

Kidney

ND

Liver
Mesenteric lymph node

9

0.01

± 0.0005

Ear pinna

ND

Tongue

ND

Larynx/trachea

0.004

Lung

0.003± 0.001

Thymus

0.03 ± 0.006

1 mean value ± SEM from S animals
2 ND, IMCP not detected
larynx and trachea pooled from 5 mice
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the caecum (30 ng IMCP/mg protein);

in the small intestine,

concentrations were greater in the jejunum (10 ng IMCP/mg protein)
than in the duodenum (6 ng/zng protein) or ileum (5 ng IMC?/mg
protein). Concentrations of IMCP in colon and rectum were 13 and
20 ng IMCP/mg protein respectively (Table 20).

(b) parasitized mice

Concentrations of IMCP in small and large intestinal tissues
from NIH mice infected 10 days previously with T. spiralis were
greatly increased (100-1000 fold) when compared to the levels in
the same tissues from normal mice (p C 0.001) (Table 20). Highest.
concentrations were in duodenal tissue (25,830 pg IMCP/mg protein)
and-they were raised also in the jejunum, ileum, caecum and colon
(Table 20), although_ concentrations were lower in the rectum
(1,300 ng IMC?/mg protein)..

On day 10 of infection-with 1.

spiralis - 1MG? was detectable

in all tissues except the ear pinnae, including those which lacked
IMGP in control mice (skin, spleen, trachea, lung, liver,
mesenteric lymph node, tongue and oesophagus).

c) Systemic Release of 1MG?

The systemic secretion of 1MG? into the blood of mice during
infection with T. spiralis is recorded in Table 21, - together with
worm burdens and numbers of MMG within the intestinal mucosa.
Increased concentrations of 1MG? (1.64 2g/ml) occurred in serum by
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Table 20
Concentrations of IMCP in gastrointestinal (a) or other tissues
(b) in normal mice and in mice following infection with T.
spiralis

ng IMCP/mg soluble protein 1
Tissue

(a) Tongue
Oesophagus
Stomach
Duodenum
Jejunum
Ileum
.Caecum
Colon
Rectum

Control
ND
ND
5
6
10
S
30
13
20

(b) Ear pinna
Skin
Trachea
Lung
Spleen
Liver
Mesenteric
lymph node
Thymus

±
±
±
±
±
±
±

0.5
2
3
1
7
3
6

ND
ND
ND •
ND
ND
ND
'ND
1±0.6

Infected (Day 10)

6
4
166
25,830
.
18,830
10,250
13,880
12,460
1,800

± 10
± 10
± 10
± 8,660
± 2,320
±
±
±

2,250
2,930
1,280
260

ND
3 ±
30 +
10 ±
3 ±
7±

0.5
15
4
0.5
1

40 ±
4±

0.6
0.6

1 Mean value from 4 or 5 NIH mice ± SF14 for infected or control
mice respectively
2 Non-infected mice
Mice infected orally with 300
larvae 10 days previously

Trichinella spiralis muscle

Concentrations below level of detection by ELISA,'
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Table 21
Worm burdens, mucosal mast cell (MNC) counts and concentrations
of intestinal mast cell proteinase (IMCP) in serum from NIH
mice after infection with 300 T. spiralis larvae

Day

0

Worm Burden

-

,

MNC
(per VCU)

Serum IMCP
(ug/ml)

2.2

0.02

6

100.8

6.6

1.64

9

49.6

20.8

9.48

12

6.0

11.6

8.89

15

3.3

15.5

7.12

20

1.5

14.1

2.43

32

0

4.8

0.64

Results expressed are the mean of 3 animals per group and the range
for each value was less than 10% of the mean value.
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6 days after infection,
(9.48 jig/ml),

and peak values were recorded on day 9

a time when approximately 50% of the established

worm burden had been expelled. Worm expulsion was complete 32 days
after infection and there was a gradual reduction in the
concentration of IMCP in blood to 0.64 jig/ml on day 32. An almost
10 fold increase in the number of tINC was also demonstrated during
infection, with maximal hyperplasia observed on day 9. By day 32,
the numbers of MMC had declined to a level approximately twice that
of control mice (Table 21).

Assay of RNCPI-like enzyme

Mousetissues, including tongue and skin, known to be rich in
mast cells containing an RNCP I-like antigen (Miller et al., 1988),
were prepared by homogpnization in low salt (0.15 M NaCl) and high
salt (2 ) buffer. In addition, pellets of purified SMC (1 x

10

cells) were extracted ½y :epeated freeze-thawing (3 times) in 1 ml
of high salt buffer. Supernacants were assayed by the RMCF I
ELISA. Although faint colour reaction products were observed, the
reaction did not titrate in a predictable manner and these assays
were therefore discontinued.

Distribution of Mast Cell Proteinases by Paired-lrmnunqfluorescence

a) Normal and Parasitized Jejunum of NIH Mice.
Sections of proximal and distal regions of the jejunum from
normal and T. spiral.Ls

infected NIH mice were stained for IMCP

(FITC) and RMCP I-like antigen (TRITC) by paired immunofluorescence
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as described in materials and methods (chapter 2).

The numbers of

single labelled (FITC) cells and dual labelled cells (FITC + TRITC)
were estimated in each region, and the numbers of intra-epithelial
and lamina-propria mast cells detected in the mucosa were recorded
separately (Table 22). In the proximal jejunum, the majority of
labelled cells were located within the epithelium (Table 22 Fig.
18) of normal and infected mucosa, although there was a substantial
increase in the numbers of these cells in the infected compared to
normal mice - (Fig. 18). The majority of intra-epithelial cells
demonstrated single FITC fluorescence, and the pattern of
labelling was characteristically diffuse with little or no
localization to the granules. A proportion of FITC labelled cells
was also stained with TRITC, and there was a large increase in the
In

numbers of dual labelled cells in infected mucosa (Table 22).
contrast to the FITC l&el,

the localization of TRITC appeared to

beuore distinct and confined to the granules (Fig. 1.8).

ifl

the

ileum the numbers of FITC lab&iied cells in the pithc1iun was
increased when compared with the numbers :n nornial mucosa (Table 22
Fig. 19). However, in marked contrast to the proximal regions,
there were few cells labelled with anti-RNCP I (Fig. 19 Table 22).

Theta were relatively •few labelled cells in the lamina-proPria
from norn:al or infected mice,
intra-epithelial mast cells.

when compared to the number of
However,

a greater proportion of

lamina-propria mast cells was dual labelled (Table 22).
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Table 22
Use of paired immunofluorescence to determine the distribution of
proteinases in intestinal mast cells from normal and T. spi rails
infected NIH mice.
Cells/villus-CrYPt unit +SEa
FITG 1

Normal

FITC + TRITC 2

Proximal

Jejunum

Intra-epithelial
Lamina Propria

3.3 ± 0.8
0.2 ± 0.1

0.7 ± .4
0.4 ± 0.1

Distal

Ileum

Intra-epithelial
Lamina Propria

3.2 ± 0.5
0.2 ± 0.1

0.1 ± 0.1
0.1 ± 0.4

Jejunum

Intra-epithelial
Lamina Propria

30.0 ± 3.8
0.5 ± 0.1

18.4 ± 3.9
5.7 .± 1.2

Intra-epithelial
Lamina Propria

38.4 ±6.9
1.3 ± 0.3

0.3 ± 0.3
0.6 ± 0.6

Infected
Proximal

Distal

.Ileum

- a All :èstimrstions represent the mean values ± standard error (SE)
VCU were counted in each
from live animals in s each
location per animal.
.

group.

10

ingl'e FITC fluorescence detects IMCP
RrCPI-like antigen
Double FITC and TKI.TC fluorescence detects
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In control tissue sections, where antibodies were substituted
with normal rabbit and rat serum, no FITC or TRITC labelling was
observed.

b) Normal Swiss White mice
Paired immunofluorescence with rat anti-IMCP and cross
absorbed rabbit anti-RMCP I on cytospin preparations of SMC (Fig.
20) and on sections of tongue and ear pinna (Fig. 21) demonstrated
that all mast cells detected in these sites with anti-I14CP also
labelled with anti-RHCP I. In the gastric mucosa the majority of
cells (> 80%) were also dual labelled with anti-IMCP and anti-RNCPI
(Fig. 22) with the remainder labelled with anti-IMCP alone. In the
small intestinal mucosa, the patterns of fluorescent staining were
similar to that described for NIH mice, with the proportion of
cells labelled for

RMCPI

the ms36ricy of cells,
ft

being greatest in the duodenum.

Again,

located within the epithelium exhlbfted

anti
riherwith
diffuse cytoplasmic fluorescent
labelling

IM CP

when compared with the discrete granular localization noted with
rhodamine. The distribution of labelled cells was also examined in
the large intestine,

where only a few cells fluoresced uniquely

with anti-IMCP in the muccsae of the caecum and colon.

In these

sites, the majority of cells were dual labelled, and in the rectum
all the cells exhibited both TRITC and PuG labels.

In control tissue sections and cytospin preparations of 5MG,
no FITC or TRITC labelling was observed.
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C
Figure 18

19

Paired fluorescence with rat anti-IMCF (FIT) and rabbit
2r't4-RMCP I (TRITC), cross-absorbed with IMCP, -' sections of
Ti-T mice
6
proximal jejunum from (a & b) normal NIH mice, or c c ci,
larvae.
Note the
infected 10 days previously with T. spiralir
increase in the numbers of intra-epithelial cells labelling for
and the
IMCP in infected (c) compared to normal mucosa (a),
Many
of
diffuse cytoplasmic localization of the fluorescence.
and
the
these intra-epithelial cells also react with anti-RMCPI,
discrete granule localization of TRITC labelling is shown in (b)
and (d).
x 250
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2.

(1

C

191,

d

Figure '°
Paired f'scence as described for Fig. 18 on sct1ons of
distal ileum from (a & b) normal NIH mice or (c & d) NIH mice
larvae. As in the
infected 10 days previously with T. spiralis
proximal regions (Fig. 18), there was an increase in the number of
IMCPcontaifliflg intra-epithelial cells in infected (c) compared to
normal (a) distal mucosa. However, in contrast to the proximal
regions few cells exhibited dual fluorescence and the majority were
labelled with anti-IMCP (FITC) (a & c), and relatively few were
also labelled with anti-RMCPI (TRITC) (b & d).
x 25
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Figure 20
mast cells following
A.rytospin preparation of murine serosal
paired imniunofluoreScence demonstrating dual labelling of theseI
(b) with anti-RMCP
and
(FITC),
anti-IMCP
(a)
cells with
(TRITC).
x 600
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a

b

Lgure 21
ear-pinfla following paired iminunofluorescence with
anti-IMOP (FITC label) (a), and with anti-RMCPI (TRITC label) (D).
All mast cells were double labelled and cells fluorescing for IMCP
alone were not observed in this tissue.
x 250
LL1e
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a

10

-

d

I

rM

4r
L

Figure 22
Murine gastric mucosa following paired irnmunofluorescence with
anti-IMCP (FITC label) () and with anti-RMCPI (TRITC label) (b).
The majority of mast cells are labelled with both antibodies.
x 250
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12
Figure 22.
A cytospin preparation of isolated mast cells subjected to
paired immunofluoresce' ..zith anti-IMCP (FITC) and anti-RMCP I
(TRITC). The cells were isolated from the proximal region of the
jejunal mucosa of mice infected 10 days previously with T.
spiralis larvae. Note the diffuse cytoplasmic staining with
anti-IMCP (FITC) when compared to (b) the discrete granular
fluorescence with anti-RMCPI (TRITC). Many cells show dual
labelling.
x 600
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Isolated Intestinal Mast Cells

For further analysis of their proteinase content, mast cells
were isolated from the proximal intestines of NIH mice infected 10
days previously with T. spiralis.

A cytospin preparation is shown

in Fig. 23, following paired imniuno-fluorescence. Numerous dual
together with a few single (FITC)

23),

labelled cells (Fig.

labelled cells were observed,

and the pattern of labelling was

similar to that observed for cells in situ with diffuse cytoplasmic
localization of antiIMCP and
anti-RMCP I.

the granular localization of

However, the yield and viability of mast cells from

different intestinal isolates were highly variable despite repeated
attempts to improve the isolation rrocedure, and further studies on
these cells were abandoned.

DISCUSSIQN.

Quantification of L4CP by a sensitive and high -f-pacific
ELISA (Chapter 3) has established that this enzyme is present in
significant concentrations in the small and large intestines in
normal mice, but is absent from most non-mucosal tissues.
Infection with T

.

Li.c results in a substantial increase in the

concentration of IMCF in intestinal tissues, a finding which is
similar to that reported for RMCP II in

Nippostrongylus

brasiliensis-infected rats (Woodbury and Miller, 1982; King et
al., 1986). A further similarity with studies of RMCP II in
parasitized rats (Woodbury et al., 1984) was the systemic secretion
of IMCP in mice following T. spiralis infection and the correlation

177

of proteinase levels with numbers of MMC and the process of worm
expulsion. Although these results indicate that IMCP is the mouse
equivalent of the MMC-specific granule proteinase of rats, RKCP II,
the present study has also demonstrated considerable heterogeneity
in the proteinase expression of murine intestinal mast cells.

The concentrations of IMCP in the intestines of normal mice
were relatively low when compared to concentrations of RMCP II in
the rat intestine (Chapter 8) although most (99%) IMCP is present
in the large and small intestine. Of note was the observation
that, compared to the normal rat, there were relatively few MNC in
normal mice although a ten-fold increase in the numbers of these
cells was demonstrated following infection with T. spiralis.

This

increase was associated with a thousand-fold increase in the
concentrations ot IMCP... in the gastrointestinal tract following
arasfte infection. Whether this difference represents ar increase
in the synthesis and/cr intace1uia
infection,

'torage •f :1cP during

or ths disproporto.iate .n1uence of tissue or serum

derived proteinase inhibitors on the low level of IMCP expression
in normal mice is not known. Similar disproportionate increases in
the tissue concentrations of intestinal mast cell proteinases
to mast cell numbers has also been demonstre
nematode infected rats (Chapter 8) and sheep (Chapter 4;

in

Huntley

et al., 1987).

Ear pinnac,

tongue or skin from normal mice, all of which

contain numerous mast cells,

lacked IMCP as did isolated SMC,

thereby confirming the specificity of the ELI SA for IMCP (Chapter
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3) and the absence of IMCP from mast cells in these locations. The
latter finding is also in accord with previous studies, where
SDS-PAGE and Western blotting showed that mouse SMC lacked the
30,000 MW IMCP and contained a 28,600 MW antigen detected with anti
et al.,

RMCP I (Miller

1990). The distribution of mast cell

proteinaseS, quantified by ELISA, support the view that there are
two major mast cell proteinase phenotypes in the mouse, one of
which contains IMCP and is equivalent to MMC, and the other lacking
IMCP and equivalent to CTMC.

The gastrointestinal tract was not the exclusive source of
IMCP, since trace amounts were present in thymus in normal mice,
and a similar 'non-mucOSal' distribution of RMCP II has been
demonstrated in the rat (Chapters 7 and 8). Trace amounts of 1MG?
were also detected in q1dn, tongue and other tissues from infected
mice, althoub it is likely that this was due to camination from
the blood.

Ner the ?SS,

a cort.ibuti- fr-,m a small number of

iMCP-contaniflg mast cells inf°.i.trating into these tissues cnc
be discounted.

Systemic eleasb of mast cell proteinaseS into the blood
d"thg primary nematode infections or following larval ;iallenge in
primed animals has been described in rats (Miller et

Z., 1983b)

and in sheep (Huntley et al., 1987; Chapter 4). For example, RMCP
II is released systemically during primary infection with
spiralis

or N. brasiliensIS in the rat (Woodbury et al.,

T.

1984).

The presence of IMCP in serum of mice after infections with T.
spiral-is is, therefore, evidence that MMC are functionally active
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during nematode expulsion in all species so far tested. Systemic
release of IMCP coincided with the immune expulsion of adult worms
from the intestine of the mouse, a phenomenon which has been shown
previously in rats during nematode infections (Woodbury

et al.,

1984).

The gastrointestinal mucosa is the major source of secreted
RMCP II in immune rats undergoing systemic anaphylaxis after
intravenous injection with worm-antigen (King

et al.,

1986).

Although further studies are required, it is likely that the gut is
also the major source of secreted IMCP in the mouse, but some low
level contribution from other tissue cannot be discounted.

Previous i imnunohistocherfll.Cal studies in the rat have shown
that there is he.terqgeneitY in the cxpressi.ofl of mast cell
prct.inaSeS in the gastrointestinal tissues (Gibson et al. , 987).
v1iw of this, the distribton and exprssiofl of mast cell
proteinaeS iii the mouse gastrointeStifla t: were invstigated
by paired immunofluoresCence. Anti-IMCP antibodies detect mast
cells in all sites including tongue and skin as shown previously
91ler et al., 1988) anti, similarly, detect a serosal mast cell
( 1

antgr, nn Western blot even though the same antibodies are highly
specific for IMCP by ELISA (Chapter 3). In contrast, antibodies to
F.1CPI cross absorbed with IMCP produced selective fluorescent
labelling of a proportion of mast cells as previously described for
immunoperoxidase reactions (Miller et al., 1988). While SMC and
mast cells in tongue and ear pinna,

were all labelled with

anti-RMCP I only a variable proportion of cells in the intestine

MUS

was

labelled with anti-RMCP I and most were labelled with anti-

although in this study, a few cells in
IMCP (Miller et al., 1988)
the laminia propria were labelled exclusively with anti-RMCP I. In
the stomach, caecuin,

colon and rectum the numbers of anti-RMCP I

labelled cells were not determined,

although the pattern of

staining was similar to a previous irninunohistochetfliCal study where
88, 56, 90

and 100% respectively of mast cells were stained in

these tissues with anti-RMCPI (Miller et al., 1988).

The increase in the number of intestinal MMC in mice following

T. spiralis

infection is in accord with increases in the

concentration of IMCP in this tissue. The majority of these MNC
were located within the epithelium which contrasts with the
sub-epithelial location of the majority of MMC in the rat intestine
(Miller and Jarrett, 3,71). A further difference between rat and
hat a high proportion of r -'e MNC in
mouse intestinal MMC was :-the proxiiral region cf the eJun an eihi..ed h -'rogeeity in their
proteinase exprssion, with tiMG in 1orma1 and parasitized mice
labelling with anti-IMCP and anti-RMCP I. The pattern of labelling
was characteristic, with diffuse cytoplasmic staining for anti-IMCP
and with the discre gra.Lula' location with anti-RMGP I. The fact
majority of MMC in distal ileum were not 1abel1 with
ant.-RMCP I indicates that antibody is recognizing an antigen which

is distinct from IMCP in these cells. However, the nature of this
antigen is not known, nor is it clear whether it is the same as
the

28,600

MW antigen in SMC which cross reacts with anti-RMCP I

(Miller et al,, 1990).

181

To summarize, the major source of IMCP, like RMCP II in the
rat, is MMC within the gastrointestinal tract.
infection,

During nematode

secretion of IMCP into blood has demonstrated the

functional activity of murine MMC although these cells contain a
mixture of proteinaseS which require further characterization.

..
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CHAPTER 7

DISTRIBUTION OF MAST CELL PROTEINASES IN THE RAT

INTRODUCTION

The biology and function of mast cells in different locations
will only be understood when the distribution of the different
sub-types has been fully mapped. Examination of the mast cell
proteinase phenotypes in the rat have suggested that there are two
major populations of mast cells (King et al.

1986; Gibson et al.,

1987). The only detailed analysis of proteinase phenotypes in the
rat has, however, been confined to the gastrointestinal tract,
where i.mmunohistochemical studies revealed the presence of a

few

RI4CP I containing cel.,s amongst predominantly RMCP II-containing
despite the

histochemulcal homogeneity

of t'.-.e granule

1.937).

Tt was therefore

g i ycos amino glyafls of M1C (OibDi. et al.

important to LurLhPr define the prote...:.c 'henotypeS in rat mast
cells, and to determine the full extent of the separation into the
two groupings by proteinase content. With this aim, a paired
fluorescent technique f31
-:

cellular localization of rat mast

:-tnase I and II has been developed,

and the tissue

distribution of these proteinaseS has been examined.

Since analysis of cell distribution is often difficult,
particularly in those tissues where cells are scarce and/or focally
distributed, a complementary approach is to quantify the RNCP I and
II content of the tissues. Limited analyses of the distribution of
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RMCP I and II in selected tissues have been reported in earlier
studies (King et al.,

1986; Gibson et al.,

1987) using a radial

imrnunodiffusiofl (RID) assay. However, this is a relatively
insensitive technique when compared with the ELISA which, together
with paired immunofluorescence, has enabled a more detailed map of
the tissue distribution of these two proteinases.

RESULTS

Tissue Immunofluoresceflce for RMCP I and RMCP II Localization

The cellular location of RMCP I and II in tissues was
examined by paired immunofluoresCence. Whilst the majority of mast
cells fluoresced either red (RMCP I) or green (RMCP II), some
cells in stomach, livç,r, mesenteric node and lung, exhibited dual
fluore;cer.cti td the proportions of red, green or dual fluorescent
mast Al . wete, determined by conting 100 fh.3rescirg cell

c

at

random within eacit tissue. The results are shown i. 23.

In sections of tongue (Table 23, Fig. 24 a and b), skin, ear
pinna and -keletal muscle, the numerous mast

cells fluoresced red,

as did the 'ast cells in heart and brain. Brain mast cells
were associated with blood vessels In the thalamus. Mast cells in
the mucosa of the gastrointestinal tract, including stomach and
small and large intestine, fluoresced green and were devoid of red
fluorescence as were intraepithelial mast cells in the larynx.
(Table 23, Fig. 24 c and d).
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•

.-tr

r'

b

[I
Figure 24
Photomicrographs of tongue (a and h) and larynx (c and d)
demonstrating the cellular localization of RMCP I and II by paired
immunofluorescence. Tissue sections were stained with monoclonal
anti-RMCP II (FITC positive) and with rabbit anti-RNCP I (TRITC
positive). In the tongue, mast cells contain RMCP I and exhibit
bright red (TRITC) fluorescence (a). No green (FITC) fluorescence
was observed in these cells (arrows) (b). In the larynx numerous
intraepithelial MMC have bright green fluorescence (d) but no red
fluorescence (c). Staining demonstrates the monospecificity of the
antibodies and the exclusive presence of PNCP I in CTMC of the
tongue and RMCP II in MMC of the larynx.
x 600
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TABLE 23
Proportion of cells containing RMCP I, RMCP II or both RMCP I
and II in rat tissues

Tissue
RMCP I and II

RNCP I

RMCP II

50

28

22

Liver

37

63

0

Thymus
Mesenteric Lymph Node

57

39

4

Stomach
Muco.a
Sub-rnucOSa

0
63

100
20

0
17

Lung
a) Peribronchial
b) Pleural membrane

37
94

40
0

23
6

0
100

100
0

0
0

100

0

0

Small Intestine
Mucosa
Sub-muOSa

nmunofluoreSceflce and tissue
Cells were demonstrated by paired i i
sections were sequentially incubated with rabbit F(ab'). anti-RNCP
I, sheep anti-rabbit IgG-TRITC, monoclonal anti-RMCP It and sheep
antimoueFITC.
and a total of
2 Tissue sections from five animals were stan,
100 fluorescing cells was counted at random from each tissue site.
uorescing red (containing RMCP I) or
The percentage of cells
cells fluorescing both red and
green (containing RM(.P IT) orLy
The numbers
green (containing both RMCP I and RMCP II) are shown.
of fluorescent cells in some locations such as stomach and small
intestinal sub-mucoSa were low, and further counts are required for
statistical analysis.
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In the sub-mucoSa of the larynx and of the small and large
intestine, mast cells fluoresced red and were devoid of RNCP II as
the

shown by the absence of green fluorescence. By contrast,
sub-mucoSa and muscularis of the stomach,

in addition to red

fluorescing cells, contained mast cells which fluoresced both red
and green (Table 23) indicating the presence of both RMCP I and II
within individual cells.

Dual fluorescing cells were also observed in lung, liver and
mesenteric lymph nodes (Table 23). In the lung, most labelled
cells were found in septa and parenchymal tissues and in tissues
surrounding bronchi or beneath the pleural surface. The latter
site contained predominantly red fluorescing cells (Table 23).
peribronchial tissues

In

there were individual green or red

fluorescing cells as well as dual fluorescing cells (Fig. 25 a and
b, Table 23).

The majority of mast c'ls in liver were loc.ite' 4

-

in

the

portal triads and surrounding larger portal ducts and veins (Fig.
25 c and d). At these sites, monofluoreScent red or green cells
were abundant, as were dual fluorescing cells (Table 23).

The extent of red or green fluorescence within individual
dual fluorescent cells varied. In mast cells of the sub-mucosa of
the stomach the majority of granules fluoresced red. However, in
the lung and liver,

mast cell fluorescence varied from

predominantly green through to red.

Many cells contained

individual granules fluorescing either red or green.
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a

H4
C

d

Figure 25
The cellular localization of MCP I and II in sections of lung
(a) and (c) detection of RMCP II
(a and b) and liver (c and d).
and (b) and (d) detection of RMCP I (TRITC) following
(FITC),
Cells
excitation with blue and green light respectively.
exhibiting green and red dual fluorescence were clearly visible in
de monstrating cells which contained both RMCP I
lung and liver,
Note the 2 or 3 MMC in the lung (a, arrowed), which are
and II.
shown by arrows)
fluorescing green only (location in b
dem onstrating the exclusive presence of BMCP II.
x 600
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Liver, mesenteric lymph node, and thymus also contained
significant numbers of single green fluorescing cells, as well as
single red fluorescing CTMC (Table 23). In the thymus,
MCPII-containing

cells

represented the majority

fluorescing cells (Table 23).

of

(63%)

Dual fluorescent cells were absent

in the thymus, although they were present in mesenteric lymph node
(Table 23).

Isolated cell preparations from bone marrow and

the

peritoneal cavity were also examined by paired immunofluoresCence.
The peritoneal cavity yielded large numbers of serosal mast cells,
which fluoresced strongly red (Fig.26 b and ci). However, a few
mast cells (less than 0.1%) exhibited dual fluorescence and,
although predominantly serosal mast cell-like in appearance,
contained occasional gnules which fluoresced green (Fig. 26a). In
addition to these :ells ..here were rare mast cells (less than
on

f'iorc..ced green (Fig. 26'i and d).

kMCPII containing cells were smallr tl.an the other sercsal

These
it

cells and exhibited a granule fluorescence similar to that of 11MG.
Bone marrow cells contained large numbers of uniquely red
fluorescing mast cel which were identical 5n appe-rance to the
serosal mast cells. A fe

'5s

than 0.1%) demonstrated singl3

green fluorescence and were similar in appearance to the equivalent
cells from the peritoneal cavity.

No dual fluorescing cells were

observed in preparations of bone marrow.

In control sections and cytosrnearS,
excitation was observed.

no FITC or TRITC

a

[I

d

rigure 26
showing the
cells,
Cytosmear preparation of peritonal
iatiori of RMCP I and RMCP II by paired immunofluorSC.e.
RMCP II (FITC) (a) and (c) and RMCP I (TRITC) (b) and (d )
demons.:rated following excitation with blue and green light
respectively. Although the majority of serosal mast cells contain
RMCP I exclusively and exhibit bright red fluorescence (b and d),
a small number also contain RNCPII, as indicated by the small
amount of green fluorescence in the dual fluorescing cell shown in
(a). In addition, a few rare cells were observed which only
fluoresced green (shown in c), but not red (d, location shown by
arrow), demonstrating the presence of low numbers of MMC-like cells
amongst the population of serosal cells in the peritoneum.
x 600
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TABLE 24
Distribution of RMCP I and II in Rat Tissues

g/g Wet Wt. 2

Organ/Tissue1

RMCP I

RMCP II

Stomach

2.7

5.2

±

7.7

± 1.5

0.84 ± 0.12

Small Intestine

329.8

± 26.4

Large Intestine

125.8

±

3.15

2.6

± 0.19

Spleen

0.0 7

±

0.03

0.12 ± 0.04

Kidney

0.05

±

0.004

0.07 ± 0.01

Liver

8.27

±

0.5

0.07 ± 0.005

Mesenteric Lymph Node

8.6

± 0.9

14.75

Ear

ND

41.08 ± 4.3

Tongue

ND

42.58 ± 3.4
12.2

± 4.56

± 0.71

4C.6

±

5.2

Ln

1 1 .2

±

2.43

1.93 ± 0.11

Thymus

15.5

±

2.5

5.3

± 0.73

3.3

±

0.6

64.8

± 3.1

3.b

± 1.4

Bone Marrow

ND

skeletal Muscle
Heart

0.0. I-

Brain

ND

Skin

ND

Uterus

0.063 ±

0.005

0.08 ± 0.006
0.09 ± 0.014
31.48 ± 5.2

0.010

0.13 ± 0.007

1 Tissues from normal Wistar Rats.
2 Mean Concentrations of RMCP I or RMCP II in tissues from 5 rats
± standard errors, expressed as /.Lg RMCP I or lug wet weight
of tissue
Proteir.ise nct det'cted
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Distribution of RMCP I and RNCP II in tissues

The gastrointestinal tract was the major source of

RNCP II

(Table 24) as has been reported on previously (King et al., 1986).
Concentrations were lower in the liver, mesenteric lymph node,
lung, thymus and bone marrow, with trace amounts (< 0.1 ,ug/g wet
weight of tissue) in spleen, kidneys heart and uterus. No RNCP II
was detected in ear, tongue, skeletal muscle, brain or skin. In
contrast, ear, tongue and skin were the major sources of MCP I
(Table 24) although the highest concentration of

RMCP I was in

bone-marrow (65 J.Lg/g wet weight tissue). Concentrations between
0.8 -

15 /.Lg RMCP hg (wet weight) were present in stomach, large

and small intestine, mesenteric lymph node, larynx with trachea,
lung, thymus and skeletal muscle. The lowest concentrations of
RMCP I (< 0.1 pg/g wt weight) were in spleen, kidney, liver,
l- .eart, brain and uterus.

DISC dS SI Cli

In a previous study of the gastrointestinal tract,
di' ¶.ributLon of

RMCP

I and II was shown to correlate with t

location of CTMC and MMC respectively (Gibson
However,

the

et al., 1987).

RMCP II has also been detected at low concentrations in

some non-mucosal tissues (King et al., 1986) and the present study
has confirmed this observation, extending the findings to other
tissues and establishing that RMCP II-containing cells are present
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in a few 'non-rnucosal' tissues. A novel finding is that there is a
population of cells in some tissues which contain both RMCP I and
II. Similarly, the present observations establish quite clearly
that certain tissues, rich in RMCP I, lack RMCP II.

The tissue distribution of RMCP I and II was determined by
measuring amounts of these proteinases in tissue homogenates, and
by examining their cellular location by paired immunofluoresCenCe.
The unequivocal demonstration of the specificity of the antibody
probes was an important pre-requisite for the development of
specific and sensitive assays and was described in Chapter 3.

MMC,
1966b),

previously termed 'atypical' mast cells (Enerback,
are of particular interest because they predominate at

mucosal surfaces and thcrease in number during infect-ion with
intestinal nematode parasites (reviewed b :skenase, 1980; Miller,
1984). Earli.r stdie' ''.ie stl 4 ....ed that amounts of RMCP TI
extracted from the gut: co:reiate significantly with

thL r1.nihers of

enteric MMC (Woodbury and Miller, 1982; King et al., 1985a; King

et al.,

1986). Comparable correlations between the numbers of

CTMC concentrations of RMCP I have not been performed but there
was some discrepancy between the proportion of RMCP I and
II-containing cells and the relative concentrations of RMCP I and
II in liver and lung (Tables 23 and 24). The reasons for these
discrepancies are not yet clear, although the focal distribution of
mast cells in these tissues makes accurate estimations of the
numbers and relative proportions of each proteinase phenotype
difficult, and further cell counts are required.
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In accord with previous findings (King

et al.,

1986),

intestinal tissues were the major source of RNCP II. In addition
to mucosal sites, RMCP II was detected (albeit at low
concentrations) in other tissues including thymus,

mesenteric

lymph-node, liver, bone-marrow, heart, kidney and spleen. In
these tissues (apart from heart), cells fluorescing green and
containing R1{CP II alone were observed, thus demonstrating a local
tissue source of RMCP II. However, a minor contribution to these
RMCP ii concentrations by contamination with blood, for example in
heart, cannot be excluded since there is a basal concentration of
200-250 ng RMCP II/ml blood in normal rats (Cuinmins et al., 1988).
Interestingly, a very small number of RNCP II-containing cells was
found in preparations of serosal cells from the peritoneal cavity,
previously thought to be a source of CTMC exclusively (Enerback,
1986). The significare of these cells containing RNCP II in
non-muc'sal tissues is unclear b_ thc results highlight the
pcssibl-. erro:s ia tegori''.g t.at .ell sub-types on the basis

c.

their tsue diFt.:iLuti-cn.

In ear, tongue and skin, which contain numerous CTMC, there
Pal ed

.:ere high concentrations of RMCP I but no RMCP II.
imniunofluorescence confirmed that CTMC

in these 3 sites,

are

exclusively of the RMCP I phenotype, supporting the view that
there are two major non-overlapping populations of mast cells
distinguished by their content of proteinases (Gibson

et

al.,

1987). Bone-marrow also contained high concentrations of RMCP I,
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of apparently mature CTMC

together with large numbers

indistinguishable from serosal mast cells.

The function of these

together with the few RNCP 11-containing

bone marrow mast cells,
cells remains unknown.

Cells expressing mixed proteinase phenotypes were detected in
the sub-mucosa of stomach,

lung and liver.

The reason for dual

expression of proteinases is unknown. However, it has been
proposed that transdifferentiatiofl of one niurine mast cell
henotype to another can occur

in vitro

1986) and in vivo (Kitamura et al.,

,(Levi-Schaffer et al.,

1987). Modulation of rat mast

cell glycosaminOglYCan expression has also been reported, where
changes from predominantly alcian blue to berberine sulphate or
safranin staining of mast cell granules was observed in lung
193) and intestinal sub-serosa (Arizono and

(Arizono et al.,
Nakao,

198) during infections with Nippcstrflg,US rasi1iensiS.

However, it was

no

whet,

hanges

occurred

amongst a static popula..ion uf mdt cells or whether there .:as
preferential proliferation of a subpopulation giving rise to
phenotypically distinct mast cells. For example, changes in
granule g1yc;aminoglYcafls occur during cell maturation or after
-'gr'nu1ation (Combs, Lagunoff and Beriditt, 1"Y) and the
histochemical properties of the granule g1ycosaminog1.'caflS do not
necessarily reflect the presence of different mast cell
subpopulations. Whether mast cells expressing both RMCP I and RMCP
II represent a sub-population which is functionally different from
RMCP I or

RMCP II

containing cells is not known. However, a
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contribution to co-expression by the active or passive uptake of
proteinaSes by MHC and/or CTMC remains a possibility and further
studies may require the use of gene probes for RMCP I and II to
fully define these reactions.

196
CHAPTER 8

SYSTEMIC RECRUITMENT OF MAST CELLS DURING INFECTION WITHj.
BRASILIENSIS

INTRODUCTION

The MMC response to nematode parasites in the gastrointestinal
tract has been the subject of numerous studies and of several
reviews (reviewed in Miller, 1984; Lee, Swieter and Befus, 1986)
and in the rat is characterised by an increase in the concentration
of RMCP II and of the number of RMCP II-containing cells within the
intestinal mucosa (King et al., 1986; Woodbury and Miller, 1982).

Mast cell hyperplasia in the lungs and mesenteric lymph nodes
of rats also occurs, after

infec.ion

with

N.

brasil.iensis

Mayhofer, Bazin and Gowans.. 1976; Arizono et al., l7.
€c al. , 1974; Taliaferro n1

ailc,

Keller

1939; Wells, 1971).

Standard tehniques for detecting gr- proteoglyzans or the
presence of intracellular IgE (Mayrhofer

et al., 1976), have been

used to identify these pulmonary mast cells. Similarly, there are
increases in the tissue content of RMCP II and of RMCP
17 taming cells in lung and mesenteric lymph nodes following
et al.,
infection with N. brasiliensis (Arizono et al., 1987; King
1986).

A variety of 'non-mucosal' tissues contain low concentrations
of RMCP II as well as RMCP II-containing mast cells (Chapter 7),
and it was of interest to determine whether these were also
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affected by infection with N.

Evidence that mast

brasiliensiS.

are not
cell responses following infection with N. brasiliensiS
confined to MNC has come from histochemical studies of lung
(Arizono et al., 1987),

however, and it was therefore of interest

to analyse the changes in mast cell proteinase phenotypes in a
variety of tissues during primary infection with

N. brasilienSiS.

To this end, changes in tissue concentrations of RNCP I and II will
be described in this chapter.

RESULTS

Distribution of RNCP I and II in tissues during infection with
NipnQs trongyip.

The concentrations of RMCP I and II in blood,

lung,

lier,

bone marrow, mesenteric lymph node, small intestine and thymus
are altered after primry infection of N.

brasi."SiS (Fig. 27

a-f). Changes in tUe. prot'iriasC corcent'atiOns in rther tissues are
tabulateu Li Appendix 2.

a) Normal rats. In general, the distribution of RMCP I and II
in non-infected (control) tissues was similar to tnat demonstrated
Grvnusly (Chapter 4) with the highest concentrations of RMCP II
in the gastrointestinal tract. The concentration of RMCP I was
greatest in tongue, ear pinna, mesenteric lymph node and bone
marrow. Ear pinna, tongue, skeletal muscle, heart and brain
lacked

RMCP

II but the concentrations of RMCP I were greater in

mesenteric lymph node, ear pinna, tongue, thymus and skeletal
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muscle than was described in the previous chapter (Chapter 7).
Concentrations of RMCP II were greater in the larynx and trachea
(Appendix 2) but lower in the thymus, when compared with values in
Chapter 7.

b) Infected rats.

Significant (p < 0.05) changes in RMCF II

concentrations were observed in lung,

liver, small intestine and
There were highly

mesenteric lymph nodes during infection.

significant (p < 0.001) decreases in the jejunal concentrations of
RMCP II on days 3-10, although on day 12 of infection there was a
significant increase (3 fold) (p

<

0.05) compared with control

values (Fig. 27d). Similarly, an initial decline in the
concentration of RNCP II occurred in lung, and mesenteric lymph
node on day 3. In the lung, the decline was followed by an
increase, reaching a maximum on day 12 (116

Lg RMCP lug wet weight

of tissue) (Fig. 27). There were fluctuations in the RNCP II
content

i

mesenteric lymph node with increased concentrations (

C;Dl) on days

5 and 12.

The RMCF IT c)nccn1.raiofl'

increased from 1 .Lg/g oi tissue on day 0 to a

ii

~

in li"er also
of 12 pg/g on

day 12 of infection (Fig. 27c).

The concentration of

RMCP I

in normal jejunum. was very low

(362 ± 4' ng/g wet weight) and decreased further following
infection, with a minimal value on day 7 (32 ± 7 ng/g wet weight of
tissue). A similar decline occurred in the mesenteric lymph node
(Fig. 27f).
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There was an initial (day 3 and 5) decline in the RNCP I
concentrations in the thymus early in infection followed by an
approximately 2 fold increase on days 7-12 (Fig. 27b). The
concentrations of RMCP II also increased significantly (up to 6
fold) on days 3-12 (Fig. 27b).

Bone marrow cells contained relatively high concentrations of
RMCP I, but only trace amounts of RMCP II. There was a highly
significant decrease in the concentration of RMCP I between 3-10
days of infection, with the lowest value, a 6 fold decrease,
occurring on day 5 (Fi.g. 27e).

Changes in the concentrations of RNCP I and II in other
tissues during infection are tabulated (Appendix 2). The changes
included increased concentrations of RNCP I in trachea/laryn:.,
uterus, skeletal musçie, ear pinna, heart and brain, buc a
decrease

in

large

Significant

intestine.

concentratoflS of RMLP II

,.ccuLred in

In

ases

in

rachea/laryriX,

tomac.

'La.-IL a nd spleen.

uterus, kiuney, heart, ear, tDngue,

The concentrations of RMCP jE in blood increased significantly
( < 0.01) on day

of infection,

were maximal (2.83 J.Lg RMCP

on day 10, and declined thereafter (Fig. 27g).

Cellular distribution of RNCP I and II by paired immunofluoresceflCe
following NippostronEyluS infection.

Tissues

were

examined

12

days

after

infection

with

those from non-infected rats.
brasilieflSis, and compared with

N.
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When compared with non-infected (control) tissue, infection of
the small intestine was associated with an apparent pronounced
increase in the number of RMCP 11-containing mast cells within the
epithelium and lamina propria exhibiting single green fluorescence
(Fig. 28b and Table 25). Paired immunofluoreSceflce on cytosmear
preparations of mast cells isolated from the intestine confirmed
that these cells contained RMCP II alone (Fig. 29a). Many more
fluorescing cells were observed in the sub-mucosa of infected rats
and the majority of these were FITC-labelled (Table 25), in
contrast to the preponderance of RMCP I-containing cells observed
in normal sub-mucosa in the present and previous study (Chapter 7,
Table 23).

However, a small proportion (4%) contained RMCP I and

were dual fluorescent,

apparently containing both proteinases

(Table 25).

The numbers of f1orescing cells appeared to be increased in
lutgs

i.ui

rats infected 12 days previously, although the fot

T tr.iutin of pulmonary east cells mde a :ju.antttave as:ssriPnt
difficult. The distibut1On was similar ::o th_ •:. .ast cells in
non-infected lung, the majority of which were located in, and
beneath, the pleural membrane. A greater preponderance of RMCP
II-coniniflg cells was located perironchially and many of them
also contain PMCP I (Table 25, Fit. 28c,d). The majority of
cells (> 90%) isiding beneath the pleural membrane contained RMCP
I exclusively with only occasional dual fluorescent cells.

In liver and mesenteric lymph nodes mast cells containing RMCP
II uniquely predominated (Table 25).

Many exhibited rather weak

fluorescence when compared with intestinal mast cells. Significant
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numbers of RNCP

I-containing and dual fluorescent cells were also

observed (Table 25). Isolation and enrichment of mast cells from
liver confirmed the presence of

RNCP

II-containing and dual

fluorescent cells in this tissue (Fig. 29 b,c).

In the sub-mucosa of the stomach RMCP I-containing cells
predominated (71%), although there were some dual fluorescent
cells (21%) and a few containing RMCP II alone. Gastric mucosal
mast cells were exclusively RMCP II-positive. In contrast, mast
cells in tongue stained exclusively for RMCP I.

The majority of

fluorescing

in thymus labelled

cells

exclusively for RMCP II, and the proportion of labelled cells were
similar to those in control animals in the present and previous
study (Chapter 7, Table 23). Similarly, no change was observed in
the proportions of label in isolated bone marrow zhere the majority
(> 2.) labelled exclusively for RMCP I

D e pl e tion of Done mar ro w mast cells dunn

1jiiry infect lon

N. brasil.LeflSIS.

Bone marrow is a ri.h source of
conc'-. ons of RMCP

RMCP

I (see above) and

I in this tissue were significantly reducer

In order to confirm
during prinary infection with N. brasi1ienSiS.
and extend these observations bone marrow cells were isolated and
the numbers of mast cells, together with the concentrations of
RNCP I,

were estimated at intervals during infection.

A marked

reduction in the number of mast cells occurred on days 3 and 7 of
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Figure 27
The concentrations of RNCP I and RMCP II in homogenates
liver (c) , small intestine
thymus (b),
prepared from lung (a),
(jejunum) (d), mesenteric lymph node (MLN)(f), bone marrow cells
(Bt4C) (e) or in serum (g) were determined by ELISA in naive
(control) rats, or at intervals during primary infection with 3000
N. brasiliensis.
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Fig. 27.
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Fig. 27.
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1910

[S

ff

Figure 28
The 1ocaUztiOn of RMCP I and RMC ii in sections of rat
jejunim (a and b), or lung (c and d), 12 days after infection with
N. brasiiienSiS larv, by paired imunof1uoreSCeflCe. (a) -and (c).
RMCP II (FITC) and (b) and (d) RMCP I (TRITC). The cells within
the intestinal lamina p'opria and epithelium contain exclusively
RMCP I, whereas there are many dual labelled cells in the lung
folowing infection.
4% paraformaldehYde pH 7.4 x 250
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Figure 29
Paired iminunofluorescence for RMCP I and RMCP II in cytosmear
preparations of isolated cells from (a) intestinal mucosa or (h and
c) liver of N. brasiliensis infected rats. Intestinal mast cells
fluoresced green and contained exclusively RNCP II (a). In liver,
RIICP II containing cells were also abundant (b), some of which also
contain RI1CP I (c).
x 600

C

n

1

711

0

SPA
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Table 25
Proportion of cells containing RMCPI, RMCPII or RMCPI and II in
rats infected with NippostrOflgYlus brasi1ienSiS
Percent positive staining cells

RMCP I

Tissue

RMCP

II

RMCP I and II

16

57

27

Liver

31

68

1

Thymus
Mesenteric lymph node
Stomach

59

100
8

38.5

0
21

Mucosa
Sub-mucoSa

0
71

peribronchial
Pleural Membrane

10
99.9

45
0

45
0.1

0
2

100
96

0
2

100

0

0

Lung

Small Intestine
a) Mucosa
L) Sub-rnucOsa
Tongue

2.5

1 Cells were deirenstrate :J pal.red immunoflu)reScenCe and tissue
F(a)') ,
rabbft
with
seque&ttially Ln.ubat.d
were
sections
monocloral
antFMCPTI
an
sheep
ant_
hecp ant-mouse 1ITC.
2 Tissue sections from five animals infected 12 days previously
and a total of 200
brasilieflSiS were stained,
with 3000 L 3 N.
fluorescing cells were counted t random from each section. The
percentage of cells fluorescing red (containing RMCPI) or green
(containing P.iCf II) onl.', 5rd cells fluorescing both red and green
(containing both PMCPI .')d RNCPII) are shown.
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Table 26
Mast cell and RMCPI content in bone-marrow following a 10
N. brasiliensis infection

Day of
infection

No 6 of mast cells x 1O 3 /
10 bone marrow 1ells
(mean ± S.E.)

ng RMCPI/10 6
Bone-marrow cells
(mean ± S.E.)

54.7

±12.6

0

2±1

3

ND

7

<1

27.4

±21.3

10

3.07 ± 0.7

84.3

± 11.7

14

2.6

69.2

± 18.6

20

2.18 ± 0.22

63

± 10.2

± 0.15

0.93 ±

0.09*

The concentrations of RMCPI (nanograins RMCPI/10 6 bone marrow cells)
in cells isolated from bone marrow are estimated by ELISA.
Infection was with 4000 L 3 N. brasiliensis.
1 All values represent the mean ± standard error from 4 rats.
9

ND, no mast cells oberved

* p < 0.05 -- npared to value at day 0 (students' two-sampled
test)
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Table 27
and its effect on
Dose response of infection with N. brasilieTiSis
mast cells and RMCPI content in bone-marrow cells

Group

No. 6 of mast cells x 1O 3 /
10 bone marrow ells
(mean ± S.E.)

ng RMCPI/10 6
bone-marrow cells
(mean ± S.E.)

30.0 ±

4.4

Control

1.76 ± 0.37
1.4

± 0.4

30.1 ± 18.9

500 L3

0.7

± 0.3

10.2 ±

2.0*

1000 L3

0.7

± 0.3

11.7 ±

2.4*

4000 L

The numbers of mash cells and RMCPI concentrations (expressed as
nanograinS RA1CPI/10 BM cells) in bone-marrow cells In rats infected
a , and
5 days previously with 500, 1000, or 4000 N. brasiliensis L.
in a control group consisting of rats injected with saline, a1one.
Values represent the mean ± standard error from 4 animals, except
the controls which consisted of 3 rats.
* p < 0.05 when compared to controls (students' two-sampled
t- test)
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infection (expressed as the number of mast cells/10 6 isolated bone
marrow cells) together with a significant reduction in the
concentrations of RMCP I /106 bone marrow cells (p < 0.05) (Table
26).

To determine whether the apparent reduction in the number of
mast cells and in the concentration of RMCP I in bone marrow were
dependent on the challenge dose of NippostrOflgYlUS larvae, these
two parameters were examined in rats infected five days previously
with 500, 1000 or 4000 L 3 . The number of mast cells and the RMCP I
content in bone marrow from animals which had received the lowest
dose (500 L 3 ) of larvae were unaltered when compared to values in
normal controls (Table 27). However, a greater than 2 fold
reduction in the number of mast cells and an almost 3 fold decrease
in concentrations of RNCP I were demonstrated in rats infected with
1000 or 4000 L 3

DISCUSSI'

Previous studies have shown that mast cell responses following
NippostrOflgylUs

infection occur in the intestinal mucosa, MLN and

1976; Taliaferro and
lung (Arizono et al., 1987; Mayrhofer ec al.,
Sarles, 193, However, the results of the present study
establish that mast cell responses occur in a variety of other
tissues following NippostrOflgylus infection, and involve both known
mast cell proteinase phenotypes.
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The results confirm earlier work (King et al. , 1986; Woodbury
and Miller,

1982)

and show major increases in RMCP II

concentrations in MIlL the lung and the intestinal tract 12 days
after infection when worms are normally in the process of being
expelled. Smaller, but significant (p < 0.05) increases in RMCP II
concentrations between days 7-12 were also observed in other
tissues including stomach, trachea/larynx, thymus, spleen, kidney,
heart, brain and liver. The 12 fold increase in concentration of
RMCP II in the latter organ may reflect a local proliferation of
RMCP II containing cells. Alternatively, a significant proportion
may be derived from the clearance of RMC? II-serpin complexes,
which are probably formed within a few seconds of the release of
RMCP II into blood (Shepherd, personal communication). Such
complexes may be cleared from the blood via the liver in a similar
manner to injected protens (Winkler ec al.,

1990), possibly

resulting in their concentrations through the action of Kupffer
cells (Bogers al,, 1990). The observed fluorescence was
-,nfine< 'o -'lis with the morphology of mast - tells locater' in the
pertal triads or as3ociad with the larger duets. Thi.le the
number of mast cells appeared to increase following infection,
these observations are subjective and an assessment of the mast
cell densities in the liver, as well as in other tissue locations,
are required in ord

to fully define the cellular response.

The tissue distribution of RMCP I and II in normal,
non-infected animals was similar to that demonstrated previously
(Chapter 7), with some minor difference in the concentrations of
proteinases probably because of the disparity in age (2 vs 4 month
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old rats). Fluctuations in the concentrations of RMCP I following
infection were also observed, and of note was the decrease early
during infection (3-5 days) of RHCP I concentrations in thymus,
MLN, spleen, tongue and BM. The decrease was most profound in the
1-containing
BM, and was associated with an apparent loss of RMCP
cells between 3 and 7 days of infection. This effect was
reproducible and was dependent on the dose of infective larvae
since low doses (500 L 3 ) did not induce these changes. A likely
reason for this depletion is that

NippostrOrigYlus

releases a

deg ranulatiflg agent, a rationale which has been suggested for the
depletion of intestinal
NipposCrOflgYlUS

al.,

early during a primary infection with

MMC

(Miller, 1970; Nawa and Miller, 1979; Woodbury et

1984).

Increased concentrations of RMCP I were however, noted in
suggesting that there might be

trachea/larvnx and lung,

proliferation and/or recruitment

of RNCP 1-containing cells.
w

3ubcve assessment indicated Lhat th- uensity of mast ce)

increased in lung and a higher proportiCfl of i.ese mast cells
contained both RMCP I and II.

It is not known if the cells expressing the dual proteinaSe
phenotype represent a separate cell lineage and therefore a
distinct mast ccii sub-set. They may, however, represent an
intermediate form in the transdifferefltiatiom (Levi-Schaffer

et

al., 1986) or phenotypic switching of mast cells proposed in
earlier studies (Kitamura
Arizono and Nakao,

1988).

et al., 1987;

ArizoflO et al.,

1987;

Alternatively, the passive or active

uptake by mast cells of heterologOus proteiflaSe is also possible
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since dual staining was observed in relatively

but less likely,

few tissues, despite the relatively high concentrations of RNCP II
circulating in blood. The latter probably contributed to the trace
amounts of RMCP II detected in most tissues on day 12. On the other
hand, intestinal mast cells within the mucosa stained uniquely for
R}ICP II, an observation which was confirmed when these cells were
isolated from the intestinal mucosa. Moreover, dual staining cells
were rare in the thymus, despite the presence of numerous RMCP I
and II containing cells situated in close proximity to each other
in this tissue. Thus, the prominence of mast cells with dual
proteinase phenotype in certain tissues suggest that these cells
may arise through the influence of microenvirOnmental factors
previously indicated for the IL-3 induced generation of MNC (Haig,
1938)

While there is m4çh evidence to support the view that RNCP
ii-containing i..:estinal mast cells have an important role in the
immune ion of nematodes (reviewed M'ller, 1984), tbe
significance of the mast cel. responses in
obscure.

'tieL

t

is more

The expansion of a pool of bone marrow-derived mast cell

precursors may occur in MLN following infection,
transferred "ia the
(Guy-Grand et

81..

which are

thoracic duct. to the intestinal mucosa
1984). This migration may account for the

striking increase in RMCP II-containing cells in the hypertrophied
muscularis during infection, when compared to the relatively few
mast cells which were exclusively of the RNCP I phenotype in this
location in normal rats. A similar increase in cells with
histochemical properties of MNC has been noted previously in the
intestinal muscularis following infection with

NippostroflgylUS
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(Arizono and Nakao, 1988).

In view of this, the finding that the

responsiveness of intestinal smooth muscle to 5hydroxytryptamifle
and acetylcholine is increased in rats infected with
NippostrongylUS is of particular interest (Farmer, 1981a; Farmer,
Brown and Pollock, 1983). Release of similar agonists locally
derived from mast cells may induce an increase in gut motility,
which may help to dislodge damaged worms from the mucosal surface
and expedite their subsequent expulsion (Farmer, 1981b).
Furthermore, enhanced responsiveness to agonists was also
demonstrated in vascular smooth muscle, which was maximal 14 days
after infection with

NippostrongyluS (Farmer, Brown and Pollock,

1983). This latter finding indicates a systemic response involving
an immune component, a finding which is supported by the present
study where increases in RMCP I concentrations were noted in a
number of tissues following infection including skeletal and
cardiac muscle. Thu it is tempting to speculate that enhanced
respoi:cs which Involve mast cells may occur in a vari-t rf
.,or-iucusa1 tissues following nenatc.1e inrccttn.

To summarize, the present study has shown that during a
infection of

NippostrongylUS,

10

changes in the RNCP I and II

con'trations occur in almot .11 tissues of the rat. This
finding 'emoristrates that mast cell responses to

NippostrongyluS

are not confined to the gastrointestinal or respiratory tracts.
Moreover, recruitment in non-mucosal tissues include RNCP
II-containing cells, as well as cells which contain both RMCP I and
II. The relevance of these responses, both in terms of their
impact on the host as well as on nematode parasites, require
further study.
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CHAPTER 9

FINAL DISCUSSION

The work described in this thesis has made a significant
contribution to the phenotypic characterization of mast cells and
has shown that these cells are functionally active, secreting
granule proteinases during the immune expulsion of nematode
parasites in three species namely sheep, mouse and rat.

The role of mast cell granule proteinases remains unknown,
although evidence at present indicates that RMCP II may disrupt the
epithelial basement membrane (Sage, Woodbury and Bornstein, 1979),
resulting in an increase in mucosal permeability, epithelial cell
shedding and mucus secretion (King and Miller, 1964; Miller
al., 1983b;
latte

Miller,

et

Huntley and Wallace, 1981). Although these

tves have been confined to the. rat,

the de-ectior of

mast cell proteinases in mucus secretions of -.heep 4) and
mouse (Tuohy et al. , 1990) during parasite expulsion supports the
view that similar mechanisms occur in these species.

Secretion of mast cell proteinases in response to worm
challenge was demonstrated in all three species studied. However,
inhibitor-enzyme interactions may modulate the systemic activities
of secreted granule proteinases, preventing extensive tissue damage
and restricting their activities to the local microenvironment.
These inhibitors may be overwhelmed though, as indicated by the
severity of the lesions during anaphylactic enteropathy induced by
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the injection of worm or worm antigen in NipposCrongylUS primed
rats (King and Miller, 1984).
epithelial cell shedding,

Similar mucosal damage,

including

mucus secretion and increased inucosal

permeability may occur in immune sheep following challenge with a
large dose of

HaemonchuS

larvae (Miller

1983a, 1986)

et al.,

indicating that these hypersensitivity reactions in ruminants also
involved MMC.

Indeed, gastrointestinal mastocytosis was a consistent feature
of nematode infection in all 3 species, and suppression of mucosal
mastocytosis by prior treatment with corticosteroid also abrogates
Miller et al.,

rapid expulsion of nematodes in sheep (Chapter 4,
1986) and rats (King et al.,

1985a). The resistance developed in

sheep by repeated dosing with
short-lived (< 12 weeks),

H.

contortus

was relatively

implying that repeated challenge with

rclevart antigens may be required for the maintenance of maxn.
: .o c.tior involving rapid won;. expuLicn.
the cessation of latvai dosing, expulsion

Hweve,
0::

6 we-!-s -fter

w'.rns occurred with

near normal numbers of MMC and SMCP concentrations in the mucosa.
Such observations do not assess the functional activity of MMC
though, and the lack of dc :ectable SMCP in the mucus at 6 weeks
may reflect:
SMCP.

sensitivity of the ELISA rather than an absence of

Moreover, the functional activity of MMC at 6 weeks but not

at 12 weeks may be due to a decline in IgE titres.

The present

results do not, therefore, preclude the possibility that mast
cells are not essential for RE and the precise involvement of
IgE/mast cell activation remains to be fully explored.
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Thus, while it is likely that mast cells within mucosae are in
some way involved in the protective response, the relevance of
fluctuating populations of mast cells in 'non-niucosal' tissues
distant from larval migration is more difficult to assess. Low
molecular weight components in nematode secretions have been shown
previously to induce degranulation of rat mast cells (Uvras and
Wold, 1967), and it is therefore possible that the substantial
decrease in RMCP I-containing cells in BM observed during the
present study was due to their degranulation following the systemic
circulation of worm antigens.

While the functional activity of rat intestinal and serosal
mast cells has been compared in terms of their ability to respond
to various secretagogueS with or without inhibitory agents, (Befus
et al.,

1982; Shanah,t et al.,

1986), the activity of mast cells

fron. other ..ites has not been determined. The isolation of viable
ma.... c.ils from other organs,

such

the

compare function with protetnase phenotype

1Afl-

J required to

At .. L..:nt it is not

possible to equate RMCP II containing cells in tissues, such as the
liver,

with RMCP II containing mucosal mast cells in the

gastroiestiflal tract.

Much of the present study has relied on the sensitivity and
specificity of the assays employed to detect mast cell proteinaseS.
An advantage of the ELISA is that it is independent of the
chymotryptic activity of the granule proteaseS, enabling samples to
be stored for prolonged periods (> 1 year) without appreciable loss
of detectable enzyme (unpublished observations). This is in
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contrast to the standard methods of assaying proteinases through
their enzymatic activity. Assays for RMCP II and IMCP were not
significantly affected by inhibitors within serum although assays
for SMCP, and to a lesser extent RMCP I, were profoundly
influenced by their interaction with serum derived factors (Chapter
3). Of interest was the observation that inhibition of the assay
for SMCP occurred in the presence of heterologous serum, including
normal mouse or rat serum (data not included). This finding
indicates that the inhibition of antibody binding is dependent on
the properties of SMCP rather than inhibitors such as serpins or

2 -macrogthb.ulths in sheep serum. A comparison of the amino-acid
sequence and of the intra-chain disulphide bonding of SMCP with
those of RMCP I, RMCP II and IMCP may provide some evidence for
this property of SMCP.

The reason for the loss ci .ntigenicity of SMCP following
i'terac..ion th n - l.bitors

Is

Intriguing and requires furt1r

study. Two rat serpins which inhibi.t RNCP II, have been isolated
recently and on the basis of their N-terminal amino-acid sequence
have been identified as

1 -proteinase inhibitors, (Shepherd,

M111eL and Ryle, 1991). The isolation and purification cf o.ine
serpins would permit a more detailed molecular characterization of
the interactions of SMCP and RMCP II with homologous and
heterologous serpins. Furthermore, the generation of polyclonal
or monoclonal antibodies to the SMCP-inhibitOr complex may provide
a novel basis for SMCP assays which would overcome the problems
associated with presumed conformational changes of the SMCP
molecule as it binds to proteinase inhibitors.

220

The exquisite specificity of distinguishing mast cell sub-sets
on the basis of their proteinase content,
available techniques (Enerback,

when compared to other

1966a and b;

Stevens et al.,

1986), has provided further evidence for their heterogeneity and
the present studies have demonstrated a degree of complexity in
rodent mast cell phenotypes which has not been previously
recognised. The possibility that mast cell sub-populations can
switch from one phenotype to another has been proposed previously
(Kitamura et al.,

therefore,

1936; Arizono et

Those mast cells containing both RMCP I and II may,

1987).

al.,

1987; Levi-Schaffer et al.,

be in a

transitional

phase

of

development;

alternatively they may represent a third distinct population of
culls.

Studies in vitro

have established that growth of mast cells

from PM only occurs in the presencc c -7 certain cytokines.
instar.ce,, t

For

de 1prrnt of RMCP II-'ontaining cells is dependent

on the presenca ..f IL .haig et al.,

1988) wheres the generation

of tissue mast cells may require additional factors such as IL-4
(Tsuji et al.,
(Zseo et al.,

1990) or the recentLy cescrLoec1990;

Martin et al.,

LLII

1990). The generation of a

particular mast cell sub-population in different tissues may
therefore depend on the local production of cytokines, and dual
proteinase expression may reflect the effects of a combination of
cytokines.
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Further analysis of the synergistic effect of cytokineS on the
in vitro

expression of granule proteinaSeS is required, and the
in situ hybridization and of i mniunohistocheiflistrY

combined use of

would be of particular value in assessing the extent of
transcription and of storage of RMCP I and II in individual cells.

Murine mast cell also exhibited considerable proteinase
heterogeneity (Chapter 6), and IMCP can be separated into at least
5 distinct 3[H]-DFP binding polypeptides each of different MW or
charge (Newlands, Knox and Miller 1991, unpublished observations)
all of which are recognised by the ELISA for IMCP (Newlands,
unpublished observations).

Proteinase heterogeneity was also demonstrated in mast cells
generated in vitro
al.,

frojp sheep and mouse (Chapter 5,

1990) but r.c rat FMMC (McMenamin et al.,,
stuc!

it

Newlands et

1987).

In the

is not known whether SMCP : , nc an additional

p.itativc proteinaSe are present i.i distinct cell 3opul  'i , ) rl or
whether they are both present in the same cell. The question of
BMMC heterogeneity may be addressed by cell cloning, although there
may be problems associated with the maintenance of such cultures.
There was some difit'xltJ in generating and maintaining ovine BMMC
and the life-span of individual cultures varied from 30-80 days.
The enhanced maintenance and differentiation of rodent BMMC using
embryonic fibroblast feeder layers have been reported (Ginsburg and
Lagunoff, 1967) and, in view of this, the effect of ovine
embryonic fibroblasts on ovine BMMC are similarly being assessed.
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However,
stable,

studies with ovine BMMC would advance more rapidly if
immortalized BMMC were available.

Cell lines have been

generated for both rat and mouse mast cells (Seldin et al.,
Reynolds et al.,

1988)

1985;

and retroviral mediated transfection of

oncogene DNA is at present being employed in an attempt to
transform ovine BMNC. Such cells would be used

in vitro for

functional studies, but would also be invaluable for the isolation
of sufficient quantities of mRNA and the construction of cDNA
libraries.

The cloning of the SMCP gene would certainly be useful

for further studies,

including amino acid sequence prediction to

determine the relationship between primary and tertiary structure
and the potential interaction with serpths.

An important finding was that ovine BMMC can be sensitized
with homocytotropic imnunoglobu1in from serum derived from sheep
IEatedly infected with nematodes. Increased synthesis of IgE is
a characteristic feature of nemcde inectior3 in rdent$ (Jarrett
and Miller,

1982),

and the hiding .f igE via F receptors

followed by interaction with antigen is a major stimulus for mast
cell activation (Metzger et al., 1989). However, ovine IgE has yet
to be isolated although the presence of homocytotropic
imn,uro,lobulin has been reported in the serum of sheep following
infection with Ostertagia

(Hogarth-Scott,

1969).

This latter

imniunoglobulin was considered to be of a novel IgC 1 subclass
rather than IgE (Curtain and Anderson, 1971) and in this respect it
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is interesting to note that the sensitizing immunoglobulin observed
in the present study reacted with monoclonal anti ovine IgG 1 but
K.

,..- with anti-IgC 2 (kindly provided by Dr.

Beh,

McMaster

Laboratories, Sydney. Data not included).

Further work is in progress to isolate ovine homocytotropic
immunoglobulin,
antibodies.

using BMMC to identify mast cell sensitizing
Purified immunoglobulin will be assessed by

immunological and biochemical criteria,

including the ability to

induce a passive cutaneous anaphylactic reation. Finally,

since

rodent BMMC sensitized with monoclonal antibodies are able to
respond to antigenic or immunological stimulation and release
granule constituents (Mencia-Huerta et al., 1983; Shanahan et al.,
1986), sensitized ovine BMMC may be employed to examine various
nematode antigens in orjer to identify important allergens.

In summary, while mast cell su-p'pt'lations i.n he sheep have
not been invesdgated,

prot'inase hnocypes in rodents havi

revealed considerable heterogeneity.

Characterization based on

intra-granule proteinases to distinguish mast cell sub-populations
is likely to be more accurate and sensitive than methods previously
cnThyed. and the present studies indicate that the conly
employed terms MMC and CTMC do not adequately describe rodent mast
cell sub-sets. Such distinction is an important pre-requisite in
determining mast cell function during hypersensitivity reactions.
Identification of mast cell sub-populations in man may enable the
development of more efficacious anti-inflammatory drugs which would
be targeted at a defined sub-population of cells.
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APPENDIX I

SOLUTIONS, BUFFERS AND FIXATIVES

Ringers Solution
NaCl
KC1
CnCL2 2HO
MgC1 2 H 2 O
H 0
2

Tyrodes Solution (Ca

6.00 g
0.3
g
0.134 g
0.20 g
Make up to 1 litre

NaCl
KC1
Na 2 HPO4
Glucose
1120

8.0
0.2
0.05
1.0
Make

and t1g 2' Free)

g
g
g
g
up to 1 litre

FIXATIVES
Carnoy's Fluid
100 ml of this fixative was prepared with 30 ml of
chloroform, 60 ml of absolute ethanol and 10 ml of glacial acetic
acid.

4% Paraformaldehyde
Four grams of parafornialdehyde were dissolved in 100 ml of
PBS by heating and stirring on a hot plate. The fixative was
cooled to room temperature before use.

Phospate-Buffered-Saline (PBS) pH 7.4
The following chemicals were dissolved in 5 litres of
400 g NaCl, 10 g KCL, 57.5 g Na 2 IIPO 4 and 10 g
distilled water;
This is a ten times concentrate of PBS and an appropriate
KFL,P0.
dilution was made before use.

Buffers for SDS-PAGE:Separating buffer pH 8.8
IM Tris/UC1 pH 8.8

Stacking buffer, pIT 6.8
0.5M Tris/llCl pH 6.8
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Tank buffer, p11 8.3
Glycine
72.05 g
Tris
15.14 g
SDS
5.0 g
Make up to 5 1

Sample buffer
Stacking buffer (B)
20% w/v SDS in 1120
Mercaptoethanol
Glycerol
Bromophenol blue (0.1 % w/v)

2.5
2.0
1.0
2.0
2.5

ml
ml
ml
ml
ml

Stock Acrylamide Solution
)Fisons Ltd., Loughborough
30 g Acrylamide
0.8 g Bis-acrylamide)
Make up to 100 ml with distilled 1120 and filtered through
0.22 .Lm membrane.
All chemicals were electrophoresis grade.

Constituent for SDS-PAGE gels (MINIGEL):Stacking Gel
(4%)
Separating buffer (A)
Stacking buffer (B)
Stock acrylamide
Distilled 1120
20% w/v SDS
T EM ED
10% w/v Ammonium persulphate

2.5 ml

-

1.4
0.72
3.09
0.14
10
100

Resolving Gel
(15%)

ml
ml
ml
ml
ul
ul

-

5.0
1.9
0.5
10
100

Buffers for Semi-dry Electroblotting:a) Anode buffer No. 1:
0,3 M Tris, 20% methanol, p11 10.6
h) Anode buffer No. 2:
25 mM Tris, 20% methanol, pH 10.4
c) Cathode buffer:
25 aiM Tris, 40 mM 6-amino-n-hexanoic acid, 20%
methanol, p11 9.4
Radloimmuno Precipitation Buffer
0.05 M Tris-HC1 p11 7.2 containing:0.15M NaC1
Na deoxycholate
1%
0.1% SDS
Triton X-100
1%

ml
ml
ml
ul
ul

APPENDIX 2
Concentrations (ng/gn wet weight) of RMCP I and RMCP II in rat tissues following infection with N. brasiliensis
DAYS OF INFECTION

Tongue

RMCP I

97037 ± 5913

RMCP I
RMCP II

Stomach

Large
Intestine
Uterus

RMCP I

8012
2518 +

RMCP I

RMCP I

RMCP I
RMCP II

Skeletal
Muscle
Ear

RMCP I
RMCP II
RMCP 1
RMCP II

Brain

RMCP I
RMCP II

ND
23936

818095 227477

72732 ± 27300
125530**
1184808

96±

71616

306

'p533
9264

485

302

1824

275

3745 ± 617
28

24742

194910
5327 ±
163+

98

1106
30
108*

158+

13

240

18*

132+

13

108+

16

7

118+

12

96

2288 +

250

RMCP II

Heart

NO

1659

197342 + 15799

RMCP I
RMCP II

Kidney

739

4029

RMCP I

RMCP II

Spleen

21400 + 1654
193938 + 21921

RMCP II

RMCP II

92389 ± 6596

ND

RMCP II

Trachea/Larynx

5309

77480

1836+
32+
8359

7

10
802

11740 +

128649 + 15074
ND
0.7 +

16835
1697 ±
243563
3771 +
166±

4
0.4

3.3

40241
325

1402
1037

1766*
20

187+
2345
31 +

37
123*

1912

9077

1.6

3**
18.7

12327 . 1555
58*
1264
196923
5609

9.9

317

2129

11423
1309

6429
276

36*

114

1343

105

1586 +

116±

15

128±

92*

798 +
2966 +

8

108

250
2575

2371

13282

6.2+

267
141**
20
46***
240*
8**
1880*

15380 ±
161399

16135

4913 + 1057
1096*
1581 ± 258

268099 42986
4603 ± 1146
356+
1526
2025

78
209
118**

63 ±
1998 +

192**

2391 +

164

108 +
17492

5433
2

228230 30669

5
5**

26+

10

23±

4

2

7*

24+

7

24+

Supernatants derived from tissue homogenates in 0.02 M Tris/HCI, pH 7.5 containing 1 M NaCI were assays for RMCP I and RMCP II by ELISA, and
Each determination represents the mean value
the concentrations for each are expressed as nanograms RMCP I or II/gram wet weight of tissue.
tandard error from 5 animals.
Days after infection with 3000 L 3 Nippostrongylus larvae.
ND, RMCP II not detected.
Values statistically significant from day 0 values by Students two-tailed t-test * p < 0.05, ** p < 0.01,

p < 0.001

3

16777

5*

12+

+

689122 7359**

3.6+

NO

238882 34093*

38+

39
61577 :t 16071

387741 ± 92714
1512
7409
13852 ± 1165*

+

746
9

3

56114
609*

42*

265

144543 20079

8439

18+
45729

273089

ND

NO
2.5*

4483 ± 769

123300 ± 12724

ND
33704**

317507

42670 ± 9758
492267 + 32940**

11

ND

180211 + 10177*
NO
31 +

311

38
126*

ND

NO

14+

2131

5305

92789 16508
4

741
1159**

12

10

7

5

0

Tissue

U,
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Su,,z,,u,r', An cni.yme-Iinkcd immunosorhent assay (EL1S.\ for sheep mast cell

proteinase (SMCP) has been developed. Concentrations of S\1C1 5 in homogenates of aboniasal tissue from parasite-immune sheep (341 jig SMCP g tissues)
were raised when compared to those in normal (non-infected) aboinasa (0.145 ig
SMCP g tissue). SMCP was not uctected in sera fro n normal anim:ils challenged
it1i I!ae,no,wl,uc contort us but was present ( < 10 ng"'MCP ml) in sera from S II
ii!niunc sheep 2 Ii after irtra-ahomasal challenge •vith I x 10 esheaihsd
/Iacnwnc/zus larvae. Is
ur!hcr experimems. the SMCF response in gastric
lymph vas monitored aft-:-r homo!ogot's larva! ehalengc in sh'cp immujic i
Oszcrsaja circu,,uj,i1'(j and in normal controls. SM UP ( < 14 ng SMCP, r , 11
(' ected ii: lv
froi 2 3 and 4 5 immune animals between I and 4 day:. postchallenge with 50 000 larvsie. but not from normal animals. SMCP was no'
d.tccted in lymph from immune animals following chall.u'e with 1000 O.stertagj,
larvae. The relatively low concentrations ofSMCP in blood and lymph reflect the
presence of proteinase inhibitor(s) v.hich interfered with the ELISA.
Keywords: enzyme, mast ccli, parasite, immunity, proteinase inhibitors

Introduction
Previous studies have shown that immunity to gastroii1:c.inaI nematode parasites in
immune rats is characterized by failure of infective larvae to adhere to or enter the
mucosa. and they are subsequently expelled wihin a few hours (Russell & Castro 1979,
Lee & Ogilvie 1981, Miller, Huntley & Wallace 1981). Immediate hypersensitivity
reactions, involving niucosal mast cells (MMC). have been implicated in this process of
rapid expulsion in the rat (Miller et al. 1983b). Rat mast cell proteinase 11 (RMCPII), a
granule enzyme of MMC (Woodbury & Neurath 1978), is released systemically during
the immune elimination of nematodes (Miller ci (i!. 1983b, Woodbury et al. 1984). and the
development of a sensitive enzyme linked imrnunosorbent assay (ELISA) for the
detection and measurement of RMCPII has thus provided a unique method to monitor
the functional activities of rat M MC in rico (Miller ci (il. 1986).
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Although the factors influencing nematode expulsion have been studied most
intensively in rodents there is much evidence to suggest that similar immune mechanisms
also occur in sheep (reviewed by Miller 1984). Recently, a chymotrypsin-like granule
enzyme. termed sheep mast cell proeinase (SMCP), has been isolated from ovine MMC
(Huntley ci at 1986) and in the present study an ELISA for SMCP has been developed.
The concentrations of enzyme were measured in ahomasal tissue and blood from wormfree (non-infected) sheep and from sheep immune to Haenwnc/ius contortus before and
after challenge.
Changes in composition of gastric lymph indicating the presence of a local
hypersensitivity reaction in immune sheep following challenge with Osiertagia circwncineta have been described (Smith ci at. 1983. 1984). This response has been further
investigated by assaying SMCP in gastric lymph collected from those earlier experiments.
The results clearly demonstrate that systemic rciease of SNICP occurs in immune sheep
after nematode challenge.

Materials and methods
A NISI A LS

Housed. 8-9 month old Gryface x Suffolk wether and ewe lambs were used throughout
this study. All animals were raised and noused under worm-free conditions and offered a
pelieted diet. —
IN] EC

)N \'I I NEMA 1OI).i LARVAE

Hae,;:onc/,us conlortus
Sheep were infected with 10 000 third stage Hacinonchus colitortus jarvac. Six weeks after
the first infection they were subjected to daily oral challenge with 10 000 third stage larvae
until Faecal egg counts fell to very low or negative values approximately 10 weeks later,
when they were treated with anthelmintic (Miller ex al., 1983a). One week after
anthelniintic treatment both immune and normal control sheep were given an intraabomasa ch.iieng with I x 106 exsheathed larvae 'a an in-dwelling fulatex cathei:er
(Miller ci at 83a).
Osterzagia ('ircwnduzcza
Sheep were oraily dosed with 2x 10 larvae per day for 9 weeks and treated with
anthelmintic. One week later a total of eight immune sheep and four naive controls were
challenged orally with 5 x 10 0. circumcincta (Smith ci at. 1983). A further three immune
animals were challenged orally with I x 10 1 0. circumcincta.
COLLECTION OF GASTRIC LYMPH

Lymph for SMCP analysis was obtained from samples collected during earlier
experiments (Smith ci al. 1983; 1984), which had been stored at —20 C. The methods used
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for cannulating the gastric lymph duct and for sampling have been described (Smith ci al.
1981).
COLLECTION

OF

SERUM

Sera from normal (non-infected) sheep. or from animals which had been primed by daily
challenge with I x 10' I!aenwnc/zus larvae, were collected just before, and at intervals after
intra-abomasal challenge with I x 10 1 exsheathcd larvae.
PREPARATION OF TISSUE
Excised ab(,masal (gastric) folds were washed brielly in tap water and processed
immediately for enzyme cx!raction is described previously (Utintley ci al. 1986). Tissue
for i m muno-histochemistry was fixed in paraformaldehyde in phosphate bulThrcd
saline pI-I 74 for 6 h (Newlands. Huntley & Miller 1984). Tissues were processed as
described previously (Miller ci al. 1983a) and embedded in paraffin wax.
PURIFICATION

OF ShEEP

MAST

CELL

PROTEINASE

SNICP was purified from immune aboniasal tissue by immuno-affinity chromatography,
as described earlier (Huntley ci al. 1986). Briefly, a 2 si KCI extract of tissue was applied
sequentially through Scharose 411 (Pharrnacia)-nOrmal rabbit lgG and Sepharose 413rabbit anti-SMCP allinity columns. Final purification of SMCP vas by cation exchange
chromatography on MONO-S (11 11C. Pharmacia) (Huntley ci al. I
ANTISERUM
Antiserum to SMCP was raised in rabbits as detailed before (Huntley et al. 986).
PREPARATION

OF

ANTIBODY ANt) Fab FRAGMENTS

SMCP (400 Lg) was coupled to 5 ml of cyanogen bromide-activated Sepharosc-4 1B
(Pharmacia) and antibody to the proteinase was affinity-purified from rabbit anti-SMCP
serum. Antibody bound to SMCP-Sepharose 4B was eluted with O'l M acetic acid
containing 05 xi NaCl and was neutraIiz.d with I xi Tris. Following dialysis against
phosphate buffered saline. pH 72, aliquots of antibody were stored at —20 C. AntiSMCP Fab. was prepared by the method of Wilson and Nakane (1978). The preparation
and purification of polyvalent sheep F(ab')2 anti-rabbit Fab were as described previously
(Nawa. Pirish & Miller 1978). Sheep F(ab') 2 anti-rabbit Fab was coupled to peroxidase
according to the method of Nakane and Kavaoi (1974).
IM MUNOHISTOCHEMISTRY
After blocking endogenous peroxidase activity, paraform aldehyde- fixed tissue sections
were incubated with Fab anti-SMCP (1 pg/ml) followed by sheep F(ab')2 anti-rabbit Fab
1986).
peroxidase (25 ig'ml) conjugated as previously described (Huntley ci al.
Peroxidase activity was revealed with 3.3 diamino-bcnzidine and hydrogen peroxidase.
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For control purposes, a 1150 dilution of normal rabbit serum was substituted for
anti bod v.

ENUMERATION OF MUCOSAL MAST CELLS

The numbers of MMC stained with anti-SMCP were counted using a x 10 eve-piece
containing a graticule and a x 25 objective lens. Counts were performed as detailed
elsewhere (Huntley, Wallace & Miller 1982) on five fields from each of three separate
sections of the fold and results expressed as cells per 02 mm 2 of mucosa.
PROTEIN ESTIMATION

Protein concentrations were estimated with BCA protein assay reagent (Pierce Chemical
Company, Rockford, USA). Assays were performed as decrihed by the manufacturer,
using bovine serum albumin (grade V Sigma) as a protein standard.

ENZYME-LINKED IMMUNOSORHENT ASSAY FOR SMCP

A double antibody sandwich method was developed for the measurement of SMCP, and
initial studies were carried out to determine the optinia concentration of coating
antibody and dilution ofperoxidase-conjueated antibody. The assay routinely employed
was as follows: flat bottomed micro-ELISA plates (M 129A. Dynatech Laboratories Lt(l,
Bi!liab'harst, Sussex) were incubated overnight (4 C (150p1/,well) rabbit anti-SMC'p
anahodv (025 !zg ml) in carbonate bicarhon''e hnlIer pH 9 Thf , solution containing
antibody was removed and the pl:te washed six times with phosphate buffered salint'
containing 0- 1 % TwLen 21) (03L 120). Dilutions of unknown samples and standard
SMCP samples were made in PH (T20. The samp'es (1 1 0 1dwell) were incub:ted for 2 h
at 37 C and discarded and the plates were washed six times in PBS/T20. The wels were
then incubated with 150 pl ofperoxidase-conjugated rabbit anti-SMCP (I 500 dilution of
stock in PBS'T20) for h at 37 C. Alter a further six wash-s with PBS1T20 the wells were
incubated for 15 min with freshly prepared ortho-phenylenediamine (OPD) and in HO-,
phosphate-citrate buffer pH 50 (150 pl'well) (Voller. Bidwell & Bartlett 1979).
Development olcolour was stopped by the addition 01 50 p1 of 2-5N.1 H 2SO4 . The colour
reaaon at OD 492 nm was measured in a Titeri:k Multi can Reader (Titcrtek Flow
Laboratories). Concentrations of SMCP in unknown samples were calculated from
standard curves prepared from the SMCP standards, and resuis cxprcsd jig SMCP/g
wet weight of tissue, or pg SMCP/ml of serum or lymph. Controls consisted of: (a)
substituting PBS/T20 for samples and (b) incubating samples in uncoated wells.
Because sheep serum caused inhibition of the SMCP ELISA, an ELISA was also
employed to investigate inhibitor(s) of antibody-SMCP interactions in serum and lymph.
Serial two-fold dilutions of serum or lymph from immune or worm-free sheep were
prepared in PBS T20, and to these was added an equal volume of SMCP (20 ng'ml).
Following incubation for 10 min at 37 C, the samples were added to antibody-coated
wells and assayed as described above. Results were expressed as the dilution of serum or
lymph which produced a 50% reduction in OD at 492 rim. when compared to that
produced following incubation of SMCP in the absence of serum or lymph.
2
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Results
The concentration of coating antibody influenced the sensitivity and the linear range of
the test for SMCP (Figure 1). Although the strongest colour was obtained with the highest
concentration of coating antibody (12 jig/mI), wells coated with 025 jig/nil of antibody
produced the most sensitive test detecting as little as 500 pg/mI of SMCP. In view of this,
all subsequent assays were performed with coating antibody concentrations of 025 jtg/
ml.

•—_..

'2

•—.. 3
•_•
0

•—.
025

0

1
22 24
LoP'

cinventroton

f SMCP (i'g)

;gtLre i. rIC fl'cct th concent:a'on rI coating rabbit antibody (U25-12 Jig/mi) in a (tflUble
-antibody sandwich E[.ISA for SMCP. Peroxidase-conjugated antibody was used at 1/500 dilution
Of S Loc k. Folio t add ition of subsrate (OPD), the color reactici was allowed to develop for
15 nun when the OD 492 was measured.
Table I. Concentrations of SMCP and numbers of MMC in
immune and normal ahomasal tissue

Group
Immune
Worm-free

ug SMCP/g wet weight
No. ofMMC
abomasal tissue
(x±s.e.)
e.)
No. of sheep
(
4
4

341 ± 190
0.145 0.0411

77-6+9-9d
10.7±20h

Concentrations of SMCP in homogenates ofabomasal tissue.
Mucosal mast cells (MMC) demonstrated with rabbit Fab
, MC per 02 min' of
anti-SMCP and expressed as the number of .M
abomasal fold.
Immune sheep had been challenged daily with 10 000 third
stage Hoernonchus larvae for 10 weeks.
a vs h within columns. P < 0-001 by i.test on log-transformed
data.
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Figure 2. Staining of mucosal mast cells in sections of (a) immune and (b) normal gastric mucosa,
following incubation with Fab anti -SMCP and sheep F(ah') 2 anti-rabbit Fab peroxidase conjugate.
Pcroxidase activity was revealed with 13 diaminobenzidine and hydrogen peroxide. 4%
paraformaldehyde fixation. x400.
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Figure 3. Changes in the concentration of SMCP in sera of II sheep immune to /hwntone/,us
c-onwrlILv (•), and in 13 normal (non-infected) sheep (0), following intra-ahomasal challenge with
x IO cxsheathed J!aemonchus larvae. nd. SMCP was not detected.
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Figure 4a, b. Changes in SMCP (•) in the gastric lymph of previously infected sheep after oral
challenge with 5 x lO Ostertagia larvae. Values for the pepsinogen activity (0) of these lymph
samples which have been previously reported (Smith et al. 1983. 1984), are also shown for
comparison. Two experiments are shown. (a) represents the mean results from five sheep and (b) the
mean results from three sheep.
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The amounts of SMCP in homogenates of ahomasal tissues obtained from four
worm-free sheep. and from four sheep repeatedly infected with Hacnionc/ius larvae
(immune) are shown in Table I, together with the tissue counts of mast cells containing
SMCP (see also Figure 2). The concentration of SMCP was substantially greater in
immune abomasal tissue than in normal tissue. MMC were seven times more numerous in
the immune abomasa compared with normal tissue.
Sera from 13 worm-free and II immune sheep, which had been challenged with
Haenzom'hzes larvae, were assayed for SMCP. The results are shown in Figure 3. SMCP
was not detected in sera from worm-free sheep at any time nor in sera of immune animals
before challenge. After challenge, a pronounced increase of enzyme concentration was
demonstrated in S/I I immune sheep, with peak values occurring 2 h after challenge.
SMCP concentrations in samples of gastric lymph from two experiments in sheep
infected with O.sit'r:agia are shown in Figure -Ia. b. SN'ICP was not detected in the lymph
of the immune sheep in either experiment before challenge but low concentrations were
detected after challenge with S x 10 larvae in 4,5 and 23 sheep in the respective
experiments. The response was similar in both experiments, with an increase in enzyme
concentration on day I and peak values on day 2 which declined to prechallenge levels by
day 4 post-challenge. The kinetics of the SMCP responses were similar to those previously
observed for pepsinogen (Figure 4a, b).
SMCP was not detected in lymph obtained from four wrm-free sheep either before,
or up to Four days after challenge with 5 x 10' larvae, nor was this enzyme detected in
samples collected from three immune b,ieepafterchallenge with the smIler dose oil 10

Table 2 Inhibitory property of serum or lymph in
an ELISA for SMCP

Inhibition litre
(50'. end-point)
Group
Immune serum
Normal serum
Immune lymiii
Normal lymph

No. of sheep

.±s.c.

5
5
2
2

1/321 ± l95
1/246± 111 35
1 1166-1/34
1/70+1/10

Serial two-fold dilutions of serum or lymph
were prepared, and an equal volume of SMCP (20
ng/ml) was added. Samples were tested by ELISA
and inhibition was expressed as that dilution which
produced a 50% reduction of colour at OD 492
when compared to SMCP alone.
Sera were taken from normal (non-infected)
sheep or sheep immune to Haemonclzus co,Itortus,
which had received a large challenge dose of larvae.
Gastric lymph was taken from normal sheep or
sheep immune to Osu'riagia cireunzcineIa. which
had received a challenge dose of larvae,
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larvae. Again this was similar to the response demonstrated for pepsinogen (data not
shown). where no changes were observed in this period.
Because SMCP values were so low, the possibility that sera and lymph contained
inhibitory factors which interfered with the assay, was investigated. SMCP (20 ng) was
added to dilutions of sera or lymph from immune and normal sheep, which had previously
been shown to contain no detectable SMCP. The samples were then assayed and the
results are shown in Table 2. Inhibition was demonstrated in all samples tested, with
inhibitory serum titres between 1/145 and 1/676. Lymph samples were somewhat less
inhibitory, with inhibition titres ranging between 1/32 and 1/100. No correlation was
observed between the degree of inhibition in serum or lymph and the immune status of the
sheep. Prcincubation of antibody-coated vcIls with serum or lymph had no effect on the
subsequent detection of SMCP, demonstrating that inhibition was due to an interaction
of enzyme, and not antibody, with inhibitory factor(s).

Discussion

In the present study. markedly higher concentrations of SMCP were demonstrated in
immune gastric mucosa compared to those in normal tissue. Together with the much
reatcr number of MMC in im.iiune niucosa these results confirm and extend earlier
findings of a subantial increase in the number of MMC during nematode infections of
sheep (Huntley etal. i98'). Hyperplasia of the MMC population in rcspanse to nematode
parasi'es has been demonstrated previously in both rodents ai:d ruminants (Jarrett.
MILI'r & Murray 1967, Murray 1972), and the results of he present st idy support the
tha: Mt.2 iuy be involved in the development of nematod resistL CL.
ILW
further fnding was that a small, but tignificant, release of SMCP occurred in sera
and in gastric lymph of immune but not of naive sheep following larval ca1leng'. ii.teei
in rats have shown that the immune expulsion of nematodes is associated with local
immediate hypersensitivity reactions involving increased mucosal permeability and
concomitant systemic release of a rnucosal mast cell proteinase (RMCPIL) (Miller et al.
1983b, King& Miller 1984). The present investigation demonstrates that hypersensitivity
important in immunity to nematodes in sheep. a finding which
reactions may also he
agrees with earlier studies in which a transient increase in the pepsinogen content of lymph
following challenge with 0. circumeincla was noted (Smith a, al. 1983, 1984). A direct
comparison between th its of those earlier studies, and those of the present. can be
made since pepsinogen and SMCP concentrations were estimated from identical lymph
samples. The concomitant retease of SMCP and the increased pepsinogen activity in
lymph supports the view (Smith et al. 1984) that the latter is a consequence of a
h y persensitivity reaction to a large dose of incoming larvae in immune sheep, and that this
reaction involves MMC.
Concentrations of SMCP in ovine tissue and secretions were, however, substantially
less than concentrations of RMCPII in tissues(> I mg RMCPII/g wet weight of intestine)
or in serum (1-4 pg RMCPII/ml) of rats infected with nematodes (Miller at al. 1983b,
Woodbury etal. 1984). This comparison of enzyme concentrations in rats and sheep is
complicated by the fact that although RMCPII (Woodbury & Neurath 1978) and SMCP
(Knox. Gibson & Huntley 1986) are both chymotrypsin-like in their substrate specificity,
there are fundamental differences between the physical properties of the two enzymes.
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RMCP[I is a highly soluble enzyme (Woodbury & Neurath 1978) whereas SMCP is
relatively insoluble and requires a high salt concentration (2 \1) for extraction (Huntley ci
al. 1986). Furthermore, although RMCPII (Woodbury & Neurath 1978) and SMCP
(Knox & Huntley, unpublished observations) have been characterized as serine'
protcinases, the catalytic activity of SMCP differs from that of RMCPII in that it is also
susceptible to the action ofthiol' blocking agents (Knox et al. 1986).
Previous investigations have employed an ELISA to measure RMCPII in tissues and
secretions of rats (Miller etal. 1983b, Woodbury etal. 1984) and this provided a sensitive
test based on immunological rather than catalytic properties of the enzyme. Putative
protcinase inhibitors in rat serum do not significantly interfere with the immunoassay for
RMCPII and samples can be stored at —20C for prolonged periods (> I year) without
apparent loss in RMCPII values. In view of these advantages, an ELISA was developed to
measure SMCP. The sensitivity of the assay was substantially influenced by the coating
antibody concentrations, with a low antibody concentration (025 pg.'ml) providing a
more sensitive assay than higher concentrations (Figure 1). Previous ELISA studies have
demonstrated that greater than optimal amounts of adsorbed antigen rcsuit in decreased
sensitivity (Engvall & Pcrlmaiin 1972). Adsorbed antigen is released from the solid-phase
during the incubation (Engvall. Johnsson & Perlmann 1971) and the amount released is
dependent on the total amount adsorbed. Released antibody would therefore inhibit the
reaction of iihe SMCP with the bound antibody.
An important finding was that serum and lymph contained potent inhibitors which
in?crfered wih SMCP-antibody interactions. F:om the inhibition data. :L would apr'ear
there was a substantial excess of SMCP inhibtor(s) in normal or i:ilmuue lymph and
:CrUm. N:vcreiess, :0w amounts c 1 SMCP were letected following challenge ia immune
sera and lymph. These low amouI:s may re;.esent excess C V. ( P ollcwi-.; 3atu., aiioti of
inhibitor(s) and thus indicate a substantial systemic reease t ISMCP or they may have
been duc to 1rainents t.Jenzyme which were reliased fo'o.ng die interaction bewen
SMCP and inhibitor. Proteinase inhibitors also may have affected the measurement of
tissue SMCP concentrations and, although animals were exsanguinated prior to tissue
re(,val. inzerference by proteinase inhibitors from serum or from connective tissue
proteinase inhibitors (Sellers & Murphy 198 1) cannot be excluded. Of interest was the
finding that the increase in SMCP in immune compared to norma! ti-sue (>2OO(!-iid)
was not proportional to the incrase in MMC (seven-fold). It is considered tht this is
unlikely to be the result of an increased synthesis and/or int:a-g! - anule storage of SMCP
during nematode-induced proliferation of MMC (Miller, Huntley & Newlands, unput
lisheii ohservaL:a), but due to the presence of residual serum or tissue prcteinase
inhibitor(s). In normal mucosae where SMCP values are low, a significant proportion of
the enzyme would be inhibited, whereas, in immune mucosae containing higher
concentrations of SMCP, the same amount of inhibition would be relatively trivial.
The serum/lymph inhibitor(s) were present at similar levels both in normal and
immune sera or lymph, a finding which would indicate that at least a proportion of
inhibition was due to non-specific proteinase inhibitor(s). Several such inhibitors have
been identified in plasma and include -macroglobulin which can bind irreversibly with
essentially any endopeptidase (Barrett, Starkey & Munn 1974), and preliminary evidence
would suggest that -macroglobulin contributed to the inhibition ofSMCP in the present
study (Huntley, Knox & Miller, unpublished observations).
The function of M MC enzymes remains speculative. RMCPII has proteolytic activity
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against collagen type IV of basement membrane (Sage. Woodbury & Bornstein 1979) a
finding which supports the view that one function of this enzyme in vivo is to promote
mucosal permeability (King & Miller 1984). A natural substrate for SMCP has not been
determined, and whether the function of the enzyme is analogous to that suggested for
RMCP!I is not known. However, the increase in numbers and strategic location of sheep
MMC within immune mucosa (Huntley etal. 1982), would indicate that SMCP may have
an important local effect during worm expulsion. Although the present study has shown
that sera and lymph contain potent inhibitors of SMCP, the intimate contact between
\IMC and the basement membrane may provide an environment where the concentration of enzyme is in excess of available inhibitors.
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Summary A sensitive and specific cnzymc-Iinked immunosorbent assay (ELISA)
was developed for mouse intestinal mast cell protcinac (!MCI'). Specificity was
demonstrated by the absence of immunoreactivity with extract of isolated serosal
mast cells (S0 C), oi with high onccmrations (50 pgjml) of he antigenically
similar rat mast cell pro cina3; or II. The srr all and large intestines in normal
mice were the major sources of IMCP, there being little or no 1MCP in noi.mucosat tues. ConL..ltrLtons of IMCP in normal (non-parasized) rn, were
low, b'?t wr" icreasec1 100-1000-fold in intestines cf mice infected 10 days earlier
with irichinellaspiralis. The kinetic response of secreted MCP into the blood of
mice following infection with T. spiralis was also studied. Systemic release of
IMCP coincided with the immune expulsion of adult worms from the intestine,
and peak concentrations (945 pg/mi IMCP) occurred 9 days after infection. The
tissue distribution of I MCP, its seretion into blood, and its enteric accumulation
during parasite infection, are consistent with a mucosal mast cell (MMC) source
for IMCP. The results are discussed in the context of similar findings for rat mast
cell proteinase II.
Keywords: mast cell proteinase, Trichinella spiralis, mice, mucosal mast cell

Introduction
Nematode infection of the gastrointestinal tract is invariably associated with mucosal
mastocytosis (Miller 1984). The precise role of mucosal mast cells (MMC) during the
immune elimination of worms is unknown, although immediate hypersensitivity
reactions involving MMC have long been implicated in the mechanism of worm expulsion
(Murray 1972). Much of this evidence has come from studies in rats, following the
Correspondence: J.F,Iluntley, Morcdun Research Institute, 408 Gilmerton Road, Edinburgh
.Hl7 ij:i.
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isolation and characterization of a specific MMC granule proteinase termed rat mast cell
proteinase 11 (RMCPII) which is antigenically distinct from the connective tissue mast cell
proteinase, RMCPI(Woodbury, Gruzenski & Lagunoff 1978). Quantitation of RMCPII
in tissues and secretions has demonstrated that the gastrointestinal tract is the principal
location of MMC (King et al. 1986), which are functionally active and secrete RMCPII
into the blood during the immune elimination of nematode worms (Miller et al. 1983,
Woodbury et al. 1984).
More recently, a highly soluble 26-28 kD chyniotrypsin-like intestinal mast cell
proteinase (IMCP) has been isolated from the gastrointestinal mucoa of mice infected
with Trichint'lla spiralis (Newlands et al. 1)87). On the basis of its solubility, isolation
from mucosal tissue and cross-reaction with anti-RMCPII artibody, it has been
suggested that murine IMCP is analogous to RMCPII and represents a specific MMC
enzyme (Newlands ci al. 1987). Immunohistochemical studies have shown major
similarities between the distribution of mast cells and their proteinases in gastrointestinal
mucosa of parasitized mice (Miller ci al. 1988) and rats (Miller ci al. 1986) although
greater heterogeneity in proteinase content was demonstrated in mouse MMC. In view of
the similarities between IMCP and RMCPII and the potential importance of proteinases
in worm expulsion, the present study investigates the distribution of IMCP in organs,
tissues and blood in normal and Trichinella-infected mice using a highly specific and
sensitive enzyme-linked immunosorbent assay (ELISA

Materials ard methods
/NIM- S

Inbred NIH mice (6-8 weeks old) were purchased from OLAC and were maintained in
positive pressure isolators. Inbred BALB/c mice (3-4 months old) and random-bred 810-week-old Swiss white mice werc raised at Moredun Research Institute. All mice were
offered food and water ad libitum.
TRICHINELLA SPIRALIS

INFE21ON

in maintenance, infection and recovery have
The strain of parasite and the meth'xs
been described previously (Wakelin & Wilson 15'??). Mice were routinely infected with
300 larvae.
TISSUE PREPARATION

Mice were killed by cervical dislocation. Tissues and organs were excised, weighed, and
placed in plastic containers embedded in crushed ice. To compare levels of IMCP in
tissues known, from histological data, to be rich in either MMC or connective tissue mast
cells, the following tissues and organs were taken: stomach, small intestine, large intestine,
mesenteric lymph node, ear pinna, tongue, larynx, lung, thymus, spleen, liver and kidney.
Tissues were minced with scissors in 3 volumes (w/v) of 15 M NaCl in 002 M Tris/HC1
buffer, pH 75, at 4°C and homogenized using a Polytron homogenizer (Northern Media
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Supply Ltd, North Cave, UK). Homogenates were centrifuged at 8000g in an Eppendorf
bench centrifuge at 4C for 3 mm, and supernatants stored at —20C before assay.
To study the effects of parasitic infection, both control and infected NIH mice were
processed as described above. In addition to the tissues listed, samples were taken of
oesophagus, trachea, rectum and skin.

COLLECTION OF SERUM

To obtain serum. anaesthetized mice were exsanguinated after cervical dislocation. Serum
samples were stored at —20C before assay.

HISTOLOGY

The number of mucosal mast cells present in the small intestine of mice infected with T.
cp:ralis was assessed according to the techniques described by Alizadeh & Wakelin
(1982a). Counts were based on the mean of 20 villus-crypt units (VCU) taken from each of
three animals per time point.

PROTEIN ESTIMATIONS

Protein concentrations were estimated with BCA protein assay reagent (Catalogue no.
23225, Pierce & Wa ier, UK Ltd, Chester. UK) as described by the manufacturer using
a' IL muistat lii FCS mcroentrifugal analyser ad bovine scn;m albumin (grace V
sigma) a pr.t.in standard.

PURIFICATION OF MOUSE SEROSAL MAST CELLS

(SM C)

AND PREPARATION OF CELL

EXTRACTS

Peritoneal cells were recovered by lavage from 10 adult Swiss white mice and were purified
to 80-90% SMC by density-gradient centrifugation over metrizamide, as described by
Hamaguchi et al. 927). Cells were pelleted by centrifugaion and stored at - 20C beforc
assay. Cell isoions were performed on four .;casioris to provide four cell pellets
containing 75, 11, 07 and 05 x 10 SMC. On the day of assay, cell peliets were thawed
and a small volume (OG i) t 1 . 5 ,m NaCI in 0-02M Tris/HCI buffer, p1-1 75, at 4°C added
to each pellet. After gentle aspiration to disrupt cell components, samples were freezethawed three times. Extracts vvere centrifuged (8000g) on an Eppendorf bench centrifuge
for 1 min and supernatants assayed as described below.

PURIFICATION OF

IMCP, RMCPI

AND

RMCPII

Mouse intestinal mast cell proteinase was recovered from intestines of mice infected with
T. spiralis and purified by cation exchange chromatography as described previously
(Newlands et al. 1987). Stock IMCP (763 pg/mi) was aliquoted in 10-p1 volumes and
stored at - 70°C. RMCPI and RMCPII were purified as described previously (Gibson &
Miller 1986).
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ANTIBODY AND ANTIBODY-PEROXIDASE CONJUGATES

Antibodies to IMCP were raised in rabbits and isolated by affinity chromatography on
IMCP-Sepharose 4B as described previously (Newlands el al. 1987). The same pool of
antibody was used for the coating of micro-E LISA plates and for the preparation of
anti body-peroxidase conjugate. Rabbit anti-IMCP was coupled to peroxidase according
to the method of Nakane & Kawaoi (1974).

QUANTTATION OF

IMCP

BY

ELISA

In supernaiai is from tissue homogenates
An antibody capture ELISA was developed to measure the concentrations of IMCP.
Initially, the optimal concentration of coating antibody and dilution of peroxidaseconjugated antibody were determined. Thereafter, the assay routinely employed was as
follows: flat-bottomed micro-ELISA plates (M129 B, Dynatech Laboratories Ltd,
Biltinghurst. Sussex) were incubated overnight (4C) with rabbit anti-IMCP antibody (50
p1/well an I pg/nil) in carbonate/bicarbonate buffer, pH 96. Antibody solution was
removed from the wells and the plate washed six times with phosphate-buffered saline
containing 01i iween 20 (PBS 1720). Dilutions of unknown samples and standard
IMCP sampt!s weie made in PBS/T20 containing 4% bovine serum albumin (PBSjT20/
BSA) (Fraction V, Sigma, Poole. Dorset) and duplicate 50-1.1 aliquots transfrrl to the
antilody-coited wells. After incubatior. for 15 h at room trmperat l.r e, sm r' es were
discarded and the plates washed six times jr. PBS ,TM. The wr!ts were then incubated with
50 pl of peroxidase-conjugated rabbit ar.ti-IMC'P(l/IO4JC of stock in PbS[l O/BSA) for 2
hat room Vmperat'tre. After a further six wa;hcs wit' i',720 the wells w're incubated
for between 5 and 10 n;in with freshly prepared o-piienylenediamine (OPD) and H 202 in
phosphate-citrate buffer, pH 50 (50 p1/well) (Voller, Bidwell & Bartlett 1979).
Development of colour was stopped by the addition of 25 p1 of 25 M H2SO4, and the
colour reaction at OD 492 nm was measured in a Titertek Multiscan Reader (Titertek
Flow Laboratories).

'n :i

fl

The ELISA was as described for tissue homogenates with the exception of the preparation
of standard concentrations of IMCP. For these standards, an initial concentration of 0
Mg IMCP/ml was made in serum from normal Swiss white mice. In order to construct the
standard cuive, further dilutions of the stock IMCP in serum were made in PBS/T20/
BSA.
Concentrations of IMCP in unknown samples of tissue homogenates or sera were
calculated from standard curves prepared from the respective IMCP standards and
results expressed as ng IMCP/mg soluble tissue protein, pg IMPC/whole organ or pg
IMCP/ml of serum. Controls included the substitution of samples with PBS/T20/BSA or
with the antigenically similar enzymes RMCPI and II.
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Results
DEVELOPMENT OF

ELISA

A sensitive ELISA for IMCP was established in which as little as I ng IMCP/ml was
detected in supernatants from tissue homogenates. A linear range of colour development
occurred between concentrations of 2 and 12 rig IMCP/ml (Figure 1).
The inhibitory effect of serum on the quantitation of IMCP by ELISA was also
investigated. Initial dilution of IMCP in normal mouse serum altered and depressed the
013492, when compared to the same concentrations of IMCP diluted in 1?13'T20 alone
(Figure 1). The inhibitory effect of this serum was consistent and reproducible arid, to
improve accuracy, IMCP concentrations in test serum samples were always calculated
from standards prepared from enzyme in serum.
SPECIFICITY OF

ELISA

Little or no non-specific' colour reaction product was observed when IMCP was replaced
with PBS/720 or RMCPII during the assay. When extracts from the four preparations of
SMC were assayed, no colour reaction was observed, demonstrating the absence of IMCP
and of cross-reaction with other granule proteinasc(s) from these cells. Similaily, RMCP!
(up to 50 jig/ml PBSIT20) and RMCPII (up to 50 jig/nil PBS/T20) were not detected.
0.

DISTRIBUTCN OF

IMCP

IN MOUSE TISSUE

The distributioi of!MC7 Li tis:ue from BLB/c rn:, is shown in Table I. and the
results are expressed as jig IMCP/organ. The intestinal tract was the major source of
VAC', there being 41 and 27 pg IM, i ii he large and small intestines, respctively.
Relatively low concentrations of IMCP were detected in the stomach (037 jig) and, apart

0-6
0.5
0-4

7

c'J
Q.3
0
0

8
12
ng IMCP/nI

16

20

Figure 1. Standard curves for IMCP by an antibody capture ELISA, demonstrating the effect of
normal mouse serum upon the activity of the assay. 0, IMCP was diluted in PBS/T20/BSA only,
•, standard concentrations of IMCP were prepared from IMCP in normal serum at a concentration
of 10 jig/MI.
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Table I. Distribution of IMCP in tissues and
organs from normal (uninfected) BA LB/c mice
Tissue

jig !MCP/organ

Stomach
Small intestine
Large intestine
Spleen
Kidney
Liver
Mesenteric lymph node
Ear pinna
Tongue
Larynx/trachea
Lung
Thymus

0-37+0-026
2788±823
4163±516
(002±00006

nat
nd
001 ±00005
nd
nd
0-004t
0003±0001
003±0006

* Mean value ±s.e.m. from five animals.
t Larynx and trachea pooled I rom five micc.
nd. IMCP not detected.

from the thy.s (1iO3 pg), other tissues contained either traces (<C 01 pg) or no IMCP.
The latter tissues included ear pinnae and tongue, in which there are numerous connective
tissue mast cells.
EFFECTS OF INFECTION WITH

T.

SP!R47 5

Control mice

rhe concentrations of IMCP in tissue hc geotcs frrrn, normal (non-infected) NIH
mice are shown in Table 2. Concentrations of proteinase were generally very low, and
were below the level of detection in tonguc, oesophgus, trachea, spleen, ear, skin, lung,
liver and mesenteric lymph node. Highest concentrations of IMCP were recorded in the
caecum (30 ng IMCP/mg protein); in the small intestine, concentrations were greater in
the jejunum (10 ng IMCP/mg protein) than in the duodenum (6 ng/mg protein) or ileum (5
ng IMCP/mg protein). Concentrations of IMCP in colon and rectum were 13 and 20 ng
IMCP/mg protein respectively.

Parasitized mice
Concentrations of IMCP in small and large intestinal tissues from infected mice were
significantly (P<0001) (Student's two-sample t-test) increased (100-1000-fold) when
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Table 2. Concentrations of IMCP in gastrointestinal tissues
or other tissues in normal mice following infection with T.
spiralis

ng IMCP/mg soluble p ro tei n *
Tissue

Controlt

Gastrointestinal tissues
Tongue
Ocsophagus
Stomach
Duodenum
Jejunum
Ileum
Caecum
Colon
Rectum

nd
nd
5+0-5
6±2
10±3

5±1
30±7
13±3
20±6

Other tissues
Ear pinna
Skin
Trachea
Lung
Sple

nd
d
nd
nd
nd

Infected (day 10) +*

6±10
4±10
166+10
25830±8660
18830±2320
10250±2250
13880±2930
12460±1280
1800±260

nd
3 4- 05
30± IS
10±4
34-0-5
7±1

Mesenteric
lymph node
Thymus

I

nd
±0

40±06
4 ±06

• Mean value from four or five animals ±s.e.m. for
infected or contoI mice respectively.
t Control (non-infected) mice.
Mice infected orally with 300 T. spiralis muscle larvae
10 days previously.
nd. fMCP ccncentrations below level of detection by
ELISA.

compared to the levels in the same tissues from normal mice (Table 2). Highest
concentrations were recorded in duodenal tissue (25 830 ng IMCP/mg protein) with high
levels also in the jejunum, ileum, caecum and colon (Table 2), although concentrations
were lower in the rectum (1800 ng IMCP/mg protein).
On day 10 of infection with T. spiralis, IMCP was detectable in all tissues except the
ear pinnae, including those which lacked IMCP in control mice (skin, spleen, trachea,
lung, liver, mesenteric lymph node, tongue and oesophagus).
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Table 3. Worm burdens, niucosal mast cell
(MMC) counts and concentrations of intestinal
mast cell protease (IMCP) in serum from NIH
mice after infection with 300 T. spiro/is larvae

MMC
Serum IMCP
Day Worm burden (per VCU)
(pgJml)
0
6
9
12
IS
20

32

-

1008
496
6-0
3-3
15
0

22
66
20-8

116

155
14-I
48

002
164
948
889
712
2-43
0-64

Results expressed are the mean of three
animals per group.
VCU, Villus-crypt unit.

Systemic release of JMCP
The systemic secretion of IMCP into the blood of mice dui ng iritrction with T spfralis is
recorded in Table 2, to3ct1.r with worm burdens and nuIiei-; ,., MMC withii. the
intestinal mucosa. Increased concentrations of IMCP (1.64 ,ug/ml) occurred in serum 6
days after infection, and peak values were recorded on day 9 (9-48 jig/ml), a time when
approximately 50% of the established worm burden had been expelled. No intestinal
worms were present by day 32 of infection and there was a gradual reduction in the
cocrtration of IMCP in blood which had returned almost to control values by this tji
(0 64 pg/mi). An almost 10-fold increase in We number of MMC was also demonstraLed
during infection, with maximal hyperplasia observed on day 9. By day 32 the numbers of
MMC had declined to a level approximately twice that of control mice (Table 3).

Discussion
Quantitation of IMCP by a sensitive and highly specific ELISA has established that this
enzyme is present in significant concentrations in the small and large intestines in normal
mice, but is absent from most non-mucosal tissues. Infection with T. spiralis results in a
substantial increase in the concentration of IMCP in intestinal tissues, a finding which is
similar to that reported for RMCPII in Nippostrongylus brasiliensis-infected rats
(Woodbury & Miller 1982, King et al. 1986). A further similarity with studies of RMCPII
in parasitized rats (Woodbury et al. 1984) was the systemic secretion of IMCP in mice
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following T. spiral/s infection and the correlation of proteinase levels with numbers of
MMC and the process of worm expulsion.
The specificity of the IMCP ELISA was demonstrated in two ways, by (a) the
complete absence of immunoreactivity using extracts of isolated and purified SMC which
contain a 25 kD RMCPI-like polypeptidc (Miller etal. 1988) and (b) the failure to detect
even quite high concentrations of purified RMCPI or II. Furthermore, tissues in which
mast cells were abundant in normal mice, such as skin and tongue, lacked immunoreactivity by ELISA. A similar degree of specificity, also with antibody-capture ELISA, has
been established for RMCPII in which neither IMCP nor RMCPI are immunoreactive
(Miller ci al. 1989).
The increased concentrations of IMCP in infected mouse intestine recorded here
would be coincident with the generation of a large population of intraepithelial mast cells
(Ruitenberg & Elgersma 1976, Alizadeh & Wakelin 1982b, Miller ci al. 1988) and
consistent with the view that such cells are the origin of this proteinase (see also Table 3).
Similarly, in rats, proliferation of intestinal MMC following infection with N. brasiliensis
was associated with a ninefold increase in jejunal concentrations of RMCPII (Woodbury
& Miller 1982). Mast cells in rats are characterized on the basis of granule proteinase
phenotypes, with RMCPII predominating in MMC (Woodbury ci al. 1978, Gibson ci al.
1987). By analogy, therefore, the presence of IMCP defines a subpopulation of murine
intestinal mast :eIls as MMC. However, in view of the greater heterogeneity of expression
of granule proteinscs in mouse intestine (Miller ci al. 198), further studies are required
to define fully mouse mast cell subsets on the basis of proteinace phenotypes.
Systemic release of mast cell ?roteinases into the blood during prILt.a:; nematode
infccLions oi following la val challenge in primed animals has .....• iesciibed ii -. raL
(Miller ci al. 1983, Woodiry ,.'ta! :914) a::d n ±en (1 untley c !. 197). Th presence
of IMCP in erum of mice after infection with T. spirlis is, therefore, evidence that M MC
are furctioaliy active during nematode expulsii .n ai species so far tested. Systemic
release of IMCP coincided with the immune expulsion of adult worms from the intestine
of the mouse, a phenomenon which has been shown previously in rats during nematode
infections (Woodbury etal. 1984). Further studies are required to define a 1uricona1 r ,--!e
for MMC proteinases, although experiments in vivo (King & Miller 1984) suggest that
they could increase mucosa1eithelia permeability, thereby pomotingth
of plasma-derived molecules intc the gut lumen (Murray 1972). A feature of the present
study was the relatively high concentrations of proeinase in the sera of mice following a
-"mary infection. These high values probably contributed to the IMCP detected in
mucosal s.ues, including tongue and oesophagus, following T. spire/is infection, as a
result of the presence of residual plasma retained in the organs. Neverthelesc, a
contribution from a small number of IMCP-containing mast cells infiltrating into nonmucosal tissues cannot be discounted.
To summarize, the distribution of IMCP in normal and parasitized mice provides
strong evidence that IMCP is the mouse equivalent of the MMC-specific granule
proteinase of rats, RMCPII. The finding that murine MMC, like those in the rat, are
activated during the immune elimination of worms provides further evidence of their
functional importance (Miller 1984). Since the mouse is perhaps the most immunologically well-defined animal model, the ability to monitor the activities of a mouse mast cell
subset will be of particular value in determining the precise role of MMC in parasite
expulsion.
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Mapping of the rat mast cell granule proteinases
RMCPI and II by enzyme-linked immunosorbent assay
and paired immunofluorescence
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Huntle y . J. F.. Mackellar, A.. Newlands. G. F. J., Irvine. J. & Miller. H. R. P. Mapping of the rat mast cell
granule proteinases RMCPI and 11 by enzyme-linked immunosorbent a,say and paired immunofluoresAPNIIS 98. 933-944, 1990.
The distribution of the rat mast cell granule proteinases, rat mast cell proteinase I and II (RMCPI and II
respectively) has been determined in rat tissues with the aid of highly sensitive and specific enzyme-linked
immunosorbent assays (ELISA) and paired immunofluorescence. The major source of RMCPII is the
gastrointestinal tract, although low concer'trations were also detected in non-mucosal sites including
thymus. mesenteric lymph nodes, liver, bone marrow, heart, kidney and spleen. Cellular localization by
paired immunofluorescence showed that most cells contained either RMCPI or Ri1CPIl. although a minor
subpopulation in which individual cells contained both protcinases was also identified in a few tissues.
RMCPII-containing cells predominated at mucosal surfaces but were also found in non-mucosal tissues.
Individual cells expressing both RMCPI and II were present in twig, liver mesenteric lymph node and
submucosa of stomach and were occasionally represented amongst serosal cells from tie peritoneal cavity.
Connective tissue mast cells of skinnd tongue were identified as major sources of RMCPI. although this
procin.isc as widely distributed in all tissues examined. The rrescnt study demonstrates the hetcc'gcneity
of najt cell protcinase phenotypes in the rat 'md empl1asises the uiiIiculties in determining mas? cell subtypes
on tissue location alone.
Ke:. words: Mast cell; cnz,m: ELLI; hetetogenetty' phenotype.
J. F. Huntley. Moredun :tesearcl institute, 408 Gilmerton Road. Edinburgh EH I7 7J1, United Kingdom.

Two major subsets of mast cells in the rat, distinguished by the fixation znd histochetnical properties of the; granules and by their morphology and
tissue distribution (Enerbäck 1966" and b), are
currently termed connective tissue mast cells
(CTMC) and mucosal mast cells (MMC) (Enerback 198 I). These two cell types are further distinguished by their different functional properties
and histamine content (Befus ci al. 1982) and by
biochemical differences between their granule
constituents such as glycosaminoglycans (Enerback ci al. 1981, Stevens ci al. 1986) or proteinases
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(Woodbury & Neural/i 1978, Gibson & Miller
19'16). . cialysis of granule proteii'mases has been of
p'rcular value since the initial obsrvation that
the biochemically similar but antigenically distinct
enzyrne. rz :tst cell proteinases I (RMCPI) and
(RMCPII) ( Woououiy et al. 1978), predominate
in CTMC and MMC respectively (Gibson & Miller
1986).
Despite the histochemical homogeneity of their
granule glycosaminoglycan, the expression of
granule proteinases by MMC is heterogeneous,
especially in gastric, colonic and rectal mucosae
(Gibson ci al. 1987). Similarly, some non-mucosal
tissues such as thymus and mesenteric lymph node
contained significant quantities of RMCPII (King
ci al. 1986). Since analysis of cell distribution in
III
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tissues or organs is often difficult, particularly in
those tissues where cells are scarce and/or focally
distributed, an alternative approach is to quantitate the RMCPI and II content of the tissues. A
limited analysis of the distribution of RMCPI and
11 in selected tissues has been reported in earlier
studies (King etal. 1986, Gibson etal. 1987) using
a radial immunodiffusion (RID) assay. However,
this is a relatively insensitive technique when
compared with the enzyme-linked immunosorbent assay (ELISA). We have, therefore, developed
highly sensitive and specific ELISAs for RMCPI
and II, and a paired-immunofluorescence technique for their cellular localization. Our results
provide the first detailed map of the tissue distribution of these two proteinases and, in addition to
mast cells expressing RMCPI or 11, a third population of mast cells which contains both RMCPI and
II was identified.

MATERIALS AND METHODS
A nimals
Tissues for assay were obtained from random bred
female Wistar rats (6-10 weeks old). These were fed and
watered ad libitum and were exsanguinated and killed
under deep ether anaesthesia.
Tissue preparation for RJfCP! and 11 asa
Tie following tissues or organs were excised from
esançiinatc1 rrt: stom'ch. a1! :nJ large intestine,
spleen, kidney, liver, mesenteric lymph node, ear pinna,
tongue. 1ar •x \iLn &achea, lung, thymus. bone marrow, skeletal muscle, heart, brain, skin and uterus. The
tissues were immediately weighed, minced with scissors
in 3 volumes of 0.02 M Tris/HC1 buffer pH 75 containing I M NaCl at 4 C, and homogenized using a Polytron
homogenizer (Northern Media Supply Ltd., North Cave,
U.K.). Di..ring homugenizadon tissues 'eie kept cool by
surrounding the tissue container with crushed ice. Homogenates were centrifuged at 8000 g in an Eppendorf
bench centrifuge at 4 °C for 5 mins and superu'.c.nt
fractions stored at -20 C prior to assay.
Tissues for immunofluorescence
Fresh tissues were fixed in 4% w/v paraformaldehyde
for 6 hand in 70% alcohol for 24 h (Newlands etal. 1984).
They were dehydrated through an alcohol series and
embedded in paraffin wax. Sections were Cut (5 pm) and
rehydrated for paired im munofluorescence. Cytosmear
preparations of cells from bone marrow and the peritoneal cavity were fixed in 4% w/v paraformaldehyde at
45 °C for 0.5 h and washed with phosphate buffered
saline prior to staining.

934

al.

Purification of Rt1CP1 and RMCPII
The procedure for the purification of RMCPI and
RMCPII has been described previously (Gibson & %iil1er
1986). Purified RMCPI and RMCPII were (i)coupled to
cyanogen bromide-activated Sepharose 4B (Pharmacia)
according to the manufacturer's instructions or (ii) used
to immunize rabbits, as previously described (Gibson &
flu//er 1986), and sheep (first injection - I mg RMCPI
or II in Freund's complete adjuvant and two further
injections of I mg RMCPI or II in Freund's incomplete
adjuvant).
Sodium dodecl sulphate polyacrylamide gel electrophoresis (SDS-PA GE)
Discontinuous SDS-PAGE was as described by
Lae,nmli (1970) with electrophoresis for 1 hat a constant
200 volts, using the Biorad mini protean II system and
15% gels (Biorad Lab, Watford).
Preparation of afJiniiy.purfled polyclona! antibodies to
RMCPI and RMCPIJ
The preparation of monospecific rabbit anti-RMCPI
(whole antibody or F(ab'), has been described previously
(Gibson & Afiller 1986). Sheep anti-RMCPI and II
antibodies were purified from aliquots of immune
serum by affinity chromatography on RMCPI- or RMCPII-Sepharose 4B, respectively. Each antibody was
then rendered monospecific by cross-absorption: antiRMCPII on RMCPI-Sepharose 4B and anti-RMCPI on
RMCPII-Sepharose 4B. Sheep F(ab'), anti-RMCPII was
prepared by digestion of immunoglobulin with pepsin
(50:1 imiunogJobulin/pepsin, pH 4.0) overnight at 37
C. Undigested IgG and 'c fragments were separated
from (F(ab') : by gel filtration on Sephadex G200 (Piarmacia). All antibody preparations were adjuster' to a
concentration of I mg/ml n phos,nate burFc rod sa1in
(Pi3S) and stored in 50 il aliquots at -70 .0 Sh-en F'ab')2
anti-RMCP!I was coupled to horse-rad5h peroxidase
(HRP) according to the method of Nakane & Kawaoi
(1974).
Monoclonal antibody to RMCPII
Balb/C mice received an initial intraperitoneal (l.P.)
injection of RMCPI1 in Freund's complete adjuvant,
followed 6 weeks later with an I.P. injection of RMCPII
in Freund's incomplete adjuvant (50 j.ig of RMCPII/injection). Two months later these mice were boosted with
an intravenous injection of 100 ig RMCPII in phosphate buffered saline. Three days after this final injection, spleen cells were prepared and fused with a mouse
myeloma cell line (NSO) using polyethylene glycol
(Fazekas de St. etal. 1980). Resultant antibody-producing clones were selected by screening the supernatant
fluids by an ELISA. Briefly, micro-ELISA plates
(M129B, Dynatech) were coated with I sg/ml of RMCPU. Following incubation of the supernatant fluids,
antibody was detected with sheep anti-mouse HRP (Sera
Lab., Crawley and the colour reaction developed with
orthophenylene-diamine (OPD) and H2O, (Vol/er et al.
1979). Cells producing antibody were cloned 3 times by
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spotted directly onto strips of nitrocellulose membranes
or were transferred from SIDS-PAGE gels using a semidry transfer apparatus (Kylise-Andersen 1984). For SDSPAGE gels, 5 pg of each enzyme in 10 0 of samples was
loaded in each lane. Immunoreactions were performed
in a similar manner to those described previously (Newlands et al. 1987). Blots were probed with antibody (1
pg/mi) (sheep anti-RMCPI, rabbit anti-RMCPI, monoclonal anti-RMCPI1 or sheep F(ab') 2 anti-RMCPII) and
developed with the appropriate antibody conjugate
(sheep anti-rabbit-HRP, sheep anti-mouse-HPR or rabbit anti-sheep.HRP from Sera Lab, Crawley). Peroxidase
activity was revealed with diaminobenzidine and hydrogen peroxide. Monoclonal anti-RMCPH and rabbit
anti-RMCPI (Fig. I) reacted only with the homologous
proteinase. However, affinity-purified sheep anti-RMCPll and anti-RMCPI both appeared to retain slight
cross-reactions with the heterologus proteinase, which
were only just detectable by dot-blotting.
b) immunoprecipitation of RMCPI or II: To confirm
the specificity of rabbit anti-RMCPI and monoclonal
anti-RMCPII, immunoprecipitation studies were performed. RMCPI and II were labelled with H] using the
specific serine proteinase inhibitor diisopropyl fluorophosphate (DFP). Ten pCi of H] DFP (Amersham
International plc) was added to 10 jig of RMCPI or
RMCPII. Excess and unbound EH]-DFP was removed
by centrifugation in centricon microconcentrators (Amicon). To tubes containing 50 p of RIPA buffer solution
(Cranage et al. 1986) 2.5 p1 aliquots of monoclonal
anti-RMCPII (1 mg/ml) or rabbit anti-RMCPI (I m,,,/
ml) and 5 p1 of H]-DFP-RMCPI or -RMCPII were
added. Followinb overnight incubation at 4 C with
agitation, 30 III of washed p ..:ein A-Sepharose CL4B
beads (0.5 in I ml) hriac1a) was aJdcd to each tube.
After incabatior. f.- I h wi'h constant agitation at room
temperature, the Sepharose beads were washed 4 times
p p. 'uffcr by centri'ugation. Controls consisted if
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Fig. 1. (a) SIDS-PAGE of RMCPI and RMCPII stained
with 0. 1% Coomassie blue and (b) the parallel Western
blot after incubation with monoclonal antibody to
RMCPII (I pg/mi) followed by sheep anti-mouse 1-IRP.
Peroxidase activity was revealed with diami nobenzidine
and HO,. Lane I M.W. standards, lane 2 RMCPI (5 jig),
lane 3 RMCPII (5 jig).

[ 3

[ 3

limiting dilution, following which all clones produced
antibody, indicating monoclonalit)

[3

.S4 7ecijicit;' of cnnbod... -s
a) Immunoblots: Antibodies were examined intiaily
for specificity by immunoreaction on nitroceliulos
membranes. RMCPI and II (3 p1 at 1000 pg/mI) were

TABLE I. lininunoprecipitazion of ['H]-RMCPI and -RMCP!J
Becquerel&
Monoclonal anti-RMCPH

Rabbit anti-RMCPi

Control-RMCPI t'

0.81
0.91

1.46
1.0

Control,RMCPIIb

0.85
0.66

0.48
0.53

RMCPI
RMCPII

46.5
83.0

0.66
0.68
8.7
15.4

1.35
1.46

'Counts were performed in duplicate on H]DFP bound to RMCPI or IL and immunoprecipitated by monoclonal
antibody to RMCPJI or rabbit antibody to RMCPI.
rControl reactions were performed in the absence of anti-proteinase antibodies.
[3
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incubations of H]-DFP-RMCPI or 11 with protein A
Sepharose, without the addition of antibody. Antigen/
antibody was released from the beads in 100 p1 RIPA
buffer by rapid freeze-thawing, and aliquots (5 p1) were
counted in scintillant or applied to SDS-PAGE for
analysis by autoradiography by the method of Laskey &
.fills (1975). Radiographs were developed after I week
at -70 C. Counts of [H]-DFP-RMCPI or -RMCPII
imniunoprecipitated with monoclonal antibody or rabbit antibody to RMCPI are shown in Table 1. These
results demonstrated the monospeciflcity of the monoclonal and rabbit antibodies for RMCPII and RMCPI
respectively. This was confirmed by the appearance of
bands in the autoradiographs following immunoreaclions between l-1]-DFP-RMCPII and the monoclonal
antibody, and between H]-DFP-RMCPI and rabbit
anti-RMCPI, whereas no bands were observed in the
autorad iograph following the heterologous reactions
(not shown).
[ 3

[ 3

[ 3

Paired i,nn: :inoJluorc'scence
To block non-specific fluorescence from eosinophils,
dehydrated tissue sections or cvtosmear preparations
were initially incubated with 3-am ino-9-ethvl-carbazole
as described for the demonstration of peroxidase activity
(Grahain er al. 1965). Sections and cytosmears were then
incubated for 15 min in 10% ovalbumin in PBS, before
sequential 1 h incubations of rabbit F(ab') anti-RMCPI
(10 jigJml), sheep anti-rabbit lgG-tetra-methylrhodamine isothiocnati (TRITC) (I/SO) (Cooper Biodemicals, Malvern. USA). monocional anti-RMCP1I
(10 pg/mi) and sheep anti-mouse IgG-11ufescein sothiocvan'e (FITC) (I/IOU) (Binding Sit: Ltd.. Birmingham). ili antibodies were diluted in 10% ovalbumin
PBS, and slides were washed 6 times in PBS between
:'ubin with each reagent. After a final waI', slides
were mounted in CitifluorAFl rn.untant (Citifluor Ltd.,
London) and viewad undLr a Leitz Orthoplan microscope (Leitz, FRG) sequentially excited with blue and
green incident light. Controls consisted of replacing
specific rabbit 2nd mouse antibodies with rabbit and
mouse IgG purified from non-immunized animals.

Radial in,nunodijJusion (RID)
Concentrations of RMCPI and Ii were measured by
RID for comparative purposes during the initial development of the ELISA. The RID assay for RMCPII was
performed as described previously (King&%Iiller 1984).
The assay for RMCPI by RID was carried out in a similar
manner, using rabbit anti-RMCPI serum at a dilution of
1/100, and standards (6.25 pg - 100 pg RMCPI/mI) and
samples diluted in 0.65 M NaCI in 0.02 M Tris/HCL
buffer. pH 7.5.

ELISA for RMCPI and R.ICPII
a) RMCPI: Micro-ELISA plates (MI29B, Dynatech
Lab. Ltd.) were incubated overnight (4 C) with (50
pi/well) sheep anti-RMCPI antibody (1 pg/mI) in carbonate/bicarbonate buffer pH 9.6. The coated plates
were washed 6 times in PBS containing 0.05% v/v Tween
20 (PBS/T20) and samples or standards, diluted in
PBS/T20 containing 4% boine serum albumin (BSA,
fraction V, Sigma) (BSA/PBS/T20 with additional (0.5
M) NaCl. were applied (50 p1/well) to the plates. Standards were prepared at concentrations of I, 2, 4, 6, 8, 10,
12 and 14 ngRMCPI/ml. Plates were incubated for! h
at room temperature, then sequentially incubated with
a 1/4000 dilution of rabbit F(ab') anti-RMCPI in
BSA/PBS/T20 (50 p1/well) and with sheep anti-rabbit
igG-HRP 1/1000 in BSA/PBS/T20. Each incubation
was for I h at room temperature and plates were washed
6 times in PBS/T20 between incubations. After a final
wash, the colour reaction was developed with OPD and
HO, ( ller ci al. 979). Development of colour was
stopped by the addition of 25 p1 of 2.5 M H 2SO. The
colour reaction at OD 49
was in a Titertek
Multiscan Reader (Titertek F 1 )w I aberatores. Concentrations of RMCFl in unknown samples were calcumateci from sta:ird cwves p,epad from the RMCPJ
andards. Results were expressed as pg RMCPI/g wet
wught o" :.suc.
2) RMCPII: The RMCPII ELISA was performed in a
similar manner to the RMCPI ELISA, except that plates
(Ml 2913) were coated with monoclonal mouse anti-RMCPII antibody (I pg/mi), and sample dilutions were
', m

IALE 2. comparison of tissue concentrations of RMPI and RMCP!J estimated by ELISA or RID
Tissue no.

pg RMCPI/m1 3
Ear pmnhia

jig RMCPII/ml
Large intestine

5

ELISA
33.6
22.3
27.3
23.4
36.5

RID
35
30
30
25
35

ELISA
49
36
34
42
51

RID
46
35
35
41
46

X±SE b

28.6±2.8

31±2

42.4±3.4

40.6±2.5

2
3
4

'Concentrations of RMCPI or 11 fraction determined by ELISA and RID, expressed as pg/mi of supernatant derived
from homogenate of the ear pinnae (for RMCPI estimations) or large intestine (for RMCPII estimations).
'Mean values ± standard error.
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TABLE 3. Percentage of cells containing RMC'Pi. R.1CP1i or both R1tICPJ and II in rat tissues
Tissue'
RMCPI

RMCPII

RMCPI and II

Liver

50

28

22

Thvmus

37

63

0

Mesenteric lymph node

57

39

4

Stomach
Mucosa
Submucosa

0
63

100
20

0
17

Lung
a) iribronchial
b) Pleural membrane

37
94

40
0

23
6

Small intestine
a) Mucosa
b)Suhmucosa

0
100

100
0

0
0

Tongue

100

0

0

Cells were demonstrated by paired immunofluorescence and tissue sections were sequentially incubated with rabbit
F(ab') anti-RMCPI, sheep anti-rabbit IgG-TRITC, monoclonal anti-RMCPII and sheep anti-mouse-FITC.
'Tissue sections from five animals were stained, and a total of 100 fluorescing cells was counted at random from each
tissue site. The percentage of cells fluorescing red (containing RMCPI) or green (containing RMCPII) only and cells
fluoreing both red and green (containing both RMCP! and RMCPII) are shown. The nunbeis of fluorescent cells
in some locations .uch as stomach and small intestinal submucosa were low, and further counts are required for
statistical analysis.

performed in diiuent without additional (0.5 M) salt.
Wells were preincubated in 10% ovalbumin w/v (gracie
II, Sigma) in PBS/T20 (0V/PBS/T20) for 1-2 h at room
temperature. OV/PBS/T20 was the diluent for samples
and sta.;dards, which were 0.25, 0.5, 1, 2,4,8, 16 and 32
ng RMCPII/ml. RMCPII was detected with sheep
F(2b') 2 anti-RMCPH-HRP and substrate was OPD as
described above. Results were exprcssc s j.g RMCPI hg
vet weight of tissue.
Controls for both ELISAs consisted of a) replacing
s w! diInt alone and b) incubating wells with
the heterologous proteinase (50 .tg/ml). No colour reactions ere observed with either control, demonstrating
the monospecificity of each ELISA for the homologous
proteinase. For comparative purposes, the tissue homogenates of ear pinna and large intestine were prepared
from five animals and assayed for RMCPI and RMCPII
respectively, by ELISA and by RID. The results are
shown in Table 2. Similar concentrations of RMCPI or
RMCPII were obtained with both assays.

RESULTS

Tissue imtniinoJluorc'scence
The cellular location of RMCPI and II in tissues
was examined by paired immunofluorescence.
Whiist the majority ot mast cells fluoresced either
red (RMCPI) or vreen (RMCPII), some cells in
tissues such as stomach, liver and lung, exhibited
dual fluorescence and thr çp t - c'f 'td, green
or dual fluorescent mast cells were determined by
counting 100 fluorescing cdii at random from
areas within each tissue. The results are shown in
Table 3.
In sections of tongue (Table 3, Fig. 2a and b),
skin, ear pinna and skeletal muscle, the numerous
mast cells fluoresced red, as did the sparse mast
cells in heart and brain, with mast cells in the latter
tissue being associated with blood vessels in the
thalamus. Mast cells in the mucosa of the gastrointestinal tract, including stomach and small
937
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Fig. 2. Photomicrographs of tongue (a and b) and larynx (c and d' demonstrating paired immunofluorescence for

RMCPI and d. Sections were ctjired with monoclonal anti-RMCPII-FITC and with rabbit anti-RMC1-TR1TC.ln
the totuc, ma,t cc:. crraia
ar exhibit bright red (TRJTC) fluorescerie (a)
no grien (flX
fluorescence (h) and their ocation is indicated by arrows. In the larynx, numerous intraepithelial MMC havc brigl-.•t
green fluores:ence (d oti no red fluorescence (c). The saining attcm ueironstrates the monope:ificity i
antibodies and the exclusive presence of RMCPI in the tongue and RMCPII in the laryngeal intraepithelial mast cells.

and large intestine, fluoresced green an
'.re
Jeo.1 of red fluorescence as wcre intraeu,ithèlial
mast cells in the larynx (Table 3).
In the subinucosa of the larynx and of the small
and large intestine, mast cells fluoresced red and
were devoid of RMCPII as shown by the absence
of green fluorescence. By constrast, the submucosa
and muscularis of the stomach, in addition to red
fluorescing cells, contained mast cells which fluoresced both red and green (Table 3), indicating the
presence of both RMCPI and II within individual
cells.
Dual fluorescing cells were also observed in
lung, liver and mesenteric lymph nodes (Table 3).
In the lung, most labelled cells were found in septa
and parenchymal tissues and in tissues surround938

ing bronchi or beneath the pleural surface. The
latter site contained predcniiL:tly red fluorescing
cells (Table 3). In peribronchia 1 tissues there were
dividual green or red fluorescing cells as well as
cluai iiucrscing cells (Fig. 3a and b, Table 3). Most
mast cells in liver were located in the portal triads
and surrounding larger portal ducts and veins (Fig.
3c and d). At these sites, monofluorescent red or
green cells were abundant, as were dual fluorescing
cells (Table 3). The extent of red or green fluorescence within individual dual fluorescent cells
varied. In mast cells of the submucosa of the
stomach the majority of granules fluoresced red.
However, in the lung and liver, mast cell fluorescence varied from predominantly green through to
red. Many cells contained individual granules
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Fig. 3. Photoniicrographs of lung (a and b) and liver ( ir. d) following paired irnmunoiuoesence. (a) and (c)
demonrate RMCPII (FITC). and (b) an (d) dem'strate P MCPI (TRITC) following excitation with blue and green
light respectively. Dual Il'io'scent cells are present in lung and liver. Note the 2 or 3 cells in the lung which fluoresce
green orily(loca!iOn in h showj by Tows) len.,.istrng the exclusive presence of RMCPII in some pcL1Dronchal
mast cells.

fluorescing either red or green. In the thymus,
RMCPII-containing cells represented the majority
(63%) of fluorescing cells (Table 3). Dual fluores..
cer' :eiis we absent in the thymus, although they
were present in mesenteric lymph node (Table 3).
Isolated cell preparations from bone marrow
and the peritoneal cavity were also examined by
paired immunofluorescence. The peritoneal cavity yielded large numbers of serosal mast cells,
which fluoresced strongly red (Fig. 4b and d).
However, a few (less than 0.1%) exhibited dual
fluorescence and, although predominantly serosal
mast cell-like in appearance, contained occasional
granules which fluoresced green (Fig. 4a). In addition to these cells there were rare mast cells (less
than 0.01%) which fluoresced green (Fig. 4c and d).
The latter were smaller than the other serosal mast

cells and exhibited a granule fluorescence similar
to that of MMC. Bone marrow cells contained
afge numbers of uniquely red fluorescing mast
cells which were identical in appearance to the
serosal mast cells. A few (less than 0.1%) demonstrtcJ single green fluorescence and were similar
in appearance LO the equivalent cells from the
peritoneal cavity. No dual fluorescing cells were
observed in preparations of bone marrow.
In control sections and cytosmears, no FITC or
TRITC excitation was observed.

Distribution of RMCPI and RJi'fPII in tissues
The gastrointestinal tract was the major source
of RMCPII (Table 4) as has been reported on
several occasions previously (King et al. 1986).
Concentrations were lower in the liver, mesenteric
939
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Photomicrographs of cytoccntrifuge pr.parations of peritoneal cells following paired imnunofluorescence. (a)
and (c) demonstrate RMCPTI (FITC) arTh (b) and (d) derlonjtrate RMCPI (TRflC). Although most serosal mast cells
contain RMCPI cxcl.sivlv and exhibit bright red f1uorecencc (b and d), a small number also contain RMCI,
indicated by the smal amount of green fluorescence in the dual fluorescing cells shown in (a). rn addition., ran- c1s
fluoresced green (c) but not red (arroved in d) confirming the presence of RMCPlI-contai'ing cells amongst the
-.pu'ati(, n c ..:rcs.i ccIls in the peritoneum (x 600).

lymph node, lung, thymus and bone marrow, with
trace amounts ( < C. 1 g.'g wet weight of tissue) in
spleen, kidney, heart and uterus. No RMCPII was
detected in ear, tongue, skeletal muscle, brain or
skin. In contrast, ear, tgu :nd skin were the
major sources of RMCPI (Table 4) although the
highest concentration of RM('PI was in bone
marrow (65 ig/g wet weight of tissue). Concentrations between 0.8 -• 15 .ig RMCPI/g (wet weight)
were present in stomach, large and small intestine,
mesenteric lymph node, larynx with trachea, lung,
thymus and skeletal muscle. The lowest concentrations of RMCPI (< 0.1 jig/g wet weight) were in
spleen, kidney, liver, heart, brain and uterus.
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DISCUSSION
In a previous study of the gastrointestinal tra., the
distribution of RMCPL and II was shown to
correlate with the location of C1'MC and MW
respectively (Gibson et al. 1987). Howevei-, RMCPII has also been detected at low concentrations
in some non-mucosal tissues (King et al. 1986) and
the present study has confirmed this observation,
extending the findings to other tissues and establishing that RMCPII-containing cells are present
in a few "non-mucosal" tissues. A novel finding is
that there is a population of cells in some tissues
which contains both RMCPI and II. Similarly, the
present observations establish quite clearly that
certain tissues, rich in RMCPI. lack RMCPII.
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TABLE 4. Distribution of R.t!CP! and 11 in rat tissues
pg/g Wet Wt.'

Organ/Tissue
RMCPII
Stomach
Small intestine
Large intestine
Spleen
Kidney
Liver
Mesentcric lymph node
Ear
Tongue
Larynx/Trachea
Lung

Thymus
Bone marow
Skeletal mus&e
Heart
Brain
Skin
Uterus

2.7
329.8
125.8
0.07
0.05
8.27
8.6

RMCPI

±
±
±
±
±
±
±

5.2
26.4
3.15
0.03
0.004
0.5
0.9

±
±
±
±

5.2
2.45
2.5
0.6

ND
ND'

46.6
11.2
15.5
3.3

ND"
0.011 ± 0.005
NDb
NDS

0.063 ±

0.010

7.7
0.84
2.6
0.12
0.07
0.07
14.75
41.08
42.58
12.2
1.93
5.3
64.8
3.6
0.08

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
0.09 ±
31.48 ±
0.13 ±

1.5
0.12
0.19
0.04
0.01

0.005
4.56
4.3
3.4
0.71
0.11
0.73
3.1
1.4

0.006
0.014

5.2
0.007

Mean concentrations of RMCPI or RMCPII in tissues from 5 rats ± standard errors, expressed as I.Ig RMCPI or Il/g
wet weight of tis.;ue.
'Not detected.

The tissue distribution of RIMCPt and II was
dct.rrnincd by measuring arnouns of these
prnteinasesin tissue homogenates. and byex2mining their cellular location by paired immurof1iorescence. The unequivocal demonstration Df the
specificity of th' antibcdy probes was an impoi tant prerequisite for the development of specific
and sensitive assays. The previous competitive
inhibon ET.ISA for RMCPLI was relatively insensitive (Miller et al. 1983), and advantage was
t' of the production of monoclonal antibody
to RMCPII both for the ELISA arid cr highly
peci1ic immunofluorescence. Te ELISAs developed for RMCPI and II were at least 10004bid
mure sensitive tai 'D assays for these proteinases (Woodbury & Miller 1982, Huntley & Newlands, unpublished observations). Monospecilicity of the antibodies and subsequent assays was
established by several criteria including detection
of RMCPI and II on nitrocellulose blots, immunoprecipitation of the radiolabelled proteinases and
immunoreactions by ELISA. The development of
these highly specific ELISAs has permitted the first
detailed map of the distribution of mast cell
granule proteinases in the rat.

MMC, previously termed "atypical" mast cells
(Enerbdck 1966b), are ' irticuiar interest, because tkey 7redom1ate at -ucosa' sur'aces 2nd
:nci•case i numberdurin2 infection with intestinal
nmaode paasites (rviewed by Askenase 1980,
IY;4). Earlier studies have established that
amounts of RMCPII extracted from the gut correlate significantly with the numbers of enteric
MMC ( Woodbury & Miller 1982. King 't al. 1985,
King et al. 1986, Miller et al. 1986). Comparable
correlations between the nurs of CTMC and
concentrations of RM(P1 have not been performed hut there was some disciepancy between
the proportions of RMCPI- and JI-'.'aining cells
and the relative concentrations of RMCPi II
in liver and lung (Tables 2 and 3). Tbe reasons for
these discrepancies are not yet clear.
In accord with previous findings (King et al.
1986), intestinal tissues were the major source of
RMCPII. In addition to mucosal sites, RMCPII
was detected (albeit at low concentrations) in other
tissues including thymus, mesenteric lymph node,
liver, bone marrow, heart, kidney and spleen. In
these tissues (apart from heart), cells fluorescing
green and containing RMCPII alone were ob-
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served, thus demonstrating a local tissue source of
RMCPII. However, a minor contribution to these
RMCPII concentrations by contamination with
blood, for example in heart, cannot be excluded
since there is a basal concentration of 200-250 ng
RMCPI I/mI blood in normal rats (Cummins ci al.
1988). Interestingly, a very small number of RMCPu-containing cells were found in preparations
of serosal cells from the peritoneal cavity, previously thought to be a source of CTMC exclusively
(Encrbãck 1986). The significance of these cells
containing RMCPII in non-mucosal tissues is
unclear but the results highlight the possible errors
in categorising mast cell subtypes on the basis of
their tissue distribution. Studies are now in progress to characterise these cells and their relationship to MMC and CTMC.
In ear, tongue and skin, which contain numerous CtMC, there were high concentrations of
RMCI?1 but no RMCPII. Paired immunolluorescence onfimed that CTMC in these 3 sites are
exclusvcly of the RMCPI phenotype, supporting
the view that there are two major non-overlapping
populations of mast cells distinguished by their
content of proteinases (Gibson ci al. 1987). Bone
marrow also contained high concentrations of
RMCPI, together with large numbers of apparently mature CTMC indistinguishable-from serosal
mast Vlls. The function of these bone marrow
mast cills, together with the fw RMCPII-containing celjs, remains unknown.
Cexpr;in
md proteinase phenotype
we'
t'c.cd in the submucosa of stomach, lung
auu liver. The reason for dual expression of
proteinases is unknown. However, it has been
proposed that transdifferentiation of one murine
mast cell phenotype to another can occur followi ng in vitro (Levi-Schaffer ' ' I 1986) and in vivo
(Kitamura el al. 198 7) experiments. Modulation
of rat mast cell glycosaraiL1oglyca: expression has
also been reported, where changes frcrn predominantly alcian blue to berberine siiiat or :afrr'n
staining of mast cell granules were observed in
lung (Arizono et al. 1987) and intestinal subserosa
(Arizono & Nakao 1988) during infections with
Nippostrongylus brasiliensis. However, it was not
established whether the changes occurred amongst
a static population of mast cells or whether there
was preferential proliferation of a subpopulation
giving rise to phenotpically distinct mast cells. For
example, changes in granule glycosaminoglycans
occur during cell maturation or after degranula942

tion (Combs et al. 1965) and the histochemical
properties of the granule glycosaminoglycans do
not necessarily reflect the presence of different
mast cell subpopulations. The differentiation and
phenotypic regulation of mast cells are profoundly
influenced by the tissue microenvironment
(Stevens ci al. 1989) and by locally derived T-cell
factors such as interleukin-3 (Haig ci al. 1988) as
well as various potentially autoregulatory cytokines (Bard ci al. 1989) but their role in vivo and their
effect on protease expression have yet to be determined. However, a contribution to co-expression
by the active or passive uptake of proteinases by
MMC and/or CTMC remains a possibility and
further studies may require the use of gene probes
for RMCPI and II to define fully their potential to
express both proteinases.
To summarise, the tissue distribution of RMCPI
and II has been determined using highly sensitive
immunoassays and has broadly confirmed and
extended previous studies (Gibson et al. 1987).
However, significant concentrations of RMCPII
and of RMCPII-containing cells were found in
non-mucosal sites, as were individual cells expressing both RMCPI and II. The significance of these
novel findings is not known but studies to define
the nature and functional activity of these cells are
in progress.
The authors thank Brian Easter and A/ar Inglis for the
preparation of photoniicroaphs. We also thank .1,idret .1Gzagan anu Ans,ela .Siit ir assi' tan. wi
immunoprecipitations and ptoduc:ion of monoclonal
antibodies respectively.
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Abstract

Ovine mast cells generated

in vitro

from bone marrow (BMMC) were

compared with mucosal mast cells (11MG) isolated from parasitized abomasum.
Ultrastructurally, the granules of BMMC were partially developed and
immature.

Both cell types contained B-hexosaminidase,

arylsulfatase,

histamine, dopamine and sheep mast cell proteinase (SMCP). Greater
amounts of B-hexosaminidase, but less SMCP, histamine and arylsulfatase
were present in BMMC. Stimulation with calcium ionophore A23187 caused the
secretion of granule constituents and generation of leukotriene C 4 byBMMC
in a dose-dependent manner.

An additional 3 [H]diisopropylfluorophosphate

(DFP)-binding 31,500 MW serine esterase,

antigenically related to SMCP

(27,000 MW) was present in cultures of BMNC but was not detected in
isolated MMC. Both enzymes were detected in 511MG by day 7 of culture and
were secreted concomitaniy following stimulation of BMMC with ionophore.

-

Introduction

The association between mucosal mastocytois and helminth infection
is now well established (Miller,

1980) and has provided considerable

impetus in defining mast cell sub-sets and their role in vivo.

Two mast

- cell populations have been recognised in rats (reviewed.. i-n..Enerback,.
1986), termed mucosal mast-cells (MMC) and connective tissue mast cells
(CTMC) based on differences in their histochemical properties (Enerback,
1966a and b; Miller and Wa1sha, 1972) ' , granule constituents (Tas and
Berndsen,

1977; Wingren and Enerback, 1983; Woodbury et al.,

in their response to ionophores and secretogogues (Befus

1978) and

et al. ,

1986;

3

Pearce et al.,

1982). The latter studies have involved the isolation and

purification of mast cells from gastrointestinal tissues, although
homogenous preparations of MMC are difficult to achieve (Befus et al..,
1986), providing difficulties in ascribing results from such studies to a
defined population of cells.

An alternative approach to the analysis of mast cell sub-sets has
involved studies with mast cells generated

in

vitro from haemopoietic

cells (BMMC) derived from rodents (reviewed in Jarrett and Haig, 1984;
Haig, 1988) or sheep (Haig et al.,

1988). These cultures provide a

convenient source of cells which may help to determine the origin,
differentiation and function of mast cells. Previous phenotypic studies
on rat BMMC have indicated that they are similar to the rat MMC sub-set
(McMenamin et al.,

1987); and results from recent functional studies are

in agreement with this a;logy (MacDonald et al., 1989).

Mast cell
o1

b-se :s in t±e sheep .avc not been defined and the ç•urpos.

the present investic1Dn was to compare BMMC generated from ovine

haemopoietic cells with MMC isolated from the abomasun. The biochemical,
ultrastructural and functional characterization of ovine BMMC is an
importarr pre-aquisite for further

in

t.ro studies involving nst ceil

differentiation and for defining their role h

;ite infection.
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Materials and Methods

Animals

Suffolk cross lambs, bred at the Institute, aged 6-12 months, were
used throughout these studies.

Infection with Nematode Larvae

To obtain adequate' numbers of isolated mast cells from abomasal
tissue, sheep were infecte'd with 10,000 Haernonchus contortus larvae per
day for 8-10 weeks prior to killing. Conditioned medium for culture
techniques , was prepared from lymphocytes recovered from the gastric
efferent lymph of sheep (Haig

et al.,

1988) infected with the nematode

Os-cercagia c-ircumcincca - nd cannulated and challenged as described bySmith et al. (1984).

-. Bone Marrow-Derived Mast Cells

The generation of mast cells fromovine bone-marrow cell cultures was
as described.In Haig et al.

(1988).

Briefly,

bonemarrow cell were

/

isolated from sternal marrow it - autopsy and fractionated by centrifugation
over Ficoll-Hypaque (Sigma Ltd.). Cells with a density of < 1.077 g/ml
were cultured in medium containing 10% heat-inactivated fetal calf serum
and 25-50% batch-tested conditioned medium. Cultures were refed with this
medium every 5-7 days and total viable and differential cell counts
performed. Viability was assessed by 0.2% trypan blue dye exclusion and

S

differential cell counts were made on cytocentrifuge preparations fixed
and stained with Leishman-Giemsa. In one experiment, platelets and cell
debris were removed from mast cell cultures by centrifugation (300 g) over
Percoll (Pharmacia) at a density of 1.07 for 20 mm. at +4 0C. Cells were
harvested between 3-5 weeks of culture, when mast cells typically
constituted > 90% of the cell population.

Isolation and Recovery of Mucosal Mast Cells

Viable cells were isolated from the abomasurn by enzyme digestion
using hyaluronidase (Sigma: type 1-5) and collagenase (Sigma: type 1) as
described previously (Huntley

et

al.,

1982). Preparations of cells

enriched for MNC were obtained following isolation on preformed
discontinuous Percoll gradients (Huntley

ec al.,

1984). Estimation of the

number of MC in isolated cell preparations was as previously described
(l1untley et al., 1982).

Purification of Sheep Mast Cell Proteinase

Sheep mast cell proteinase (SMCP) was purified from abomasal tissue
obtained from multiply parasite-challenged sheep by 1mriuno-affinity
chromatography as described previously (Huit1ey et al.., 1986)

Preparation of Antibody and Conjugates

Antibody to the proteinase was affinity-purified from rabbit
anti-SMCP serum (Huntley at al., 1987).

Rabbit IgG anti-SMCP was coupled
Sheep

to peroxidase according to the method of Nakane and ICawaoi (1974).
F(ab') 2

anti-rabbit IgC-horse radish peroxidase (HRP) was purchased from

Sera Lab. (Crawley Down, Sussex).

Irnmunohistochemistrv

I

Immunohistochemical localization of SMCP in isolated MMC and BMMC was
performed as described previously (Huntley at al. , 1936), with cytosmear
preparations sequentially incubated with rabbit IgC anti-SMCP (10 pg/ml)
and sheep F(ab') 2 anti-rabbit IgC-HRP. Control sections consisted of
substituting the antibodf with normal rabbit IgC (10 pg/mi).

F1.ectron Microscopy

Mast cells for ultrastructural study were pelleted by centrifugation

(400 gfSr 5 mm), and cells were resuspended gently in . fresh 1%
glutaraldehyde (E.M. grade, Agar scientific, Stansted, Essex) in 0.1 H
p.osphate buffer pH 7.2 and fixed for 15

MiIL

at town tnperature. Cells .

were then washed 3 x in phosphate buffer containing 2% dextrose by
centrifugation. The cells were post fixed in 1% osmium tetroxide (Agar
Scientific) in phosphate buffer for 20 min at room temperature, washed as
before, dehydrated in graded ethanols and embedded in Agar 100 resin
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(Agar Scientific) polymerised at 60 0 C for 48 hours. Ultrathin sections
were stained with saturated aqueous uranyl acetate and Reynolds lead
citrate (Reynolds, 1963) before examination in a Jeol 1200 Ex
transmission electron microscope.

Preparation of BMNC and MMC for Assays

For the measurement of arylsulfatase, B-hexosaminidase,
histamine, aliquots of

10

MMC or BMMC were resuspended in 200 j.il of 0.02

H Tris/HC1 buffer pH 7.5 containing 2 M KC1.
rapidly 3 x and,

SMCP and

Aliquots were freeze/thawed

following centrifugation at 12,000 g for 5 mm,

supernatants were stored at -70 ° C prior to assay.

For

analysis by sodium

dodecyl

sulphate-polyacrylamide

gel

electrophoresis (SDS-PAC) immunoblotting on nitrocellulose, or binding of
[ 3 H)-diisopropylfluorophosphate (DFP), cells pellets were disso1vd in 100
1 SDS-PAGE sample buffer (Laemznli,

1970) and stored it -70 0 prior to

analysis.

p1ium.Dodecy1 Sulphate-Polyacrylamide Gel E1trophoresis kS-PAGEj.

Discontinuous SDS-PAGE was as described by Laemmli (1970) uing 15%
gels with electrophoresis for 1 h at a constant 200 volts in the Biorad
Mini Protean II system (Biorad Labs., Watford, Herts, England). The
following standards (Biorad) were employed:-

Phosphorylase b, 97.4 Kd;

bovine serum albumin (66.2 Kd), ovalbumin (62.7 Kd), carbonic anhydrase
(31 1(d), Soya bean trypsin inhibitor (21.5 Kd), lysozyme, (14.4 Kd). The

following [ 14 C-methylated protein standards were used for

SDS-PAGE of

samples bound to [ 3 H]-DFP, myosin (200 Kd), phosphorylase B (92.5 Kd),
bovine serum albumin (69 lCd), ovalbumin (46 lCd), carbonic anhydrase (30
lCd) and lysozyme (14.3 lCd) (Amersham International plc, Bucks).

Immunoblotting on Nitrocellulose - Western Blots

Western blotting was with the Khyse-Andersen (1984) semi-dry method
and each blot, was washed in Western blot buffer (WB) containing phosphate
buffered saline (2 1), Tween-20.(10 ml), EDTA (0.74 g) and NaCl (408 g),.
before probing with rabbit IgG anti-SMCP (1 Ag/ml in WB) for 1 h. After
washing in WB, blots were further incubated with sheep F(ab') 2 anti rabbit
IgG-HRP (1/100 dilution in WB) for 1 h at room temperature. Peroxidase
activity was detected with diaminobenzidine and hydrogen peroxiidase.

Binding of ! 3 j-diso2ropy1C.uorophosphate

Sanpie

(5 x 1O4 cells in 10 Al) wc;re incubated with ....5 /huCi

( 3 H]-DFP (91% pure;
SOS-PAGE.

Gels were prepared for autoradiography by the method of. Laskey

and Mills (1975).
4,14 days.

5.8 Ci/m mole) (Aniersham) and then subjected to

Radicgraphs were exposed at -70 ° C and developed after

Assays for Mast Cell Constituents

Amounts of SMCP were measured in extracts of cell pellets using an
antibody capture ELISA, described previously (Huntley

et al.,

1987).

Concentrations of SMCP were expressed as ng SMCP/10 6 mast cells.

assayed

activity was

B-hexosa.rninidase

by

hydrolysis

of

p-nitrophenol-B-D-2-acetamido-2-deoxyglucopyranoside (Sigma); 1 unit of
this enzyme cleaves 1

11

mol of substrate/h at 37 0 C (Schwartz et al.,

1979)

Arylsulfatase

activity was

assayed by

the hydrolysis

of

p-nicrocatechol sulfate (Sigma); 1 unit of arylsulfatase hydrolysed 1.0 u
mol of substrate/h at 37oC.

Histamine was measured using a single radioisotope enzymatic assay
(Cuilloux et al., 191). The amounts of histamine were expressed as ng of
histamine per

10

mast cells.

Demonstration of Monoamine

The presence of monoamines in mast cells ws demonstrated by the
formaldehyde condensation reaction (Enerback, Custafsson and Mellblom,
1.977). Cells were examined with a Leitz Orthoplan fluorescent microscope
during excitation with ultraviolet light.

10

Calcium lonophore A23187 Activation

Activation of cells with ionophore was similar to that described
previously for the stimulation of rodent mast cells (MacDonald et

al.,

1989). Mast cells were prepared by washing in Ca 2+ and Mg 2
free Tyrodes
solution containing 0.1% tissue culture grade gelatin (TG) at p1-i 7.4
containing 4 mM EDTA, followed by 2 further washes in Ca 2+ and Mg2+ free
TO without EDTA. Cells were finally resuspended in TO (pre-warmed to
3700) and

10

aliquots were incubated with A23187 at concentrations

between 10 and 5 x 10 H at 37 ° C for 40 mm. Cells were removed by
centrifugation at 300 g for 10 mm, and supernatants stored at 700C for
assay of arylsulfatase, SMCP, B-hexosammnidase, and for measurement of the
membrane-derived lipid mediator, leukotrjene C 4 (LTC ). Prior to
4
incubation with ionophore, aliquots of cells were pelleted and extracted
for total extractions of SlICE', arylsulfatase and B-hexosaminidae as
describec.viously Results for the release of preformed mediators were
exprs e A
as i % of these total estimations. .'3ozILro13 consisted of cells
incubated without ioiiophore and duplicate, samples were performed for each
determination.

LeukotrieneRadloimmunoassay

Immunoreactiva LTC 4 was quantified by a double-antibody method (Hayes

et al., 1983). The amounts of LTC 4
were expressed as nanograms of LTC 4
generated from 106 mast cells.
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Demonstration of Fc Receptors

To ovine BMMC (5 x 1O 5 cells),

in 200 p1 of RPMI (Flow Labs.)

containing 5% fetal calf serum (RPMI/FCS), was added 50 p1 of serum from
sheep repeatedly infected with H. contortus or from normal (non-infected)
sheep. After gentle mixing, the cells were incubated for 1 hour at 37 ° C,
and then washed three times in RPMI/FCS by centrifugation (x 300 g) at
4° C. To each cell preparation was added 100 Al of ice cold tissue culture
supernatant containing monoclonal antibody (1
inimunoglobulin light chain (MCM 7, supplied by Dr
McMaster Lab., Glebe,

Australia).

to ovine

jig/ml)
K.

Beh,

CSIRO,

After incubation for 1 hour at 4 0 C,

the cells were washed 3 times in RPMI/FCS and then incubated in 100 ul of
sheep anti-mouse-FITC diluted 1/100 in RPMI/FCS.
incubation for 1 hour at 4 ° C,

After a further

the cells were finally washed 3 times in

RPMI/FCS and cytocentrifYed smears were prepared.

The smears were fixed

in 4% paraformaldehydc in PBS pH 7.4 at 45 0 C for 30 minutes,
mounting in citifluor AFI mountant (Citifluor Ltd.,

prior to

London) and

examination under a Leitz Orthoplan microscope (Leitz, FRG). Controls
consisted of a) replacing the monoclonal anti-light chain with supernatant
from another, unrelated monoclonal antibody and b) replacing sheep sera
with RPMI/FCS.
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Results

Morphology of cultured ovine BMMC

Bone-marrow (3M) cells, cultured in Iscoves modified Dulbeco's medium
containing 30% CM, were adjusted to 5 x l0 5 /ml in fresh medium every 7
days. 3M cells were examined at intervals during culture on cytosmear
preparations stained with Leishman-Geimsa. While monocytes, blast cells,
eosinophils and small cells with basophilic granules were identified on
days 0-10 of culture by day 10 there was a.decline.in the number of
eosinophils but an increase in the number of blast cells and BMMC.. After
• the

second refeed,

the number and proportion of BMMC

increased;;

substantially and by 21 days the majority of cells (70-90%). were..
identified as mast cells. These .BMMC were of varying size: and granule
content. Many were ext'ensively. vacuolated with poorly defined granule:
whi& were less basophilic than those in mast cells isolttedfrm. tirsues.

Ultrastruètural examination confirmed the apparent immaturity-of -the
granules which were small, with heterogeneous matrices of varying density
and of vesicles and progranules suggestive of incomplete granule fontion.
particularly at the granule periphery (Fig. la). Many of the atricts
had a granular or particulate pattern, not observed in the larger

- L'I'la

homogeneous electron-opaque matrices of granules of MMC (Fig. lb) isolated
from parasitized abomasal mucosa.
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Intracellular localization of SMCP in ovine BMMC

To determine the distribution of SMCP, cytosmear preparations of BMMC
were subjected to immunohistochemica]. analysis. Immunoperoxidase labelling
was as shown previously (Haig et al., 1988a), and anti-SMCP appeared to
be confined to the granules, although cells exhibited considerable
variability in the intensity of staining with some containing only small
amounts of reaction product. In contrast, the majority of isolated MMC
had intense staining of granules and globules.

Granule Constituents of BMNC and MMC

The concentrations of SMCP, B-hexosaminidase,

arylsulfatase and

histamine in BMMC and MC were quantified and the presence of dopamine was
determined by the formaldehyde condensation technique (Table 1).
Estima"- -* D,13 of SMCP in BMMC (485 ng/10 6 cells) and MMC (3875g/10 6 cells)
demonstrated that BMNC contained considerably less SMCP tzan MMC, a
finding which is in accord with the observations of relatively weak
irnmunostaining for SMCP in BMMC compared to MMC.
demonstrated in BMNC and MHC.

B-hexosaminidase was

BMMC contained 0.6 u/10 6 cells, whereas

less than half this concentration (0.18 u/10 6 cells) was detected in MMC.
Arylsulfatase was also present in BMNC and MMC, the latter containing
twice as much (0.879 u/10 6 cells) as BMNC (0.43 u/10 6 cells). Greater
concentrations of histamine were also demonstrated in MMC (200 ng/10 6
cells) when compared to BMMC (48 ng/10 6 cells), although these latter
estimations were performed on single samples of HMC and BMMC.
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The majority of BMNC emitted green fluorescence following the
formaldehyde condensation reaction (Fig. 2), demonstrating that these
cells, like MMC (Huntley

et al.,

1984), contain dopamine. The

cytoplasmic fluorescence varied from intensely fluorescent cells to those
which

lacked fluorescence. Within many BMNC, unlike MNC, the

fluorescence was apparently diffuse within the cytoplasm rather than
granule associated.

-

Response to lonophore St.mulation

The functional activity of BMNC in response to activation by the
ionophore A23187 was examined. A dose-dependent response with optimal
secretion of arylsulfatase.

SMCP,

and li-hexosaminidase occurred at a

concentration of 10 M A23187 (Table 2). This concentration of ionophore
also induced maximum generation of LTC 4 (5.3 ng/10 6 cells). During this:
peak response, over 90% of extractable total) arjlsulfatase,

together

with 47% and 31% of extractablc SMCP and B-hexosaminidas respetive1y,
were released.

Similar results were obtained when the

ionophore

dose -?response experiment was repeated with a further culture of Bfl1C,
confming thu concomitant release of SMCP,.

arylsuifatase

E-huxosminidase, with a maximum response at 10T 6 M A23187. However, the
extent of enzyme release was less than that of the previous experiment,
with 35%, 16% and 15% of total arylsulfatase, SMCP and B-hexosaminidase
respectively,

secreted into the medium. The release of LTC 4 was not
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measured.

cultures,

(non-stimulated)

In control

trace amounts

(representing < 2.0% release of extractable enzyme) of SMCP were
demonstrated, and no B-hexosaminidaSe or arylsulfatase was detected in
supernatants from either experiment.

A dose-response experiment with A23187 was also performed on isolated
MNC. Following isolation and purification from tissue, cells were > 90%
viable, as judged by trypan blue dye exclusion and phase contrast
microscopy. However, in control cultures high spontaneous release of
SMCI', arylsulfatase and B-hexosaminidase was demonstrated, which
represented approximately 30% of the total extractable amounts of these
enzymes. Following ionophore stimulation, little further secretion of
enzymes were detected, and these experiments with MNC were discontinued.

Irnmuno-blottiug

In order to-compare the

SMCP

content of BMMC avd MMC, 0.5-2 x

cells were extracted in SDS-PAGE sample buffer, subjected to SDS-PACE
(12%) and e1ectrc.1otted onto nitrocellulose.
rabbit antibuy to SMCP and polypeptide bands

Blots were incubated with
of

identical moLJi

(27,000 MW) co that of purified SMCP were observed in extracts of WIC and
BMMC

MMC also contained a distinct polypeptide ot

(Fig. 3). r1owev,

higher weight (31,500
preparations of MMC.

MW)

than

SMCP,

which was not observed in

At least two further polypeptides of lower molecular

weight (18,000-20,000 MW)

were prominent in samples of BMMC.

Similar,

but less intensely labelled proteins of comparable molecular weights were
also present in MMC, as was a polypeptide of approximately 14,000 MW.
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13 H1-nFp Binding to Proteinases

To investigate the total content of serine proteinases, extracts from
BMMC and 11MG, incubated with the irreversible inhibitor [ 3 H]-DFP, were
separated by SDS-PAGE (Fig. 4). A single band of identical molecular
weight (27,000) to SMCP in preparations of 11MG was observed, whereas two

1 3 HJ-DFP-binding polypeptides were present in BMMG. One of these was of
the same molecular weight as SMCP (27,000 MW) and the other was of similar
molecular weight (31,000 MV) to the additional polypeptide detected in
811MG by Western blotting. The binding of DFP to this polypeptide
identified this protein as a serine esterase, indicating that BMMC may
contain, in addition to SMGF a larger molecular weight serine proteinase
which is absent in MMC. The fast migrating (18,000-20,000 MW)
polypeptides observed in Western blots of 811MG and 11MG did not bind
[ 3 H]-DFP.

Because contaminating serine esterases may have been present. in the
non-mast cell population of cells, [ 3 }I1-DFP binding of extracts of
purified 811MG was examined. BMMG were purified by density gradient
centrifugationthrough.Percoli and > 99% of the cells weremast cells in
Leishman-stained cytosmears. The presence of two polypeptides (27,000 and
31,000 . MW) Jthding .(Hj,DFP confirmed that 811MG were the sourci of- , th Q:
proteinases,one of which is probably SMGI'.
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In order to determine the time course of appearance of the two major
[ 3 H]-DFP binding esterases during differentiation of BMMC, cells were
harvested at intervals on days 0, 7, 13, 20, and 27 of culture.
Following a 14 day exposure of radiographs, both proteins appeared as
faint bands by day 7 of culture, when relatively

few

cells were

morphologically recognisable as mast cells. This result indicates that
both enzymes were synthesised concomitantly at an early stage of mast cell
differentiation and development.

A final [ 3 H]-DFP binding study was performed on supernatants from
BMMC following stimulation with calcium ionophore (10 6 M) to determine
whether both enzymes were secreted. Two bands of 27,000 and 31,000 MW are
clearly visible in supernatants indicating that both are released (Fig.
5).

Fc receptors

The presence of putative Fc receptors on BMNC was sought by
incubating cells in serum from sheep hyperimmunized by repeated infection
with H. contortus.

BMNC exhibited an intense speckled fluorescence after

incubation in hyperimmune serum at 37 ° C, followed by sequential
ini.thations at 4 ° C with a mouse monoclonal ant i.bcry

to ovine

immunoglobulin light-chain and sheep anti-mouse-FITC (Fig. 6). This
effect was reproducible and occurred with sera from six different
hyperimmune sheep. Little or no fluorescence was observed when the
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hyperimmune serum was substituted with serum from wormr free (naive) sheep
or in control preparations. where the monoclonal antibody was substituted
with medium containing 5% FCS alone, or with a different monoclonal
antibody not directed against ovine antigens.

DISCUSSION

The granule constituents of ovine BMMC and MNC are similar, in that
both cell types contain SMCP, B-hexosaminidase, arylsulfatase, histamine
and dopamine. Moreover. BHMC like MNC (Lee, Sterk and Ishizaka, 1985)
have surface Fc receptors. However, a major difference was the presence
of a serine esterase in BMMC which was antigenically similar to SMCP but
which was not detected in MMC.

Previous analysis ot. [ 3 H]-DFP binding proteins in murine BMNC have
indLca..d cansideráble complexity in their proteinase contenc with 4
dis..nct serine proteases (Dubuske.. al., 19V. Mil ]er.c at, 1989). A
similar procease coknpiexty may occur in r:lt b'1MG where several distinct [ 3 H]-DFP binding proteins have been observed (Irvine,
communication),

personal

and the present study has demonstrated that ovine BMMC,

un1Uce isolated MMC,

also contain more than one serine prote.

EMMC ma" t!tcfore,

differ from MMC although an alternaiftive at r

Ovine
pms

more likely explanation is that BMMC represent a mixed population of HflC
and connective tissue mast cells (CTMC).

A similar hypothesis accounting

for the proteinase content of murine BMMC has been proposed (Miller et
al.,

1990) in which evidence was proided that BMNC and CTMC contain an

identical serine esterase.

Murine BMMC also contain the MMC proteinase
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intestinal mast cell protease (1MG?) (Miller et al..,
al.,

1990;

Newlands et

1990), suggesting that the cultured cells contain proceinases

present in MNC and CTMC phenotypes. However, the proteinase content of
ovine CTMC has not been determined and the possibility that the higher
molecular weight proteinase present in ovine BMMC is derived from a
'non-mast' cell source cannot be discounted. In particular, the immature
basophil in several species is difficult to distinguish on morphological
criteria from mast cells (Dvorak,

1986) and the cultured cells, while

appearing homogeneous, may have also contained basophils.

In this

respect, it is interesting to note that antibody to SMCP also reacts with
basophils in ovine skin (D. Jenkinson, personal communication) indicating
that these cells contain an antigenically related enzyme to SMCP.

The estimated molecular weight of SMCP was 27,000, whereas a previous
estimate by SDS-PAGE was 25,000 (Huntley

et al.,

1986). The latter

estimation was performed in larger format SDS-PACE rather than the minigel
system used in the present study. This anomaly requires further
investigation, although in a previous study the minigal system was shown
to provide erroneous estimations for the molecular weight of 1MG? (Miller

et al., 1990).

Ultrastructural analysis of rat

intestinal mast cells during

maturation have shown the presence of progranules, vesicles and partially
formed granules in immature cells (Miller, 1971). Rat cultured mast cells
(Dvorak,

1986) and sheep BMMC share some ultrastructural similarities

with immature mast cells,

and this apparent immaturity has been ascribed

to the lack of development of cultured mast cells (Galli ec al., 1984).
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Despite their apparent immaturity,

ovine BMMC,

responded in a

dose-dependent fashion to calcium ionophore with the concomitant secretion
of SMCP, B-hexosaminidase and arylsulfatase, and with the generation and
secretion of LTC ;
4

thereby demonstrating their functional activity

following an influx of calcium ions.

The concomitant secretion of

pre-formed and generated mast cell mediators from cultured mast cells
following immunological and/or ionophore stimulation has been reported
previously for both murine and rat cells (Levi-Schaffer et al.,
Mencia-Huerta et al., 1983; MacDonald et al.,

1987;

1989)

Of interest in the present study was the finding that ovine BMMC
could be passively sensitized with homocytotropic antibody from Haemonchus
infected sheep, but not from non-infected naive animals. These results
indicate that an 5ncrease in the synthesis of homocytotropic
immurtoglobulin occurs in eheep following infection with Haemonchus,

which

probably binds through Fe receptors on the •surface of BMMO. Fvrther
sdies re in progress to characterize this sensitizing, ovine
homocytotropic immunoglobulin.

MMC extracted from abomasal tissue,

-

using enzyme digestion

techniques, lacked fun:tion although similar methods have been successfully
employed for the istA ion of ttast cells from the gastrointestinal tissue
of rodents (Heavey et.äi.,

1988) and man (Befus et al., 1987). The high
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spontaneous release of constituents from ovine MMC suggested that,
despite their apparent viability, these cells were damaged during the
isolation procedure. This observation highlights the advantages of
utilizing BMHC for functional analyses.
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Table 1.
Intragranule Constituents of Ovine Mast cells
Concentration per 10

mast cells
BMMC

MMC

SMCP

3875 ± 563 ng

485 ± 154 ng

B-hexosaminidase

0.18 ± 0.08 u

0.6 ± 0.03

U

Arylsulfatase

0.88 ± 0.47

0.43± 0.04

U

U

Histamine

200 ng

48 ng

Dopamine

+

+

1 oncentrations of SMCP and histamine are expressed as nanograms (ng) per
10 cells, whereas B-hexosamlnigase and arylsulfatase are expressed as
hydrolysing the substrates
cells,
units of activity (u) per 10
p-nitrocatechal
and
p-nitrophenol-b-acetamldo-2-deoxyglucopyronoSide
sulfate respectively. The values for SMCP, B-hexosaminidase and
arylsulfatase represent the mean ± standard error of estimations on 3
separate mucosal mast cell (MNC) isolates, or on 3 bone marrow-derived
mast cell cultures (BMMC) harvested between 21-35 days of culture.
Estimates of the concentration of histamine are from 1 MMC and BMMC sample
only. All assays were performed in duplicate. The presence of dopamine
was detected by fluorescence following the formaldehyde condensation
reaction.

Table 2
Release of Mast Cell Constituents following Stimulation with lonophore
A23187
% Release

Concentration of
A23187 (It)
Arylsulfatase

5x109

0

10 8

0

SMCP

0
2.1

B -hexosaminiase
cl

( Nan
rns/1o6
cells)

0

0

0

0

x 1o8

37.3

19.8

2:7

0.34

10

64.1

24.6

11.2

0.53

80.6

41.7

29.3

1.8

5 x 10

92.5

47.6

31.5

5.3

67

37.9

16.0

4.6

60

34.3

12.3

2.3

s

10- 6
5 x 10- 6
10

The release of granule constituents arylsulfatase, sheep mast cell
proteinase (SMCP), Bhexosaminidase, and the generation of LTC 4 released
in response to stimulation of BMMC with different concentrations of
ionophore A23187. All estimations are the mean results from duglicate
samples. For preformed mediators, the release from aliquots of 10 cells
is expressed as a percentage of the total amount of enzyme extracted with
214 KCI in 0.02 14 Tris/l-lCl pH 7.5 and repeated freeze-thawing from a
similar aliquot of cells. The results also show the amount of LTC4.
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Figure 1
demonstrating the
(a) Electronmicrograph of a cultured mast cell,
granules which appear incomplete and poorly formed when compared to those
in MMC (b). Some of the granules in BMMC exhibit a granular or
particulate pattern (arrowed), not present In MNC. x 9,000
Figure 2
days of culture)
of
BMMC
(21
A cytocentrifuge preparation
demonstrating a fluorescent compound derived from dopamine, following the
formaldehyde condensation reaction. x 600
Figure 3
Samples
Western blot comparing the SMCP content of BMMC and SMC.
electroblotted
were run under reducing conditions on 12% SDS-PACE gel,
onto nitrocellulose, and probed with rabbit anti SMCP. Lnne I and 5;
Lg of SMCP in 10 Al of sample buffer. Lanes 2 and 3; 2 x 10 and 1ic 10
Lane 4; 5 x 10' MJ1C
BMMC (day 28 of culture) in 20 til of sample buffer.
in 5 jtl sample buffer.
Figure

/4

Autoradiog9ph of an SDS-PAGE separaion of extracts of BMMC and MMC
Lane l; l45 x 10 BMNC (day 35 of culture) in 10
incubated with [ 1l]-DFP.
[ C]-methylated protein standards myosin
Lane 2;
,41 of sample buffer.
(MW 200,000), phosphorylase B (MW 92,500), bovine serum albumin (MW
69,000), ovalbumin (MW 46,000) carbonic anhydrase (MW 30,000) and lysozyme
(MW 14,300). Lane 3; 5 x 10 MMC in 10 /11 of sample buffer,
Figure 5
secretion of proteinases from BMMC
Autoradiograph showing the
Cell extracts or culture
following calcium ionophore stimuation.
supernatants were incubated with [ H]-DFP before sepaFation by SDS-PACE.
Lane 1, standards as in Fig. 3; Lanes 2 and 3, 5 x 10 BMMC extracted
5 x 10
10/11 of sample buffer (unstimulated controls); Lanes 4 and 5,
of sample buffer after stimulation with calcium
BMMC extracted in 10 /.L
Lanes 6 and 7, 20 til of supernatant from
ionophore A23187 at 10 ;
unstimulated control BNNC; Lanes 8 and 9, 20 Ll of supernatant from
lonophore stimulated BMMC, demonstrating the concomitant secretion of SMCP
and the related putative proteinase.
Figure 6
Immunofluorescent localization of surface iminunoglohulin on RNIMC,
passively sensitized with hyperimmune serum. Surface immunoglobulin was
detected with a murine monoclonal antibody to ovine immunogiohulin
light-chain, followed by sheep anti-mouse-FITC. Little or no surface
fluorescence was observed when hyperimmune serum was substituted with
serum from a worm-free sheep.
x 600

