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ABSTRACT 

The microsomal fraction of both dog and hog gastric mucosa 

contains a K+ activated ATPase. ATP phosphorylates a pep- 

tide of E 100,000 Mr in both species, and dephosphorylation 

is stimulated by K. By a combination of differential and 

zonal density gradient centrifugation a membrane fraction 

is produced containing almost exclusively this peptide 

region. These vesicles, upon the addition of ATP, take 

up H+ and extrude K 
+. 

The action of ionophores such as 

nigericin or valinomycin and the uptake of lipid permeable 

anions such as thiocyanate or anilino -naphthosulfonic acid 

indicate the lack of a potential difference during trans- 

port. Reconstitution of this material into a planar bi- 

layer indicates that ATP activates a K+ conductance and 

hence, in the + presence of K also a low potential diff- 

erence is observed. These data suggest that this H+ pump 

is non -electrogenic as prepared in the vesicular form. 

Using an antibody obtained from rabbits immunized with 

the highly purified membrane fractions, it was demonstrated 

that this membrane was derived uniquely from gastric parie- 

tal cells. Hence, based on the ability of this ATPase to 

actively transport H +, its cellular origin and on the well 

known K+ requirement for acid secretion in amphibia and 

mammals, it is concluded that this ATPase is a component 

of the HC1 secretory mechanism of gastric mucosa. 



Secretion by in Vitro Amphibian Gastric Mucosa 

G. SACHS & B. I. HIRSCHOWITZ 

Division of Gastroenterology, Department of Medicine, University of Alabama, Medical Center, 
Birmingham, Alabama, U.S.A. 

Abstract: SACHS, G. & HtxscHowrrz, B. I. Secretion by in Vitro Amphibian Gastric Mucosa. The 
Physiology of Gastric Secretion, 186 -202, 1968. Universitetsforlaget, Oslo. The growth in knowledge 
related to the gastric mucosa resulting from the in vitro technique has been quite considerable. How- 
ever, our picture of the transport process is far from complete. One drawback has been the virtually 
exclusive attention that has been paid to frog mucosa. In this species there is very little Na+ transport, 
and little ouabain sensitivity. Necturus, in contrast, shows considerable ouabain sensitivity. Mammalian 
species may also have a potent Na + transport mechanism. Furthermore, secretory rates in vitro are 
much lower than in vivo, hence the critical metabolic changes expected with onset, or cessation, of 
secretion will be less drastic in vitro, hence more difficult to detect. 
From this review, we would draw the following conclusions: (1) The mechanism for H+ secretion is 

electrogenic only under certain conditions, and in standard Cl- solutions may be essentially non -elec- 
trogenic. (2) The passive resistance of the mucosa, primarily to K+ and Cl- is probably the most impor- 
tant component involved in resistive changes resulting from addition of inhibitors etc. (3) Both Na+ 
and K+ are essential for Cl- or H+ secretion respectively, but forced exchange does not occur. 4) H 
secretion is dependent on mitochondrially generated ATP present in the cytoplasm, and cannot utilize 
any of the intermediates of phosphorylation. (5) Non -acidic Cl- transport is also ATP dependent, but 
may also be driven by anaerobically generated ATP from glycolysis, and this may occur in the sur- 
face cell. 

In conclusion, we should like to predict what new departures future research will take. The area of gastric 
mucosal intermediary metabolism remains virtually unexplored, and it is clear that our understanding of 
this tissue will be related to our knowledge of its metabolism. The work on the electrical phenomena 
related to transport will also require new approaches. One probable avenue of approach will be the use 
of microelectrodes, as has been done in other tissues. One of the problems in this area has been the inherent 
motility of the muscularis mucosa, and since we have shown that various nucleotides are potent inhibitors 
of motility, but not secretion, this technical problem now appears surmountable. Probably the most 
important area of current and future investigation is the nature and properties of the ATPase. This enzyme 
has recently been solubilized; with retention of its SCN- sensitivity and with further purification it is 

hoped that the enzymic mechanism of H+ and Cl- transport will become clearer. 

Key- words: Amphibia; electrolytes; enzymes; enzyme inhibitors; gastric juice; gastrin; 
gastrointestinal hormones; pepsin; stomach 

The fundamental problems in gastric secretion 
may be conveniently classified into three major 
areas: (1) central control, (2) peripheral or end 
organ secretory stimulatory mechanisms, and 
(3) parietal or tubular cell transport properties. 
Central control evidently exists only in the intact 

This work was supported by grant Nos. AM- 08541, 
AM -09260 and TI AM -5296 from the US PHS and 
GB -3511 from the National Science Foundation. 

preparation, and in vitro methods are not relevant 
to this area. Until recently, secretagogue action 
in vitro was not accessible to investigation, but 
with the finding that Necturus gastric mucosa, in 
contrast to Rana pipiens or Catesbiana, is obtained 
generally in the resting state (Shoemaker, Hir- 
schowitz & Sachs 1967), the stimulation of gastric 
secretion by histamine, acetyl choline, and gastrin 
has become amenable to in vitro experimentation. 
It is essentially in the third area of gastric secretion, 



Biochemistry of Gastric Mucosa 
Praesidium: K. HARTIALA (Turku) 

CONTENTS 

G. Sachs & B. I. Hirschowitz: Secretion by in Vitro Amphibian Gastric Mucosa 186 

Discussion (Öbrink, Makhlouf, Helander).. .. .. .. .. .. 202 

C. F. Code: Gastric Mucosal Barrier to Sodium and Hydrogen Ions 205 

Discussion (Öbrink, Hunt, Hartiala, Helander, Aune, Grossman, Makhlouf) 215 

K. J. °brink: Kinetics of the Gastric Acid Secretion . .. .. 219 

Discussion ( Hirschowitz, Makhlouf, Grosman, DeGraef) .. 226 

imp( 
o me 

the 
iulat 
s obt 
; pre 
ds 1 

ir pl 
st of 

on 
sa h 
ing 
, An 
ir lc 

ceI 
ich 
the 
z & 

ire 1 

tuot 
itaga 

;tud. 

iren 
of a 

:he I 

;ctu 
of 

'als 
ally 
ias 
Dort 

e in 
d to 
me 
deb 
:ion 

e e 

vw 
op 
vela 

ry i 

ntai 

:r I 

prf 

g ! 

bol 
ent, 



a 

16 

12 

5 

9 

6 

BIOCHEMISTRY OF GASTRIC MUCOSA 

import mechanisms of the tubular cell, that 
o methods have proved most useful. In fact, 
the range of experimental and chemical 
,ulations in the intact animal is limited, and 
s obtained may be related to other properties 

preparation, such as blood flow, in vitro 
)ds offer the only available approach to 
it physiology of gastric secretion. 
st of the observations in the field have been 
on amphibian mucosa, since mammalian 

sa has only recently been prepared in the 
ing state (Shoemaker, Sachs & Hirschowitz 
. An advantage of amphibian preparations 
it long term viability and the absence of 

cells from the gastric mucosa in the frog, 
ich these cells are limited to the esophagus. 
the application of the pH stat technique 
z & Durbin 1959), it became possible to 
ire H ion transport, easily, accurately, and 
Iuously. This is probably one of the major 
Itages of the use of gastric mucosa for trans - 
;tudies in vitro, since a quantitative precise 
irement of the unidirectional (i.e. net) move - 
of a transported ion is possible. Additionally, 
:he development of the in vitro preparation 
:cturus gastric mucosa, changes related to 

of secretion occurring over short time 
als (2 to 15 minutes) have become exper- 
ally observable. Accordingly, this prepara- 
zas become of more general interest in the 
Dort field. 

interest in the chambered frog mucosa has 
d to 4 main areas: (1) the electrophysiological 
imena related to secretion of ions, (2) the 
determinants of the potential difference and 
ion, (3) the energy source for transport, and 
De enzymic mechanisms of transport. This 

NI will attempt to cover only part of these, 
o present perhaps a less cautious viewpoint 
velopment in this area than has been cus- 
ry in the field. It is to be hoped that the 
ntation of results in this way will lead to 

experiments proving or disproving the 
presented. 

Dg gastric mucosa has been shown to trans- 
both H+ and Cl- against electrochemical 
ents (Rehm 1957, Hogben 1951). Most of 
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the work in the field has been concerned, how- 
ever, with H+ secretion and little attention has 
been paid to the mechanisms of Cl- transport. 
The transport of other ions, such as Na+ or K+ 
in either R. pipiens or catesbiana is of a relatively 
minor nature, whereas in Necturus Na+ transport 
contributes about 50 per cent of the resting P.D. 
(Shoemaker et al. 1967). To account for uphill 
movement of molecules through a biological 
membrane, some cyclic changes in the forces of 
attraction between those molecules and a site in 
the membrane appears the only reasonable mech- 
anism. The P.D. across the gastric mucosa is 
oriented with the lumen -ve, and thus cannot 
account for Cl- movement. Furthermore, a 30 my 
gradient is insufficient to account for H+ trans- 
port; thus, H and Cl are actively transported 
across the mucosa. The major questions in the 
transport field are the driving force for transport, 
and the nature of the cyclic changes occurring 
during transport. 

METHODS 

The technique used for in vitro frog gastric mucosa 
is essentially a modification of the Ussing flux 
chamber. Fig. 1 shows the details of a closed 
chamber specifically constructed to determine 02 
consumption in addition to H+ rate, potential 
difference (P.D.), resistance, and short circuit 
current (Isc). The chamber is constructed of Kel F, 
since this plastic, like glass, is impermeable to 
oxygen in contrast to lucite or teflon for example. 
Magnetic stirring is used, and the solutions are 
equilibrated with 95 % 02, 5 % CO2 prior to use. 

Oxygen consumption is measured via a pair of 
membrane- covered Pt electrodes, H+ rate by the 
pH stat method, P.D. by a pair of matched 
calomel electrodes with renewable KC1 junctions; 
resistance is calculated from the change in P.D. 
obtained by sending 20 µa of current in either 
direction through end -on agar electrodes for 10 

sec., and Isc defined as the current required to 
maintain the P.D. at zero after 30 sec. Fig. 2 

shows a diagram of the apparatus used. 
In the standard open reservoir system, lucite is 
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Fig. 1. Diagram of chamber used for measurement of 
H+ rate, potential difference, resistance, short circuit 
current, and 02 consumption of in vitro mucosa. 

used as construction material, and a 95 % 02, 
5 % CO2 gas lift system is used for stirring. 

In addition a chamber with no agar electrodes 
and clear end windows has been used to determine 
the steady state of the redox components using an 
Aminco Chance dual beam spectrophotometer. 

Studies on subcellular components have utilized 
standard methods of cell fractionation and enzyme 
assay (Sachs, Mitch & Hirschowitz 1965). 

In this paper the cell plasma membrane of the 
acid -secreting cell will be referred to as nutrient 
or secretory membranes respectively, while the 
intact tissue will be referred to as mucosa or 
gastric mucosa. 

ELECTROPHYSIOLOGY 
OF SECRETION 

This section is concerned with the changes related 
to onset or inhibition of secretion occurring in the 
electric parameters of the amphibian mucosa and 
their implications. There are three ways in which 
H+ ion can be visualized as moving across the 

Oxygen Consumption System V2 

1 

Radiometer 
Titrator TTT lc 

and 

Titrigroph 

SBR 2c 

Std. Na OH 
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Electrode 

Calomel 
Electrode 
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Angus 

Model E1101-S 
Recorder 

Bucking 
Voltage 

Radiometer 
Oxygen Monitor 

PHA 928a 
and 

PH Meter 22 

Fig. 2. Diagram of equipment arrangement 

02 consumption chamber. 
rr 

secretory membrane of the cell. Meek 

(Fig. 3) can be distinguished from 2) 

that changes of P.D. resulting from the 

of models 2 and 3 are due to alterati Eff 

gradients. Accordingly, mechanism 1 
tl,astri 

to as electrogenic and mechanisms 2i 

non -electrogenic, in which 2 may be (i 

as a forced exchange model, and 3 asllum 

mechanism. Rehm (1964), has presentedlar 

review of the concepts in this field. :ion 

In frog mucosa, the P.D. is normally- fro 
)t al 

instr 

3e.D. 

H l;circ 

1. 

Electrogenic 
H+ 

H+ 

2. 
Exchange 

H+ 

corc 
eat 
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y be 
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Fig. 3. Models of H ion transport acrcpie 
to 

mucosa. 
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;m 1 
;astric mucosa. 

;ms 2L 

;y be Ii 

1 3 as ;lumen-ye in Cl- solutions. In Necturus, a 

;ented;Ir orientation is obtained, whether acid 

d. :ion is present or not. Accordingly, transport 
Irmalh from nutrient (N) to secretory solutions (S) 

)t account for this P.D. In fact it has been 
Instrated that Cl- transport is responsible for 

3'.D. in frog, since it has been shown that for 
H, circuited mucosa, Cl -net = H+ +Is0(Hogben 

ordingly, in frog gastric mucosa, the P.D. 
either as a result of electrogenic Cl- trans - 

or as a result of a Cl- diffusion potential or 
y both. Various inhibitors may be used to 
.e the P.D. of the frog mucosa. Anoxia for 

rt acróple 
generally reduces the P.D. to values very 

to zero after about 40 minutes. Fig. 4 shows 
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the effect of anoxia on a mucosa where acid 
secretion has been abolished by 2 mM amytal. 
When 02 is readmitted in such a preparation, 
there is a rapid rise of P.D. to about 50 per cent 
of the original value. It would appear that the 
time required for the establishment of ion gra- 
dients would be considerably longer. A further 
cycle of anoxia reduces the P.D. to zero in about 
20 minutes. One interpretation of this finding is 
therefore that, under standard steady state condi- 
tions, half the P.D. can be accounted for by 
diffusion potential and half by electrogenic Cl- 
transport. 

The electrogenicity of a mechanism involves an 
asymmetry in the site or rate of accompanying 
charge transport. The distinction with respect to 
H+ secretion then involves the question of whether 
this occurs at a site in the membrane separate from 
Cl- (i.e. electrogenic), or whether Cl- diffuses or 
is transported through an identical region in the 
membrane (unitary), or whether there is a cation 
exchange mechanism (also non -electrogenic). This 
does not exclude the possibility that there are two 
distinct mechanisms in the stomach, a unitary HCI 
pump and a separate Cl- transport system. In fact, 
work in the field has concentrated perhaps too 
hard on trying to explain acid secretion without 
due regard to the basal transport function of the 
mucosa, which is Cl- transport. 

The evidence for electrogenicity of H+ secretion 
rests essentially on three lines of evidence: (1) 

effect of SCN- and other inhibitors on resistance 
of gastric mucosa, (2) the relationship between 
resistance and secretory rate, and (3) the effect of 

Fig. 5. Simplified circuit diagram of in vitro frog 
mucosa. 
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SO4" solutions. The interpretation of these exper- 

iments has been essentially an electrogenic one, 

and we shall attempt to show that these observa- 

tions may be explained also on a unitary or forced 

exchange basis. On the basis of an electrogenic 

mechanism, inhibition of the EMF of the H+ 

mechanism alone would be predicted to have an 

effect on the P.D. but not the resistance. A 

simplified circuit diagram, as shown in Fig. 5, 

for a separate site electrogenic mechanism, illus- 

trates what would be most simply predicted. A 

sudden decrease in EH would lead to a P.D. 

transient, but no overall resistance change would 

be predicted. That this does occur has led to the 

assumption that changes in EMF of the hydrogen 

or chloride batteries alters their internal resistance 

i.e. RH or RC1. On this basis, therefore, the effect 

of inhibitors in altering the P.D. and resistance 

has been used as evidence for electrogenic mech- 

anism of H+ ion secretion. A similar argument 
holds for the relationship between H+ rate and 

resistance. At high H+ rates there is an approx- 
imate inverse relationship between H+ transport 
and resistance. If one assumes that increase of 

EH results in a decrease of RH, one may use this 
as evidence for an H+ battery in the gastric 
mucosa. In the equivalent circuit illustrated above 
(Fig. 5), however, two other components of re- 
sistance are involved, viz. RCS, the resistance of 
the Cl- limb, and Rpas, the resistance of the mu- 
cosa to passive diffusion of ions such as Na +, K +, 

HCO3, etc. 
If inhibitors altered either Rol or R pas, then 

their actions on the gastric mucosa would not be 
evidence for or against an electrogenic mechanism. 
Fig. 6 shows that changing the K+ concentration 
on the nutrient side from 4 to 20 mM in the 
absence of SCN- causes a rapid P.D. change of 
about 15 mv. 10 mM SCN -, however, significant- 
ly delayed this P.D. change and reduced its 
magnitude by 50 per cent. This effect occurs even 
prior to an effect on acid rate. Addition of SCN - 
on the secretory side also inhibits acid secretion. 
In this case, however, the P.D. change, upon alte- 
ring K concentrations on the nutrient side, is the 
same as before the addition of SCN -, although 
characteristic changes have occurred in the resis- 

D (n 

10 20 30 40 50 60 \ 
TIME - MINUTES 

Fig. 6. P.D. changes resulting from Ki" 

nutrient side of gastric mucosa in prek 

absence of SCN -. 
Eq h 

tance. Altering K on the secretory sides 

transient P.D. change which is virtually 

whether SCN- is added to the nutrient 

secretory site. From these data, it apt 

that SCN- alters the passive permeabili" 

nutrient membrane to K +, and hence the 

ance changes resulting from the addition )ry 

may be interpreted in this way rather 

being due to changes in the resistance e 

limb. Since, however, SCN on the secreepl 

does not immediately affect K- induct, tl 

changes, resistance changes also oa3+ 

result of SCN action on the secretory ore 
per se, and indeed K+ effects resulting: 1- 

changes on the secretory side are abolSC 

SCN added to either side of the irogsa 

mucosa. wl 

Another line of evidence which shmo' 

resistance changes should be cautiousl- 

preted is the effect of dimethyl sulfoxidesior 

(DMSO) on the secretory side. As can ci 

from Fig. 7, with 5 % DMSO, it is pap' 

induce marked changes in resistance wan 

effect on secretory rate. Accordingly, it w 

tance of the H limb is not the sole dete 

of observable resistance changes. ;ic 

When Cl- is removed from the bathild 
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lditioní)ry side of frog gastric mucosa. 
rather 

Lance o 

le secre:eplaced by a non -transported anion such as 
:- indua, the P.D. inverts and is linearly related to 
so oad+ rate (Rehm & Lefevre 1965). This is 

;torymoreted as being evidence for electrogenicity 
;suiting: H+ mechanism. It has been demonstrated 
-e aboiSO4 ' is not transported by frog gastric 
he fro:sa (Hogben 1965) and presumably, there - 

whatever mechanism is chosen, there is no 
ich shoovement of SO4", either through the H+ 
Iutiousll- mechanism. This raises the unsettled 
foxidesion of what accompanies the H+ ion under 
ks can circumstances. What are the consequences 
t is pepredicted on the basis of a normally unitary 
Ince uanism or on a forced exchange model? The 
ngly, ti would predict a fall in P.D. to around zero 

)le der Cr transport stops) but certainly not an 
;ion, unless the forced exchange were C1- 

bathiordent and was no longer an exchange 
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mechanism in the absence of C1 -. On the basis 
of an obligatory unitary mechanism, the P.D. and 
H+ rate would fall to zero. 

In simple electrogenic theory there would be an 
inversion of the P.D. with maintained H rate, and 
furthermore there would be a linear relationship 
between P.D. and H rate, as has been found. 
However, the H+ rate is reduced by about 60 
per cent in the absence of Cr. This has been 
explained on the basis of biochemical coupling 
between Cr and H+ transport. There is no 
evidence for this, and no convincing biochemical 
mechanism has been advanced for this finding. 

Accordingly, there is very good evidence for the 
electrogenicity of the H+ mechanism in SO4" 
conditions and the evidence in Cl- solutions rests 
on resistive changes in the mucosa with changes 
in acid rate. Two alternate mechanisms, unitary 
or forced exchange remain to be considered. 

Removal of Na+ or K+ from the secretory 
solutions of frog, guinea pig, or Necturus in vitro 
mucosa, has no effect on the secretory rate. 
Maintenance of Na+ on the secretory side with 
removal from the nutrient side drastically alters 
secretory rate. Measurements of Na22 or K42 
flux also show that these are much lower than 
would be found if a forced exchange model was 
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correct. On the basis of these data, we can exclude 
a forced exchange model as being reasonable for 
the in vitro frog mucosa. 

We have discussed some of the observations 
more compatible with electrogenic theory than 
with a unitary mechanism. There are some ob- 
servations that are hard to incorporate into 
electrogenic theory. 

About 40 per cent of the experiments show that 
Na+ removal from the bathing solutions of the 
in vitro frog or guinea pig mucosa (Sachs, Shoe- 
maker & Hirschowitz 1966) results in a maintained 
H+ rate with 0 P.D. (Fig. 8). It appears therefore 
that Na+ is essential for maintained Cl- transport 
in excess of acid rate and also that H+ transport 
may occur without generating a P.D. 

A consequence of electrogenic theory is that 
electrical changes should be associated with the 
onset of secretion. Since Necturus gastric mucosa 
is responsive to a variety of stimuli, it has been 
possible to test this prediction. Histamine or 
gastrin results in very little change in any of the 
electrical parameters related to the onset of acid 

secretion, as seen in Fig. 9. Mecholyl 

choline results in a sharp spike in th 

shown in Figs. 9, 10. This spike is ab: 

atropine, occurs without the onset of 

or at least precedes it, is not affected b. 

and is abolished by Cl- removal and SO ¡o"'2 

ment. Accordingly, this is due to stir 

Cl- movement, not H+ transport, wit' 

lower the P.D. ATP also stimulak 

Necturus at 10 -4M concentration. 
with this, as seen in Fig. 11, is a rise 

and Ise with a fall in resistance. Ouab 

this P.D. effect, which is thus presuma` 

to Na+ +K+ movement. Of further . 

this regard is the extremely short laii 

observed (< 2 min. in terms of H+ raft. 

in terms of P.D., etc.). Changes withth.n 

secretion in Necturus, therefore, do 

support to an electrogenic mechanism. 

Perhaps the most cogent reason for q: d 
an exclusively electrogenic mechanism 

that for a pH gradient of 5 units, aEf 

potential drop would be predicted to or, 
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the gastric mucosa, and this evidently does not 
occur. 

Fundamentally, what one has to decide is 

whether the carrier for H ion has a cationic and 
anionic binding site (unitary), or whether there is 

only a cationic binding site (electrogenic). In the 
unitary mechanism H and Cl would both be bound 
to the carrier and be released on the luminal side 

of the membrane, whereas the electrogenic con- 
cept would demand a separate system or exit point 
for C1 . The degree of observable electrogenicity 
would then depend on the properties of this 

IOUABAIN separate system, i.e. its location and the rate at 
y sxlo - 

which it operates relative to the electrogenic H+ 

1-11 
carrier. Conversely the observable unitary nature 
of a system will be determined by the relative rates 

60 70 B0 of dissociation of H and anion from the carrier. 

Therefore, although there is a conceptual distinc- 

tion between the two processes, it will be hard to 

devise a conclusive experiment. 
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IONIC REQUIREMENTS 

Ultimately, since transport through the tissue 

involves forces of attraction between molecules 

that undergo cyclic variation, enzyme mechanisms 

must be postulated. Since ions may act as co- 

factors in such reactions, the ionic requirements 
of secretion are of importance. Furthermore, 
because an exchange mechanism may occur, the 

capacity of the stomach to secrete in the absence 

of certain ions is also important. 
Potassium. Removal of K+ results in secretory 

inhibition, and addition of K+ to nutrient or 
secretory side results in a rapid reestablishment of 

secretion. However, only 10 per cent change in 

intracellular K occurs. Rb+ but not Cs+ may sub- 

stitute for K. This implies that K+ is essential 
for secretion, and this K+ component is not 
readily replaced by most of the intracellular K. 
Potassium therefore plays a critical role in the 
secretory process. Since K+ removal from the 
secretory side does not alter acid rate, exchange 
from bathing solution with H+ ions such as in 
yeast (Conway 1953) does not seem a feasible 
mechanism. Further evidence against an exchange 
mechanism is that flux of 10 S -* N is an order 
of magnitude smaller than the H+ rate. A possibil- 
ity, by analogy with the Na+ ATPase system is 

that K is involved in the ATP mechanism in the 
gastric mucosa, and this will be discussed in more 
detail later. 

Sodium. As has been discussed above, complete 
removal of Na+ from the bathing solutions of 
frog gastric mucosa results in inhibition of both 
Cl- and H+ transporting mechanisms. With both 
Na+ and K +, alterations of these concentrations 
in the ECF will lead to a redistribution of these 
cations within the cell. Accordingly, observed 
effects may be due to this latter effect, rather than 
a simple depletion of the removed ion from an 
essential site. The role of Na +, therefore, in the 
secretory process is obscure. Since Na removal 
from the secretory solution has little effect on H+ 
secretion, whereas maintained Na+ in the secretory 
with Na+ absent from the nutrient solution results 
in transport inhibition, an Na +: H+ exchange 
mechanism is unlikely. It appears, in frog, 
Necturus, and guinea pig, that the primary effect 

of Na+ removal is on Cl- transport, 
eii 

a unitary HCI mechanism or unit. 

electrogenic H+ pump. Thus Na is regt 

for Cl- entry into the cell or is invoi 

primary Cl- pump, which may be loc:ecmzen 

surface cell. 

ENERGY SOURCE 

Perhaps the major area of concern in i,> ó 
the biochemistry of gastric mucosa hew 

question of the energy source for H au 

tion. Since anoxia inhibits H+ secretir 

before Cr transport, we may conclud 

aerobic metabolism may supply the t -1- 
Cl- transport but not for H. The vart 

yielding pathways may be classi I-1+ 

aerobic and anaerobic glycolysis, fattE cm 

and amino -acid utilization. Ultimately,. 

the breakdown of glucose to lactate, 

yielding metabolism is geared to mil- lc 

substrate oxidation. This implies that H' 

is geared to mitochondrial oxidations, g 12 

We must then decide what aspect of 

drial energy is utilized. This crystallir 

essentially opposing views on this quessitive 

way's (1953) redox and Durbin & Itors, 
(1965) ATP mechanisms. Apart fine in 

imental evidence, which has been esseray io 

direct, certain conclusions based on tbnce 

of the tubular cell may be drawn. Fire fo 

chondrial redox mechanism to opad Al 
transfer directly from oxidizable substraansp( 

some intimate physical association toetrestiga 

the secretory membrane and the mitnid 01 

membrane. Electron microscopic elt use 

show distinct cytoplasmic separatioopecifi 

mitochondria and the luminal memos. H 

would then imply that if direct redoble f. 

occurs, certain cytoplasmic regions hsof th 

tremely low pH. Failing this, redox m +ratf 

would then imply some oxidative read to 

secretory membrane system, such as Pa 01 

microsomal fractions of several tissues. rabic 

the stomach, that would come under IC dig 

heading of mixed function oxidases (i, a I 

1965). It is, however, clear that these s;d in 
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in & (tors, whereas acid secretion is sensitive. 
)art free in cell metabolism the glucose -lactate 
sen essray is the sole anaerobic source for ATP, 
d on thence Cl- may be transported anaerobically, 
awn. Fre forced to conclude that glycolytically 
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ontoexestigation of the problem of energy sources 

the miláid or chloride secretion has been confined 
epic ob use of inhibitors. As inhibitors may well be 

paratiotoecific, such an approach has many possible 
memhs. However, if a variety of inhibitors are 

;ct redoble for a given reaction amongst others, and 
;ions Of them have the same effect on the tissue 

edox 5 rate), then it is likely that the common effect 

ive rear- to inhibition in this region, since there is 

ich as ion of overlap in terms of known action. This 

tissues rationale for the use of multiple inhibitors. 

underI discussing some of the theory behind the 

Bases (P, a brief description of the action of certain 

these spd inhibitors will be given. 
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A. Glycolytic Inhibitors 

a) Sodium fluoride. At 10 mM concentration on 
the nutrient side, as shown in Fig. 12, after a 
period of 30 min. acid rate and P.D. are inhibited. 
The effect on P.D. occurs slightly before the effèct 
on acid rate. Addition on the secretory side results 
in a rapid fall of secretory rate to a new steady 
state. Since F- acts by virtue of its metal corn - 
plexing ability, a tentative explanation would 
be interference with ATP utilization via an 
ATP -- Mgt + -F- complex. 
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b) 2 deoxyglucose. This substance inhibits acid 

secretion in vitro at 20 mM concentration, while 

the P.D. and Iso are relatively insensitive to its 

action. Although 2 -DG is a glycolytic inhibitor, 

acid secretion is relatively independent of exter- 

nally added glucose, since frog gastric mucosa 

metabolizes endogenous triglycerides (Alonso, 

Nigon, Dorr & Harris 1967), as well as glycogen. 

Accordingly, since there is an irreversible forma- 

tion of 2- deoxyglucose -6- phosphate, depletion of 

ATP would appear to be the most likely explana- 

tion. 

c) Iodoacetate. The phosphoglyceraldehyde de- 

hydrogenase system (PGAD) is very sensitive to 
this sulfhydryl reagent. Under anoxia, a number 
of frog stomachs maintain a P.D. of 12 -15 my 

over a prolonged period. Addition of 10 mM 
iodoacetate to the secretory side reduces this P.D. 
to zero. One interpretation would be that this 
residual Cl- transport is inhibited, owing to sup- 
pression of anaerobic glycolysis. Further evidence 
for this possibility is the discovery that PGAD is 

found in association with the microsomal fraction 
of the frog gastric mucosa. It is likely, therefore, 
that ATP generated by the PGAD- phospho- 
glycerate kinase couple may be directly available 
for Cl- transport. 

B. Mitochondria! Inhibitors 

For the purposes of this review, mitochondria 
carry out two interdependent types of reactions, 
transfer of hydrogen from substrate to 02 (redox) 
and simultaneous esterification of ADP and in- 
organic phosphate. Inhibitors are available for 
both types of reaction. 

a) Redox inhibitors. The general scheme for 
oxidation of substrate by the mitochondrial redox 
chain may be summarized as follows: 

I II III 

AH2 ->NAD+ >FADI- )-FAD2- >Q ->b- >c,cl ->a,a3->O2 
Succinate- FAD -FAD / 

and inhibitors are avilable for sites I, II, and III 
as shown. The site I inhibitor that we have studied 
in some detail is sodium amytal (Sachs et al. 1967). 
Its action is illustrated in Fig. 13, where at 2 mM, 

AOD 374/340mµ 
60 

Fig. 14. Effect of amytal on NAD+ and F 

state in frog gastric mucosa. 2 

there is inhibition of acid rate, with retail 

of Cl -flux. Fig. 14 illustrates its action in 

to the steady state of NAD+ and FA 

gastric mucosa, as visualized in the Ch 

beam spectrophotometer. It can be seen; 

is reduction of NAD+ and oxidation el 

would be predicted from a block in eke 

between these compounds. However, 
CONSU 

coupled heart mitochondria, the crossCA A cm, hi 

is on the 02 side of FAD, explain, 

locus of action as shown. Another 

interest is the non -correlation between 

of reduction of NAD+ and the acid rate 

neously with the transport effects of an.5 a, b. 

is a drop in tissue ATP and 02 cononsumr 
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interest that the greatest percentage dr. 
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tons i 
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is acid 

ne a3. S 

Phosphorylative uncouplers and inhibitors. A 

iition 
:ntly 

I. 
formulated scheme for this sequence of 

Ions is illustrated in Fig. 16. Here C is a 

inhibits 
ratory carrier that undergoes oxidation or 
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reduction and as a result combines with a com- 
pound I (this occurs at 3 sites in the respiratory 
chain). As a result X -i is formed, which under- 
goes phosphorylysis to form X -P, which then 
transfers the P to ADP forming intramito- 
chondrial ATP. An enzyme system in the mito- 
chondrial membrane allows phosphorylation of 
extramitochondrial ADP by this ATP. There are 
inhibitors available for the reactions marked (1) 
and (2) (uncouplers), and (3) and (4) (inhibitors), 
and we will discuss them in this order. 

(i) Phosphorylative uncouplers. The best known 
of this group acting at (1), resulting in hydrolysis 
of the intermediate C' -I to C' +I is 2, 4 dinitro- 
phenol. Accordingly, ATP synthesis is blocked, 
and in fact there is an induction of an ATPase. 
Corresponding to this there is no change or a rise 
in 02 consumption in intact mitochondria. We 
have used a series of these, pentachlorophenol 
1, 3, tricyanoamino propene, and m- chlorocyano 
carbonyl phenyl hydrazone (CCCP). All of 
these have qualitatively similar actions, in in- 
hibiting acid and sparing P.D. or Iso. Fig. 17 

illustrates the effect of CCCP on the gastric 
mucosa. Surprisingly there is inhibition of 02 rate, 
which emphasizes the danger of extrapolating 
from work in cell fractions to the intact tissue. 

Arsenate is considered to act at (2) in the scheme 
shown. Again, there is inhibition (somewhat slow) 
of acid rate, with C1- transport maintained for a 
considerable period. ASO4" also acts as an un- 
coupler, with the arsenolysis of an intermediate 
being the postulated mode of action. 
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AOP 

C + I C'--I x-X^'I 3 X^P 
DNP As t 
CCP ool,igoosmytin 
PG(2) Cl./ X+I ertin 
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X+ATPi f ATPe 

atroetylate 

cytoplasm ' 

glycolysis ,I 

t GASP 
PGA, "ATP +Cl- 

anoxia 
CI- 

Fig. 16. Simplified scheme for phosphorylation in 

mitochondria and possible coupling of Cl- transport 
to glycolysis. 
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(ii) Phosphorylative Inhibitors. Application of 
this group of compounds to a study of the mode 
of acid secretion is of interest from several points 
of view. The alkyl guaniames and phenethyl bigu- 
anide inhibit at site I or II and also inhibit 02 con- 
sumption and acid rate. The other inhibitors act 
at site (3) by blocking the entry of Pi into the 
phosphorylating sequence. Oligomycin, the best 
known of this group, was found to have no effect 
on transport or 02 consumption of frog mucosa. 
Aurovertin on the other hand, as shown in Fig. 
18, inhibits acid secretion, 02 consumption, with 
little effect on P.D, and may act distal to oligo- 
mycin. 

Atractylate. This substance inhibits phos- 
phorylation of extramitochondrial ADP, and its 
action is shown in Fig. 19. The inhibition of acid 
rate at 10 -3M implies that extramitochondrial 
ATP is a necessary condition for acid secretion. 

Conclusions: From the data discussed above, 
we feel that two conclusions can be drawn. Firstly, 

there is a clearcut distinction betast, 

chemical dependence of the Cl- and 

anisms. Secondly, ATP is necessar 

transport and no intermediate of oxid; 

phorylation can be a substitute for it 
conclusion is based on : 

(1) the universal effect of anti -pho;; 
RESTA 

compounds on the acid rate, where, 

mechanism would not require the ps; 

of any part of the phosphorylative cha. 

(2) the action of aurovertin and atr 

completely suppressing acid secretion, 

phorylative intermediate could be used 

rate should continue. 
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CHEMICAL NATURE 
OF TRANSPORT MECHANISM 

eping with findings in other transporting 
an ATPase has been isolated from frog 

ic mucosa (Durbin & Kasbekar 1965; Sachs 
1965). It occurs in the microsomal fraction 

las no detectable Na, K, or ouabain sensitiv- 
Creatment with deoxycholate does not alter 
nsensitivity. Although its highest activity is 
ATP, the other nucleoside triphosphates are 

- 'iydrolysed. The property which is of interest, 
wer, is its SCN- sensitivity. Since SCN - -its gastric H+ secretion, the tempting conclu- 
is that this SCN- sensitive ATPase is some - 
involved in H+ transport. Unfortunately 
ATPases show a SCN- sensitivity, although 

somewhat lesser degree than the frog mucosal 
tease. Attempts to label this enzyme with 
to 0 %32 have shown extremely variable results, 

no conclusive evidence for any intermediate. 

mum 
encouraging line of evidence has been the 
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irreversible inhibition by diisopropyl fluorophos- 
phate (DFP) of gastric secretion and ATPase. 
The latter action can also be shown to occur in 
the intact tissue (Sachs and Hirschowitz 1965). 

Another approach has been to analyse potential 
partial reactions of this system. A K +- stimulated 
acetyl phosphatase has been found in the gastric 
microsomes, inhibited by ATP or ADP, but not 
sensitive to ouabain. On this basis and on the 
basis of the DFP data, it may be p.ostulated that 
the active site of the gastric ATPase contains a 

sequence -- R- ser - -- 
asp 

where serine is the 

DFP site and glutamyl or aspartyl is the phos- 
phorylation site. The dephosphorylation is then 
K+ dependent. Neither the involvement of this 
ATPase in transport nor the nature of the phos- 
phorylating mechanism is at present known. 

BIOCHEMICAL MODELS 

From the equation 

dG ± =n RT log al /a2 nFE 

where 4G± is the free energy change, n the 
number of moles transported, R the gas constant, 
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Fig. 20. Effect of SCN on acid rate and Ozconsump- 
tion of frog mucosa. 
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T the absolute temperature, al and a2 the ionic 

activities, F the faraday, and E the potential dif- 

ference, it is possible to calculate the minimal free 

energy for H+ ion transport across the frog 

mucosa. Assuming a pH gradient of 5, this is 

approximately 6,300 cals per mole hydrogen ion. 

Alternatively, a potential of 300 mv is required 

for establishing the given pH gradient. From time 

to time it has been suggested that the net P.D. 

across the mucosa is the energy source for H+ ion 

transport, but since this is maximally 60 mv, 

evidently it cannot account for the transport. In 
a discussion of possible mechanisms of H secre- 

tion, one hypothesis, the redox model, remains 
extremely well known in spite of much evidence 
against it, and virtually no evidence in its support. 
Originally this concept was formulated by Rehm 
and Conway independently. A mechanism of the 
following type is considered to operate 

AH2 +C -- C"+2H+ lumen 
02+C" -* C +1 /2 02- cell 

Accordingly, there is direct transfer of protons 
from substrate to the gastric lumen,and ultimate- 
ly passage of the electrons to 02. Several con- 
sequences arise from this type of model. The best 
known is that the maximal H + /O2 ratio obtain- 
able is 4. Most measurements of this ratio fall 
between 1 and 2.5. However, the fractional 02 
consumption by the tubular cell is unknown, and 
further, the proportion of that fraction related 
to H+ and not Cl- and other functions is also 
unknown. Thus the absolute H +/02 ratio is un- 
doubtedly a minimal one. Assuming that the 
secreting tubular cell constitutes 1/4 of the cell 
mass of frog gastric mucosa and that 60 per cent 
of its 02 consumption is related to H transport, 
a measured H +/02 ratio of 2 for the mucosa 
could represent an actual ratio of 10 for the 
parietal cell. An alternate approach has been the 
use of inhibitors to measure as dH /d02 ratio. 
This would require that the action of the inhibitor 
is uniquely on the tubular cell, and also uniquely 
on the acid mechanism. Of all the inhibitors used, 
only SCN- may approach this specificity, and in 
fact dH /dO2 values of 5 to 12 have been obtained 

(Forte & Davies 1964). This may ATP Dl 
evidence against the redox mechanisoally the 
conditions are fulfilled. Firstly, SCN -y source 
induce a proton leak in the membrane is the 
little change in 02 consumption waxen sho 
dicted. SCN- does not alter the sport in 
titration of acid in the chambered nuham 15 

furthermore it raises the resistance, ved in 
there must not be any homeostatic mus mod 
keeping cellular ATP utilization constase mec 
wise 02 consumption would again reThe sin 
high level. If these two conditions holés depen 
high dH /d 02 ratio found excludeolysis 

hypothesis. However, it is still necessary H2( 
the high 02 consumption levels fourwould 

major route for ATP utilization hasf.se in t 
inated. The suggestion that SCN- ratio of 

uncoupler of phosphorylation has nothanism 

out by direct experiments. Thus one atee of 

postulate continued utilization of ene!nediate 

transport system under SCN- condition An a 

will be discussed in relation to ATP per me 

mechanisms. format 

Since the redox pumps must be lacer that 

secretory membrane, the action of phales bac 

tive uncouplers and inhibitors and mitptein t 

redox inhibitors cannot be explained hence of 

redox theory. It may be possible to Ore of 

or other on the basis of non- specificiprmally 

all of them taken together. Another ca; 

of the redox theory is that a 300 mv st 

redox chain is being utilized to form 

gradient, not an intermediate in phosphr 

Since the action of uncouplers does r 

02 consumption, and is on an inters the t 

phosphorylation, uncouplers would nOly 6,2 

affect H+ secretion. Since a large numPlysis 

couplers do inhibit acid, we must coal° cals 

an intermediate of phosphorylation isit) 
is 2, 

acid secretion, which then implies d 
Acco 

energy is not utilized directly, i.e. thatatype 

mechanism is operating. osed f 

To summarize, it is our view that Presen 

theory is no longer tenable in its unmodiase 
in 

and modification to allow for an loil 
well 

ATP or redox mechanism occurring, 

neously results in a biologically unlikel "° Ga 

A' 

n 
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may 1ATP DEPENDENT MECHANISMS 
chanisrally the only alternative to redox as an 
5 SCi y source is `high energy' phosphate. Since 
rnbranc is the major high energy phosphate, and 
on wo.leen shown to be the energy source for Na 
the roport in red blood cells and squid axon 

ered n ham 1957), it is presumed that ATP is 
stance. ved in transport in the gastric mucosa. 
static nus models are possible, and only two simple 
n constase mechanisms will be discussed. 
gain re The simplest possible ATP dependent mech- 
rns hole depends on the release of H ion upon ATP 
xcludeolysis 

cessary H2O +ATP ADP +Pi +H+ 
is fotßvould require the presence of an anisotropic 
n has fase in the secretory membrane. Assuming a 
CN- ratio of 3, the maximal H + /O2 ratio by this 
as notbanism is 6. This anisotropic model would 
one mee of other cation requirements, and no 

of ener!nediate would be detected. 
nditior An alternate mechanism would involve 
ATP aer molecule which would undergo cyclic 

formation- namely a carrier. This does not 
be ioce that the carrier is a small molecule that 
of pholes back and forth. It could equally well be 

Id mptein that alters conformation as a con - 
ined hence of phosphorylation resulting in cyclic 

e to ersure of binding sites to the luminal fluid. 

,cificitrmally, this mechanism could be represented 

her co. 

me Si 

form 

rhosphr 

does n 

ATP +XHn 
P'- XHn 
P -Xn_ 

P -XHn +ADP 
-->- P- Xn - +nH+ 

Xn- +Pi 
Xn -+nH XHn cell 

intere the transport of H+ ion requires approx- 
,uld nr'ly 6,300 cal /mole, and the free energy of 

nemplysis of ATP intracellularly approximates 

st cd0 cals, the maximal thermodynamic ratio of 

on is 
ri is 2, and with a P/O of 3 the H + /O2 ratio 

Aies tf 
Accordingly n in the above model equals 2. 

that .type of model is generally similar to models 
used for Na+ transport. Since we have shown 

that presence of a K+ stimulated acetyl phos- 

nmodidse 
in the gastric mucosa, the P -XH2 complex 

an intl 
well be a carboxyl phosphate as has been 

urringn 
for brain Na + +K+ ATPase (Hokin, 

rlikelyy 
Galsworthy & Yoda 1965). The hydrolysis 
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would be K+ dependent, and this hypothesis 
would provide a role for K in H transport. 

(3) It is conceivable that some form of oxidation 
reduction reaction does occur during H+ secretion. 
A model which would be feasible is 

XH2 +ATP P -XH2 +ADP 
P- XH2 +C -> P- X +C " +2H+ lumen 

P -X X +Pi 
X +C " +2H+ XH2 +C cell 

Here phosphorylation of XH2 results in reaction 
with an oxidation -reduction (O -R) carrier C, with 
expulsion of H+ ions. P -X is hydrolysed and its 
redox potential is altered, thus allowing C" to 
donate the electrons. This is then an ATP -driven 
redox reaction -analogous to ATP -induced re- 
versed electron transport. Again with a P.O ratio 
of 3, the maximal H +/02 would be 12. 

Unfortunately the models presented above are 
too general for specific testing. 

THE EFFECT OF THIOCYANATE (SCN) 
The effect of SCN- on transport and the ATPase 
mechanism, as discussed above, is an important 
finding which must be incorporated into any 
scheme of acid secretion. One possibility is that, 
since SCN- is a pseudohalide, it interacts with 
an anion site in acid secretion. The most likely 
type is a C1 binding site. To account for contin- 
ued ATP utilization, this SCN- carrier complex 
must be capable of being phosphorylated and 
dephosphorylated, but remains non -dissociable 

X +HC1 -o- X -HC1 
P -XHCI -> P ±X +HC1 

X +HSCN -> X -HSCN - 
P -XHSCN X- HSCN +Pi 

Accordingly, ATP utilization by transport mech- 
anism will be only minimally depressed, and 02 
utilization will remain high. As the SCN- con- 
centration increases, however, inhibition of the 
enzyme ATPase activity occurs (as happens in 
subcellular fractions) and it has been found that 
02 consumption decreases. 
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Frog Gastric Mucosal ATPase.* (30366) 

G. SACHS, W. E. MITCH6 AND B. I. HIRSCHOWITZ 
Department of Medicine, Division of Gastroenterology, University of Alabama Medical Center, 

Birmingham, Alabama 

In recent years interest in extramitochon- 
drial ATPases has centered in large part 
on `transport' ATPases. These enzymes have 
been prepared from a variety of tissue -such 
as crab nerve(1), red blood cells(2), kidney 
(3), rat brain(4), and other tissues(5). They 
share a certain number of features in corn - 
mon, namely 'a stimulation by Na+ and K+ 
and at least partial inhibition by ouabain. 
Furthermore, in the standard cellular frac- 
tionation methods, the ouabain -inhibitable 
Na+ and K+ sensitive component occurs in 
the microsomal fraction which is considered 
to contain a large proportion of fragmented 
membrane. Further evidence for the involve- 
ment of the microsomal fraction in transport 
involves (a) ATP -dependent Na+ binding to 
the protein of brain microsomes(4); (b) P32 
labelling of protein derived from ATP32 in 
r.b.c. membranes(6) and (c) the reduction of 
labelled phosphoserine from kidney ATPase 
preparations incubated with DFP32 in the 
presence of ATP and a possible identity of 
this ATPase and diglyceride kinase(7). 

The gastric mucosa under normal condi- 
tions apparently contains at least 2 electro- 
genic pumps acting on Cl and H+ respec- 
tively (8) . The specificity of the pumps in 
the gastric mucosa may make it extremely 
difficult to characterize a `pump' ATPase in 
the same manner as has been done for those 
described above. Thus the chloride mecha- 
nism has been shown to transport several 
univalent anions in the mucosa and to have 
some action on sulfate(9). Therefore the ani- 
on pump may be regarded as relatively non- 
specific. The hydrogen ion pump is appar- 
ently specific for H +. A demonstration of 
H+ activation is naturally complicated by 
the pH activity curves obtained for enzymic 

*This work was supported by U.S.P.H.S. grants 
2A -5286 and 08541. 

t Trainee USPHS Grant 2A 5286. 

reactions. The evidence therefore for a hy- 
drogen ion pump must at present rest on the 
action of specific inhibitors. 

In this connection Kasbekar and Durbin 
(10) have recently described a SCN sensi- 
tive ATPase in the microsomal fraction of 
the gastric mucosa, and in view of the pos- 
sible importance of this observation in rela- 
tion to H+ ion secretion mechanism, which is 
inhibited by SCN , some of the properties of 
the mucosal ATPases have been investigated 
with particular reference to the action of 
SCN . 

Methods -materials. All chemicals were re- 
agent grade. Nucleotides were purchased from 
Sigma Chemical Co., labelled nucleotides 
from Schwarz Bioresearch, P32 from Abbott 
Laboratories, DEAE -cellulose from Gallard- 
Schlesinger. 

Enzyme preparation. Starved Rana pipiens 
were decapitated and the stomach removed. 
The mucosal cells were scraped into ice cold 
0.25 sucrose containing 0.1 M tris pH 7.4 
and homogenized with a teflon homogenizer. 
The homogenate was fractionated into a nu- 
clear, mitochondrial, microsomal and super- 
natant fraction by the Schneider -Hogeboom 
procedure (11) . The microsomal fraction was 
used for these studies unless otherwise noted. 

In some experiments further fractionation 
was carried out by layering an aliquot of the 
microsomal fraction or microsomal fraction 
containing 0.1% Triton X -100, on a linear 
gradient of sucrose from 0.7 to 2.5 M. After 
centrifuging for 2 hours at 39,000 r.p.m. in 
an SW39 rotor, fractions were collected via a 
tube -piercing device and assayed for protein 
and enzymatic activity. 

ATPase studies. The standard incubation 
mixture contained 3 mM MgC12 3 mM ATP 
20 mM tris buffer pH 8.4, 0.5 mg protein in 
a final volume of 1 ml. Incubation was car- 
ried out in a water bath at 37° for 20 min- 
utes. The reaction was stopped by addition 
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of an equal volume of ice -cold 10% chlora- 
cetic acid, and the phosphate released was 

determined by the Fiske- Subbarow(12) pro- 
cedure. For kinetic studies the Mg ++ /ATP 
ratio was 1/1 throughout. Blanks were run 
with each determination and all assays were 
run in duplicate. 

ATP -ADP exchange enzyme. The basic 
system contained 5 mM ATP, 5 mM MgC12, 

1 mM ADP with c 20,000 cpm C14 ADP, 20 
mM tris buffer pH 7.4 and c 0.5 mg enzyme 
in final volume of 1 ml. Incubation was car- 
ried out for 30 minutes at room temperature. 
The reaction was stopped by immersing tubes 
in boiling water for 4 minutes; control tubes 
showed there was no significant hydrolysis of 
the polyphosphates by this procedure. Con- 
trol tubes containing boiled enzyme were run 
with each determination. After clarification 
by centrifugation, 10 ul were spotted on a 
DEAE -cellulose plate and developed for 30 
minutes with 0.02 N HC1 as solvent. The 
spots were located by U.V. light and eluted 
using 0.25 M NaC1 pH 7.4. An aliquot was 
assayed for nucleotide content in a Beckman 
DU spectrophotometer at 260 mµ and an- 
other aliquot counted in a Nuclear Chicago 
scintillation spectrometer using a solvent sys- 
tem containing 70 g/1 napthalene, 7 g/1 PPO 
and 0.05 g/1 POPOP in dioxane (spectro- 
quality). Data were calculated from the aver- 
age concentration of labelled precursor and 
average specific activity during incubation 
period (13) . 

ATP -Pi exchange. In this assay various 
concentrations of the reactants were used in 
an attempt to demonstrate activity. Thus Pi 
was added in a final concentration ranging 
from 1 -10 mM, containing 5 X 105 cpm of 
P32 20 mM tris pH 7.4 -8.0, ADP 0 -3 mM, 
ATP 5 -10 mM, MgC12 0 -10 mM. SCN - 
was also used to a final concentration of 3 
mM. Assay was as in ATP -ADP exchange 
system. 

Adenylate kinase. This activity was as- 
sayed by formation of ADP formed from la- 
belled AMP (c 15,000 cpm) and ATP. The 
test system contained 5 mM ATP, 5 mM 
AMP, 5 mM MgCl2, 20 mM tris pH 7.4, 0.5 
mg enzyme and assay was performed as be- 
fore with addition of carrier ADP prior to 
chromatography. 

Nucleoside diphosphokinases. The reacti TABU 
was estimated by the formation of C14 

GI Cen' 

from C14 GDP and ATP. The incubati 

mixture contained 3 mM ATP, 3 mM GI 

containing 20,000 cpm, 3 mM MgCl2, 

mM tris pH 7.4 and 0.5 mg enzyme. Inc 

bation was carried out for 30 minutes 

room temperature and assay was perform 

as before. Protein was assayed by the Liar 

method (14) . 
Aasa Results. ATPase activity. ATPases trE.20 mM 

found to be distributed in all the fractionsitein, 3( 

the gastric mucosa. 3 mM SCN- inhibits 

all the fractions to approximately the sr were 
extent (Table I), and thus acted non -spe but H 
fically with respect to the frog gastric m. Na. 
cosal ATPases. Further studies were carri Varioi 
out with the ATPase of the `microsona ing N 
fraction. mM 

Metal ion specificity. A divalent me Ouaba 
M wa 
excha 
Ouab 
the in 

cation was essential for activity and 

greatest activity was obtained with Mg 

(100%). However, both Mn ++ (93%) 
Ca ++ (97%) could substitute for Mg+ 

Various concentrations of Na+ and K+ (, His 
100 mM) were without effect on the ATP 'a var 
activity. The optimal Mg /ATP ratio the e: 

found to be 1 in most preparations, while tion), 
2 of 10 experiments the ratio was close to istar 

pH studies. The pH optimum curve of tliX -10t 

enzyme showed a minor peak at pH 7.75a1 increa 

a larger peak at 8.4. SCN- eliminated th such 
smaller peak and reduced the height of th insen; 

peak at 8.4. Ki: 

Specificity of ATPase. The highest attic 3 X 
ity was found with GTP (2.0 ,uM min non -c 

mg') and ATP (1.8 PM min -1 mg'' with 
and activity was about 50% lower toM ar 

CTP (1.3 PM) and UTP (1.2 PM). Theil 1) . S 

was little hydrolysis of ADP ( <0.25 µMI also 

SCN- was found to have an inhibitory , but r 

tion on the CTPase activity as well as ti Ex 

ATPase. chan; 
Inhibition of ATPase. Dinitrophenol, i micro 

ethylmaleimide (NEM), cyanide, and omcosa. 

bain were found to be without effect on th age e 

ATPase at 3 X 103 M. In contrast oligomr (Tal 
cin, sodium nitrate, ammonium ion, cyanoge and 
iodide and sodium thiocyanate were all fous the E 

to have an inhibitory action (Table II foui 
HgC12 was also found to be strongly inhió, the 

tory. Thus the -SH groups of the enzyn 



Ie reac' 

C14 G 

incubati 

mM GI 

MgC12, 

me. Inc 

ninutes 

perfora, 

the Lo 

ractions 

inhibi 

the saa(were reactive to mercurials but not NEM, 
non -spe but H+ secretion is sensitive to both. 

astric ra Na+ and K+ and ouabain insensitivity. 
re carril Various concentrations of Na+ and K +, vary - 

iicrosou ing Na+ from 0 -100 mM and K+ from 0 -80 
mM were without effect on enzyme activity. 

ent melOuabain at a concentration of 10 -3 to 10 -8 
and 11,W was also without effect on the system. The 

th Mg +exchange enzyme was similarly insensitive. 
)3%) ar Ouabain is without effect on the secretion of 
rr Mg +tithe in vitro frog mucosa. 
d K+ (V Histamine effects. In 6 of 15 preparations, 
le ATPs a variable degree of histamine sensitivity of 
ratio Rs the enzyme was found (about 30% stimula- 

while'. tion), at concentrations of 10 -3 to 10 -4 M 
:lose to. histamine. Various treatments such as Triton 
rve of ft X -100, deoxycholate, diamine oxidase neither 

7.75 ar increased the sensitivity of the enzyme to 
nated ft such pharmacological doses, nor converted an 
ht of th insensitive preparation to a sensitive one. 

Kinetic studies. 1/S versus 1/V plots with 
est actii 3 X 10 -3 M thiocyanate show apparently a 
VI min non -competitive mechanism of inhibitioa, 

mg -1 with a calculated KM for ATP of 5 X 10 -4 
I* tows M and a Kí of 12 mM for thiocyanate (Fig. 
[). The 1). Similar studies for CN1 showed that CNI 
.25 µbl also inhibited, apparently uncompetitively, 
)itory ac but more potently with a Kí of 4 mM. 
41 as ft Exchange studies. A potent ATP -ADP ex- 

change enzyme was found to be present in the 
aenol, J microsomal fraction of the frog gastric mu- 
and oui cosa. The pH optimum was 7.4 and the aver- 
:t on tI age exchange rate was 350 mp,M mg -1 min -1 
oligomr (Table III). Thiocyanate, cyanogen iodide 

cyanoge and oligomycin were found without effect on 
all founkthe exchange activity. No evidence could be 
able IP found for an ATP -Pi exchange activity and 
y inhih the adenylic kinase and nucleoside diphos- 
1 enzpl 
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TABLE I. SON- Sensitivity of ATPase in Sub- 
cellular Fractions µm Pi min -1 mg-1 Protein. 

Nuclear 2.4 
SON- 1.5 

Mitochondria) 3.6 
SON- 1.7 

Microsoma1 3.2 
SON- 1.8 

Supernatant 1.7 
SON- 1.1 

Assay performed with 3 mM ATP, 3 mM Mg01 
20 mM Tris pH 8.4 and 3 mM SON-, e 0.5 mg pro- 
tein, 30 min, 37 °. 

phokinases account for less than 10% of the 
exchange activity observed. 

Gradient fractionation. Two peaks of 
ATPase activity were found, with the major 
peak of ATPase activity corresponding to the 
peak of ATP -ADP exchange activity. The 
density at which the enzyme activity frac- 
tionates corresponds to the region at which 
larger membrane fragments would fraction- 
ate. Triton X -100 apparently solubilized 
both enzyme activities (Fig. 2) . 

vs Vs PLOT 

ATPase FROG GASTRIC MUCOSA 

v 

0.3 

0.2 

0.1 

0.25 0.5 1.0 

I/s (mM -11 

FIG. 1. 1/S vs 1/V plot for frog gastric muco - 
sae microsomal ATPase, with SON-, CN1 at 3 m'M. 
and ATP /mg ratio of 1, pH 8.4. 

2.0 

Discussion. ATPases were found in all 
fractions of the frog gastric mucosa. No very 
active inhibitor was found for the microsomal 
fraction apart from oligomycin and the mer- 
curials. The SCN- sensitivity of the micro - 
somal ATPase was found to hold also for the 
other ATPases. The mechanism of inhibition 
of the microsomal ATPase with SCN- ap- 
peared to be non -competitive. However, the 
high Kr found suggests that SCN- is not a 
potent inhibitor of this system. A similar 

TABLE II. Frog Gastric Mucosa Inhibition of 
Microsomal ATPase. 

% Inhibition 

DNP, NEM, ON- Ouabain o 

NO2-, NH3 30 
ONS- 40 
Oligomycin (10-6M) 45 
ON1 50 
HgClZ 100 

Assayed as in Table I, with 3 mM inhibitor, ex- 
cept oligomycin as noted. 



GASTRIC 

TABLE III. Frog Gastric Mucosa ATP -ADP, 
ATP -Pi Exchange m ,moles mg-1 min-1. 

(a) ATP -ADP 350 
ATP -ADP + SCN- 341 
Control boiled enzyme <5 

(b) ATP -Pi <15 
(e, d) Kinases (GDP, ATP, AMP) <30 

(a) ATP -ADP exchange assayed with 5 mM 
ATP, 5 mM MgCl 1 mM Cu ADP, 20 mM Tris 
buffer pH 7.4, room temperature 30 min. 

(b) ATP -Pi assayed with Pi" 1 -10 mM, ADP 0 -3 
mM, ATP 5 -10 mM, MgCl= 0 -10 mM, room tempera- 
ture 30 min. 

(c) GDP kinase assayed with C14 GDP 3 mM, 
ATP 3 mM, MgCl2 3 mM, 20 mM Tris pH 7.4, room 
temperature 30 min. 

(d) Adenylate kinase with 5 mM ATP, 5 mM 
C14 AMP, 5 mM MgCl,, 20 mM Tris pH 7.4, room 
temperature 30 min. 

Nucleotides were separated by the thin layer 
chromatography. 

mechanism of inhibition was found for the 
brush border ATPase of the hamster intestine 
(15) and the rat liver mitochondrial ATPase. 
Thus the action of SCN on the microsomal 
ATPase apparently cannot be taken as evi- 
dence for the participation of the ATPase in 
hydrogen ion transport, and may rather be 
related to displacement of Cl from anion 
binding sites. The other inhibitors found, 
namely nitrite, ammonia (16), cynogen iodide 
(15), have also been found to inhibit gastric 
secretion in vitro. In the case of CNI, the 
mechanism of inhibition of the ATPase has 
been found to be uncompetitive. The lack of 
sensitivity to ouabain and to Na+ + K+ 
-distinguished this ATPase from other `trans - 
port' ATPases. It is not clear therefore from 
these experiments whether this ATPase is 
associated with transport and if so whether 
with hydrogen ion or anion transport, or with 
some other type of reaction. 

ACTIVITY 

TRITON X 100 
EXCHANGE 

111 

TRITON XI00 
ATPASE 

0.7M SUCROSE 

CONTROL ATPASE 

CONTROL EXCHANGE 

2.5M SUCROSE 

C.F 

FIG. 2. Density gradient centrifugation of 
frog gastric mucosa microsomal ATPase, and 
ATP-ADP exchange enzyme between 0.7 M and 
2.5 M sucrose, with and without Triton X -100. 

ATPASE 

The exchange enzyme demonstrated 
io 

microsomal fraction shows similar props 

to the other transport ATPases in tha. 

though ATP -ADP exchange activity is 

ent, no ATP -Pi exchange activity was i 

onstrated (17) . The exchange activity ov 

associated with adenylate kinase or NDi 

nase. Since the ATPase inhibitors tested 

no effect on the exchange enzyme their a 

must be confined to the second stage of 

following scheme: 

ATP +X<P -X +ADP P- X +H20 -Pi +X 
Since no phosphate stimulation of the ,4 

ADP exchange reaction was found, the at 

scheme is the simplest compatible with 

data. 
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Action of SCN- on Rat Liver Mitochondria' (34496) 

G. SACHS, R. H. COLLIER,2 AND B. I. HIRSCHOWITZ 

Department of Medicine, University of Alabama Medical Center, Birmingham, Alabama 35233 

Thiocyanate has been shown to inhibit the 
following functions in liver mitochondria: 
Succinate and ß- hydroxybutyrate oxidation, 
PIO ratio, ATP binding, P1-ATP exchange, 
and valinomycin- induced K+ uptake. This 
inhibition can be overcome by increased 
ADP or substrate concentrations, and is pre- 
sumably due to interaction of SCN- with 
anion -binding sites in the mitochondrial 
membrane. 

It has been shown (1) that the action of 

SCN- on the gastric mucosa is not limited to 
inhibition of HC1 secretion, but appears to 
extend to effects on K+ permeability and on 
metabolism since there is alteration in 02 
consumption (2) and inhibition of micro - 
somal and mitochondrial ATPase (3) . 

By measurements of the action of SCN - 
on: (1) P/0 ratio of mitochondrial prepara- 
tions with a variety of substrates; (2) oxida- 
tion rate of various substrates; (3) ion trans- 
port of mitochondria; and (4) binding of 
nucleotides by mitochondria, it was shown 
that SCN- had significant effects on various 
aspects of mitochondrial metabolism. These 
results have been presented in preliminary 
form (4). 

Methods. Rat liver mitochondria were 

prepared by differential centrifugation using 
standard techniques with three additional 
washings (5), and the purity of the prepa- 
ration was routinely checked by phase -con- 
trast microscopy. The medium was 0.25 M 
sucrose, 0.001 M Tris, pH 7.4, and 0.001 M 
EDTA. The mitochondria were either used 
fresh, aged for 24 hr at 4 °, sonicated for 30 
sec at 0 °, or treated with digitonin (6). For 
measurement of oxidative phosphorylation, 
either the Chance -Williams technique (7), or 

1 Supported by N.I.H. Grants AM 08541 and 09260 

and NSF Grant GB -3511. 
2 Trainee of U.S.P.H.S. Grant 2A -5286. 

the glucose - hexokinase method were used. 
The medium contained 50 mM Tris HC1, pH 
7.4, 5 mM MgNO3i 2.5 mM K2HPO4, 0.5 
mM EDTA, 2.5 mg /ml albumin, and 55 mM 
KCI. Rate of oxidation of various substrates 
at 10 mM was measured using either the 
Clark electrode or the Warburg apparatus. 
NADH -cytochrome c reductase was mea- 
sured spectrophotometrically (8), as was cy- 
tochrome c oxidase (9) and succinate:Fe 
(CN)63- oxidoreductase (10) . K+ release and 
uptake by mitochondria was monitored by a 
system consisting of three electrodes specific 
for H +, Na +, and K +. Binding of nucleo- 
tides was assayed by adding the labeled di- 
or triphosphopo -nucleotide (0.2 mM) to a 
medium at 0° containing 2 mg mitochondrial 
protein, 100 mM Tris -Cl, pH 7.4, and 5 mM 
MgC12, spinning at 37,000g, and counting the 
precipitated mitochondria. Controls were run 
by comparing counts obtained with tracer 
only to counts obtained with excess cold nu- 
cleotide in addition to the same amount of 
tracer. Results were corrected by the latter 
amount. Pi-ATP exchange was measured ac- 
cording to Conover et al. (11). Protein was 
measured by the Lowry method (12) . 

Results. Mitochondria obtained in this 
study showed respiratory control ratios of 
better than 8.0 with ß -OH butyrate, malate, 
or succinate. Addition of SCN- to mitochon- 

dria in state 3 inhibits 02 consumption by 
25% at 10 mM, and 45% at 30 mM when 

ß -OH butyrate is used as substrate. When 
the mitochondria are uncoupled by using di- 

nitrophenol or carbonyl cyanide m- chloro- 

phenylhydrazone the action of SCN- is 

quantitatively similar. 
Measurement of P/O ratios, using the 02 

consumption increment obtained upon the 

addition of ADP to state 4 mitochondria, 
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TABLE I. Effect of 10 and 30 mM SCN- on P/O Ratios of Rat Liver Mitochondria (Five 
Experiments in Each Group) Using the ADP Addition (02) or Hexokinase Method. 

P/0 ratio 

Control 10 mM SON- 30 mM SCN- 

02 Hexokinase 0_ Hexokinase 02 Hexokinase 

Succinate 
p-OH Butyrate 

1.8 1.48 
2.5 2.21 

1.1 1.11 0.85 0.84 
1.9 1.76 1.41 1.14 

showed that in the preparations a ratio of 1.6 

was obtained with succinate as substrate and 
ì.5 with ß -OH butyrate. Addition of SCN - 
-esulted in a slower rate of ADP -dependent 
D2 consumption, as did addition of atracty- 
ate of fluoride. The P/0 ratios, however, 
:alculated from the total 02 uptake declined 
;lightly. Similar results were obtained using 
he hexokinase method (Table I). Increasing 
he ADP /SCN ratio gradually restored the 
)xidation rate, which would suggest competi- 
ive effects, particularly since similar data are 
)btained with atractylate. Since previous 
vork used high ADP/SCN ratios, these 
!ff ects were not observed (13) . 

Sonicated mitochondria have a much re- 
luced sensitivity to SCN -, with succinate as 
ubstrate, whereas digitonin- treated mito- 
:hondria appear identical to intact mitochon- 
lria in terms of their response to SCN-, data 
imilar to those for atractylate (14) . 

SCN- had no effect on ferrocytochrome c 
'xidation but succinate:Fe(CN)36 oxido- 
eductase was inhibited 45%. 

Table II summarizes data on the effect of 
;CN- and atractylate on binding of ADP 
.nd ATP to intact mitrochondria. Whereas 

TABLE II. 
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atractylate reduces binding of ADP by about 
90%, SCN- reduces nucleotide binding, 
ATP more than ADP, by about 40%. Addi- 
tionally P1 -ATP exchange is inhibited by 30 
mM SCN - as effectively as by oligomycin. 

With the demonstration that K+ flux is 
inhibited in the gastric mucosa, measure- 
ments of K+ movement in intact mitochon- 
dria using cation -specific electrodes showed 
that SCN- significantly slows the uptake of 
K+ induced by valinomycin, but is without 
effect on subsequent nigericin- induced K+ 
efflux (Fig. 1) . 

Discussion. Thiocyanate ion (SCN-) ap- 
pears to inhibit coupled or uncoupled mito- 
chondrial respiration. Although no effect was 
observed distal to cytochrome c, inhibition 
of NADH -cytochrome c oxidoreductase and 
succinate:Fe(CN)36 oxidoreductase was dem- 
onstrated, and the degree of inhibition 
could account for the respiratory inhibition 
observed in uncoupled mitochondria. A slight 
reduction in P/0 ratios was observed, and 
the respiration rate was slowed, which could 
be overcome by increasing the ADP /SCN- 
ratio, similar data being observed for atracty- 
late (15). 

Binding and Exchange Activity of Rat Liver Mitochondria. 

Binding 
(mµM mg -1 protein) 

H'ATP H3ADP 

ATP -P, exchange 
(mMM P, incorporated 

mg-1 protein) 

Control 2.4 2.5 23 

Atractylate (10-6M) .7 0.8 
Oligomycin (0.05 mg/ml) 2.3 2.4 2.8 (0.1 mg/m1) 
SON- (30 mM) 1.4 2.0 1.7 

Oligomycin atractylate 1.3 0.5 

Oligomycin -{- SCN- 1.3 1.4 

Means of 3 experiments. 
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EFFECT of SCN -on VALINOMYCINand NIGERICIN INDUCED 

K+ FLUX in MITOCHONDRIA of RAT LIVER 

-255 

o 

-250 

ó a 

-245 

-.255 

g -250 
ö 
o. 

(a) Without SCN- 

.025//g/m1 
Valinomycin 

I Mitochondria 
45 mg protein 

.050µg/ml 
Nigericin 

1-I min.-1 

.25mMK+ 
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(b) With 10mM SCN - 

.025/4/m1 
Val i nomycin 
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ÍMitochondria 
45 mg protein 

.050µg/ml 
Nigericin 

y 

1-1 minH 

T 
.25mMK+ 
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-.245 

FIG. 1. Effect of SCN- on K uptake and efflux in rat liver mitochondria induced by valinom) 

cin and nigericin. 

Since sonication, but not digitonin treat- 
ment, reduced SCN- effectiveness, there 
would appear also to be a structural require- 
ment for the action of SCN -- inhibited bind- 
ing of labeled ATP or ADP by mitochon- 
dria. These effects were less than those ob- 
served with atractylate and were greater for 
ATP than for ADP. Since nucleotide binding 
is required for Pi -ATP exchange, the inhibi- 
tory action of SCN on this reaction 
confirmed the action of SCN- on nucleotide 
binding. 

From these data, and those reported for 
the gastric mucosa (1), it would appear that 
SCN- interferes with both cation- and anion - 
transport processes across membranes, pre- 
sumably by binding at anion sites and alter- 
ing the electrostatic properties of those mem- 
branes. 
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SUMMARY 

Thiocyanate in addition to its well -known action in inhibiting HC1 secretion 
by the amphibian gastric mucosa has been shown to inhibit 42K flux and the potential 
difference change due to K+ or Rb+ concentration changes in the bathing solutions. 
Cs+ does not substitute for K+ in the stomach. Other secretory inhibitors have similar 
effects. These data may be interpreted by regarding the mucosa as consisting of two 
parallel circuits residing in the parietal and surface cells, with the parietal cell being 
responsible for the major fraction of the 42K movement through the mucosa, which is 
associated with HC1 secretion, and the surface cell possessing the K+ perm- selective 
membrane. 

INTRODUCTION 

Thiocyanate has been intensively studied as an inhibitor specifically of acid 
secretion by the gastric mucosa'. At one time it was thought that its action could be 
explained by an effect on carbonic anhydrase2, but since that time it has been shown 
repeatedly3 that inhibition of this enzyme affects the C1 rather than the H+ transport 
mechanism in the secreting mucosa. More recently, an ATPase which has been isolated 
from various species shows sensitivity to SCN -, occurs in the microsomal fraction 
Dbtained from gastric mucosal homogenates and thus by inference has been implicated 
in the acid transporting mechanism4,5 

In addition to its gastric actions, SCN- has multiple other effects including 
effects on iodide transport in the thyroid, central nervous system disturbances and 
;eneralized effects on histochemical reactivity of membrane enzymes6. 

In efforts to obtain some insight into SCN- action, 02 consumption studies 
Df gastric mucosa either in an Ussing chamber, or in the Warburg respirometer have 
shown that SCN -, while completely inhibiting acid secretion, has only a gradual effect 
3n 02 consumption reaching a level of about 10-15 % inhibition at io mM and about 
¢o % at 3o mM final concentration. This observation has raised serious difficulties 
for any simple redox theory of acid secretion, since ratios of changes in acid secretion 
rate to changes in 02 consumption are obtained which greatly exceed the maximum 
d H /d02 ratio of 4 predicted by redox theory. However, if one considers that SCN- 

Abbreviation: PD, potential difference. 

Biochim. Biophys. Acta, 173 (1969) 509 -517 
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acts by inhibition of an acid transport ATP -dependent system in the tissue by inpresenc 
ing ATP breakdown4,5, the lack of an effect on 02 consumption is not explained,by SCI\ 
possible explanation is that along with inhibition of membrane ATPase, tbabut still 
mitochondrial uncoupling. That this is not the case is suggested by the findingfdiffusia 

mitochondrial ATPase may also be inhibited by this ions, and in direct mitochon; 

studies no such uncoupling was observed3. Since SCN- not only does not inhibit L 
flux in gastric mucosa (i.e., short circuit chloride) but in fact may be transporte ciE. 

2 

the Cl- or anion pump9, we must localize its action to the H+ transport mecha 
N É 

, 

distal to the energy -consuming reaction. This action is equivalent in part tc o 0 

action of uncouplers in mitochondrial systems whereby the substrate -consul 

reactions are uncoupled from the energy utilization pathway of phosphorylatioe 
N ,o. 

The action of SCN- on the apparent passive permeability of the gastric mu 
E 

20, 

to K+ demonstrated in this paper is reflected in a like action on mitochondria 10' 
movement which is discussed in a subsequent paper. 

METHODS 

4 

É 

0 
d 

Rana pipiens or Necturus gastric fluidic or esophageal mucosa were mom 

in an Ussing flux chamber modified as previously described1''. In a lucite chan 

measurements were routinely made of potential difference (PD), resistance, St " 
circuit current (Inc) and acid secretion rate using the pH stat technique". = E 

When 02 consumption studies were to be performed, a Kel -F chamber wast 

with Clark 02 electrodes and Radiometer amplifiers either with direct recordin. 

by an oxystat method12. Solution compositions (frog Ringer nutrient, isotonic' 
Fig. . 

secretory) were varied by K+ substitution for Na +, 5042- or SCN- substitutioL consul) 
Cl- and choline substitution for Na +. In some experiments Rb+ or Cs+ replaced 

Flux measurements were carried out by standard techniques using 42K (high spe TABU 
activity) 22Na or 36C1, and counting was performed in a liquid scintillation counts 

EFFEC' 

RESULTS 
Values 

Fig. I illustrates the general action of SCN- on the gastric mucosa. Thus f. 

is a rapid fall of the H+ rate to zero, at ro mM SCN -. With the fall in acid secret H+ 
rate there is a maintained rise in resistance and a rise in the PD which may be maintt i3. 
ed or may be transient. 02 consumption falls with the onset of secretory inhibiti 98c1- Z 

by about 20 % in this particular experiment. Although it has been previously reps SSC1- 

that addition of SCN- results in oxidation of cytochrome c, in a system where r s14CN 

CO was used to eliminate possible interference by hemoglobin13, this observation ci PD (n 

not be confirmed with any consistency in well -perfused gastric mucosae when CO - 
not used. 

Table I summarizes the results of 20 experiments where H+ rate, PD and 

were measured. Additionally Table I summarizes the data obtained for 98Cll bitio 

measurements in 20 experiments (io in either direction) and S14CN- flux meal stror 

ments (NHS) in io experiments. It can be seen that the effect of SCN- is to red 

the H+ rate and Cl- rate by an equivalent amount, leaving the short -circuit chin K+. 
unaffected. In addition the exchange diffusion component is also uninfluenced by 

actc 
presence of thiocyanate. The flux of SCN- is only a small fraction of the Cl- flux in 

resu 

Biochim. Biophys. Acta, 173 (1969) 509 -517 
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ue by presence of chloride. When Cl- is omitted from the bathing solutions and is replaced 
tplained.by SCN -, there is a marked reduction in /Sei and the flux of SCN- is much increased, 
'ase, thnbut still falls short of the Cl- flux under Cl- conditions. This suggests that the exchange 

finding;diffusion component (or Cl- carrier) handles SCN- much less efficiently than C1-. 
aitocho1 

)t inhibi. L 
artsport( N 2 

E 

mechar, 

part to o ó 
o- :e-consur 

)rylatiot 

stric ins 

:hondriá 

ire mo¢ SCN 

te chap t 3.0 - 
ance, si É 

u 1.5 

2 
erwast g 

ecordÍn 3 0 10 20 30 40 50 60 70 80 90 100 
TIME(min) 

tonic 
Fig. 1. Effect of io mM SCN- on nutrient side of frog gastric mucosa on H +, PD, resistance and 02 

,titutiot consumption. 
eplaced 

ligh spe TABLE I 
count(: 

(4 300 

Ezoo 
100 

0- 

40 - 

E 30 
20 -- 

E 10- 
o- 

SCN 

EFFECT OF SCN- ON VARIOUS PROPERTIES OF GASTRIC MUCOSA 

Values are ± S.E. and except where noted expressed as //equiv. cm- 2h-'. 

Control zo mM SCN- ro9 mM SCN- 
Thus f 

d secrel H+ 3.12 ± o.z8 o o 
emamt 

Sc I 2.51 + 0.39 2.11 + 0.r3 1.43 + 0.20 
inhibiC38C1- N-÷S 10.43 ± 0.41 7.10 f o.39 - 
ly repo! 38C1- S-).N 5.51 + 0.29 5.77 ± 027 - 
vhere r S14CN- N->S - 0.24 f o.03 2.14 + 0.33 

ationc! PD (mV) 32 + 3 41 ± 5 21 ± 2 

Len CO 

'D and The change in PD and resistance has been explained as being due to the inhi- 
30- bition of the H+ transport mechanism. In fact, these changes have been regarded as 

c mear strong evidence for the electrogenicity of H+ transport'' 
to rec However, since some workers have regarded the gastric PD as being a result of 

it chia K+ and /or Cl- gradients transmucosally15, it is also possible that SCN- had some 
ed 

by action on Cl- or K+ permeability, measured either chemically or by the PD change 
flux in 

resulting from concentration changes in the bathing solutions. In Cl- solutions it 

Biechim. Biophys. Acta, 073 (1969) 509 -507 
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,CTION t 

appears that for Nectures or for Rana pipiens the charge permeability of thena4ABLE 

membrane can be described by the equation 
FFECT 

RT [K1 +] F r [C1ó ] 'F ECTI 

E _ - In 
K nF [o+ -F r [Cli ] 'alues ar 

where r = PK /Pci (ref. 15). :ond tt 

This is confirmed by the fact that altering the [K +] and [Cl -] in the nui. 

solutions, product constant, results in a 53 mV change in potential. 
The effect of a K+ and a Rb+ change from 4 to 20 mM in the nutrient bi 

solution is shown in Fig. 2. While the effects of K+ or Rb+ were very similar, (c=ontrol 

little if any effect. Additionally Cs+ replacing K+ in the bathing solutions dIdl;CN' (1, 

support secretion of Necturus or of Rana pipiens mucosa. Addition of Cs+ tom), m1 

containing solutions did not inhibit secretion. kmytal i 

2 

N 
I 

u 

0 o 

a 30 

20 
> 

Io 

0 
a 

0 

200 

É u 

L 

SCN 

100- 
3.0 _ 

N 1.5 - 

+ 'E 2 
0 

migh 
Fig. 2. Effect of changes of K+ and Rb+ on the PD, resistance and 02 consumption of thegæflux 
mucosa and the effect of io mM SCN- on the K+ induced PD changes. 

4K Í Wash 1 SCNI I C¡I Wosb4 ORb 

10 20 30 40 50 60 70 80 90 
TIME (min) 

100 

A io m 

n Nec1 
(, 

A an 
such 
With I 

changi 

chang 
amyt2 
are fo 

gradi 
founc 

of co: 

TABI 
With SCN- there appears to be a drastic reduction in both the rate and ma,N_>s 

tude of the PD changes. Addition of io mM SCN- on the secretory side has amvalu 
lesser effect on the PD change induced by K+ changes on the nutrient side of 

mucosa, which would localize the PD effect to the nutrient membrane of the cell Cond 

the gastric mucosa, although the acid mechanism is located on the secretory side. 

Since io mM SCN- abolishes the acid secretion rate within io min, an atter 

was made to distinguish between the effects of SCN- on K+ and on H+ either - 
using only r mM SCN -, or by K+ change induced within r min of io mM S( Cont 

addition. It was found that even z mM SCN- induced profound changes in the' Am 
response to K+ addition (30 % suppression). Con 

When Cl- changes were carried out under similar conditions again there% 

significant reduction in the PD response. Table II summarizes the effects of addit 

Biochim. Biophys. Acta, 173 (1969) 509 -517 
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f then 

LE II 

FFECT OF 5 -FOLD CONCENTRATION CHANGES OF K+ AND 4.5 -FOLD CHANGES OF C1- ON THE PD 
F NECTURUS GASTRIC MUCOSA 

'alues are mean ± S.E. (number of determinations). 

:onditions dPD (mV) 

the nut K+ Rb+ Cs+ Cl- 
4 -20 mM 4 -20 mM 4 -20 mM 20-89 mM 

rient bat 

11ar, Vontrol 
ions 9PD, mVimin 

ìCN-(IOmM) 
Cs+ t09PD, mVimin 

kmytal(Io mM) 

23 ± 4 (Io) 25 ± 2 (xo) 3±3(5) 16±3(5) 
1.3 ± 0.20 - 
I2±2(10) II±2(1o) 4±2(5) 7±4(5) 

o.6 ± 0.22 - 
15 ± 3 (5) 14 ± 4 (5) I ± 3 (5) 

A io mM SCN- on the PD response to concentration changes of K +, Rb +, Cs+ and Cl- 
n - Necturus gastric mucosa. 

Since it appeared that there might be some relationship between the presence 
)f an H+ inhibitor and K+ charge permeability, a series of other inhibitors was tested, 
such as amytal, dinitrophenol, anoxia, m- chlorocyanocarbonylphenylhydrazone. 
With this class of inhibitors there is also a reduction in the magnitude of the PD 
changes, although not as drastic as with SCN -. 

Changes of K+ and Cl- concentrations, at product constant, result in a mean 
change of 53 mV for a io -fold concentration change. In the presence of SCN- or 
amytal, for example, significant differences in rate and/or magnitude of PD change 
are found, with values ranging from 33 to 45 mV. 

To amplify the above observations, measurement of K+ flux across the Rana 
pipiens gastric mucosa was performed using 42K. The conditions chosen were with K+ 
gradients across the mucosa of 4-0 mM, 20-0 mM or 89-o mM K +, N->S, since it was 
found that the presence of K+ on the secretory side read little effect on the K+ flux. 

Table III summarizes the findings on the NHS movement of K+ under a variety 
of conditions. Increasing the K+ gradient results in a marked increase in K+ flux, as 
might be expected. Under these conditions simultaneous measurement of NHS 

ifthegaflux showed little change, but after r h there was an increase in the S-->N 88Cl- flux. 

TABLE III 
nd 11 ,N-÷s MOVEMENT OF K+ 
3s 

a Values are mean K+ fluxes ± S.E. (number of experiments). 
ide of 

he celi Conditions 21K+, N -.S (µequiv cm-2 h-I) 
side. [K +] nutrient (mM) : 

1 attel 

either 
4 

1M S( Control 

in the SCN - 
Amytal 
Control* 

ere c 

addii 

0.203 
0.031 
0.094 
0.100 

20 8o 

± 0.046 
± 0.022 
± 0.041 
± 0.050 

(8) 
(6) 

(4) 
(4)* 

0.471 
0.083 

± 0.055 (6) 
± 0.06 (4) 

1.43 
0.21 
0.50 

± 0.17 
± 0.22 
± 0.38 

(5) 
(6) 

(4) 

* A K+, S--)-N. 
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Also included in the table are measurements of the effect of SCN- at the differer,ompone. 

concentrations, and the effect of amytal at the 4 and 8o mM K+ levels. 1- ans 
Accordingly SCN- reduces the N- S flux of K+ almost to zero under 

a -eplaced 
ditions. Amytal and other inhibitors also reduce K 

tr 

flux but not as significan¿adi 
ns 

SCN -. An interesting relationship between resistance, inhibitor and K+ flux m,.he "cart 
seen in Fig. 3, which shows the effect of io-6 M m- chlorocyanocarbonylplwelniativelï 

hydrazone on the standard parameters of the gastric mucosa, and additional Sir 
NHS K+ flux. In the phase of increased mucosal resistance, there is diminuti .urrent 
K+ flux, whereas when the resistance starts to fall, K+ flux increases. 

30 - 

appear t. 

onclusic 
:he final 

E 20 this find 
H+ tran 

Q. 
tribute 1 

o - 3ased or 

N 300 - :o K+ at 
g 200 - 

100 t kccordit 
:ell mer 

1.0 - iuctanc 
M 

.5 

:rations 
Y 

o if a met 
3.0 

1 
elative 

1,5 _ :he seto 

_ «P were m 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 observe 
TIME(Min) -educed 

Fig. 3. Effect of m- chlorocyanocarbonylphenylhydrazone (CCCP) on H +, PD, resistance anillad be 
flux N->S of gastric mucosa. .nhibiti 

iition. 
Although the above data appear to substantiate a relationship between mucosa 

tance and K+ flux, this is not invariably the case, as is illustrated in experimchemic 

carried out in collaboration with Dr. W. S. Rehm. It had been previously shown( 'I 

addition of Bat+ (r mM) increased resistance approx. 2- fold18. This occurs inwas als 

absence of any significant change in the H+ rate, and may be reversed by incrconcon 

of nutrient K+ concentration. In spite of this, addition of Bat+ has no eflectntact 

measured K+ flux, although there is reduction of the PD changes in K+ concentratsecreti 
vitrc 

mount 
iPDr 

The inhibition of HC1 transport in the gastric mucosa by SCN -, as well ascontai: 

rise of resistance and lack of change of isC in the chambered preparation, has beenfo K+ 

documented'. 
From the data in Table I, there is no significant change in ISe, which re8the mI 

nonacidic Cl- transport, confirmed by measurements of net Cl- flux. It mustxen s 

concluded, therefore, that the action of SCN- is specifically on the HC1 compoilot al 

of transport in this tissue, and that SCN- is without effect on the nonacidicsurfac 

DISCUSSION 
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differeomponent. Although net SCN- transport does occur, it is only a small fraction of the 

'der all_ 1- 
transport. When Cl- was omitted from the bathing solutions, and completely 

nificani eplaced 
by SCN-, transport of SCN - increased, but remained at less than zo % of the 

inidirectional Cl- movement, showing that both the "active" Cl- mechanism and 
flux m_he "carrier" presumably responsible for the high calculated Cl- conductance17 have 
onylpk.elatively low affinity for SCN -. 
itional Since, therefore, with inhibition of HC1 secretion SCN- does not alter the 
minutiîurrent produced at zero external potential difference the action of SCN- does not 

Ippear to result in any change in the electrogenicity of gastric mucosal transport. This 
,onclusion, however, does not take into account the transients involved in reaching 
:he final steady state, namely an increase in PD and resistance. One interpretation of 
this finding has been that these changes are due to inhibition of a primary electrogenic 
fl+ transport mechanism, but, according to the data presented, this does not con - 
:ribute to current flow in the secretory steady state. An alternative interpretation is 
jased on the possibility that the potential gradient across the gastric mucosa is due 
:o K+ and/or Cl- gradients established across the nutrient surface of the gastric cells. 
According to this view, alterations in the passive permeability characteristics of the 
:ell membrane to either of these ions would result in a lowering of the tissue con - 
luctance, or a rise in the resistance. 

Measurement of alterations of PD when appropriate bathing solution concen- 
:rations are changed is the simplest method of determining the relative permeability 
)f a membrane to the various ions. This, however, does not give information as to the 
relative chemical flux rates, since it may not involve passage of charged species across 
:he serosal or mucosal boundary. When K+ or Cl- induced potential difference changes 
were measured in the presence or absence of SCN -, significant differences were 
jbserved. Thus, in particular, the response to K+ substitution for Na+ was much 
-educed, suggesting that the selectivity of the membrane to K+ with respect to Na+ 

once anead been altered by SCN -. Measurements of the 42K+ flux showed that SCN-, while 
nhibiting H +, also inhibited 41K+ flux in the gastric mucosa in the open -circuit con - 
lition. Thus SCN- reduces both "chemical" and "charge" permeability of the gastric 

ween mucosa to potassium. This is in contrast to conclusions reached by others using 
cperinchemical methods to measure K+ flux18. 

hownt The relationship between the degree of inhibition of acid secretion and K+ flux 
urs in was also striking, and the use of other inhibitors of acid secretion, such as amytal, also 

inaconcomitantly reduced H+ and K+ flux. This confirms what has been found in the 
effectntact mammalian stomach, namely that there is an association between acid and K+ 

,entrafsecretion19. Hence the larger fraction of NHS K+ movement observed in frog mucosa 
in vitro is associated with parietal cell function. Necturus esophagus, which is readily 
mounted in the Ussing chamber and generates an Ise of between io and 25 µA, shows 
I PD response to change of K+ which is similar to that observed in the fundus, which 

veli as ontains both surface and parietal cells20. Thus at least part of the potential response 
beenco K+ changes is probably a function of the surface epithelial cell. 

Accordingly it should be possible to dissociate the K+ transport properties of 

ch ref/? :he mucosa by selective inhibition of one or the other of the cell types. Ba2 +, which has 
: mus(men shown to increase transmucosal resistance, and decrease the K+ response'6, does 
ompoa1ot alter the 42K+ flux transmucosally. Thus this ion may be affecting primarily the 
acidic surface cell properties whereas amytal and other metabolic inhibitors affect primarily 
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the parietal cell. SCN- would then be unique, since it drastically inhibits boil On 
PD response and 42K+ movement, and would thus affect the relative permeal eceived 
characteristics of both cell types. This is further brought out by the inhibitory e, 

of low (non -acid inhibitory) concentrations of SCN- on K+ potential response 

added to the nutrient side. 
An alternative interpretation of PD changes due to alterations of K+ oz 1 

EFERE: 

w. s. 

trations has been advanced by HoGBEN21. He showed that 45 min following a ch.2 R. ;37%T..] 

in K+ concentration, the SAN Cl- flux was significantly increased. However, sip :'4 R. P. 

S042- solutions K+ changes also alter the PD, the short -term potential and cur 5 G. SAC 

changes across the mucosa resulting from changes in K+ concentration are di 6 J. .G .c1 

alterations in K+ transport, not C1 -. Over longer periods, however, it appears s J. G. ] 

Cl- back flux is increased. The current across the tissue, therefore, in the press (1967) 
cI Á7D 

a K+ gradient is carried by Cl- and K +, as our flux data showed. :o G. snc 
REHM16 has shown by the use of equivalent circuits, that alteration of resist I E. HE' 

across the secretory membrane would be predicted to alter the PD response; G. w 
change in the nutrient membrane electromotive force, hence alteration in PD resr4 w. S. 

to K+ changes does not necessarily reflect the passive charge permeability a b J`. B. I 

S. 
gastric mucosa. However, measurements of 42K+ movement in the case of SC.7 C. A. 

amytal show that it is reduced. To reconcile these data, it is only necessary top:8 J. B. 

late two pathways for K+ movement across the mucosa, the surface cell and 
:C G. 9 B I. I 

Sn 
parietal cell22. The surface cell pathway has a high resistance relative to the par :x C. A. 

cell. Alterations of K+ affect the PD across the nutrient membrane of the surface]2 G. SA( 

and the PD change would be given by 

d PD - -RSEC d EsEc 
RPC -I- RSEC 

if 

where RSEC is resistance through surface cell, Rro is parietal cell resistance, 41 

is actual change in surface cell nutrient membrane PD due to K+ changes andd 

is transmucosal PD change. If Rpc is altered by SCN- or amytal and is then of 

same order of magnitude as RsEC, evidently d PD will decrease, for a given d 1 

Thus agents which alter the electrical resistance of the parietal cell would be exile 

to alter the PD change across the mucosa in response to K+ changes. Amytal 
be such an agent, and significantly depresses K+ flux as well as the PD resix 

SCN- depresses the K+ flux even more dramatically and may therefore also affect 

surface cell membrane and hence d EsEC directly. 
From these observations, the resistance changes due to SCN- action ma 

due to a more general action of SCN- on biological membranes, whereby the sets 

permeability properties are altered. This is likely to be due to the chemical prop 

of SCN- of being able to participate in halide reactions. Thus if there are an 

binding sites on the nutrient and secretory surfaces of the gastric mucosa such 

in Cl- solutions they normally bind Cl -, yet have a high affinity for SCN -, then 

brane lattice will be significantly modified by the presence of SCN -. 
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ROLE OF ATP AND ATPase IN GASTRIC ACID SECRETION 

G. Sachs, V. D. Wiebelhaus, A. L. Blum and B. I. Hirschowitz 

Much of our fascination with acid secretion and its 
mechanism is due to the very high concentration gradient of 
hydrogen ion that can be achieved by the adult mammalian 
mucosa. In contrast, most of our knowledge of its mechan- 
ism derives from studies of in vitro mucosa with much lower 
transport capacity. It is perhaps a result of this that we 
have only fragmentary knowledge of the biochemical pathways 
involved in acid secretion and that, after many years, it 
has not been possible to decide with certainty between a 

redox dependent or an ATP dependent process. 

A redox dependent acid secretion system is based on the 
vectorial organization of a dehydrogenase on one side of a 
membrane and an electron acceptor on the other. Thus with 
oxidation of substrate, protons may be released from one 

side of the membrane and the electrons transferred to the 
other side ultimately to 02. Therefore in this scheme there 
is no participation of ATP. 

An ATP dependent model can be constructed in many dif- 
ferent ways, but ultimately the energy available from the 
hydrolysis of ATP is transferred to a proton carrier which 
as a result moves protons against an electrochemical gra- 
dient. 

It seems to us that a logical approach to the biochem- 
ical mechanism of acid secretion would include the following 
steps: 

a. Proof that ATP is required for acid secretion; 
b. Isolation of the acid secreting cell from the 

mucosa and isolation of that subcellular component 
ultimately responsible for the process. It can be 

presumed to be in the vesicular or microtubular 
structures present in the luminal surface of that 

cell; 

c. Demonstration that an ATPase, stimulated by HCO3- 

and inhibited by SCN- is present in these vesicles; 

d. A study of the properties of the ATPase, showing 
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that these properties can be readily relatedt 
proton transport mechanism; 

e. A reconstitution of an acid transporting systen 

using the vesicular preparation. 

A. Energy Source for Acid Secretion 

Several years ago we decided that, from the indicted 

methods available, the use of inhibitors should furnish 
best estimate of the probability that ATP is requiredfc: 

acid secretion. The use of inhibitors is open to object 

because of non -specificity and complex cellular reaction; 

to metabolic alterations. The use of a large number of 

inhibitors for a given chemical reaction perhaps overco: 

the problem of non -specificity since, if all the inhibit: 

give an identical result, it would be unlikely that this 

could be explained on the basis of a similar non -specific 
It would be more likely that the single reaction known t: 
inhibited, would provide the explanation. As will been 
phasized in this section, however, there are anomaliesic á 

some of the effects of the inhibitors to be discussed, o 
these may be on occasion extremely significant. Medal 
(on the following page) shows a scheme of the inhibitors 

used. 

1. Metabolic Inhibitors: 2- deoxyglucose has been 
investigated in this laboratory (1). In the presence of 

hexokinase and ATP, 2- deoxyglucose -6 -PO4 is formed, and 

not be further metabolized. Thus if 2 -DG is the primary 

sugar present, phosphate and ATP are depleted and glycol 

is inhibited in each cell (2). Although it was a reason. 

effective inhibitor of acid secretion we could not shorn 

significant alteration of cellular levels of ATP (1). 

finding has been confirmed (3). However, there was ant 
creased production of C1402 from glucose -1 -C14 and redue 

tion in C1402 from glucose -6 -C14 as would be expectedfr 
glycolytic inhibition. We were forced to conclude that 
(a) There may be a compartment of ATP which is selective 

depleted; and (b) A key intermediate in glycolysis is de 

pleted. To date, however, investigation of intermediate 

metabolism of the gastric mucosa has been superficial,n 
the relationship of metabolic intermediates to acid sect 

tion rate is unknown. This is clearly necessary in this 

area, since it should be possible on this basis alone,t 
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determine whether metabolic changes are consistent with would 
increase in ATP turnover, or whether a more specificch, 
can be observed. 

2. Redox Inhibitors: Amytal has been the most 
thoroughly studied, and has actions on the frog gastric 

mucosa similar to its actions on other tissues, includi. 

increased NADH levels (4). The net result is inhibitirsince 

H+ transport, with relative sparing of Cl- current. 
Al 

1 

effective redox inhibitors act similarly. Rotenone,a mucosa 

compound which acts at the same site as amytal, seemst. crease 

without effect on frog acid secretion in vitro perhaps ;trans 
to slow penetration. CN- eventually does inhibit secregroups 
in frog, but at relatively large concentrations. Dual .en 

thi 

spectroscopy confirms that inhibition of the redox systEA 
syst 

CN- does require 10 -2 M in this species (5) . This findiD -lact 
merits further investigation. vesici 

Since amytal is a relatively ineffective inhibitor of unc 

microsomal redox reactions, but blocks mitochondriale1Einhibi 
flow between NAD and FAD or between FAD1 and FAD2, the, 

4 

feet of amytal in blocking acid secretion excludes ally 
this t 

thesis whereby a substrate reduces a microsomal componer.3n 
cor 

which in turn reduces cytochrome c, which then shuttlesbe wit 

electrons to the mitochondrial system, thus (7) Others 

guanic 

AH2 > 211+ + 2e + A (the H+ is secreted) the cl 

as 02 

2e +X 2 

across 

X- +X2Fe+++c > 2Fec tiocrn( 

in abs 

Fe++ c > mitochondria 

since amytal would not affect cytochrome c reoxidation, 

redox reaction must, therefore, be coupled to mitochondr 

above FAD. 
appear 

3. Uncouplers of Oxidative Phosphorylation: Manynnvoll, 

studies have been reported using dinitrophenol, all agrpt' 

any s 

ing that acid secretion is inhibited. Other uncouple)f 
con 

rs 

as m- chlorocyanocarbonylphenylhydrazone, or salicylaniE :atloc 

produce the same effect, although at much lower concentr'ome 
c 

tions (8). Again there is relative sparing of Cl- curt, 

Since uncouplers do not inhibit electron flow in therei °hip 

system, and in fact increase it in tightly coupled min., 'houlc 

chondria with high ATP /ADP ratios, a simple redox hypotILn 
aci 

n aci 
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with would at first sight seem to be untenable, i.e. (9) 

Lech 
+ (H -- X + + A 2H + 

X + AH2 > secreted) 

3t 

stric 
X-- + 1/2 02 > 0 -- + X 

ïludi 
qti,since there is no involvement of ATP. 

Al: 
However, 02 consumption measurements in frog gastric 

a 
mucosa do not always show the expected 02 consumption in- 

amstcrease. Secondly, uncouplers act as inducers of proton 

raps,translocation 
in artificial lipid systems (10), and several 

3ecregroups of investigators feel that uncoupling is dependent 

),,li on this capacity to increase proton conductance in membranes. 

systEA 
system which appears to be clearly redox dependent, the 

findiD- 
lactate dehydrogenase coupled transport system of E. coli 

vesicles, is also inhibited by uncouplers (11). The action 

)itorof 
uncouplers can be explained by mechanisms not requiring 

al elhinhibition 
of ATP synthesis. 

theE 
4 Phosphorylative Inhibitors: Various inhibitors of 

ahythis type 
have been studied. The classical one, oligomycin, 

npone n 
contrast to data published by others (12), was found to 

ttlesbe 
without effect on R. pipiens 02 consumption or secretion. 

Others, however, such as galegine sulfate, phenethyl bi- 
guanide and aurovertin (which acts distal to oligomycin in 

Led) 
the chemical hypothesis) all inhibit acid secretion as well 
as 02 consumption (8). 

Atractylate, which inhibits ATP -ADP translocation 
across the mitochondrial membrane, also blocks acid secre- 
tion (8). Again in all cases studied, Cl- current remains, 
in absence of acid secretion. 

ïUP1MARY : 

Lion. 
Table I summarizes the data discussed above. It would 

ahondrappear 
from these results that a simple redox scheme, 

Manyinvolving 
only secretory membrane electron flow, requires 

1 agrenany 
secondary assumptions to explain the inhibitory actions 

piers g)f 
compounds such as aurovertin or atractylate. It is more 

ational to draw the conclusion that ATP is required at 
lanasome 

critical stage in the acid secretory process. 
ncent; 

Other workers have also shown that there is a relation- 
CUM 

of cell ATP level to acid secretion rate (13), and it 
hereishould 

also be pointed out that the oxyntic cell is extreme - 
min 

hypoty 
rich in mitochondria, which presumably have some function 

Ln acid secretion. 
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B. Isolation of Secretory System 'Aarker; 

e have 

Having decided that an ATP utilizing systenCis prob erivec 

involved in acid secretion by the gastric mucosa, wet a ac: 

our attention to the HCO3 -- stimulated, SCN-- inhibitecletimul: 

ase present in the mucosa. This enzyme is present in tot is ft 

homogenate of gastric mucosa (14) , and was further locallasma 
ized mainly to the microsomal fraction of this tissue (1 

Additionally it was shown that an SCN -- sensitive ATPase, 
. 

present in other tissues such as rat liver. Thus itbece 
necessary to further localize this ATPase (since oxyntic Ft 

cells account for only 1/3 of the mucosa) , and explain itonal r 

presence elsewhere. ollowe 

1. Isolation of Oxyntic Cells: After trying a varitePhade 
of methods to produce an oxyntic cell suspension, we foua+radier 
that the use of controlled pronase digestion of amphibiac 

gastric mucosa produced cell suspensions progressively 
richer in oxyntic cells reaching as high as 90% (16). F: 

1 illustrates such a cell suspension. These cells were 

viable by a variety of criteria, but for the purposes of 

this paper we were interested in isolation of the vesicu: 
system at the lumenal surface of the oxyntic cell (17),. 

localizing the SCN -- inhibited ATPase in that structure. 
2. ATPase Localization: First, we showed that the 

SCN- inhibited ATPase was indeed enriched in the oxyntic 
cell fraction, along with the mitochondrial marker, suc- 

cinic dehydrogenase (Fig. 2)(18). Simultaneously, weft . 
a dramatic increase in the sensitivity of this enzyme to 

HCO3 -. We feel that SCN- inhibition or HCO3- stimulatie: 

are interchangeable properties of this enzyme. This woo 

extended previous observations of the ontogenetic develo: 

ment of the ATPase to the adult mucosa (19). ith th 

The next stage was isolation and purification of thP0 umo 

subcellular fraction containing this ATPase. This was roduce 

achieved as shown in Table II and Fig. 3 by differentia1P3 
density gradient centrifugation of the oxyntic cell hosoE HCO3 

genates. Of 

When this approach was extended to mammalian mucosa°P5 th 

similar results were obtained. Thus at least part of thases t 
SCN -- inhibited HCO 

3 
--stimulated ATPase is located in a weir pl 

smooth surfaced vesicular fraction presumably derived f00 
proto: 

the secretory surface of the oxyntic cell. This then co;rgumen 

firms histochemical observations of others (20) . Furth& the 

work established that this HC0 ATPase was distinctfoher ii 

the ATPase found in association with mitochondrial enzyr 
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iarkers (Figs. 4,5,6)(21). Therefore, with this technique 

'e have been able to isolate a particle which is probably 

prohoierived from the vesicles found at the luminal surface of 
e tur : :he acid secreting 

cell. Associated with it, is a HCO3 -- 

ed ATo:timulated SCN -- inhibited ATPase. 5'A is absent from 
in tot.his 

fraction, which is, therefore, not contaminated with 

locallasma membrane. 

ue (1; 

Pase 
C. Properties of ATPase 

t beca 

:me Further purification of this enzyme was achieved using 

ainitonal rotor purification from dog gastric mucosa (Fig. 7), 

ollowed by triton X -100 solubilization, passage over 

a vartephadex G -200 and centrifugation through a 2 -22% sucrose 

e fousradient. This is shown in the following flow sheet: 

hibia: 

rely Homogenate (0.25 M sucrose) 

were 6 x 106 g min fraction 

yes of 
1- 

esicu: 
B14 zonal rotor, 5 hrs, 30 K 

lye' 

Interface 24 -34% sucrose 

:ure, 

It the 
Triton X -100 solubilization 

cyntic 

suc 
Initial peak from Sephadex G -200 

we fa 
1 

imeto Sucrose gradient 2 -22 %, 16 hrs, 22K 

alatie: (usually 2 peaks of activity) 

is wor: 
final purification x 100 

ieve10 

ith this procedure preparations with activities as high as 

of thP0 umoles Pi mg -lhr -1 have been obtained. Solubilization 

was roduced an ATPase which was stimulated several fold by 

=_ntia1303 
-, and on occasion, actually dependent on the presence 

1 homo1 
HCO3- for activity (Table II) . 

Of the various properties of this soluble ATPase per- 

mucosa 
aps the most interesting was the capacity of various oxy- 

of theses to stimulate the ATPase activity as a function of 

in a 
weir pK. This Br$nsted relationship (Fig. 8) implies that 

vedfr: proton transfer step is involved in the activation. These 

hen co:rguments have been presented in detail elsewhere (22) . It 

Further the activation by base that is mainly blocked by SCN- and 

ct fro: =her inhibitors. 

enzyn 
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An excellent correlation has also been found bet Alternt 
inhibition of the ATPase and inhibition of acid secretib of F: 

(Table III). reactic 

sti The finding that mitochondrial ATPase is also rtranspc 
lated by HCO3- (23) and other oxybases such as arsenate °f 

the 

chromate, etc. (24) suggests that there may well be attem arc 

a mechanistic similarity between mitochondrial ATPase - both h: 

the gastric vesicular ATPase. this sc 

Table IV lists some similarities and differencesVector: 
tween these two enzymes. The similarity to the mitochothe 02 

drial ATPase suggests that careful study of a tissue isbeen 
sl 

required to establish that a non -mitochondrial HCO3-Agnucosa 
is functioning in that tissue, and may explain the widechange 

spread distribution of this enzyme. Ii 

Another striking property of this vesicular fractiby 
the 

is the capacity to undergo a conformational change int'Ditor 
presence of ATP. In collaboration with Drs. L. Masotti glance 

D. W. Urry, we have studied the effect of ATP on the CDoe 
exp 

spectrum of the suspension. Fig. 9 shows that in theption 
1 

sence of ATP there is an apparent marked decrease oftbactio+ 
ellipticity at 224, 208 and 192 nm. Much of this a1terthe 

K 

may be due to changes in optical artifacts. When this 
system 

corrected for at 224 nm, by the use of the equation nitoch 

A 

esusp the ga 

Acorr 2 (25) nembra 
Q AQo T 

kTPase 
the molar ellipticity A in the absence of ATP is -0.891nhibi 
and in the presence of ATP, -0.55 x 104. This shows thsthe se 

probably, in addition to scattering changes, there are:for re 

formational changes produced by ATP. These effects arethese 

reproduced by MgAMP. A 

plaine 

D. Function of the ATPase (31) f 

in mit 

The localization of this enzyme, the stimulationb;the go 

HCO3 -, correlated with the well -known requirement ofCOuncove 
for maximal acid rates, and the inhibition of acid secr 

by inhibitors of this enzyme, all suggest that this ATFGUMMAF 

should be included in any hypothesis of acid secretion. 
Two hypotheses may be considered here. One, that: t 

ATPase is alone responsible for acid secretion as inAform f 

Fig. 10. Here the ATPase I mechanism of Mitchell isusevariet 

(26), but modified to allow the transport of HCO3 . 
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bet,Alternatively, 
a combined redox and ATP hypothesis, as in 

cretib of Fig. 9 may be suggested. 0 - -, produced from a redox 

reaction, combines with CO2 forming CO3--, which is then 

sti.transported 
away from the secretory surface by the action 

enateof 
the ATPase. The vectorial characteristics of this sys- 

eattem are thus the responsibility of the ATPase system, and 

aseaboth hypotheses 
allow for the general base stimulation. In 

this scheme SCN- or similar inhibitors would destroy the 

cesbvectorial 
characteristics of the system without inhibiting 

tochothe 
02 utilization in the membrane. In this regard, it has 

ueisbeen shown that 
oxygenation of the secretory surface of the 

3- A1.nucosa produces a PD transient which precedes any observable 

dclec 
hange in the mitochondrial redox components (27). 

In searching for an ATPase involved in proton transport 

ractiby 
the gastric mucosa, SCN- has been important as an inhi- 

intbitor 
of acid secretion, and of ATPase action. At first 

sottiglance, 
however, the effect of SCN- on gastric mucosa cannot 

leCpbe 
explained by inhibition of the ATPase since 02 consump- 

theption 
is reduced by only 20% (28). SCN- has other complex 

)fth3ctions 
on the gastric mucosa, and on mitochondria. Thus 

alterthe 
K+ permeability and K+ flux is reduced by SCN- in both 

thissystems, 
and in addition SCN- inhibits ATP binding to the 

nitochondrial membrane (29,30). 

Again we have a similarity between the properties of 

the gastric mucosa, and the properties of the mitochondrial 
nembrane system, as explained in Table IV. 

To account for the lack of effect of SCN- a combined 
PTPase and redox hypothesis may be necessary. SCN -, by 

).89inhibiting the ATPase would not reduce 02 consumption at 
asthtthe secretory site, but no driving force would be available 
areifor removal of OH- or 0 - -. Recombination of protons with 
;arethese would occur, and H+ secretion would stop. 

Another aspect of gastric secretion which is not ex- 
plained by the ATPase hypothesis is the requirement for K+ 
(31) for acid secretion. However, K + /H+ exchange occurs 
in mitochondria and in yeast. Perhaps as H+ secretion by 

Lonb,the gastric vesicles is examined, a K+ requirement will be 
)fCOincovered in this subcellular system. 
sect: 

AThSUMMARY : 

:ion. 

:hat: A vesicular system has been isolated in relatively pure 
'_nATorm from gastric mucosa. An ATPase stimulated by a 

susrvariety of anions has been isolated from this vesicular 
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system, and shown to have properties quite similar tot: 

of mitochondrial ATPase. Conformational changes canbE 

detected in this system which may relate to the changes 

that occur with onset of secretion by the stomach in6. 1. 
Ph cell canaliculi. Considering the evidence as a whole,, 

possible mechanisms are suggested for the involvements 
:2. 

Tc 

ATPase in acid secretion. 
4. Sa 
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TABLE II 

DISTRIBUTION AND SOLUBILIZATION OF ATPase 

umoles Pi mg-1 hr-1 

Mg++ Mg++ HCO3 

Total homogenate 6.7 7.2 

6 x 106 g min fraction 17.2 25.4 

1.12 sucrose band 18.5 29.9 

Solubilized enzyme 13.2 44.6 

TABLE III 

INHIBITORS OF ATPase AND EFFECT ON H+ SECRETION 

Compound 
(10 mM) 

ATPase Inhibition 
Secretory 

Inhibition 

SCN- 75 100 

CNO- 88 100 

N3 63 90 

NO 
2 
- 70 70 

NH2NH2 60 50 

TABLE IV 

COMPARISON OF 

SOLUBLE GASTRIC AND MITOCHONDRIAL ATPase 

Gastric Mitochondrial 

1.12 sucrose density 1.18 sucrose density 

DNP no effect DNP stimulates 

HCO3 activates 3 -5x HCO3- activates < 2x 

As03 -, As043- activateg Both activate 

B03 activates B03 inhibits 

SCN -, CNO- inhibit SCN -, CNO- inhibit 

Cold stable Cold labile 

N3 inhibits N3 inhibits 

Activation inhibited by ionic strength 

SCN blocks K+ flux SCN blocks K+ flux 

o 

oQ 

Fig. 1< 

gastric 

dark si 

ig. lb 

tainin; 



ty 

2x 

Fig. la: Micrograph of isolated cell suspension of Necturus 

gastric cells containing mostly oxyntic cells which are 

dark staining. 

ig. lb: Enlarged view of above, showing 
taining for SDH. 
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ENZYMES IN ISOLATED NECTURUS CELLS :: 
,r 

SUCCIN. DEHYDROG. 

CARBON.ANHYDR. 

Mg" HCO3 ATPase 

1.5 

05 

1 2 3 4 5 

CELL FRACTION 

Fig. 2: The distribution of SDH, ATPase and carbonic 

in cell suspensions derived from Necturus gastric mucos 

showing increasing activity of these enzymes in thefrs 

rich in acid secreting cells. 
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Fig. 3: Electron micrograph of isolated vesicular fraction 
of oxyntic cell. x 56,000. 
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ATPose DISTRIBUTION 

20 

SUCROSE 

o- -o HCO ATPose 

4--6 Not+ N ATPose 

e--eo met ATPose 

25 30 35 40 

6 X 106 g min FRACTION 

45 

Fig. 4: Density gradient distribution of the 6 x 1O6g 

fraction (microsomal fraction) of HCO3 -, Na+ + K+ and!` 
ATPase (16 hrs, SW25 rotor, 22,000 rpm). 
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GASTRIC SECRETION 

40 

SUCROSE 

30 

TUBE # 30 25 20 15 10 

Fig. 7: Zogal distribution of ATPase in Beckman B14 rotor 

from 6 x 10 g min fraction. Peak 4 contains the activity. 

log Kcat 

DOG ATPase ACID BASE CATALYSIS 

+2 

+1 

0 

-1 
HB40; 

HC 03 

CO-. 
3 

BO 
4 7 

H2As03 

Se03 

HAs04- 

SO3 

4 5 6 7 8 9 10 

pK 

Fig. 8: Plot of log k'c vs pK of different activating bases 
for dog gastric ATPase snowing a Br (6nsted relationship 
log kcat = a + ß(pK). 

341 



o 
x 0 

Ú 

G. SACHS et al. 

CIRCULAR DICHROISM SPECTRA 

a OXYNTIC CELL VESICLES 

b uaH 4- ATP 

c °a" + SDS 

b .,r' 
ï >, v - : \ `.ó,, , \ c' 

. . 

200 220 240 260 

Fig. 9: Circular dichroic spectrum of oxyntic cell veal 
showing peaks at 224 nm and 208 nm ( -ve) and a +ve peak:Fig. 1 

Addition of ATP shows a suppression of the CD bands, and (a) SI 

of the crossover. Correction of 9 using the SDS treated is ult 

pension as the pseudo reference state shows that at 224rredox 
changes cannot be accounted for by alterations in optical 

and tt 

facts. vector 
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6 

ATP+ H+ 

CO2 (a) 

ADP + Pi 

H20 

2H 

ATP+ 2H+ 

CO2 (b) 

ADP+ Pi. 

vesi 

aka,Fig. 10: Model for involvement of ATPase in gastric secretion. 

and, (a) Shows an ATPase such as ATPase I, where transport of HCO3- 
ated is ultimately responsible for H+ secretion. (b) A combined 
24rredox- ATPase model where the reduction of 02 provides proton, 

ical 
and the ATPase induced transport of the 02 -- results in the 
vectorial characteristics of the system. 
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PROPERTIES OF ATPase OF GASTRIC MUCOSA 

V. PREPARATION OF MEMBRANES AND MITOCHONDRIA BY ZONAL 

CENTRIFUGATION 

J. G. SPENNEYa, A. STRYCHa, A. H. PRICEa, H. F. HELANDERb and G. SACHSa,* 

a University of Alabama in Birmingham, Birmingham, Ala. (U.S.A.) and b University of Umed, 

Umed (Sweden) 

(Received February 9th, 1973) 

SUMMARY 

Using zonal sucrose density gradient centrifugation methods to fractionate the 
subcellular components in gastric mucosal homogenates have been developed. Methods 
are described which give high yield or rapidity in fractionation. A procedure is de- 

scribed which enables large -scale preparations of smooth walled vesicular membranes 
containing HCO3 -- ATPase activity free from mitochondrial contamination as as- 
sessed by electron microscopic morphology and undetectable succinic dehydrogenase 
or monoamine oxidase activity. A method to purify gastric mitochondria is also 
described. 

An HCO3 -- stimulated ATPase present in gastric mucosal homogenates has 
been implicated in proton transport by this epithelium'Z. The complexity of this 
tissue and the resulting homogenate necessitated isolation of the oxyntic (acid se- 

creting) cells to confirm localization of HCO3-- ATPase to these cells'. Further, the 
enzyme was localized in the oxyntic cell microsomes by differential centrifugation'. 
By sucrose density gradient centrifugation a fraction appearing as smooth walled 
vesicular membranes was also isolated from dog gastric mucosa4. These membranes 
contained no detectable glucose -6- phosphatase, succinic dehydrogenase, or mono - 
amine oxidase activity5. A similar enzyme can be found in pancreas6. 

Further biochemical characterization necessitated large scale preparation in 
zonal rotors. This report describes preparative techniques utilizing zonal sucrose 
density gradient centrifugation to provide either rapid separation, high total yield, 
or high purity separation of gastric vesicular membranes or mitochondria. Our major 
concern has been with high purity separation of these particles. 

METHODS 

The stomach is removed from a fasted dog and immediately opened along the 
greater curvature, washed with water, and cooled in ice. After 3 -5 min any remaining 

* To whom correspondence should be sent. 
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esophagus and antrum is cut away. The stomach is layed flat on a cooled pyrex 

and with a microscope slide the mucosa is scraped as a sheet from the unded 

muscular layer. The mucosa, suspended in 700 ml of buffer, is chopped into 
1- 

fragments in a Waring blender with a dulled blade at medium speed. In of 

"bomb" it is allowed to equilibrate with magnetic stirring for 20 min under 

lb /inch2 nitrogen. The mucosal fragments are disrupted on decompression. 
t 

10 min standing at 0 °C the floating mucus layer is aspirated and discarded, 

remaining homogenate is filtered through 4 layers of cheese cloth and subjeo 
. 

differential and /or zonal sucrose density gradient centrifugation. 
The buffer used in each instance is 40 mM Tris -HC1, pH 7.4, with sun 

In methods designed for intact mitochondria 0.44 M sucrose is used while 11 

sucrose is used when gastric membranes are prepared. The addition of 3 mM M, 

or EDTA or 1 mM dithiothreitol seemed to have no effect either on the levi 

activity obtained or on the separations achieved, hence were omitted at laterst 

(1) Fractionation of the tissue by centrifugation 
To ascertain the best methods of preparation of subcellular compones: 

gastric mucosa we have studied zonal sucrose density fractionation of the total hi 

genate and at various stages of purification using differential centrifugation. 
(A) Differential centrifugation (Fig. 1). The total homogenate in 40 mMi 

HC1 -0.25 M sucrose is centrifuged at 1000 x g for 30 min in a Sorvall RC2. 

trifuge. The pellet is washed once with the same buffer and the washing and or 

supernate are combined. This suspension is centrifuged at 8000 x g for 30 mio 

the pellet washed once. Washing and supernate are sedimented at 20000xt 

30 min. The pellet is washed once and the supernate and washing are centrifug. 
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Fig. 1. Preparative steps in purification of material prior to zonal density gradient centrifui g 
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1, 78000 x g* for 60 min in a No. 30 rotor in a Beckman L -2 preparative ultracentrifuge. 
ed The final 78 000 x g pellet is not washed. In preparations of gastric mitochondria 
)t 0.44 M sucrose is substituted for the 0.25 M sucrose. 

a! (B) Zonal centrifugation. Three types of runs have been used: (1) Step gradients 
lee using 20, 24, 34, and 47% sucrose; (2) rate zonal centrifugation utilizing a 5 -35% 
. E linear gradient; and (3) isopycnic density gradient centrifugation using 20 -45 or 50% 

,d, linear sucrose gradient. 
Fractionation of the total homogenate presents a special problem since the 

volume of the sample approaches the volume of the rotor. When fractionating the 
.u¢ total homogenate on a sucrose density gradient it is divided and dry sucrose added 
01 to raise the sucrose content to 20% and 50 %, respectively, and the total volume of 
MI each to 325 ml. Total homogenate volume and volume to be raised to 20% sucrose 

vet (w /w) and 50% sucrose (w /w) can be estimated with sufficient accuracy that material 
st is not wasted by the following formula: 

(1 -SF) 
V VF (1 - Sr) 

lea', 

dho where VI, starting volume; VF, volume of homogenate to be used in forming gradient 
(usually 300 -325 ml); DF, density of final solution assuming it is a sucrose and water 

MI (w /w) solution; Dr, density of starting solution with same assumption; SF, final de- 
C.2 sired % sucrose (w /w); Si, % sucrose (w /w) of starting solution. 
odl The sucrose to be added is estimated from: 

nit 

DXI VF.DF -V 'Da 

ifug The sucrose is dissolved by magnetic stirring in an ice water bath. After dissolution 
accuracy is checked on an Abbe refractometer. For zonal fractionation of all other 
material the gradient is formed from sucrose of the desired concentration dissolved 
in 40 mM Tris -HCI, pH 7.4. 

(C) Formation of the gradient. Gradients are formed in a Beckman Ti -14 zonal 
rotor spinning at 3000 rev. /min in a Beckman L -2 ultracentrifuge. 

(1) Step gradients are formed using 100 ml 20% sucrose, 200 ml 24% sucrose, 
150 ml 34% sucrose and 150 ml 47% sucrose. The solutions are sequentially pumped 
into the zonal rotor beginning with the 20% sucrose. The sample is added last, usually 
at the center of the rotor. 

(2) Continuous gradients are formed from 5 and 35% sucrose or from 20 and 
45 or 50% sucrose using a Beckman gradient maker calibrated to deliver a 600 ml 
gradient which is linear with volume delivered from the pump. 

(D) Preparation of the sample. Preparation of the total homogenate is given 
above. All other samples are obtained in pellet form during centrifugation. The pellet 
may be prepared for injection at the periphery of the rotor by suspending it in the 
most dense sucrose solution. When the sample is injected into the center of the rotor 
it is suspended in 0.25 M sucrose for isopycnic runs and in 5% sucrose for rate zonal 
centrifugation. We most commonly use central injection. We examined the efficacy 
of injection into the center of the gradient. In this instance 200 -350 ml of the gradient 
is allowed to form. The pump is stopped and 10 -20 ml of gradient is pumped from 

trifu8 
* g value at Rmax= 105500. 
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the side arm of the delivery tube. The pellet is resuspended in this solution ands 

injected into the rotor via the side arm of the delivery tube. The remainder 
of 

gradient is then formed. AMPO 

(E) Zonal fractionation. After loading, the rotor is closed and brought 

47000- rev. /min. For rate zonal and step gradient separations the run is termina. 

after 30 min and 2 -3 h, respectively. Isopycnic centrifugation, our usual prao 

is allowed to continue for 6 -8 h. The gradient is unloaded at 3000 rev. /min by cer 

displacement by 60% sucrose pumped into the periphery of the rotor. 33 2fß 

fractions are collected for assays and further biochemical characterization. 

(2) Assays 
Sucrose concentration was measured with an Abbe refractometer. Mgr`; 

HCO3 -- ATPase and 5'- nucleotidase were measured as previously described', 
5. 

cinate dehydrogenase activity was measured by the method of King and How 

and monoamine oxidase according to the method of Tabor et al.8. Lactate deli) 

genase was measured as described by Reeves and Fimognari9. 

(3) Electron microscopy 
A 1 -3 ml portion of one of the fractions is diluted to 8.6% sucrose with 40r 

Tris -HC1, pH 7.4, placed in centrifuge tubes in which a flat agar cushion had 

formed. The material is centrifuged at 39000 rev. /min in a Beckman SW -39 ro. 

for 60 min. Supernate is decanted and buffered 1% osmium tetroxide is layered 

the agar base for 12 h. The material is subsequently dehydrated, embedded 

Vest opal W. Thin sections contrasted with lead hydroxide and uranyl acetate, n: 

studied in a Phillips EM 200 and EM 300 electron microscope at 80 kV. 

RESULTS 

The total homogenate was fractionated in two ways. Firstly (Fig. 2) the grad 

was actually formed from the total homogenate as described above. By this technie, 

protein distribution on the gradient is a reflection of the soluble protein concentrad 

as well as the very heavy components which usually sediment out at low g forces 

differential centrifugation. The Mg"- ATPase activity is a low broad plateau fr 

23% sucrose to 46% sucrose while the HCO3 -- ATPase is clearly bimodal in d 

bution. The upper peak is not associated with a discernible protein peak. Event 

the large protein load the lower HCO3-- ATPase closely reflects that of protein r 

succinic dehydrogenase. Table I gives the relative enrichment of these peaks. 
To avert the soluble protein accompanying the total homogenate, the ta. 

homogenate in a volume of 325 ml was layered on a linear 20 -50% sucrose grade 

in the other 325 ml of the rotor. Protein, Mgt + -ATPase and HCO3-- ATPasedir 
bution were bimodal. The lower peak of Mg2+- and HCO3 -- ATPase coincideda 
the lower protein peak. The upper peak of Mg'- and HCO3 -- ATPase at 31% sue 

was not associated with a clear cut peak of protein. The peaks of Mg'- and HCO, 

ATPase activity are very close and undoubtedly overlap considerably. 
We further examined fractionation of all particulates in the total homogen 

by collecting the 78000 x g for 60 min sediment of the total homogenate. This pd 

was fractionated on a 20 -50% linear sucrose gradient, Fig. 3. The protein is di. 
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buted largely as a collection at 41 -48%. On the other hand the distribution; 

AMPase, Mgt + - and HCO3 -- ATPase is clearly bimodal with peaks at 29-33% I 
43-48% sucrose, respectively. Further, this technique was examined by first remove 

the 5000xg sediment. Its washings and original supernate were sedimented. 

78000 x g for 60 min. The fractionation of this 5000-78000 x g pellet is shown. 

Fig. 4. By this technique distribution of protein is clearly bimodal at 28 -32 %nt 

TABLE I 

C is the peak activity at 28 -32% or 40-45% sucrose. Co is the activity if it had beenspr4 

evenly over the entire gradient. 

C/Co 

28-32% 40-45% 

HCO3 -ATPase 1.52 1.23 
Mgz+-ATPase 1.35 0.68 
AMPase 1.3 1.5 
Succinate dehydrogenase - 4.25 
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Fig. 4. Fractionation of the 78000 x g pellet from the post 5000 x g supernate. A 20 -50% !Ink 

sucrose gradient is used. 
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41 -45% sucrose. Mgt + -ATPase shows two small peaks of activity while AMPase 
and HCO3 -- ATPase clearly show a bimodal distribution corresponding with the 
protein peaks. 

TABLE II 

Total membrane 
HCO3 -ATPase 
(,uM 

Total homogenate 3050 
7.8.104x g pellet of total homogenates 1560 

7.8.104 x g pellet of 5.103 x g supemate 919 

300 
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100 
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ATP ose 
p Moles/ hr 
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y Moles /hr 
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line, Fig. 5. Fractionation of the washed 8000 x g pellet on a 20-50% linear sucrose gradient. MAO, 
monoamine oxidase; SDH, succinate dehydrogenase; LDH, lactate dehydrogenase. 
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Fig. 6. (A) Electron microscopic morphology (magnification x 3100) of the fraction at 41 -01' sucrose obtained from the washed 8000 x g pellet. (B) Mitochondrial morphology (magnificati¢ x 31 000) from the 41-45% sucrose fraction of the washed 8000 x g pellet. 
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Table II gives the total ATPase activity recovered from the upper peak 

HCO3-- ATPase which would be usable for further biochemical characterization, 

To further examine the losses of ATPase activity during differential 
co 

fugation, we have subjected the washed 8000 x g pellet of the 1000 x g supernate 

zonal fractionation. 
Fig. 5 shows the analysis of a representative gradient. Protein distribution; 

pressed as absorbance at 280 nm is clearly trimodal while the distribution of AMP( 

Mgt + -ATPase, and HCO3-- ATPase is bimodal. The upper peak of Mel.t. 
HCO3 -- ATPase coincides with the protein peak at 30% sucrose while the AMP 

peak is at slightly greater sucrose concentration, 33 %. The lower peak of ATP. 

and AMPase activity at 42-45% sucrose correspond to the third protein çt 

Succinic dehydrogenase and monoamine oxidase activity are uni -modal with pt, 

at 44% sucrose. Lactate dehydrogenase on the other hand has one peak at t 
sucrose, but appears to have a second peak at the point of application to the gradir 

The middle protein peak at 39% sucrose is a constant finding when measured 

280 nm but is not associated with ATPase, AMPase, succinic or lactic dehydrogen 

or monoamine oxidase activity. 
Electron microscopy (Fig. 6) of the peak at 41-45% sucrose was obtained 

further clarify the presence of the HCO3 -- ATPase and AMPase. The picture is dot 

nated by intact gastric mitochondria; some, however, are burst or have sonic 
tortion of the cristae. In addition, a small number of lysosomes and smooth wat 

vesicular membrane structure are seen. 
Table III shows the relative enrichment of the upper and lower peaks N1 

respect to the enzymes assayed. 

TABLE III 

C is peak total activity in the region 28 -32% or 40-44% sucrose. Co is the hypothetical to. 

activity /sample if activity were evenly distributed on the gradient. 

C/Co 

28-32% 40-44% 

Mgt + -ATPase 1.6 2.0 
HCO3 -ATPase 1.2 2.8 
AMPase 1.5 2.1 
Succinate dehydrogenase - 5.0 
Monoamine oxidase 7.7 

Lastly, fractionation of the microsomal preparation, the 78000 x g pellet fro' 

the 20000 x g supernate, was assessed. In the example (Fig. 7) the sample was inject(. 

into the center of the rotor but in other runs the sample was injected at about 30 

in the gradient. By this preparative technique a protein peak (280 nm absorbaan 
at 28 -31% sucrose is about equal to a peak at the periphery of the rotor. In additi( 

a peak usually appears at 36 -39% sucrose. HCO3 -- and Mgt + -ATPase distributer 
is trimodal with major peaks at 28 -31% sucrose and at the periphery of the roto. 
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Fig. 7. Fractionation of the microsomal fraction on a 20-45% sucrose gradient. MAO, mono- 
amine oxidase; LDH, lactate dehydrogenase; SDH, succinate dehydrogenase. 

A small tertiary peak occurs at 35 -38% sucrose. AMPase activity is bimodal coin- 
ciding with the two major ATPase peaks. Succinic dehydrogenase and monoamine 
oxidase are undetectable below 41.5% and peak at the periphery of the rotor. Lactic 
dehydrogenase is most active at the site of sample application, but a peak coincides 
with the lighter density HCO3- -ATPase and a lesser peak at the periphery of the rotor. 

Table IV shows the enrichment of the two major protein peaks with respect 
frr to these enzymes. 
edl: Electron microscopic morphology of the material recovered at 28 -32% sucrose 
30 is shown (Fig. 8). In five experiments the fractions at 28 -32% sucrose displayed 
ant smooth surfaced vesicular membrane structures of very high purity. 

We further examined the feasibility of performing fractionation of this fraction 
'tie on step gradients and by rate zonal centrifugation to achieve more rapid separation 
)tor of particles. Fig. 9 shows fractionation achieved by rate zonal fractionation. There 
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Fig. 8. (A) Electron microscopic morphology (magnification x3100) of the material at 28-32% 

sucrose obtained from fractionation of the microsomal fraction. (B) Morphology of the mem- 

brane structures (magnification x 31000) isolated from the microsomal preparation at 28 -32% 

sucrose on linear gradients. 
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is bimodal distribution of Mgt + - and HCO3 -ATPase. Protein is widely distribu 
shows t] 

ro 
but greatest near entry into the gradients. Mg z w and HCO3 -- ATPase and AMI 

in 
peak at 10% sucrose and again at 24-26%; ; the activity is, however, widely distribtk 

ATPase Step gradient fractionation of the gastric mucosa has been investigated, 
Fig 

TABLE IV 

dehydr( 

zonal o 

C 

C is the peak total activity in the region 28-32% or 40-44% sucrose. Co is the hypo, to be a 

total activity /sample if activity were evenly distributed on the gradient. activiti( 

sucrose 
C/Co 

28-32% 40-44% 

Mgt + -ATPase 2.2 1.1 
HCO3--ATPase 2.1 1.4 
AMPase 2.2 0.9 
Succinate dehydrogenase - 8.5 
Monoamine oxidase 11.0 

Rate Zonal(Microsomal Prep) 
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pMoles /hr yMoles /hr 
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Fig. 9. Fractionation of the microsomal pellet by rate zonal centrifugation on 10-35% sun 
gradient. 
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dAMP shows the protein fractionation and Table V the ATPase activities obtained in these 

listtibr, Protein peaks. Protein is accumulated at each step in the gradient, and HCO3 -- 
ATPase preferentially in the fourth protein peak at about 28% sucrose. Succinic 

ed. Fig 

dehydrogenase and monoamine oxidase activity were not assessed in either the rate 
zonal or the step gradient. 

On many linear sucrose gradients of the microsomal fraction there appeared 
lypothar to be a separation of one or two tubes between the peak HCO3 -- ATPase and AMPase 

activities. Gradients consisting of 7.5% Ficoll -0.25 M sucrose to 0% Ficoll -37.5% 
sucrose were utilized to separate the ATPase and AMPase activities. Fig. 11 shows 

559 

sum 

TABLE V 

ACTIVITY OF BANDS FROM ZONAL ROTOR 

Band HCOs -ATPase 
specific activity 
(µmoles Pt mg-l) 

Total homogenate 3.20 
1 0.25 
2 3.73 
3 4.50 
4 26.55 
5 11.91 
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Fig. 11. Fractionation of the microsomal preparation on a linear Ficoll- sucrose gradient. Re- 
fraction index expressed as percent sucrose. MAO, monoamine oxidase; SDH, succinate dehydro- 
genase; LDH, lactate dehydrogenase 
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Fig. 12. (A) Morphology (magnification x 8500) of the fraction at 13% on the Ficoll -sue 

gradient. 
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7icoll -sucer Fig. 12. (B) Detailed structure (magnification x 68200) of the membranes isolated at 13% on 

the Ficoll- sucrose gradient. 
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one such gradient. Mgt + -, HCO3 -- ATPase and AMPase show a trimodald 
cr 

bution. The least dense fraction at 13% sucrose is greatly enriched in AMPase, pCeparc 
ATPase activity. Morphologically this fraction (Fig. 12) is virtually homogeoe, 

plectra 
membranes interconnected in a syncytium. During centrifugation lasting as loot e e nos 
18 h in a Beckman SW -25 rotor, this membrane fraction fails to leave the lop 

freedo] 
the gradient. A sharp protein peak coincides with the lowest density ATPase ATPas 
AMPase peak. A broad protein peak from 23.5 to 29% sucrose is also assod_ I 

this protein peak. 

with a peak of Mgt+ -, HCO3 -- ATPase and AMPase activity. At the edge of brines 
rotor a third protein peak is located. Not only ATPase and AMPase activity, proper 

yieldei 

which 

of thii 
DISCUSSION 

HCO: 
Development of zonal rotors has made preparative scale density gradients gatior 

trifugation feasible. We have utilized this technique to develop methods of G. gradie 
tionation of gastric mucosal homogenates to achieve : (1) high total yield, or comp 
rapidity, or (3) purity. The 

We first studied fractionation of the total homogenate or the 78000 xg pelli plash 
the 5000 x g supernate to achieve a technique which was not only rapid but on these 
provide a high yield. With the total homogenate rapidity was not achieved sú 18 h 
isopycnic centrifugation was necessary to achieve satisfactory separation of r best 
vesicular membrane fraction and mitochondrial fraction as indicated by succinic, sucrc 
hydrogenase activity. Soluble protein present also necessitates further centrifugal incre 
to free the vesicular membranes of this contamination. Nonetheless by this technic; 

relatively high purity of a large quantity of vesicular membrane is achieved. TAB! 

Overlaying the total homogenate over the gradient, each in 325 ml, did r 

Cis r 

allow sufficient volume for satisfactory separation. Larger rotors which are n, total 
available may make this a practical method to avoid soluble protein contaminali, 

and achieve relatively high purity. 
We found that the 8000 x g pellet yielded a relatively pure preparation of gait 

mitochondria as indicated by electron microscopic assessment. A small amount 

smooth vesicular membrane contamination is indicated by electron microscopic ma: Mgt 

phology and AMPase activity in the mitochondrial region, 40-44% sucrose, ofd Ha 
gradient. In an effort to free the mitochondrial region from AMPase and HCO; AM 

ATPase activity associated with the vesicular membranes, we have treated the putiti - 
mitochondria with 1 M NaC1, sonication, and techniques to prepare inner and oa 

mitochondrial membranes. None of these treatments of the purified mitochondr 

resulted in accumulation of significant amounts of protein at 28 -32% sucroser pre 

subsequent isopycnic sucrose density gradient centrifugation in a SW -25 rotor. gra 

would appear that gastric mitochondria prepared in this way, while not free of ere 
mr' 

mitochondria) enzymes, are sufficiently pure to enable further studies of gastric mit 
act 

chondrial metabolism. AC 

Fractionation of the microsomal fraction by rate zonal or step gradient r: 

trifugation has resulted in the most rapid purification of the vesicular membre 

fraction free from soluble protein contamination. Our greatest interest has, hornet Gr 

been in the greater purity of the smooth vesicular membrane fraction obtained` Pr 
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isopycnic density gradient centrifugation of the microsomal preparation. Membranes 

prepared in this manner are free from mitochondrial contamination as assessed by 

electron microscopic morphology and lack of detectable succinate dehydrogenase or 

monoamine oxidase activity. We do, however, routinely use SDH to monitor the 

freedom of these membranes from mitochondrial contamination since mitochondrial 

ATPase also shows HCO3 - stimulation. 

It is this preparative technique which we routinely use to prepare gastric mem- 

branes for solubilization with Triton X -100 and further characterization of transport 
properties. In addition to the HCO3 -- ATPase these solubilized membranes have 

yielded at least 3 proteins, separable by analytical polyacrylamide gel electrophoresis, 

which induce step increments in the conductance of lipid bilayers. Characterization 
of this effect has shown one to be anion, another cation, and the last non -selective. 

The observation that AMPase activity frequently peaks one to two tubes after 
HCO3 -- ATPase led to efforts to resolve these two activities. Rate zonal centrifu- 
gation, however, failed to resolve these into two peaks of activity. On Ficoll- sucrose 
gradients a third peak of ATPase activity was resolved, while AMPase activity ac- 
companies each peak there is enrichment in the peak at 13% sucrose (Table VI). 
The very light isopycnic density of these membranes is certainly not expected for 
plasma membranes. In long runs high frictional resistance should be overcome, but 
these membranes are found at the same density after 6- or 10 -h zonal runs or after 
18 h of centrifugation in an SW -25 rotor. We have felt that osmotic intactness would 
best explain the failure of these membranes to sediment. It is consistent that on 
sucrose gradients this very light peak is non existent or quite small and is greatly 
increased when Ficoll is used in the gradient. 

TABLE VI 

Cis the peak total activity in the regions of 13%, 26-27% or 35% sucrose. Co is the hypothetical 
total activity /sample if activity were evenly distributed on the gradient. 

C/Co 

13% 26 -27% 35% 

Mgz+-ATPase 3.8 0.73 5.8 
HCOs -ATPase 3.3 1.1 3.4 
AMPase 4.7 0.72 4.2 

Using hypotonic lysis of isolated oxyntic cells from Necturus we are able to 
prepare large vesicular "ghost- like" structures which float on 5% Ficoll. On sucrose 
gradients these structures are reduced to tiny granules when viewed under the phase 
microscope. Thus the possibility remains that the upper peak of HCO3 -- ATPase 
activity resides in osmotically intact membrane structures. 
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SUMMARY 

Highly purified gastric membranes were extracted by ionic or non -ionic 
detergents. Further fractionation was carried out on acrylamide gel electrophoresis. 
Some defined bands, incorporated into artificial bilayer membranes, produced discrete 
conductance changes characteristic of channel activity. A low molecular weight 
peak, purified through two cycles of electrophoresis was characterized as an anion - 
selective, positively voltage dependent channel, and a model to account for the action 
of the transport ATPase incorporating this channel concept is suggested. 

INTRODUCTION 

Conductance across epithelia may be described as the sum of the conductances 
of the cellular and paracellular route [1 ]. The relative magnitude of these conduc- 
tances varies from tissue to tissue, and in the case of the gastric mucosa, the para- 
cellular conductance is at most 20% of the cellular conductance [2]. It, therefore, 
follows that conductance measurements on the intact tissue, whether in vivo, or in 
vitro, determine the conductance of the cell membranes of the mucosa. The cell 
membrane presumably contains structures, be they channels or carriers, responsible 
for the conductance patterns observed in the intact tissue. Such molecules exist in 
abundance in unicellular organisms. Valinomycin [3], enniatins A, B, C, [4], the 
actins [5], nigericin [6 ] are just some examples of carriers produced by various 
bacteria or fungi. These cyclic compounds have as a common structural feature 
in hydrophobic environments, a central polar region and a peripheral hydrophobic 
shell. All of these compounds induce specific conductances in artificial bilayers up 
to 10-ZS2- 1cm-2. 

Other molecules such as amphotericin [7 ] and Nystatin [8] are capable of 
inducing channels in bilayers. In this case it has been proposed that a relatively large 
(5 A) pore is formed by cylindrical stacking of rod -like structures. There is a lipid 

To whom correspondence should be addressed. 
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specificity here in the form of a cholesterol requirement. Dehydration of sol 

ions probably plays no role in selectivity with these compounds. 
Linear peptides such as gramicidins [9 -11 ] or N- formyl(Ala- Ala- Gly)4.0 

[12,13] also form channels across bilayers characterized by quantal increments¢ 

conductance of the order 10- 11 -10 -10 Sl -'. To account for these propertied 

helical structure has been proposed such that there is a central polar and peripón, 

hydrophobic region, as for the cyclic compounds. This novel 1363,3 helix alsoshar, 

a common mechanism for ion complexation with the cyclic carriers, consisting, 

competition between polar oxygen groups and the hydration shell for cation bin 

Excitability inducing material [14], also of bacterial origin, forms voltage depend 13úE á 

channels of the same order of magnitude (3.10 -10 S2 -1) and appears to be a prof; 

Information about ionophores derived from mammalian tissues is conside 

more sparse. High ionic strength extracts of rat brain microsomes or frozen Fig. t. 

electroplax produced channel activity in bilayers. These were Na + selective on it 
cka` 

selective and voltage dependent [15]. Crude mitochondrial fraction from electropi. ;S pro 
was separated on density gradients in a zonal rotor. Incorporation of the (Na + +K' and cc 

ATPase rich fraction in the presence of ATP was accompanied by an increase inra 

current voltage which decayed in a stepwise fashion, suggesting a channel mechani;: 

for voltage shunting [16]. In the same paper the authors showed that the low dens plifie 

fraction of the same gradient induced step changes in conductance. More recently!' a trio 

supernatant of trichloroacetic acid precipitated trypsin digest of electroplax m¢r 
(squa 

branes, when added to an oxidized cholesterol bilayers, lowered the conductan, is the 

only in the presence of Na +, and the conductance was cation selective [17]. Cholin, don 

terase preparations have been shown to contain channels which require acetylcholi' occu 

for activity [18]. carri 

In this work we showed that: (a) channel- active material can be extract. step: 

from highly purified gastric membranes by non -ionic detergents; (b) that there u the 

various types of channel activity in the crude extract; (c) that these activities cant 

separated by polyacrylamide gel electrophoresis; and (d) that an anion channel ha 

been obtained in a high degree of purity. 
In relation to this, some of the conductance properties of gastric mucosahe, 

been well defined. Importantly this tissue secretes HCl such that the secretions 

H is electrogenic, and we would, therefore, expect a fair quantity of anion selecti; 

channel material to be present in the cell membrane. Moreover, from experimen 

in the intact tissue, the SO42- conductance is considerably less than that of Cl - 
a property which we would predict to be shared by the anion selective channel shout 

to be present in the tissue extract. 

METHObS 

Bilq yer, technique. 
Electrical considerations. In order to be able to resolve individual chau 

events down to 10-'Z Q .', a bilayer with a background conductance of 10 -9Q-ß' 

cm' is required with a corresponding low noise level. Fig. 1 shows the techniqu 

we use to monitor the electrical characteristics. A voltage source or signal generator 

and a current amplifier are connected through the bilayer, with the signal and an 
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Fig. 1. Diagrammatic representation of the bilayer technique. A voltage generator (Hewlett - 
Packard 3310B) and a current amplifier (Keithley 427) are connected across a bilayer formed 
from soybean lecithin in decane and their output to an X -Y recorder. A switching mechanism 
is provided to connect an electrometer for measuring zero current voltage, and for capacitance 
and conductance calibration. 

plifier output respectively to an X -Y recorder. The generator is used in two modes: 
a triangular sweep with IdV /dtl constant, or as a piecewise constant voltage source 
(square wave). In the sweep mode, the curve obtained is shown in Fig. 2. The X -axis 

is the voltage and the Y -axis the current. The slope is the conductance, and the separa- 
tion between the two sweep directions is due to the capacitance of the bilayer. This 
occurs because dV/dt changes sign at the extremes of voltage. Both channel and 
carrier incorporation can be detected. Channels are manifested as discrete conductance 
steps, and the size (conductance dg) of the individual channel can be determined as 

the change in slope of the I- V plots. If the studies are carried out in asymmetric 

Fig. 2. Diagrammatic representation of type of result observed in sweep mode (triangular wave). 
A, effect of carrier incorporation showing smooth conductance changes even at very high sensi- 
tivity. B, background conductance. C, capacitance of bilayer, since dV /dt changes sign at extremes 
of plot, and is constant in between. D, E, F, successive single channel events in the bilayer, the 
change in slope giving Ag, the channel size or conductance. G, the point of intersection of the 
slope increments, giving the zero current voltage of the individual channels, i.e. their selectivity 
in asymmetric solutions. H, increase in conductance due to "unresolved" channels. 
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solutions (e.g. a 10 x X +Y- gradient), the intersection of the slope gives 
t the h 

selectivity of the individual channel, i.e. V at I =0. Carrier effects show up as work 
conductance increments, and the asymmetry of the changes; if the solutions are 

metric, shows whether anion or cation carriers are involved. In this set -up tem Extr( 
effects can be studied since the chamber is provided with direct thermoelectrich 

or cooling (Thermoelectrics SK -12). that 
Zero current voltage can be measured using the electrometer circuit ans of th 

in asymmetric solutions gives the net channel or carrier selectivity. This cireai` ful n 

used for studying active transport phenomena, i.e. voltage effects of ATP additi dode 
to ATPase preparations. grou 

The square wave mode is used for measuring channel conductance and 

quency distribution of conductance after some idea of selectivity and voltage dep 1% 

dente has been obtained on the sweep mode. A check on selectivity can be obta Con 
in asymmetric solutions by determining the numbers of channels obtained with ti tion 
or -ve current applied across the bilayer. One artifact must be consideredinq zing 

context in that incorporation into the bilayer of a charged particle would also at 0 

voltage dependent, and this could not be distinguished from selectivity in this prat 

of operation. for 
Lipids. Various precautions have to be taken with the type of lipid used. for 

order to reduce background conductance. The method we use as a routine istodissó) 

soybean lecithin (Sigma; Type 11A) which contains some triglyceride, to 30 q Ch 
in decane, and pass the solution over a neutral alumina (Bio Rad AG7) colt- 

immediately before use. All glassware is preheated to 400 °C to remove contaminai extr 
films. soli 

Solutions. All solutions are made up in glass distilled water, and salts t tior 
necessary calcined to remove organic and bacterial contamination. Blu 

Cleaning procedures. The polyethylene inner chamber is disposable and in 
I 

only reused after an extensive cycle of cleaning and testing of a sample batch.i 

spreader and electrode tips are not reused. The outer chamber is sonicated in del. a 

gent with prolonged water rinses. sta 
Conclusion. The combination of these various procedures allows the product] Tr 

of a bilayer in which we can detect conductance changes as small as 2.10-'Z D. -','. uss 

spite of all precautions, sometimes spontaneous events can be detected in the abler. vve 

of any known additions. Usually they are quite large (approx. 10 -9 PH) a 

hence can be distinguished from most of the natural channels we are studying. Inc jet 

experience these spurious events are most often due to bacterial contamination. Pe 

an 

Membrane preparation 
The techniques we use have been previously described for gastric mum, C 

[19,20]. Briefly, the dog gastric mucosa is stripped from the underlying connect] 

tissue, homogenized, and the post 20000xg supernatant spun at 100000 x cc 

60 min. di 

The precipitate is then distributed through a' linear ficoll- sucrose gradi 

in a Beckman Ti XIV zonal rotor (47000 rev. /min, 5 -7 h) and two peaks of membrar 

are obtained, as well as a peak of mitochondrial activity. By both biochemical a' 

morphological techniques the membrane fractions are not contaminated by oil 

cell constituents. Membrane peak 2 is enriched in HCO3 -- ATPase, a marker Ì 
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gives i the luminal cell surface of the oxyntic cell [21 ] and has been used for most of the 
up ass work to be described. 
ons are 

p tempe Extraction of membranes 
lectrich Since the membrane presumably contains proteins or peptides oriented so 

,l that the lipid portion of the membrane is associated with the hydrophobic portion 
-cult andl of the protein, detergent extraction was the first method used. Since it was success - 
rhis chit ful no other has as yet been investigated. Three types of detergents were used: sodium 
,TP addite dodecylsulfate (SDS), Triton X -100, a non -ionic detergent containing a phenyl 

group, and Brij 36T, a non -ionic detergent that has no 280 -nm absorption. 
Trice and For sodium dodecylsulfate extraction, sodium dodecylsulfate was added at 
oltagedep 1% final concentration, and the protein solubilized for 4 h at room temperature. 
a be obtai Complete solubilization was achieved. For both Brij 36T and Triton X -100 extrac- 
red with- tion a 3:1 detergent /protein ratio was determined to be the most successful in solubili- 
deredin zing the HCO3-- ATPase in active form. Solubilization was carried out by stirring 
'ould also at 0 °C for 1 h using conditions as previously described [22], i.e. approx. 1 mg /ml 
in this protein, 3 mg /ml detergent, 50 mM HEPES buffer (pH 7.4), 10 mM NaCI at 0 °C 

for 1 h. Following all three procedures the suspension was centrifuged at 100000xg 
lipid Use for 60 min and the supernatant used for all further experimentation. 
n is to disc, 

to 30 mi Characterization of extract 
,G7) cola: Although most of our recent experiments have been carried out with the Brij 
,ntaminaiii extract, the first active preparation was obtained with Triton X -100. All the detergent 

solubilized material was characterized on 7% analytical acrylamide gels. The posi- 
salts cot Lions of the peaks were determined on a Gilford gel scanner, following Coomassie 

Blue staining. Parallel gels were serially sectioned and fractions tested for activity 
able and in the bilayer. 

batch.I Preparative gel fraction of the Brij extract was carried out on 7% gels using 
Led in det: a 3.5% stacking gel. Reservoir buffer was 0.19 M glycine -Tris buffer (pH 8.6), 

stacking gel buffer was 100 mM Tris -HC1 (pH 6.8), separating gel buffer was 0.4 M 
products Tris -HCI buffer (pH 8.6) and flow buffer was as for the separating gel. All buffers 
iz -i' 

usually contained 0.1% detergent. Similar conditions were used for analytical gel 
i the abser work. 
a p) 

Various fractions of the preparative run were tested in the bilayer, and sub - 
Ying In jetted to analytical gel electrophoresis in 7 and 15% gels. The fastest moving active 
nation. peak was then further fractionated on 15% preparative gel electrophoresis, the bands 

analyzed for activity and also for purity on 15% analytical gels. 

ri mum!. 

connecti 

OOOxgi. 

se gradic 

membrat 

Lemical a 

d by oil. 

marker fa, 

Column chromatography 
Separation of the detergent solubilized extracts was carried out on Sephadex 

columns of varying porosities. Elution was carried out using buffers containing 0.1% 
detergent to reduce precipitation of protein in the gels. 

Bilayer experiments 
Two types of solution were used in the bilayer chambers. When symmetric 

solutions were used, both inner and outer chambers contained 30 mM NaCI and 
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120 mM KC1 at pH 7.4. For asymmetric solutions, the inner solution was the 

as above, the external solution was 10 -fold diluted. 
The membrane extract was added in 10 -,u1 quantities as a 400 -fold dilut: 

to the inner chamber, following a period during which the background had. 
shown to be satisfactory. The final protein concentration was usually about l,li 

g /m1 in the inner chamber. Usually both the sweep and constant voltage mode u. 

used to scan the bilayer with the membrane extract incorporated. 
1.6 

RESULTS 

Acrylamide gel characterization 
Sodium dodecylsulfate gels. The gel pattern was similar whether 1 or 12 

sodium dodecylsulfate extraction was carried out. Fig. 3 shows the pattern obtain. 

There is clearly a major heterogeneous protein peak and several minor ones tot 

ling about 25. Since sodium dodecylsulfate is charged, several artifacts were possl 

in our bilayer analyses, and relatively few experiments were carried out. Morep"B 

cularly, the negative charge on sodium dodecylsulfate would lead us to expect ¡k 

haps an artifactual cation selectivity on incorporation into the bilayer. Alternatisc 

better incorporation may be obtained with the negatively charged sodium dodec 

sulfate being driven into the bilayer by the applied voltage. 04 

The sodium dodecylsulfate was fractionated into two peaks on Sephaá 

G -50 columns. Two peaks were obtained and the included peak checked for actin 

in the bilayer. 
Triton X -100 gels. Since membrane fragmentation by Brij 36T extract 

seemed better than that of Triton X -100, coupled with the ease of determining. 
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Fig. 3. Scan of protein bands present in 7% acrylamide gels following sodium dodecylsult 

solubilization of Peak 2 of gastric membrane fraction. The major peak which is heterogeaet . 

has a mol. wt of 84000. 

4 

Fig. 4. Scan of protein bands present in 7% acrylamide gel following Triton X -100 solubilizatis1 
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protein spectroscopically with Brij 36T, most of the work with Triton X -100 was 
confined to analysis of the total extract. The scan of a Triton X -100 gel is shown 
in Fig. 4. The fastest moving protein band has channel activity as will be discussed. 

Sephadex G -100 chromatography using 8 mM HEPES buffer (pH 7.4) for 

6 

GEL LENGTH (cm) 

20 40 
TUBE # 

60 80 

Fig. 5. Scan of protein bands present in 7% acrylamide gel following Brij 36T solubilization. 
The similarity of the pattern to Triton X -100 should be noted, especially the penultimate band. 

Fig. 6. Profile of the low molecular weight band obtained from 7% preparative gel electrophoresis 
of a Brij 36T extract of gastric membranes. The initial major peak was studied further. 
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Fig. 7. 7% acrylamide gel pattern of peak obtained from preparative gel electrophoresis, showing 
the presence of a single protein band, corresponding to a mol. wt of about 8000. 

Fig. 8. 15% analytical gel pattern of same preparative gel band as shown in Figs 6 and 7, showing 
the presence of six peaks at this resolution. 
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elution fractionated the Triton X -100 extract into two peaks. The included ptil 

contained the majority of the channel activity. 
Brij 36T gels. Fig. 5 shows a scan of a Brij 36T extract run in 7% acrylam 

The similarity of the faster moving bands in the Brij 36T and Triton X -100 

should be noted. Fig. 6 shows the elution profile of a preparative gel run on there. 

Brij 36T extract. In many of the runs a fast moving peak was obtained which, althou: 

showing a peak absorption between 260 and 280 nm, did not contain protein. 
Frl 

Fig. 6 a heterogeneous low molecular weight band can be seen. Running thisint 

analytical gels showed that the preparative procedure had indeed resolved them 

ture. Fig. 7 shows the analytical 7% gel pattern obtained from the early absork 
rise from the preparative gel showing the presence of the high RF band. The preso 

of a single peak in 7% gel is misleading because the 15% gel pattern of the samepe: 

shows the presence of six bands (Fig. 8). Combining several tubes, and runt 

those on 15% preparative gels resulted in several fractions being obtained. T 

fastest running of these, subjected to 15% analytical gel electrophoresis, prodne 

a double band as shown in Fig. 9. This, therefore, is considerably purified oveu . 

starting material. 

0.2 - 

2 4 6 8 

GEL LENGTH (C ) 

Fig. 9. 15% analytical gel pattern of initial eluate from 15% preparative gel electrophoresi 
protein obtained in Fig. 6, showing the presence of only the doublet band of Fig. 8. 

Bilayer results 
Channel activity 
Sodium dodecylsulfaie extracts. From the analytical gel profile we decided 

test the effect of the major protein on the bilayer. As a control an area free of prose 

was also checked. The 'control portion, when extracted with the inner chamh 

solution, produced no measurable effects. 
-'Thè major peak (mol. wt 84000), ..however, produced an effect as shown 

Fig. 10A, the representation of a. squarewave experiment. It can be seen that apply 

current so that the inner chamber was + ve with respect to ground (external sink 

had no effect on conductance. Applying current in the other direction, hone, 

produced a large number of channel events. Since in this experiment, asymmer 

solutions were present, one may be tempted to conclude that anion selectivity1 

been demonstrated. However, sodium -dodecylsulfate is negatively charged ant 

may be that the applied voltage is facilitating incorporation into the bilayer. Aga 
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this argument, experiments which tested the Sephadex G -50 included peak of the 

sodium dodecylsulfate extract produced no evidence of selectivity in the square 

wave mode. Thus Fig. 10B shows that the sign of the applied voltage had no effect 

on channel appearance. 

A 
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FREQUENCY DISTRIBUTION OF CONDUCTANCE 

Fig. 10. (A) Square wave scan of bilayer following incorporation of high mol. wt (84000) band 
of sodium dodecylsulfate solubilized extract, showing channel activity essentially only when inner 
chamber is -ve, with a 10 -fold concentration gradient (high salt in the inner chamber), sug- 
gesting the presence of anion channels. (B) Similar scan of bilayer following incorporation of 
material from included area of a Sephadex G -50 eluate showing channel activity that is presumably 
non -selective. 

Fig. 11. Frequency distribution of channel events following incorporation of sodium dodeèyl- 
sulfate of high mol. wt and low mol. wt material into the bilayer. The anion channel occurs as 
a multiple of 1.9.10 -10 0- 1 (clear bar), the non selective channel as a multiple of 1.1.10 -10 Q-1. 

Fig. 11 shows the frequency distribituon of channel size (conductance) of both 
sodium dodecylsulfate studies. It can be seen that channel size varies quantitatively, 
as integral multiples of 1.9.10-1°D-1 for the anion selective channel, and of 1.1.10 -10 
0 -1 for the included peak, non -selective channel. 

Attempts to incorporate many of the other peaks into the bilayer, with de- 
monstrable changes in conductance failed, coupled with the failure to observe 
changes with stain free areas. This suggests that we were not dealing with detergent 
artifacts, and also that since only certain bands were active, that this was not a non- 
specific effect. 

Triton X -100 extracts. Applying the total Triton 'X-100 extract to the bilayer re- 
sulted in rapid increases in conductance. Starting at a sensitivity of 109, often changes 
of two or more orders of magnitude in conductance were observed. More often, how- 
ever, as channels incorporated into the bilayer, it broke readily, hence most obser- 
vations were carried out at a sensitivity of 109 only. Three types of channel activity 
were observed. Fig. 12 shows the sweep appearance following incorporation of a 
nonselective channel, which appeared to be the major activity: In addition anion and 
cation selective channels were observed. The fastest moving band on the Triton X -100 
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Fig. 12. Effect of total Triton X -100 extract on bilayer in sweep mode showing the incorporation( 

non -selective channel activity as single or multiple steps with unit conductance of 2.6.10 -104 
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Fig. 13. Effect on bilayer of incorporation of purified low mol. wt material as shown in Fig.9 

in square wave A and sweep mode B. Zero current voltage was + IO mV, confirming weak anion 

selectivity of channel, as suggested by both sweep and square wave pattern. The +ve voltato 

dependence of activity should also be noted. 

Fig. 14. Appearance of bilayer in sweep mode following incorporation of low RF band of Fig.B. 

showing the presence of "unresolved" cation selective channels generating a PD of -20 ml 

across the bilayer. 
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TABLE I 

SUMMARY OF CHANNELS FOUND 

Electrolyte concentration 120 mM NaC1. 

Detergent Sodium dodecylsulfate Triton X -100 Brij 36T 

°saeei Low mol. wt <50 000 Mixture of Low mol. wt 7% gel 
non- selective anion cation Mixed activity 
1.1.10 -10 Q -1 non- selective 

I High mol. wt approx. 84000 15% resolved 
anion selective anion selective 

I 1.9.10-1° ,U -1 1.7.10 -10 0 -1 
Cation selective 

mol. wt approx. 8000 
3.5.10- 10_Q -1 

poratiood 

10-44 

in Fig,9 

:ak anioa 

e voltage 

of Fig. B, 

-20 mV 

gel also had a mixture of activities. The discrimination of the selective types of channel 
was clear cut, but not absolute, since about 20 mV zero current voltage was developed 
in 10 -fold concentration gradients. 

Brij 36T extracts. The effect of the Brij 36T extracts on the bilayer was super- 
ficially quite like that of Triton X -100 extracts, but the bilayer appeared to be much 
more stable than with Triton X -100. Since both the sodium dodecylsulfate and 
Triton X -100 experiments had established the our Brij 36T 
experiments were carried out with the major purpose of separating and characterizing 
channel activity. Fig. 13 shows the data obtained when the material corresponding 
to the analytical gel of Fig. 9 is added to the bilayer. Based on the sweep, square 
wave and zero currènt voltage data (i.e. the potential developed across the whole 
membrane), this material is anion selective. Less than 0.1 ,ug of protein (based on 
absorbance at 280 nm) produces easily detectable activity. Based on molecular weight 
calibration of the gel, molecular weight of the channel is about 8000 or less [2]. The 
slowest moving peak of Fig. 8 when incorporated into the bilayer produced a sweep 
characteristic as in Fig. 14. Square wave, sweep and voltage analysis showed this to 
be a cation selective channel. Again, as with the Triton X -100, the selectivity ratio 
was usually less than 5, anion /cation for the "anion" channel and cation /anion for 
the "cation" channel. In the case of the frequency distribution for the anion channel, 
this showed that channel size is a multiple of 1.7.10 -10 Q -1, close to the sodium 
dodecylsulfate size. 

DISCUSSION 

The purpose of this work was to devise techniques wich could allow the study 
of natural ionophores occuring in animal cell membranes. 

We selected gastric mucosa for this purpose since we know that conductance 
of this tissue is mainly cellular, hence the electrical .properties of the epithelium in 
the Ussing chamber reflect the properties of the cell membrane. Hence structures 
responsible for anion conductance will show Pa- >PS042 -, and if the electrogenic 
proton pump hypothesis is correct, will also show positive voltage dependence. 
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Another reason for the use of this tissue was that we had available a supply of high 

purified membrane fractions from the zonal rotor, hence we could be fairly confident 

that the material extracted was membrane derived. 
Examining the data presented we have the following facts: (a) The starting 

material is a highly purified plasma membrane suspension. (b) Direct additionar 

this material shows no activity in the bilayer, hence the active materials are nui 

water soluble, or are tightly bound to the membrane. (c) Detergent extraction produ 

ces a highly active preparation which shows channel rather than carrier properties 

Presumably, then, with adequate structural characterization, the mammalian analog 

to compounds such as digramicidin malonamide will be identified. (d) Several 
of 

the protein bands show no activity in the bilayer. Thus the property of channel 

inductioli is confined to only some of the proteins extractable from the membrane 

and this serves as a satisfactory control. (e) Ion selective channel activity is founds 

in a relatively low molecular weight peptide band, corresponding to a moleculari 

weight of about 8000 present in both Brij 36T and Triton X -100 extracts on 7° 

analytical gels. This band seems to have mixed anion and cation selectivities. (f( 

Preparative gel fractionation results in purification of this band which is further 

subfractionated on 15% gels (preparative and analytical) into six bands. The highest 

mobility band was anion selective. The cation selective compound appeared to he 

subject to aggregation and was of low mobility on 15% gels. The intermediate bands 

had no activity. (g) There was anion and cation discrimination of about 5:1. (h)The 

anion channel showed positive voltage dependence in that bilayer conductance 

increased with voltage. This could be due to alteration in channel incorporation es 

a voltage effect on the channel itself. (i) Several channel sizes were observed. The 

larger channels could be accounted for as multiples of a single channel events sugges 

ting associativity between channels. (j) Channel activity was heat labile, perhaps due 

to denaturation, or aggregation of the channels into an inactive form. (k) The con 

ductance concentration curves for the channels were different for the anion and cation 

selective types. Although not conclusive, the simplest interpretation of the curves 

would be that the anion channel was charged, and the cation channel neutral. (I) In 

other regions of the gel, non -selective channels were found. The 84 000 mol. wt protein 
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FREQUENCY DISTRIBUTION OF CONDUCTANCE 

Fig. 15. Frequency distribution of channel events following incorporation of partially purified 

anion channel into the bilayer, showing that conductance increments occur as multiples of a unit 

conductance of 1.7.10- 10D -1. 
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found on sodium dodecylsulfate gels was anion selective, and the crude sodium dode- 
cylsulfate fractions from Sephadex columns were non selective. (m) The anion channel 
we obtain shows considerable Cl- /SO42- discrimination, as we would predict 

from intact tissue studies. The positive voltage dependence was also an interesting 
property, since this could be one way of linking Cl- flux to the activity of an electro- 
genic H+ pump. 

7 

6 
g IO+afN 

Channel Conductance 

5 

4 

)urified 

f a unit ) 

160 260 
NaCI (mM) 

300 400 

Fig. 16. Channel conductance as a function of NaCI concentration, showing, in the upper curve, 
the effect of ionic strength on the cation selective channel (x -x ), and on anion selective channel 
(o - - -o). 

This work thus provides the first evidence for channel activity in epithelial 
membranes. Their physiological significance has not as yet been defined, but it is 
encouraging that one of these channel activities is of low molecular weight, and rela- 
tively easily separated from the rest of the membrane material. It is hoped that control- 
led proteolysis will be able to reduce the molecular weight by about half without loss 
of activity so that studies can be initiated on its conformation. 

With the application of any novel approach, one is cognisant of several possible 
artifacts. Many of these have been excluded by our work. Thus the effect of several 
detergents on bilayers has been well documented [22]. Control experiments showed 
that detergents at concentrations used had no effect on the bilayer ( <3 pg /ml) and 
at much higher concentrations smooth conductance changes were observed which 
did not correspond to the changes we observed. Since the majority of the separable 
bands on acrylamide gel were also without detectable bilayer activity, it would appear 
that the property of inducing conductance changes is confined to only a few of the 
membrane constituents. This increases our confidence that the conductance changes 
are physiologically relevant. 

The use of Brij 36T or Triton X -100 was initially based on their capacity to 
solubilize the ATPase activity of the membrane. The finding of channel activity 
raises the possibility that channels were an integral part of this enzyme, as has been 
suggested for the (Na+ + K +)- ATPase [17]. Clearly we can separate channel activity 
from ATPase activity which is located on top of the gel in the case of Triton X -100 
extracts, and at about 1 cm for the Brij 36T preparation. We have not, however, 
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shown that purified ATPase is devoid of channel activity. As mentioned in the intro. 

duction, the PD obtained by the addition of ATP to ATPase preparations for 

(Nat +K+)- ATPase decayed in stepwise fashion. Similar data were obtained 
io 

these preparations, and it was shown that this stepwise decay was due to the induction 

of channels by the bilayer voltage. This type of observation led us to postulate a funo 

tion for the anion voltage dependent channel in the gastric mucosa. Thus the ATPase 

in Fig. 17 is visualized as an electrogenic pump, responsible for increased OW 

(HCO3 -) translocation. The anion channel is the parallel limb of the circuit, and 

being voltage dependent would transport Cl- in response to ATPase activity. The 

net result would be HC1 secretion. With SO42- instead of Cl -, since the Pca_ /Pso,= 

6, the electrogenic nature of the proton pump would be unmasked, as is the case in 

SO42 - solutions [23 ]. 

MODEL FOR HCI SECRETION 

HCO3 

1 

Cl' 

XHCO 3t-l i 

XHCO, -11PXCI 

f 
HCO3 cl- 

LUMEN 

MEMBRANE 

CELL 

MEMBRANE 

BLOOD 

Fig. 17. Hypothetical model for acid secretion incorporating a voltage dependent CI- selective 

channel in parallel to an electrogenic ATPase pump of the Mitchell Type I, responsible for H+ 

production. The net effect of these two systems is the secretion of HCI, and the intracellular 

production of HCOa , which is dissipated by a CF -HCOá forced exchange mechanism is 

the basal membrane. 
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Lipid, carbohydrate, amino acid, and polypeptide composition of 2 fractions of 
cell membranes obtained by sucrose -Ficoll zonal density gradient fractionation of 
gastric mucosal homogenates has been studied. The membranes with density = 1.04 
contain 0.7 pmole lipid P and 0.54 pmole cholesterol /mg protein, while the membranes 
of density 1.10 contain only 0.25 pmole lipid P and 0.28 pmole cholesterol /mg protein. 
Phosphatidylcholine and phosphatidylethanolamine are the most abundant phos- 
pholipide. Free fatty acids were present. Carbohydrates were most abundant in the 
proteins of the Peak II membranes (density = 1.10). One polypeptide band was 
dominant on sodium dodecyl sulfate, Triton X -100, and Brij 36T gels, and the adeno- 
sine triphosphatase activity in Brij 36T gels was found to have a relative mobility of 
0.14 and 0.19 in the two fractions. 

One means of approaching an under- 
standing of membrane function is to carry 
out a detailed analysis of the constituents of 
the membranes. Tissues which have been 
studied in this way include liver (1), eryth- 
royctes (2), and ameba (3) among many 
others (4). From such studies certain 
generalizations can be made. For example, a 
few proteins account for the majority of all 
the protein and a multitude of proteins - 
each contributing only a few percent -ac- 
count for the remainder. Except for a few 
membrane proteins best exemplified by Na- 
K ATPase, the majority have not been 
ascribed a role in membrane function. A 

' This is paper VII in the series. Paper VI will 
appear in BBA Biomembranes (in press). 
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large proportion of the dry weight is also 
accounted for by lipid with a relatively high 
cholesterol /phospholipid ratio (5). Carbo- 
hydrates which are present are in general 
similar to those which occur in soluble 
glycoproteins. 

The tissue of interest to us in this study is 
the gastric mucosa. This is a tissue con- 
taining several cell types usually identified 
as surface, mucous neck, parietal, and peptic. 
Recently we have been able to separate 
plasma membrane of these cells into two 
fractions using zonal rotors and Ficoll- sucrose 
density gradients (6). 

In some future time it may be possible to 
understand the unique function of the 
gastric mucosa, the capacity to generate and 
maintain a 106 -fold concentration gradient of 

H+, in terms of the composition and function 
of the membranes of the constituent cells. 
A first step is definition of amino acid, lipid, 
and carbohydrate composition and solu- 
bilization and fractionation of its constituent 
parts. This report characterizes gastric cell 

456 
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membranes in terms of amino acid and 
protein, lipid and carbohydrate composition 
of the whole membrane and Triton X -100, 

Brij 36T, and sodium dodecyl sulfate solu- 

bilized membranes. 

MATERIALS AND METHODS 

Preparation of Gastric Membranes 

Canine stomachs were obtained from Pel- 

Freeze Biologicals Inc. (P. 0. Box 68, Rogers, 
AR 72756) or fresh in our own laboratory. The 
fresh stomachs were removed immediately on 

sacrifice of the animals. Contents were washed 
with tap water, and the stomach was immediately 
frozen on dry ice; they were stored at -20 °C 

until use. Gastric membranes were prepared by 
homogenization of the mucosa in 0.25 M sucrose, 
40 mm Tris -HC1 (pH 7.4), differential centrifuga- 
tion, and zonal centrifugation using a continuous 
density gradient made from 7.5% Ficoll /0.25 M 

sucrose and 37% sucrose as described (6). Mem- 
branes collected at 11.5% sucrose (Peak I) and 
23% sucrose (Peak II) were then diluted with 40 

mM Tris -HC1 (pH 7.4) to less than 10% sucrose 
and centrifuged at 78,000g for 60 min to obtain 
purified gastric cell membrane pellets from either 
Peak I or Peak II. Absorbance at 280 nm was 
used to estimate protein frac- 
tions, while the method of Lowry (7), using bovine 
serum albumin as standard, was used in all other 
instances. 

Analysis of Amino Acids 

Samples of membranes from Peak I and Peak 
II are suspended in 6 N HC1 in closed ampules 
under vacuum and incubated at 106 °C for 22 hr. 
After hydrolysis amino acid composition is de- 
termined using a Beckman Model 116 amino acid 
analyzer and quantitated by standard amino acids 
subjected to identical hydrolysis and column 
chromatography (8). Results are expressed as 
moles % (residue /100). 

Determination of Carbohydrate Content 
of Membranes 

The purified membranes (Peak I or Peak II) 
are extracted three times with a mixture of ace- 
tone -1120 (3:1) or chloroform- methanol (3:1). 
After each extraction the membranes are centri- 
fuged for 15 min at 2,500 rpm, 4 °C (International 
Centrifuge, Model PR -2). The extracted mem- 
branes are suspend @d in water, dialyzed for 48-72 
hr against distilled water with frequent changes 
of water, and lyophilized. The protein is stored 
overnight in a desiccator. The dry preparation is 
weighed and suspended in 0.01 M HCl and di- 

gested at 37 °C for 16 hr with pepsin (Worthington 
Biochemical Co., Freehold, NJ) at an enzyme to 
substrate ratio of 1:200. After digestion material 
extracted with acetone -1120 still contains in- 
soluble particles whereas that extracted with 
chloroform- methanol is clear. Results reported, 
therefore, were derived from the chloroform - 
methanol extracted membranes. 

Determination of sialic acid. The pepsin digest 
is analyzed for sialic acid by the method of Warren 
(9) following hydrolysis for 45 min in 0.038 M 
H2SO4. The presence of unextracted fatty acids 
necessitates use of anion exchange chromatog- 
raphy AG1 -X8 (Bio Rad) on columns 7 X 48 mm 
on which the recovery of sialic acid is 85 -92%. 
The column is eluted with H2O until all protein 
is eluted (12 ml) ; sialic acid is then eluted with 
0.3 M formic acid. Both fractions are lyophilized. 
Sialic acid is measured (9) and is compared to 
sialic acid standards exposed to the same hy- 
drolysis and chromatography. 

Determination of fucose, hexoses, and hexosa- 
mines. The pepsin digested membranes are pi- 
petted into 3 acylation tubes (Regis Chemical 
Co., Rockford, IL), each containing about 3 mg 
of protein. HCl is added so that final concentra- 
tion is 1 M in the total volume of 5 ml. The tubes 
are sealed and hydrolyzed for 1, 4, and 10 hr at 
100 °C. One -hour hydrolysate is used for de- 
termination of fucose, 4 -hr hydrolysate for man - 
nose and galactose, and 10 -hr. hydrolysate for 
hexosamines. 

After hydrolysis the internal standard solution 
containing 0.125 µmole of arabinose (Calbiochem) 
and 0.25 µmole of mannosamine -HC1 (Pfanstiehl 
Labs., Inc., Waukegan, IL) is added to all sam- 
ples. The hydrochloric acid is removed by anion 
exchange chromatography (AG1 -X8 resin in 
bicarbonate form), and sugars are reduced over- 
night with sodium borohydride (0.1 mg /ml) at 
4 °C. The excess of borohydride is then destroyed 
by addition of HCI, and the solution is lyophilized 
to dryness. Borates are removed as the methyl 
borates by 6X repeated evaporation with 2 ml of 
methanol. The mixture of alditols is converted 
to alditol acetates by heating with 0.2 ml acetic 
acid anhydride -pyridine (1:1) in sealed tubes at 
100 °C for 15 min (10). The neutral sugars are 
chromatographed on 6 ft X 34 in. glass columns 
packed with 0.2% polyethylene glycol succinate, 
0.2% polyethylene glycol adipate, and 0.4% 
silicone XF -1150 on 100/120 mesh Gas Chrom P 
(Applied Science Laboratories, State College, 
PA). From the initial 140 °C, the temperature is 
increased at the rate of 5 °C /min. Hexosamines are 
chromatographed in the same glass columns 
packed with 3% Poly A103 (Applied Science 
Laboratories). The starting temperature of 160 °C 
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is programmed to 260 °C at a rate of 5° /min. An 
F Sr M Model 402 dual column gas chromatograph 
with flame ionization detectors (Hewlett Packard 
Corp., Avondale, PA) and an Infotronics Model 
CRS 104 electronic integrator (Infotronics Inc., 
Houston, TX) is used. 

Analysis of Lipids 

Membranes designated Peak I and Peak II 
and mitochondrial fraction (Peak III) are diluted 
to 8.6% sucrose with 40 mar Tris -HC1 (pH 7.4) 
and pelleted in a Beckman No. 30 rotor at 78,000g 
for 1 hr. The pellets are resuspended in distilled 
water. Each peak is treated individually. 

Extraction of lipids is carried out as follows: 
To 5 ml of suspended membrane (10 -15 mg pro- 
tein) 100 ml of chloroform -methanol (2:1, v /v) 
are added. After overnight extraction the protein 
residue is filtered and rinsed with 20 ml of chloro- 
form- methanol. The total extract is partitioned 
against an equal volume of 0.15 rK NaCl. The lower 
phase is collected, dried over Na2SO4, filtered, 
and evaporated to dryness in a vacuum. The lipid 
is then diluted with chloroform to a known volume 
for analysis. Cholesterol is determined by the 
method of Zak (11) and lipid phosphorus by the 
method of Bartlett (12). 

Thin -layer chromatography is carried out on 
silica gel plates (Quanta Industries). For neutral 
lipids the solvent is petroleum ether (30- 60 °C)/ 
ethyl ether /acetic acid (146:43:2). For phospho- 
lipids three solvent systems are used: chloroform/ 
methanol /water (65:25:4) for the separation of 
cardiolipin and phosphatidic acid; chloroform/ 
methanol /58% ammonium hydroxide (65:25:4) for 
the separation of phosphatidylserine and phos- 
phatidylinositol, and chloroform /methanol /acetic 
acid /water (100:50:16:8) for the separation of 
lysolecithin, sphingomyelin, lecithin, and phos- 
phatidylethanolamine. For quantitation the 
methods of Skipski are used (13). All samples are 
compared to mixtures of known standards. Iodine 
vapor, ninhydrin, and H2SO4 plus charring are 
used for detection. Gas chromatography is per- 
formed as previously described (14). 

Solubilization of Membranes 

Triton X -100 or Brij 36T. Peak I or II mem- 
branes obtained as described above are resus- 
pended in 8 mar Hepes, 4 ma NaCl (pH 7.4) to a 
concentration of approximately 2 mg /ml. An 
equal volume of 8 mm Hepes, 4 mm NaC1 (pH 7.4) 
containing 6 mg /ml of Triton X -100 or Brij 36T 
(3:1 detergent to protein ratio) is added. Thus 
final concentrations are 1 mg /ml protein, 3 mg/ 
ml Triton X -100 or Brij 36T, 8 mm Hepes, 4 mar 
NaC1 (pH 7.4). 

The membrane suspension is incubated for 60 

min with magnetic stirring at 0 °C. The suspension 
is then centrifuged at 100,000g X 60 min. The 
supernate represents the solubilized membrane 
protein and is clear to slightly opalescent. Aden- 

osine triphosphatase and adenosine monophos- 
phatase activity rises during the first 24-48 hr 

and then remains stable for at least 2 weeks when 

stored at 4 °C. 
SDS' solubilization. Membranes are resus- 

pended in 40 mar Tris -HC1 or Hepes (pH 7.4) in a 

concentration of approximately 1 mg /ml. Six per- 

cent SDS is added to a final concentration of 1% 

SDS, and the suspension is incubated at 37 °C for 

2 hr. 
Alternatively we have incubated for 3, 5, and 

10 min with and without 2-mercaptoethanol in a 

boiling water bath followed by 2 hr at 37 °C. 

Boiling immediately after addition of SDS does 

not change the subsequent number or mobility of 

protein bands. 2- Mercaptoethanol in the incuba- 

tion mixture causes a decrease in only one band. 

Hence we have used 1% SDS final concentration 
and omitted 2- mercaptoethanol. The membranes 
are completely solubilized by this treatment, and 

ATPase and AMPase activity is reduced to non - 

detectable levels. 

Polyacrylamide Gel Electrophoresis 

Solubilized membranes are fractionated on 

polyacrylamide gels 5 mm X 90 mm. A 3.5% 

stacking gel is prepared in 100 mar Tris -HCI 

(pH 6.8) by polymerization using dimethylamino- 
propionitrile and ammonium persulf ate. Separat- 
ing gels are 7% acrylamide prepared in 0.4 Tris - 
HC1 (pH 8.6). In each gel 2.5% of the acrylamide 
is N,N- methylenebisacrylamide. Reservoir buffer 

is 0.75 aK glycine adjusted to pH 8.6 with solid 

Tris base. Samples applied are usually 50-100 pl 

(50 -100 µg), and the volume of the stacking gel is 

adjusted to equal the sample volume. Elec- 

trophoresis is done at 2 mA /tube. Gel and reservoir 
buffers contained 1% sodium dodecyl sulfate, or 

0.1% Triton X -100, or 0.1% Brij 36T. 

Staining of Gels 

Gels are stained for proteins, carbohydrates, 
and lipids. Gels for protein are stained 18 hr in 

0.25% Coomassie Blue in 9% acetic acid, 50% 

methanol, and destained for 48 hr in a solution 
containing 7.5% acetic acid, 5.0% methanol. 

Gels for lipids are stained in Oil Red 0 pre- 

pared from a saturated solution in methanol 

4 Abbreviations used: SDS, sodium dodecyl 
sulfate; Hepes, N-2- hydroxyethylpiperazine -N'- 

2-ethanesulfonic acid; TCA, trichloroacetic acid. 
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diluted with an equal volume of 12.5% trichloro- 
acetic acid (TCA) at the time of use. After 24 hr 
gels were placed in 50% methanol /6.25% TCA. 

Each 12 hr the solution is changed, and each new 

solution contained 3,z the methanol concentration 
of the previous solution. In this way the gels 

which shrank greatly during staining progressively 
rehydrate and return to original size. 

To confirm that Oil Red O staining was de- 

pendent on lipid content and not upon protein - 
SDS complexes we used native bovine serum 
albumin and fat -free bovine serum albumin. The 

former after electrophoresis in 1% SDS stained 
positively for lipid, while the latter did not stain 
with Oil Red O. 

Gels for carbohydrates are fixed in 12.5% TCA 
for 60 min, briefly washed in water, and placed in 
a solution of 1% periodic acid in 3% acetic acid 
for 2 hr. The gel is then washed in 200 ml deionized 
H2O for 18 hr. Thereafter it is placed in a Schiff 
reagent prepared according to Korn (3). After 18 

hr the gel is placed in 1.5% sodium metabisulfite. 
During the first 60 min in the Schiff reagent bands 
appeared. Sodium dodecyl sulfate gels become 
progressively stained over several hours. With 
continued incubation in the sodium metabisulfite 
the gels destain except for the bands which were 
originally seen. In gels containing Triton X -100 

or Brij 36T bands appear but the gels do not be- 
come totally stained. Suspecting some nonspecific 
periodic acid Schiff (PAS) staining, we used a 24- 
hr wash (100 ml /gel, changed 3 times) in 7% 
acetic acid to remove the detergent. After sub- 
sequent reaction with PAS, washing, and reacting 
with Schiff reagent, there was no difference in the 
number of bands or the position on the gels. 
Therefore we have avoided the prolonged initial 
wash in these studies. 

ATPase and AMPase Assays on Soluble Enzymes 
and Enzymes in Suspension 

Mgt + - and HCO3 -stimulated ATPase activity 
and AMPase activity are assayed by methods 
previously described (6, 15), and Pi releaséd is 
measured by the method of Yoda and Hokin (16). 

ATPase Assays on Gels 

After electrophoresis the gel is incubated for 
2 hr at 37 °C in a solution containing 3 mM ATP, 3 
mM Mg2 +, 20 mM NaHCO3, 40 mM Tris -HC1 (pH 
7.4). After completion of incubation the gel is 
washed 3 times with water and placed in staining 
solution based on the Fisk -Subbarow method (17). 
The solution contains 1120, 10% TCA, 4.5% am- 
monium molybdate, 1,2,4 -aminonaphthalsulfonic 
acid solution (50:30:10:4). The band of ATPase 
activity develops a blue color over a period of 

-2 hr; after many hours the entire gel gradually 
develops a deep blue color. 

AMPase Assay on Gels 

AMPase activity in the polyacrylamide gel is 
demonstrated by incubating the gel in 40 mM 
Hepes (pH 7.4) containing 3 mM AMP and 3 mM 
MgC12. Incubation at 37 °C is continued for 3 -5 hr. 
Phosphate released is demonstrated as described 
above for ATPase activity in gels. 

Scanning of Gels 

Absorbance of the gels is measured on a Gilford 
2400 spectrophotometer equipped with a gel 
scanner and connected to a graphic recorder. 
Coomassie Blue is scanned at 550 nm, Oil Red O 
at 525 nm, and periodic acid Schiff at 560 nm. 
Gels stained for ATPase and AMPase activity are 
scanned at 660 nm. 

RESULTS 

Preparation of Membranes 

Figure 1 shows the distribution of Mg"- 
and HCO3- ATPase, AMPase, succinic 
dehydrogenase, lactic dehydrogenase; pro- 
tein is estimated by the absorbance at 280 
nm, and the density of the Ficoll- sucrose 
gradient is expressed as percent sucrose. 
The region of 11.5 % sucrose contains a 
prominent peak of protein, ATPase activity, 
and particularly AMPase activity. This 
region is designated Peak I hereafter. The 
protein peak at 23 % sucrose is enriched with 
Mg"- and HCO3 -ATPase to a greater 
extent than AMPase. This region is here- 
after designated Peak II. It is important 
that Peak I and Peak II are free of con- 
tamination by mitochondria as assessed by 
absence of enzyme markers (succinic dehy- 
drogenase and monoamine oxidase) and by 
electron microscopic morphology (6). Pre- 
vious studies (6, 15) have shown these mem- 
branes to be free of detectable contamina- 
tion by nuclear membrane or endoplasmic 
reticulum. The morphology is that of mem- 
branous structures, either vesicles, sheets, or 
syncytial configuration. Peak III at 37 % 
sucrose is enriched with ATPase and 
AMPase probably reflecting the presence of 
some membranes. More important, this 
region of the gradient is the site of mito- 
chondria) marker enzymes: succinic dehy- 
drogenase and monoamine oxidase. 
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FIG. 1. Fractionation of gastric cell membranes (microsomal pellet) by isopycnic zonal 
centrifugation on a density gradient prepared from 7.5% Ficoll in 0.25 M sucrose and 37% 
sucrose. The protein peak at 11.5% sucrose is designated Peak I, the protein peak at 23% 
sucrose is called Peak II, and the peak at 37.% sucrose containing succinic dehydrogenase 
and monoamine oxidase activities is designated the mitochondrial peak or Peak III. 

Amino Acid Composition 

The amino acid composition (Table I) is 
very similar in Peak I and Peak II. Glutamic 
acid is the most plentiful amino acid in both 
membrane fractions. There is as well no dif- 
ference in the content of basic amino acids. 
Serine is slightly more abundant in the 
membrane of Peak I than Peak II. 

Lipid Composition 

The lipid composition of membrane Peaks 
I and II and the mitochondrial peak is 
summarized in Table II. Free cholesterol and 
free fatty acids are the only neutral lipids in 
each fraction. No glycerides are detectable 
on thin -layer chromatography. Peaks I and 
II contain phosphatidylethanolamine, phos- 
phatidylcholine, and sphingomyelin as the 
principal phospholipids. Trace amounts of 
phosphatidyl serine and phosphatidylinositol 
are present as well. Distribution of the 

phospholipids of Peaks I and II are given 

in Table III. Peak III differs in that the 

major phospholipids were cardiolipin, phos- 

phatidylethanolamine, and phosphatidyl- 
choline, with the others present in only small 

amounts. 
Peak I contains more phospholipid and 

cholesterol (Table IV) than either Peak II or 

the mitochondrial peak (III), and the per- 

cent of total lipid as phospholipid is slightly 
greater than the more dense Peak II mem- 

brane whose isopycnic density is about 
1.095. 

Analysis of the fatty acid composition 
reveals that saturated fatty acids compose 
42.5 % in Peak I and 39.9 % in Peak II. The 

predominant fatty acids in both membrane 
fractions are palmitic, followed by oleic and 

then linoleic acids. We have not, as yet, 

quantitatively examined the lipid composi- 
tion of detergent solubilized protein fractions 
from these membranes. 



CHARACTERIZATION OF GASTRIC CELL MEMBRANES 461 

TABLE I 

AMINO ACID COMPOSITION OF 

GASTRIC MEMBRANES° 

Peak I 
(mole %) 

Peak II 
(mole %) 

Lys 7.01 7.55 
His 2.18 2.18 

Arg 4.86 5.04 
Asp 9.24 9.72 
Glu 10.5 11.3 
Thr 5.57 5.67 
Ser 9.51 8.07 
Pro 5.15 5.10 
Gly 9.51 7.90 
Ala 7.31 7.60 
%Cys 0.77 1.07 
Val 5.70 6.01 
Met 1.40 1.65 
Ile 4.50 4.44 
Leu 9.53 9.84 
Tyr 2.63 2.79 
Phe 4.64 4.09 

a Peak I or Peak II membranes are suspended 
in 6 N HC1 and hydrolyzed for 22 hr at 106 °C in 
closed ampules under vacuum. Amino acid anal- 
ysis is performed on a Beckman Model 116 amino 
acid analyzer. 

Carbohydrate Composition 

Mucus, a complex glycoprotein, represents 
a potential contaminant which could be 
adsorbed. The use of the "Parr bomb" for 
disruption of the tissue enables much mucus 
to be removed before fractionation by dif- 
ferential centrifugation. Pellets obtained 
subsequently are not mucoid in character. 
The carbohydrate composition of the mem- 
branes from Peaks I and II are given in 
Table V. Membranes isolated at 23% su- 
crose contain approximately twice the 
carbohydrate /mg protein of Peak I. The 
single exception is glucose. 

Initial efforts to quantitate sialic acid 
resulted in an interfering yellow color 
probably arising from unsaturated fatty 
acids. This requires anion exchange chro- 
matography prior to colorimetric analysis. 

The repeated analysis of different mem- 
brane preparations gives reproducible results 
for all the carbohydrates except galactose 
and glucose. The galactose:mannose ratio in 
Peak I after extraction with acetone -H20 is 
2.89, while after extraction with chloroform- 

TABLE II 
SUMMARY OF LIPID COMPOSITION OF GASTRIC 

MEMBRANES AND MITOCHONDRIA° 

Fractionb 

I II III 

Cholesterol 
free ++ +-I-- +-- 
esterified trace trace ND 

Glycerides 
mono ND ND ND 
di ND ND ND 
tri ND ND ND 

Free fatty acids + + + 
Phosphatidic acid ND ND ND 
Cardiolipins ND ND ++ 
Phosphatidylethanol- 

amine 
+++ +++ +++ 

Phosphatidylserine trace trace trace 
Phosphatidylinositol trace trace trace 
Phosphatidylcholine + + ++ + + ++ + + ++ 
Sphingomyelin + + + 
Lysolecithin ND ND ND 

° ND, not detected Phosphatidylserine and 
phosphatidylinositol were not sufficiently sep- 
arated for identification. Values are arbitrary and 
based on the darkness of the spot after H2SO4 
plus charring. 

b I refers to membranes isolated at 11.5% 
sucrose, II to membranes isolated at 23% sucrose, 
and III to the mitochondrial fraction at 37% 
sucrose. 

TABLE III 
DISTRIBUTION OF PHOSPHOLIPIDS IN 

MEMBRANE FRACTIONS° 

% Distribution 

PE PC Sphingo Other 

Fraction 1 32.8 55.8 7.4 3.9 
Fraction 2 30.4 57.4 7.6 4.6 

Phospholipids are extracted from each mem- 
brane fraction with chloroform- methanol (2:1) 
as described under Methods. The various phos- 
pholipids are fractionated by thin layer chroma- 
tography and quantitated by the methods of 

Skipski (13). PE refers to phosphatidylethanol - 
amine, PC to phosphatidylcholine, sphingo to 
sphingomyelin, and Other to the total of phos- 
phatidylserine, phosphatidylinositol , lysolecithin, 
and all other areas of the plate not containing 
identified compounds. 
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TABLE IV 

PHOSPHOLIPID AND CHOLESTEROL CONTENT OF 

GASTRIC MEMBRANES AND MITOCHONDRIA" 

A ((mole B (µmole B/A 
lipid P /mg cholesterol/ 

protein) mg protein) 

Fraction 1 0.70 0.54 .77 
Fraction 2 0.25 0.28 1.12 
Mitochondria 0.18 0.13 .72 

a Lipids are extracted with chloroform -meth- 
anol (2:1) as described in Methods. Lipid phos- 
phorous is determined by the method of Bartlett 
(12) and cholesterol by the method of Zak (11). 
B/A indicates the cholesterol:phospholipid ratio. 

TABLE V 

CARBOHYDRATE COMPOSITION OF GASTRIC CELL 
MEMBRANE PROTEINS' 

Carbohydrate composition 

Peak I Peak II 
(nmoles /mg protein) 

Fucose 16.4 31.1 
Mannose 47.8 92.4 
Galactose 94.0 189 

Glucosamine 63.6 138 

Sialic acid 13.9 24.2 
Glucose 231 306 

Carbohydrates are determined as indicated 
in methods on the chloroform- methanol (3:1) 
extracted membranes. Peak I refers to the mem- 
branes isolated at 11.5% sucrose and Peak II to 
those isolated at 23% sucrose. 

methanol it drops to 1.96. The same galac- 
tose:mannose ratio (1.96) is found after the 
acetone -water extracted membranes are 
subjected to anion exchange chromatog- 
raphy before hydrolysis. This suggests that 
lipids adsorbed to the anion exchange resin 
contain a carbohydrate moiety rich in 
galactose. The glucose content of different 
membrane preparations varies irrepro- 
ducibly, indicating that at least in part 
glucose may be derived from the sucrose 
used in the density gradient. The absence of 
fructose is expected even if sucrose had been 
incompletely removed, since during con- 
version of the hexoses to alditols the glucose 
and fructose will become identical. 

Polypeptide Composition 

SDS solubilization. Sodium dodecyl sulfate 
proved to be the best detergent in terms of 

disaggregation of the membrane poly. 
peptides of both Peaks I and II. Complete 
solbuilization can be achieved as defined by 

optical clarity and absence of any visible 

pellet following centrifugation in an SW -39 

rotor (gmax 134,000) for 60 min. In contrast, 
Triton X -100 or Brij 36T in a 3:1 detergent 
to protein ratio would solubilize only about 
50 % of the membrane protein. Figures 2 

and 3 show the spectrophotometric scans of 
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FIG. 2. Scan of 7.0% acrylamide gels used to 

fractionate Peak I membranes solubilized by 1% 

sodium dodecyl sulfate. Protein, carbohydrate, 
and lipid fractionation is on separate gels, and 

the length has been normalized for inclusion on 

one graph. Protein was scanned at 550 nm, carbo- 
hydrate 560 nm, and lipid at 525 nm. Relative 
mobility is shown for estimation of molecular 
weight. Protein ( -), carbohydrate ( ---1. 
lipid ( --). 
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7% acrylamide gel fractionation of SDS 

solubilized Peaks I and II membrane (Fig. 

4), respectively. Gels are stained for protein, 

lipid, and carbohydrate. The vast majority 
of protein penetrates the 7 % gels, and one 

polypeptide band predominates. No less 

than 18 other minor bands can be seen 

visually or by scanning using a 0.05 -mm 

slit. Figure 5 shows the standard proteins 
used to estimate molecular weight, and 
Table VI identifies the molecular weights of 

the identifiable bands. The predominant 
band corresponds to a molecular weight of 

87,000 daltons in Peak I and 78,000 in Peak 
II. Of the many other bands none can be 
considered a major protein, although there is 

a variation in content. Of particular interest 
are the lipid and carbohydrate content of 

these membrane proteins. The carbohydrate 
staining is quite dissimilar in Peak I and 
Peak II membranes. Peak I membranes 
contain a sharp slow -moving band and three 
bands of intermediate mobility corre- 
sponding to molecular weights of 92,000, 
46,000, and 22,000; these should be con- 
sidered maximal molecular weights, since 
variation in SDS complexing by glycoprotein 
(4) may reduce mobility and hence overesti- 
mate molecular weight (18). An addition 
band moves at the buffer front. Lipids in 
Peak I membranes travel in 5 bands also. 
The largest travels behind the buffer front 
and is quite broad. There is little evidence of 
protein or carbohydrate associated with this 
band. A band travels at the buffer front as 
well. 

In Peak II membranes a doublet band of 
carbohydrate is present with the major pro- 
tein band. The most prominent band 
travelling just behind the buffer front is also 
the most prominent lipid band. A small pro- 
tein Peak XVIII appears to be associated. 
There are two or three additional faint 
broad lipid bands, one of which corresponds 
to the major protein band. The poor Coo - 
massie Blue staining properties of some 
glycoproteins (4) may explain the failure to 
detect prominent protein peaks with the 
lipid and carbohydrate. Alternatively, this 
may represent glycolipid dissociated from 
protein by the SDS. 

Enzymes assays on these gels was not 
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FIG. 3. Scan of 7.0% acrylamide gels used to 
fractionate Peak II membranes solubilized in 1% 
sodium dodecyl sulfate. Protein, carbohydrate, 
and lipid fraction is done on separate gels, and 
the length has been normalized for inclusion in one 
graph. Relative mobility is indicated. Protein 
( -), carbohydrate (- - -), lipid ( --). 

possible, since SDS inactivates the gastric 
Mgt + - and HCOr- ATPase. 

Triton solubilized membranes. Membranes 
solubilized by nonionic detergents, Triton 
X -100, and Brij 36T, are of interest since 
Mgt + - and 11CO3 -ATPase and AMPase 
retain activity and appear in the 100,000g 
supernate. 

Figures 6 and 7 show the scans for protein, 
lipid, and carbohydrate from 0.1 % Triton 
X -100 gels of Peak I and Peak II mem- 
branes (Fig. 8), respectively. The majority of 
material is located in the upper portion of 

the gel or at the surface of the separating gel. 
Most likely, poor disaggregation and high 
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FIG. 4. 7.0% Acrylamide gels used to fractionate the protein, carbohydrate, and lipid of Peak I and Peak II membranes. P is stained for protein with Coomassie Blue, C for carbohydrate, and L for lipid. The subscript refers to Peak I or Peak II membranes. 
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TABLE VI 

WEIGHTS OF COMPONENT PROTEINS 

Protein 
band 

Peak I % Corn- 
position 

Peak II % Corn - 
position 

I 5.9 1.9 

[I 1 5.3 3.0 
[II >130,000 5.6 >130,000 5.9 
[y 4.6 5.2 

V b 10.5 2.9 
VI 87,0006 29.6 3.1 
VII 70,000 5.9 1.5 
VIII 60,750 5.0 78,0006 29.0. 

LX 53,000 3.7 62,000 5.0 
K 46,750 3.0 52,500 4.1 
KI 40,500 6.0 49,000 4.7 
KII 38,600 3.0 46,250 3.4 
KIII 35,250 3.4 38,000 11.1' 
KIV 30,000 2.6 31,250 4.1 
KV 28,000 2.2 23,500 3.6 
KVI 20,250 3.7 19,250 4.6 
KVII 16,000 2.2 
KVIII 14,000 4.2 
KIX 11,000 0.4 

Gastric membranes are solubilized in 1% 

SDS and fractionated on 7.0% acrylamide gels. 
Relative mobility of a protein is used to compare 
its molecular weight with that of standard pro- 
teins (Fig. 6) of known molecular weight. 

b The major peak on each gel. 

molecular weight explains this finding but 
small negative charge is possible. As in the 
SDS gels one protein peak clearly predomi- 
nates and would again appear to differ in 
molecular weight or charge in the two frac- 
tions. In addition, there are several rapidly 
moving bands, one of which migrates at or 
just in back of the buffer front. The band is 
not an electrophoretic artifact since gels run 
without sample show no such band. 

The lipid and carbohydrate bands are 
more prominent and fewer in number when 
nonionic detergents are used for solubiliza- 
tion. Some material is present atop the gel, 
but in addition 2 bands which enter the gel 
coincide for both carbohydrate and lipid 
staining. 

The major band would appear to be of 
high molecular weight (relative mobility = 
0.15 and 0.11, Peak I and Peak II, respec- 
tively), but as in the SDS gels is not asso- 
ciated with a clearly defined protein band. 
The protein band travelling at the buffer 

front stains as well for lipid and carbohy- 
drate. 

The characteristics of ATPase and 
AMPase were studied on these gels (Fig. 9). 
There are two bands of ATPase activity in 
Peak I and Peak II gels. The first and by far 
the most prominent in Triton solubilized 
membranes is atop the separating gels. A 
second, minor band has a relative mobility of 
0.13 in Peak I and 0.17 in Peak II. In com- 
paring ATPase gels with lipid and carbo- 
hydrate gels the bands would appear to 
migrate together, though the ATPase band 
is considerably narrower than the carbohy- 
drate and lipid bands. Adenosine mono - 
phosphatase activity on these gels is re- 
stricted to the very top of the 7 % separating 
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FIG. 6. Scan of 0.1% Triton X -100 gels on 
which proteins, carbohydrates, and lipids in 
Triton X-100 solubilized Peak I membranes are 
fractionated. Gel length has been normalized and 
no tracking dye was used. Protein ( -), carbo- 
hydrate (- - -), lipid ( - -). 
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FIG. 7. Scan of 0.1% Triton X -100 gels on 
which proteins, carbohydrates, and lipids in 
Triton X -100 solubilized Peak II membranes are 
fractionated. Gel length has been normalized, 
and no tracking dye was used. Protein ( -), 
carbohydrate (- - -), lipid ( --). 

gels and does not differ between the two 
fractions. 

Brij 36T solubilized membranes. The pat- 
tern of protein bands on Brij gels is very 
similar to that of Triton gels with the ex- 
ception that less protein is retained at the 
top of the gels. Figures 10 and 11 show the 
scan for protein, lipid, and carbohydrate of 
the gels (Fig. 12) of Brij 36T solubilized 
membranes. Again, one major band pre- 
dominates and is of different mobility in 
Peak I (0.5) and Peak II (0.25). Similar 
bands travel at and just in back of the buffer 
front. The major peaks of lipid and carbo- 
hydrate coincide and are of lesser mobility 
than the major protein peak. There is a 
protein peak which coincides with the lipid 

and carbohydrate, but on protein gels this 

is not well separated from the material atop 
the gels. A second quite minor peak is present 
and a third is at the buffer front. 

Analysis of ATPase and AMPase activity 
on these gels gave results quite different 
from that on the Triton X -100 gels. On Brij 

gels AMPase activity was located atop the 

separating gels (Figure 13) in both Peak I 

and Peak II, showing that the AMPase is of 

high molecular weight. No ATPase activity 
was found atop the gels. The bands of 

ATPase activity were of differing mobilities 
in Peak I (0.19) and Peak II (0.14). The 

band in Peak II is broader than that of 

Peak I, indicating perhaps more heteroge- 
neity of Peak II ATPase. 

In none of our gels does the ATPase travel 
as a discrete band. This, however, may be 

due to the method of detection. It seems 

reasonable to assume that the diffusion of 

liberated PO4 is equal in all directions, and 

the central portion is the ATPase band. In 

Figs. 10 and 11 the arrow indicates the 

protein bands corresponding to the central 
region of ATPase staining. 

DISCUSSION 

Principal questions which have been 

posed by study of membranes are (a) the 

presence of structural polypeptides common 
to membranes in general in a variety of 

cells, (b) the nature and function of the lipid 

and carbohydrate associated with these 

polypeptides, and (c) the role of functional 
units and the general occurrence of these 

functional units in membranes. We have 

approached some of these questions in the 

gastric mucosa where we can achieve some 

separation of membranes based on relative 
enrichment with HCO3- ATPase or AMPase, 
Electron microscopic studies have shown 

HCO3 -ATPase to be localized at the lumi- 

nal surface of the acid -secreting cell. On a 

functional basis the luminal and basal mem- 
branes must be quite different. The luminal 
membrane must be able to generate and 

withstand an H+ concentration as great as 

0.1 M and a concentration gradient of 106; 

this is not the case for the basal membrane. 
We would assume its composition would in 

some way reflect this property. In this study 
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FIG. 8. 7.0% Acrylamide gels containing 0.1% Triton X -100 on which Peak I and Peak 
II Triton X -100 solubilized membranes were fractionated. Gel P was stained for protein 
with Comassie Blue, gel C for carbohydrate with periodic acid Schiff, and gel L for lipid 
with Oil Red O. The subscript refers to Peak I or Peak II solubilized membranes. 

we have shown differential composition of 
two membrane fractions isolated from dog 
gastric mucosa. 

This differential composition was first 
shown fractionating the protein bands by 
SDS gel electrophoresis. Particularly, the 
molecular weight of the principal protein 
band is different in the two membrane frac- 
tions. The number of bands present in mem- 
branes of Peak II is significantly greater 
than that of Peak I. Also, inspection of the 
spectrum of molecular weights estimated by 
mobility on the SDS gels shows few that are 
identical in the two membranes. Each mem- 
brane has a single polypeptide which is 
predominant, but of clearly differing mo- 
lecular weights. 

The amino acid composition is very similar 
to that reported for erythrocyte (20), liver 
(19), and Ehrlich ascites cell (21) mem- 
branes. The most abundant amino acid is 
glutamic acid, and there is no increase in the 
basic amino acid which could give the mem- 

brane a fixed positive charge and reduce 
proton permeation. 

The lipid composition of these membranes 
is also different. Peak I membranes contain 
more lipid by a factor of about 2.5. This dif- 
ference is accounted for by both a rise in the 
phospholipid and cholesterol; the membranes 
cannot be distinguished by analysis of the 
various phospholipids. Table VII gives the 
percent composition of both membrane 
fractions. Origin of the ATPase of Peak II 
from plasma membranes has been based on 
the electron microscopic morphology and 
absence of the mitochondrial marker en- 
zymes: succinic dehydrogenase and mono- 
amine oxidase. The lipid analyses confirm 
these conclusions, since cardiolipin is absent 
from this fraction and the cholesterol /phos- 
pholipid ratio is greater than that generally 
reported for mitochondria. The lipid com- 
position of gastric membranes differs 
markedly from that reported for liver cell 
membranes (22, 23) in that gastric cell 
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FIG. 9. Migration of ATPase (left) and AMPase 
(right) activities on 7.0% acrylamide gels in 0.1% 
Triton X -100. Sample applied was Triton X -100 
solubilized membrane protein from Peak I (the 
left one of each set) or Peak II (the right one of 
each set). 

membranes have high concentrations of 
phosphatidylethanolamine and phospha- 
tidylcholine and low concentrations of phos- 
phatidylserine, phosphatidylinositol, and 
sphingomyelin. The fatty acid composi- 
tion-40 % are saturated -also differs from 
that reported for liver plasma membranes 
which are highly saturated (22, 23). 

The high cholesterol content of our mito- 
chondrial material is best explained by con- 
tamination by cell membranes. The presence 
of AMPase in this region of the density 
gradients is in support of this interpretation. 

On the basis of the electrophoresis studies 
in Triton X -100 or Brij 36T the vast ma- 
jority of lipid would appear to be associated 
with the same proteins which contain car- 
bohydrate. They would appear to be large 
molecular weight species. 'Whether the 
largest band is one or a variety of proteins 
is not clear, but no discrete bands can be 
visualized on gels stained for lipid. 

The possibility remains that the majority 
of carbohydrate and lipid is associated with 

a single protein based on the Triton X -100 

and Brij 36T gels. In contrast, SDS gels of 

Peak I and Peak II show 6 and 3 lipid pear 
and 5 and 4 carbohydrate peaks, respectively, 
a pattern much more complex than the 

nonionic detergent gels. The number of 

proteins from which these bands are derived 

is undefined, since several proteins of similar 

molecular weights and charges could produce 

the pattern of lipid and carbohydrate seen on 

the Triton X -100 and Brij 36T gels. 
In contrast to the lipid composition where 

Peak I membranes are richest, Peak II 

membranes are richest in carbohydrates, 
Forte (24), studying the electron microscopic 
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FIG. 10. Scan of 7.0% acrylamide gels in 0.1% 

Brij 36T used to fractionate protein, carbohydrate, 
and lipid solubilized by treatment of Peak I 

membranes with Brij 36T at a Brij:protein ratio 

of 3 to 1. Gel length has been normalized. No 

tracking dye was used. The arrow indicates the 

protein peak corresponding in mobility to the 

central portion of ATPase staining. Protein ( -), 
carbohydrate ( ), lipid ( ). 



CHARACTERIZATION OF GASTRIC CELL MEMBRANES 469 

histochemistry of the frog gastric mucosa, 

found that the outer aspect of the apical cell 

membranes and the inner surface of the 
intracellular canaliculi or vesicles stained 
intensely for carbohydrate, while the lateral 
and basal cell membranes were virtually 
unstained. It is relevant that the Peak II 
membrane is also relatively enriched with 
HCOs -ATPase, which by electron micro- 
scopic histochemistry is also located at the 
lumenal cell surface. The role of carbohy- 
drate is unclear; the mechanism whereby 
carbohydrate would protect the membrane 
from denaturation by acid and digestion is 

also unclear. 
It is particularly interesting that on gels 

stained for carbohydrate there are at most 3 

bands, one of which is clearly major. In 
each case, lipid and carbohydrate are asso- 
ciated. The major band probably has a high 
carbohydrate content based on its poor 
Coomassie Blue staining properties. To date 
it is not clear that this is a single glycolipo- 
protein or whether it is a complex mixture of 
very similar molecular weight and charge. 
Glossman and Neville (25) studying various 
cell membranes from the rat found more 
heterogeneity of carbohydrate distribution. 
Still in their study a few bands represented 
the majority of carbohydrate; they found as 
well 3 glycopeptides common (based on 
similar molecular weight) to the liver, eryth- 
rocyte, and renal brush border membranes. 
Between the two membrane fractions iso- 
lated from the stomach, the band at the 
buffer front is the only glycopeptide in 
common. Glossman (25) found a similar 
band in cell membranes from several rat 
tissues; Lenard (26), studying erythrocyte 
membranes, confirmed that this band was a 
glycolipid, but found little associated pro- 
tein. 

The ATPase of the gastric membranes has 
different mobilities in Peaks I and II. The 
ATPase is in that region of the gel which 
stains intensely for lipid and carbohydrate, 
but the lipid and carbohydrate content of 
the ATPase remains unknown. Additionally, 
it would appear that the ATPase represents 
a small fraction of protein which is solu- 
bilized by Brij 36T. Solubilization by Triton 
X -100 results in an ATPase of quite large 
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Fio. 11. Scan of 7.0% acrylamide gels in 0.1% 
Brij 36T used to fractionate protein, carbohydrate, 
and lipid solubilized by treatment of Peak II 
membranes with Brij 36T at a Brij:protein ratio 
of 3 to 1. Gel length has been normalized. No 
tracking dye was used. The arrow indicates the 
protein peak corresponding in mobility to the 
central portion of ATPase staining. Protein 
( -), carbohydrate (- - -), lipid ( - -). 
molecular weight which penetrates only a 
few millimeters of gel. Using either nonionic 
deterent, AMPase remains of large mo- 
lecular weight and essentially does not enter 
the 7 % gels. 

The two membrane peaks obtained from 
gastric mucosa thus differ significantly in a 
number of properties. Peak I has an iso- 
pycnic density of 1.04, whereas Peak II has a 
density of 1.095. The peptide composition 
of the two peaks is also dissimilar based on 
SDS gel electrophoresis, although the amino 
acid composition is not significantly dif- 
ferent. The carbohydrate content of Peak 
II is twice that of Peak I, whereas the 
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Pj Cl 1.2 C2 -_PL 
FIG. 12. 7.0% Acrylamide gels containing 0.1;¿ Brij 36T on which the Brij 36T solubilized 

membranes were fractionated. P indicates gels stained for protein with Commassie Blue, C 

is stained for carbohydrate with periodic acid Schiff and L for lipid with Oil Red O. The 
subscript indicates the origin of the protein from Peak I or Peak II membranes. 

TABLE VII 
PERCENT COMPOSITION OF GASTRIC 

CELL MEMBRANES 

Protein Lipid Carbo- 
hydrate 

Peak I 54.9 42.6 2.5 

Peak II 71.3 22.2 6.5 

FIG. 13. Mobility of ATPase (left pair) and 

AMPase (right pair) activities on 7.0% acrylamide 
gels containing 0.1% Brij 36T. The sample applied 

in each case was Brij 36T solubilized membranes 
from Peak I (left one of each pair) or Peak II 

(right one of each pair). The faint staining area 

in the mid portion of each gel is yellowish in 

color and represents protein precipitated by 

trichloroacetic acid used to stop the reaction. 
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opposite holds true for lipid. Associated 

with Peak II is a high ATPase and low 

AMPase activity, while Peak I is more en- 

riched with AMPase. The mobility of the 
ATPase from the two peaks appears to be 
different when Brij 36T solubilization is 

carried out. 
The origin of these membranes remains 

unanswered. Studies on necturus fundic 
mucosa (27) has localized the HCO3 - 
ATPase to the acid -secreting (oxyntic) 
cell; hence Peak II membranes may rep- 
resent membranes from oxyntic cells. The 
carbohydrate content would tend to localize 
them to the luminal membrane of these 
cells (24). Whether Peak I membranes 
represent basal membranes of oxyntic cells 
or membranes from another cell type re- 
mains unanswered. We have found ex- 
planations not considering two types of 
membranes (such as one membrane in an 
isolated and aggregated form) to fail to ex- 
plain the vastly different lipid, carbohydrate, 
and enzyme composition of these membrane 
fractions. 
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Isolated cells of Necturus gastric mucosa were prepared with a simple 
method using pronase digestion and shaking. In dye exclusion tests cell 
suspensions containing more than 80% of oxyntic cells were more than 
90% viable. Isolated cells had respiration rates of 0.411 ± 0.043 micro - 
atom 02 per mg of protein per hr (mean f sE). Na and K concentra- 
tions in cell water were 44.2 ± 1.8 mEq per liter, and 66.7 ± 2.2 mEq 
per liter respectively. The transmembranal potential of isolated cells 
was 44 ± 3 mv, similar to that obtained for intact mucosa. 

Attempts to study the properties of one 
particular cell type in the gastric mucosa 
have relied on techniques such as histo- 
chemistry, 1, 2, 3 electron microscopy, 1, 4 

and observations during embryological 
development.' In this study, a more direct 
approach was chosen: the preparation of 
isolated cell suspensions which consist 
mainly of one cell type. Similar approaches 
have previously been described in compos- 
ite tissues such as fat pad, 6 kidney,' small 
intestine, a. 

9 and also in the stomach. 1 
O- 

12 

Since, however, many techniques which 
separate cells may also lead to damage of 
the cell membrane, cell isolation proce- 
dures are not in wide use. In this paper, a 
simple method is described which yields 
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a homogeneous yet viable suspension of 
gastric mucosal cells. Viability was shown 
in dye exclusion tests and by the ability of 
cells to maintain functions of intact tissue 
such as respiration, electrical potential, 
and ionic concentration gradients across 
the cell membrane. 

Method of Cell Isolation 
Necturus fundic mucosa was stripped off the 

external muscle layer, stretched, and pinned 
surface upwards on the bottom of a lucite dish. 
A thin layer of oxygenated standard amphibian 
Ringer's solution containing 0.175% pronase 
was added. The lucite dish was covered with a 
lid, gassed with 95% 02 and 5% CO2, and in- 
cubated in a shaking water bath (30 C, 60 to 
100 cycles per min). Cells were collected at 60 
min (fraction 1), 75 min (fraction 2), 90 min 
(fraction 3), and 120 min (fraction 4) of the in- 
cubation. A final collection (fraction 5) was ob- 
tained by removing the pins and shaking the 
mucosa with a forceps. The yield of cells in 
fractions 1 and 2 was small, compared to the 
yield of fractions 3, 4, and 5. Cell suspensions 
were centrifuged for 5 min at 50 g and resus- 
pended in amphibian Ringer's solution. Cen- 
trifugation and resuspension were repeated 
and final suspensions were refrigerated until 30 
min prior to use. 

Figure lA is a paraffin section of Necturus 
gastric mucosa. This shows the surface epithelial 
cell as a tall columnar cell with mucus present 
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FIG. 1A. Alcian blue -PAS stain of paraffin section of Necturus gastric gastric mucosa showing the surface epi- 
thelial cells (SC), mucus neck cells (MC), and oxyntic cells (OC) (X 125). 

in the apical portion of the cytoplasm, the neck 
cells [containing two different types of mucus 
(dark and lighter stain)], and the deeper cells 
which are oxyntic cells secreting both acid and 
zymogen in this species. 

Figure 1B is a section from the same mucosa 

following 70 min of incubation in the pronase 
solution. It can be seen that the surface epithe- 
lial cell has been removed, leaving the gastric 
tubule loosely inserted in the connective tissue 
framework. At this stage of the incubation vio- 
lent shaking produces a preparation of iso- 
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lated tubules. Further smooth shaking in the 

presence of pronase gradually produces a sus- 

pension of virtually pure oxyntic cells. 

Of several pronase preparations tested, satis- 

factory results were only obtained with pronase 

Merck (A. G. Merck, Darmstadt, Germany, 

70,000 protease units per mg). Pronase was 

superior to hyaluronidase, collagenase, Ca 

removal, EDTA, trypsin, scraping, and hydro- 

static pressure used either on their own or com- 

bined with other methods, presumably due to 

its mucolytic and proteolytic activity. 
Occasionally results of isolation procedures 

were unsatisfactory because of mucus produc- 
tion which led to clumping of isolated cells in 

mucus plugs. This difficulty could partly be 
overcome by suspending cells in large volumes 
of solution before centrifugation. When only 
experiments on deep cells were planned, the 
mucosa was heavily and repeatedly blotted 
against hard filter paper before starting pronase 
incubation. 

Identification of Cells 

Figure 2 shows a low power magnifica- 
tion of a fundic cell suspension, fraction 2. 

w 
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The contrast in this unstained preparation 
between the dark oxyntic cell and the other 
cell types can be clearly seen. 

Intact isolated cells were round, oval, or 
pear- shaped. A few cells maintained their 
original polygonal shape or had an irregu- 
lar surface. Irregular cells were nonviable 
in viability tests. In phase contrast at higher 
magnification (X 400) at least four cell 
types could be recognized: (1) large cells 
with a diameter of 35 to 70 µ, dark cyto- 
plasm, and small granula; (2) cells with 
similar diameter but translucent cytoplasm 
and both large and small granula; (3) small 
cells with a diameter of 20 to 40 µ, trans- 
lucent cytoplasm, and sparse granula; and 
(4) cells of similar shape which had on their 
surface rows of beating cilia. 

Electron microscopic studies were 
carried out on sections of 1 cc 0s04-fixed 
preparations of isolated cells embedded in 
Epon or Vestopal. Figures 3A and 3B show 
the appearance of an isolated surface cell 
and an isolated oxyntic cell. It can be seen 

FIG. 1B. Section of Necturus gastric mucosa following 70 -min incubation in pronase solution showing absence 
of surface epithelial cells and presence of tubules in the connective tissue framework (Hematoxylin and eosin, 
X 125). 
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Fm. 2. Low power view of an unstained suspension of intact cells obtained at 75 min from Necturus gastric mucosa showing largely light -rounded cells (surface epithelial cells) and a few larger dark cells (oxyntic cells) 
(X 125). 

that the cells are intact and retain good 
morphological characteristics of both the 
plasma membrane and the mitochondria. 
There is a high content of mitochondria in 

the oxyntic cell, and there are also several 
zymogen granules visible in the section. 

The presence of ciliated cells was at 
first surprising. In serial sections of esoph- 
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agus and fundus, however, a gradient of 

ciliated cells could be demonstrated. In 

some parts of the esophagus, the majority 

of surface cells was ciliated while in the 
fundus ciliated cells were interspersed be- 

tween nonciliated surface cells (fig. 4A). 

Figure 4B shows an isolated ciliated cell. 

For further identification of oxyntic cells 

succinic dehydrogenase stains were per- 
formed using a modification of the method 
described by Myren et al.3 Cell suspen- 
sions were spread on glass slides and 
covered with a thin layer of agar. The slides 
were incubated for 30 to 60 min at 37 C in 
amphibian Ringer's solution containing 50 
mm Na succinate and 1 mg per ml nitro- 

A 
Flu. 3A. Electron micrograph of isolated surface epithelial cell. This cell is sectioned so that none of the mu- 

cous secretory granules are visible. However, such granules (G) may be seen in another surface epithelial cell in 

the lower right corner. A characteristic component of many of these cells is the large lipid droplets (L). Compared 
with the oxyntic cells there are few mitochondria (M), and the surface of the cell is smoother. Golgi apparatus 
(GA); cell nucleus (N) (X 6700). 
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Feo. 3B. Electron micrograph of isolated oxyntic cell, showing numerous microvilli projecting from the cell 
surface. The cytoplasm contains a large number of mitochondria (M) and a well developed endoplasmic reticulum 
(ER). The general appearance of this cell suggests good viability. L, lipid droplets; N, cell nucleus (X 3300). 
Inset shows light micrograph of a few isolated oxyntic cells, as they appear in toluidine blue -stained 1 -1.1 thick 
Epon sections (X 700). 

tetrazolium blue. In control experiments 
cryostat sections of intact mucosa were 
treated similarly. Cells with a positive stain 
were densely packed with dark purplish 
brown granules. These cells were located in 
the deeper part of glandular tubules. 
Counts of isolated cells were performed in 

four experiments by 2 independent ob- 

servers with excellent agreement. In each 
experiment cells were prepared from four 
stomachs. Results of cell counts are given in 

table 1. Cells with a positive succinic dehy- 
drogenase stain were rare in early cell col- 

lections but represented more than 809ó of 
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Fin 4A. Section of Necturus gastric mucosa stained with hematoxylin and eosin showing the presence of in- 
tercalated ciliated cells (CC) in the surface epithelium (X 320). 

FIG. 4B. A high power view of an isolated ciliated cell (X 960). 



196 BLUM ET AL. Vol. 61, No. 2 

TABLE 1. Percentage of cells with positive stain for 
succinic dehydrogenase in suspensions of isolated 

cells from Necturus stomach. 

Cell 
fraction 

Incubation time 

min 
1 0 -60 
2 60 -75 
3 75 -90 
4 90-120 
5 >120 

Percentage of cells with 
positive stain (mean ± SE) 

15 ± 1.3 
17 ± 1.4 
55 ± 5.4 
80 ± 5.0 
84 ± 2.7 

° Incubation time is measured from start of pronase 
incubation to time of cell collection (N = 5). 

VIABLE 
CELLS 

100 - 

80 - 

60 - 

40 - 

20 - 

o 

I mean' -SEM. 

f 2 3 4 5 6 

DAYS 

Fla. 5. Uptake of eosin by a suspension of Nec- 
turus oxyntic cells over 6 days of refrigeration. 

the cell population in late collections. The 
diameter of cells with a positive stain was 
relatively large (30 to 50 A) while negative 
cells had diameters ranging from 20 to 40 
A, the majority of the latter being in the 
range of 20 to 30 A. 

Viability Tests 
Dye exclusion test with eosin. Equal 

volumes of cell suspension and of amphib- 
ian Ringer's solution containing 0.05% 
eosin were incubated for 1 min. Cells were 
counted in a hemocytometer. "White" 
cells whose membranes exclude the dye 
are considered to be viable and "pink" 
cells with leaky membranes are considered 
to be nonviable. 

In 21 counts of fraction 1, 2, and 3 "via- 
bility" was 68.7 ± 8.3% (mean ± sE), and 
in 19 counts of fraction 4 and 5 it was 
91.8 ± 2.1%. The difference between the 
two means is statistically significant (P < 

0.001). In nine of 21 collections of fraction 
4 and 5 "viability" was higher than 95%. 

hi 4 experiments, cells of fraction 4 and 
5 were refrigerated and samples were 
counted daily for 6 days. Results are given 
in figure 5 and table 2. There was a general 
tendency for decrease in "viability" but 
even after 6 days two -thirds of the cells still 
excluded eosin. The number of cells did not 
especially decrease. 

It would appear that this method results 
in reasonably long term viability for these 
amphibian cells. However it should be 
emphasized that this method was designed 
to produce cells which displayed good 

short -term viability, and no attempt was 

TABLE 2. "Viability" of isolated gastric mucosal cells 

as determined by a dye exclusion technique 
with eosin. 

Day No. of cells per mm" 
(millions, mean ± se) 

Percentage of "viable" 
cells (mean ± se) 

1 0.38 ± 0.07 87 ± 5 

2 0.44 ± 0.10 73 ± 4 

3 0.32 ± 0.11 77 ± 3 

4 0.40 ± 0.12 80 ± 4 

5 0.35 ± 0.09 79 ± 3 

6 0.32 ± 0.07 66 ± 4 

° Cell suspensions (fraction 4 and 5) were refriger- 
ated after collection. 'l'otal cell counts and differen- 

tial counts for pink and white cells were performed 
daily. 

02 Consump 

nA/min/mg 

12 
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80 

FIG. 6. 02 consumption of the cell fractions ob- 

tained from Necturus plotted against percentage 
oxyntic cells (succinic dehydrogenase stain). 
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FIG. 7. Experimental arrangement for micropunc- 
ture of isolated Necturus gastric cells: (1) Oil -filled 
syringe; (2) Oil -filled suction micropipette; (3, 4) 

Micromanipulators; (5) Agar -filled microculture 
slide; (6) Stereomicroscope; (7) Microelectrode; 
(8, 9) 3 DA KCl- agar'bridge; (10, 11) Calomel electrode; 
(12) Amplifier; (13, 14) Recorder connections; (15) 

Recorder or CRO: (16) Current source. 

made to establish long term viability be- 
yond the eosin uptake test described above. 

Cells with beating cilia always excluded 
eosin. While most ciliated cells were still 
beating at the time of collection, only oc- 
casional cells continued to beat after 24 hr 
of refrigeration. After 48 hr of refrigeration 
no cilial movement was observed and 
ciliated cells started to stain pink with 
eosin. 

02 consumption. A 1.7 -ml stirred Kel 
F chamber with a Clark type 02 electrode 
was connected to amplifier and current 
source (Radiometer, Copenhagen) and an 
Esterline Angus recorder. The protein 
content of samples was determined by the 
Lowry method. 

02 consumption of stripped Necturus 
fundic mucosa was 0.207 ± 0.019 micro - 
atom per mg of protein per hr (mean ± SE, 
n = 15). 02 consumption of cell suspensions, 
fraction 4 and 5, was 0.411 ± 0.043 micro - 
atom per mg of protein per hr (n = 15). The 
difference between the two rates is statisti- 
cally significant (P < 0.01). 

Dinitrophenol (DNP, 10 NO increased 
respiration rate of intact mucosa to 182 ± 
16% (mean ± SE, n = 6), and respiration 
rate of isolated cells to 406 ± 20% (n = 6) 
of control value. The difference between 
the two values is statistically significant 
(P < 0.001). 

Amytal (2.103 M) abolished respiration 
both of intact mucosa and isolated cells. 

When 02 consumption was measured 
over a period of 4 hr on aliquots of cell sus- 
pension, it was found that the consumption 
remained constant over the period of ob- 
servation. Figure 6 shows the 02 consump- 
tion of the various cell fractions obtained. 
By extrapolation the 02 consumption of 
pure oxyntic cells is 5 times that of non - 
oxyntic cells of the tissue. 

Ionic composition of isolated oxyntic 
cells. Cells of fraction 4 and 5 incubated for 
5 min in amphibian Ringer's solution con- 
taining 1.1 sCi of C" inulin per ml. Sus- 
pensions were centrifuged for 5 min at 500 
g. The cell pellet was weighed before and 
after drying for 16 hr at 140 C. The dried 
pellet was dissolved in 3 ml of 3 M Li OH 
and the solution was titrated to pH 7 with 
10 M H2SO4. An aliquot was counted in a 
liquid scintillation counter. Na and K 
analyses were performed in an Eppendorf 
flame photometer. This procedure allowed 
calculation of Na+ and K+ concentration 

Number of Cells 

20t- 

15 
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mV 
FIG. 8. The distribution of potential in a group of 

67 cells, with a mean of 44 ± 3 mv. 

TABLE 3. Intracellular potentials 

Isolated sur- 
face epithe- P 

lial cells 
Isolated oxyntic cells Yn 

Surface 

in cells n in- 
tact mucosa 

K+ concen- 
tration 4 K+ 4 K+ 18.5 mM K+ 4 K+ 

Poten- 
tial° 36± 11 48±6 31±5 43 ±8 

No. 12 22 11 1.5 

MV ± SE. 'The cell interior is negative with re- 
spect to the external solution. 
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in cell water. In nine experiments the water 
content of isolated cells was 80.2 ± 0.7% 
(mean ± sE) of their wet weight. Na and 
K concentrations in cell water were 44.2 ± 
1.8 mm and 66.7 ± 2.2 mm respectively. 

Electrcal potential "of isolated cells. The 
maintenance of ionic gradients across the 
cell membrane is necessary for continued 
cell function. Measurement of cell poten- 
tials provide additional evidence for nor- 
mal ionic gradients and qualitative integrity 
of the plasma membrane. 

Figure 7 illustrates the experimental 
arrangement used. Briefly, a suspension of 
cells was placed on an agar -filled microcul- 
ture slide and a cell was trapped by a suc- 
tion micropipette, care being taken to use 
minimal suction. Experiments carried out 
before a suction device was used gave simi- 
lar values for the cell potential, but allowed 
successful puncture of only a few of the cells 
attempted. Hence the results described are 
confined to the measurements made using 
the micropipette. 

When the cell was immobilized, a 3 M 

KC1- filled microelectrode with tip resis- 
tance of 50 megohms and tip potential < 1 

my and tip diameter < 0.5 µ was used to 
puncture the cell. A WP4 amplifier (W. P. 
Instruments) connected to a Grass recorder 
was used to measure the potential of the 
cell. This system also allowed measurement 
of membrane resistance by incorporating a 
Wheatstone bridge circuit to balance tip 
resistance with the electrode out of the cell. 

Figure 8 illustrates the potential distribu- 
tion observed in 67 isolated cells (oxyntic). 
The preparations used in these studies 
showed better than 95% eosin exclusion. 
The low potentials seen in the figure may 
well signify damaged cell membranes, al- 
though these cells excluded eosin. 

Table 3 shows the value of the potential 
obtained in surface cells, oxyntic cells, 
oxyntic cells in high K +, and in intact mu- 
cosa. The latter values were obtained from 
small pieces of intact mucosae which were 
placed on the slide and punctured in the 
same way as the isolated cell. 

It can be seen that there is no significant 
difference between the potential of the iso- 
lated cell (surface or oxyntic), and the in- 

tact mucosa. It is also of interest that the 
response of the oxyntic cell to a change in 
external K+ (substitution for Na +) is the 
same as that observed in the intact Nectu- 
rus mucosa. 3 

Discussion 
The reported technique for cell isolation 

is simple yet effective: it leads to suspen- 
sions containing more than 90% of viable 
cells. Isolated cells were not permeable to 
large dye molecules and maintained high 
rates of respiration, Na and K contents 
similar to estimates for intact mucosa, and 
a high transmembranal potential. 

A significant finding was the presence of 

a transmembranal potential similar to the 
cell -to -lumen potential of intact mucosa.1' 
Micropuncture methods, however, did not 
give information on the average viability of 

cell suspensions since approximately 50% of 

the attempts to puncture isolated cells were 
unsuccessful. The cause for this failure was 
in some cases the inability to immobilize 
cells with the cell -holding device. In other 
cases trapped cells disintegrated before 
they could be punctured. It cannot be ex- 

cluded that these properties were related to 

cell viability. 
The concentration of Na and K in cell 

water was determined after incubation of 

isolated oxyntic cells in solution with ionic 
composition similar to that of frog plasma. 
The Na content in isolated cells was 44 

mEq per liter of cell water and corre- 
sponded closely to an estimate for intact 
frog mucosa, while the K content was lower 
than the estimate for intact frog mucosa (67 

and 87 mEq per liter of cell water respec- 
tively). This difference might be accounted 
for by loss of viability and leakiness of iso- 

lated cells. However a more likely explana- 
tion is the high proportion of oxyntic cells 

in cell suspensions, assuming that K con- 

centration is lower in oxyntic cells than in 

surface cells. In fact, this has been consid- 
ered to be the case' 4 in that the amphibian 
mucosa is thought to have a high Na, rela- 
tively low K cell (oxyntic cell), and a high 
K, low Na cell (surface cell). Our data 
would support this view. In this regard it 

would be of interest to determine the elec- 
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trolyte content of isolated surface cell sus- 

pensions. With the present technique only 

70% of isolated surface cells were viable 
and, therefore, determination of their 
electrolyte content was not attempted. 

Respiration rate of isolated Necturus 
cells was in the range of 0.4 microatoms per 
mg of protein per hr. This value is slightly 
higher than rates found for isolated toad 
bladder" and lower than values for iso- 

lated cells of mammalian stomach" and 
liver.' 6 Respiration rate of isolated cells 
was significantly higher than the rate in in- 
tact stomach. Similar differences have 
previously been reported for isolated cells 
and intact tissue of toad bladder.'" 

High respiration rates are often used as 
evidence against cell damage. 7, 9' '' 14' 19 

It is, however, conceivable that cell damage 
may partially uncouple mitochondrial phos- 
phorylation and hence increase respiration 
rate. In this case, an uncoupler of respira- 
tion such as dinitrophenol would be less ef- 
fective on isolated cells than on intact tis- 
sue. In this study, dinitrophenol increased 

rate of isolated cells more than 
the rate of intact tissue. A likely explana- 
tion for this observation is the high propor- 
tion of oxyntic cells and the absence of met- 
abolically inactive connective tissue from 
cell suspensions. The high proportion of 
oxyn',,ic cells and their high mitochondrial 
content would also explain the high rate of 
respiration observed in cell suspensions as 
compared to intact tissue. This effect might 
be so pronounced that it could mask reduc- 
tion of the respiratory rate by cell damage. 

By far the simplest viability test was the 
dye exclusion technique with eosin. Al- 
though this test only measures passive prop- 
erty of the cell membrane which might 
persist after cell damage, it is a reliable 
screening procedure and allows immedi- 
ate assessment of the quality of a cell prep- 
aration. 

While no one property is sufficient evi- 
dence for viability of isolated cells, the re- 
sults obtained in multiple viability tests 
measuring both properties of the cell mem- 
brane and metabolic activity of the cyto- 
plasm indicate that the pronase method is 
adequate for isolation of viable gastric mu- 

cosal cells. Moreover, this method leads to 
suspensions with a high proportion of oxyn- 
tic cells. The use of Necturus gastric mu- 
cosa allows easy cell identification and ma- 
nipulation of individual cells for direct 
experimentation. The data obtained for 
Necturus were sufficiently encouraging 
that similar methods were attempted in 
other species. In preliminary experiments 
equally good results were obtained with 
frog (Rana pipiens and catesbeiana), and 
promising results have been obtained with 
rat and guinea pig. The various tests ap- 
plied to this cell suspension show that with 
a multiplicity of tests, excellent short -term 
viability was obtained, which was the es- 
sential requirement for the studies planned 
with these cells. 
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Specific effect of acetylsalicylic acid on cation 
transport of isolated gastric mucosal cells 
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KOELZ, HANS R., JAN A. FISCHER, GEORGE SACHS, AND 
ANDRÉ L. BLUM. Specific effect of acetylsalicylic acid on 
cation transport of isolated gastric mucosal cells. Am. J. 
Physiol. 235(1): E16 -E21, 1978 or Am. J. Physiol.: Endocrinol. 
Metab. Gastrointest. Physiol. 4(1): E16 -E21, 1978. -To inves- 
tigate whether isolated cells from rat antral and fundic 
mucosa show active ion transport, the cellular uptake and 
efflux of Na +, K +, and Rb was measured. The effects of 
ouabain (OUA) and 2,4- dinitrophenol (DNP) were compared 
to the effect of acetylsalicylic acid (ASA), another inhibitor of 
active ion transport in vivo. OUA, DNP, and also ASA 
inhibited the uptake of K+ and Rb +. ASA plus OUA together 
were more effective than either agent given alone at a 
maximally effective concentration. ASA but not OUA was 
more effective at low pH than at neutral pH. The effect of ASA 
was not prevented by giving ASA together with prostaglan- 
dins of the E series (PGE,, PGE2, and 16,16 -dimethyl- PGE2). 
ASA, OUA, and DNP had no effect on efflux of K+ and Rb+ 
from the cells. OUA and DNP stimulated influx and inhibited 
efflux of Na +, whereas ASA had no effect on Na+ transport of 
the cells. Antral and fundic cells reacted similarly in all 
aspects of cation transport. We concluded that: 1) isolated 
mammalian gastric cells show active ion transport across 
their plasma membrane. The effects of OUA and DNP can be 
explained by inhibition of the Na + -K+ pump that regulates 
cellular Na+ and K+ content. 2) The ASA- induced inhibition 
of K+ uptake is not related to the Na + -K+ pump, and it is 
probably not due to inhibition of a prostaglandin synthetase. 
ASA entry into the cells may be necessary for its action. 

aspirin; ouabain; 2,4- dinitrophenol; indomethacin; prostaglan- 
dins; Na+ transport; K+ transport; Rb+ transport; rat gastric 
mucosa 

STUDIES ON ION FLUXES in intact epithelia are compli- 
cated by the presence of both paracellular and cellular 
pathways. Isolated cell preparations allow direct cellu- 
lar effect to be tested. In addition, active ion transport 
across the cell membrane appears to be a good index of 
cellular integrity. The tests that so far have been used 
to assess viability of isolated cells have shortcomings. 
For example, 02 consumption and hormone sensitivity 
may be observed in cell fragments, and potential differ- 
ence can only be determined in a few selected cells (3, 
4). 

In the present study, cation transport into and out of 
isolated gastric mucosal cells has been measured. This 
model lends itself to studying the effects of inhibitors of 
ion transport such as ouabain (OUA) and 2,4- dinitro- 
E16 

phenol (DNP). OUA (7, 11, 35) and DNP (30, 39) have 
been shown to inhibit gastric acid secretion. OUA 
inhibits active Na+ and K+ transport by rabbit antral 
mucosa (18). DNP increases the permeability of the 
intact gastric mucosa for protons, Na+ and K+ (30). 

In addition, it is of particular interest to investigate 
the cellular effects of agents known to disrupt the 
gastric mucosa (9). The most important of these agents 
is acetylsalicylic acid (ASA), which produces epithelial 
defects and ulcers in man (12) and animals (14) although 
under certain circumstances it may also protect the 
gastric mucosa (31). ASA inhibits gastric acid secretion 
(13, 20, 23, 24, 26), changes electrical resistance (26) and 
leads to electrical uncoupling of mucosal cells (32). It 
also increases cation permeability of the gastric mucosa 
(6, 8). In most of these instances, distinction was not 
made between effects on the plasma membrane and on 
paracellular pathways. 

MATERIALS 

Reagents were obtained from the following sources: 
pronase E (70,000 PUK /g), HEPES buffer, and choline 
chloride from Merck, Darmstadt, Germany; 2,4- dinitro- 
phenol (DNP, grade II), ouabain (OUA) and indometh- 
acin from Sigma, St. Louis, Mo.; acetylsalicylic acid 
(ASA) from Siegfried, Buchs, Switzerland; antifoam 
(SE -2) from Wacker Chemie GmbH, München, Ger- 
many. The radionuclides were purchased from Amer - 
sham, Buckinghamshire, England. The prostaglandins 
were a generous gift from Dr. A. Robert, The Upjohn 
Company, Kalamazoo, Michigan. 

METHODS 

Solutions. The incubation media were prepared on 
the day of the experiment. They were kept at a pH of 
7.4 (5.0 in some experiments indicated in the text) and 
continuously gassed with 02 /CO2 95/5 in siliconized 
vessels. All solutions contained, in millimoles per liter: 
NaH2PO4, 0.5; Na2HPO4, 1.0; NaCO3, 20; NaCl, 70; KC1, 

5.0 or RbCI, 5.0; glucose, 80; and HEPES, 50. Media 
buffered by HEPES proved to be superior in terms of 
cell survival (trypan blue test) to other media, such as 
Eagle's minimal essential medium and Krebs- Ringer 
bicarbonate solution. In addition to the above men- 
tioned substances, medium A contained 2 mM EDTA, 
2% bovine serum albumin, and 1% antifoam. Medium 

0363 -6100/78/0000- 0000$01.25 Copyright © 1978 the American Physiological Society 
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B contained CaCl2, 1 mM; MgC1, 1.5 mM; and 1% bovine 
serum albumin. Pronase solution contained medium A 

plus pronase 1,000 PUK /ml. 
Cell isolation procedure. A method modified from 

Lewin et al. (27) was used. In each experiment 10 rats 
of either sex weighing 150 -250 g were killed by a blow 
on the head. The stomach was removed, and its contents 
were flushed off with deionized water. Everted sacs 
were produced by setting ligatures at the pylorus, at the 
antral border, and at the proximal end of the corpus. 
Pronase solution was injected into the sacs, which were 
incubated in medium A at 37 °C for 30 min. The medium 
was discarded, and the sacs were incubated in fresh 
medium A at 37 °C for another 30 min. The medium now 
containing isolated cells was filtered through nylon 
stocking. The filtrate was washed twice in medium B 
without albumin. The resuspended cells were kept on 
ice. The sacs were then placed into an Erlenmeyer flask 
at room temperature. They were gently moved by a 
magnetic stirrer for 15 min. The medium was then 
processed as above. Fresh medium B was added to the 
sacs, which were incubated for two additional 30 -min 
periods; the isolated cells were washed as above. 

Assessment of cell viability. Samples of each individ- 
ual batch were examined microscopically after adding 
trypan blue solution (Table 1) (1% in Krebs -Ringer 
bicarbonate buffer). The percentage of cells excluding 
the dye was determined. Only batches containing less 
than 10% of colored cells were used for the experiments. 
Trypan blue exclusion was seen in more than 80% of the 
cells after a 60 -min exposure to the various agents used. 

Identification of parietal cells. Succinic dehydrogen- 
ase in parietal cells was identified as follows (4). A 
sample of isolated cells was smeared over a slide. Dried 
cells were covered with warm (45 °C) liquid casein agar. 
After cooling, the slide was transferred into a staining 
cuvette containing medium B with 1 mg /ml p- nitrote- 
trazolium blue, 20 mM NaC1, and 50 mM sodium 
succinate. Incubation at 37 °C lasted for 30 min. Parietal 
cells were identified by dark blue granules representing 
mitochondria. 

Measurement of ion uptake. Ion uptake was measured 
according to a technique described by Kondo et al. (25). 
A sample of the cell suspension (0.5 ml, corresponding 
to about 5 X 106 cells) was pipetted into a 50 -ml Erlen- 
meyer flask that contained 4.5 ml of incubation medium 

TABLE 1. Trypan blue exclusion before and after 
60 -min exposure to ASA, OUA, or DNP at pH 7.4 

Procedure 
Unstained Cells 

Antrum Corpus 

Before exposure 94.3 ± 2.5 93.7 ± 6.3 
After exposure 

Without additions 90.5 ± 7.9 89.2 ± 8.8 
ASA 88.2 ± 4.0 88.1 ± 7.6 
OUA 89.0 ± 4.3 89.6 ± 13.8 
DNP 84.5 ± 12.6 80.3 ± 15.9* 

Values are means ± SD% of 200 cells counted. Cell debris was 
counted as a cell stained by trypan blue. ASA, acetylsalicylic acid 
(10-2 M); OUA, ouabain (10 -3 M); DNP, 2,4- dinitrophenol (10 -3 
M) * P < 0.005 compared with values before exposure. Other 
differences are not significant (P > 0.05). 
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B and the agent(s) to be tested. In ASA experiments, 
the pH was previously adjusted to 7.4 (using NaOH 0.1 
N) or 5.0 (using HC1 0.1 N). The flasks were agitated at 
80 oscillations /min. Then the radioactive tracer (2 /Xi/ 
5 ml) was added. At different time intervals, samples 
(0.5 ml) of the cell suspension were removed and 
squirted into a conical glass centrifugation tube con- 
taining 20 ml of ice cold choline chloride solution ad- 
justed to pH 7.4. The tubes were immediately centri- 
fuged at 100 x g for 45 s. The supernatant was rapidly 
decanted, and the tubes were inverted for further drain- 
age. Cells were mixed with 10 ml of Bray solution. The 
radioactivity was measured using a beta -scintillation 
spectrometer (Unilux II, Nuclear Chicago). The specific 
activity of the probe ion was calculated by dividing the 
radioactivity in 0.1 ml incubation medium by the 
amount of the probe ion in that volume. The number of 
cells per volume incubation medium was determined 
using a Neubauer chamber for blood cell counting. Ion 
uptake into the cells was expressed in nanomoles per 
106 cells. 

Measurement of ion efflux. The cell suspension was 
loaded with radioactive tracer (2 µCi /ml) for 30 min at 
37 °C. The suspension was centrifuged at 1,000 x g for 
45 s. The sediment was washed twice by resuspending 
and centrifugation in 20 ml of incubation medium 
without tracer. A sample (0.5 ml) of the suspension 
containing preloaded cells was pipetted into an Erlen- 
meyer flask containing 4.5 ml of incubation media with 
the agent(s) to be tested. Additional procedures were 
the same as in ion uptake experiments. 

RESULTS 

Morphology of isolated cells. Ten rat stomachs 
yielded 86.4 ± 47.2 SD x 106 isolated antrum cells and 
278 ± 61 x 106 corpus cells. Antrum cell preparations 
contained 10.2 ± 5.3% SD, and corpus cell preparations 
contained 29.5 ± 3.7% parietal cells, respectively. 

Potassium uptake. ASA (10 -2 M), OUA (10 -3 M), and 
DNP (10 -3 M) inhibited K+ uptake (Fig. 1). The effect 
was significant within 1 -5 min after exposure to these 
agents. The effect of these compounds appeared to be on 
the K+ content of the cells and not on the half -time of 
uptake. The concentrations of the three agents used in 
these experiments were shown to be more effective than 
tenfold smaller concentrations, but not less effective 
than tenfold larger concentrations, respectively. 

Potassium efflux. ASA (10 -2 M), OUA (10 -3 M), and 
DNP (10 -3 M) did not affect 42K+ efflux (Fig. 2). The 
effect of these compounds in reducing the size of the 
exchangeable K+ compartment is due to inhibition of 
uptake in the face of a constant efflux. 

Rubidium uptake. ASA (10 -2 M), OUA (10 -3 M), and 
DNP (10 -3 M) inhibited Rb+ uptake (Fig. 3). ASA (10 -2) 

and OUA (10 -3) together were more effective than 
either agent alone (Fig. 4). The equilibrium value of 
Rb+ uptake was the same as that for K+ and the effect 
of each individual inhibitor was similar. 

Lowering the pH of the incubation medium from 7.4 

to 5.0 enhanced the effect of acetylsalicylic acid (10 -2 M) 

on corpus cells (Fig. 5). OUA did not share the increased 
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FIG. 2. Effect of acetylsalicylic acid (10 -2 M) (ASA), ouabain (10 -3 
M) (OUA), and dinitrophenol (10 -3 M) (DNP) on 42K efflux from 
isolated antrum and corpus cells. Each point represents mean ± SE 
of 3 experiments. There is no significant difference between control 
values and values in presence of ASA, OUA, or DNP. 
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FIG. 1. Inhibition of K uptake into iso- 

lated rat antrum and corpus cells by ace- 
tylsalicylic acid (10 -2 M) (ASA), ouabain 
(10 -3 M) (OUA), and dinitrophenol (10-3 

M) (DNP), respectively. pH of medium 
was adjusted to 7.4. Each point represents 
mean ± SE of 5 independent experiments. 
All values are significantly different from 

controls (P < 0.05 to < 0.001) except ASA 

at 1 min. 
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FIG. 4. Effect of ouabain (10 -3 M) (OUA) and ouabain (10 -3 M) 

together with acetylsalicylic acid (10 -2 M) (ASA) on Rb uptake in 

isolated corpus cells. Each point represents mean ± SE of 2 experi- 

ments. 

OUA 10 3 

DNP 103 

10 20 30 
min 

10 

inhibitory effect of ASA observed at a lower pH. This 
result suggests that at the lower pH, the probably 
increased intracellular ASA concentration results in 
additional actions of the drug. The prostaglandins 
[PGE, (1 µg /ml), PGE2 (1 -100 µg /ml) and 16,16 -di- 
methyl-PGE2 (0.1 -10 pg /ml)] did not affect Rb+ uptake 
both in the absence and in the presence of ASA (Fig. 6). 
Indomethacin (0.8, 8, and 80 µg /ml, respectively) had 
no effect (P = 0.5) on Rb+ uptake into corpus cells. This 
is evidence that inhibition of prostaglandin synthesis 

20 30 
min 

FIG. 3. Inhibition of Rb uptake into isolated an- 

trum and corpus cells at pH 7.4 by acetylsalicylic 
acid (10 -2 M) (ASA), ouabain (10 -3 M) (OUA), and 

dinitrophenol (10 -3 M) (DNP), respectively. Each 

point represents mean ± SE of 5 experiments. 
Differences from controls are significant (P < 0.05 

to < 0.001) for all points except 1 -min value of 

antrum cells in presence of ouabain. 

does not account for the ASA effect on Rb+ uptake. 
Rubidium efflux. ASA, OUA, and DNP did not affect 

Rb+ efflux from antrum and corpus cells previously 
loaded with 86Rb+ (Fig. 7). 

Sodium uptake. In both antrum and corpus cells 

sodium uptake (Fig. 8) was increased in the presence of 

OUA (10 -3 M) or DNP (10 -3 M). ASA did not affect 

sodium uptake (P > 0.1). 
Sodium efflux. Sodium efflux (Fig. 9) was not influ- 

enced by ASA (10 -2 M), whereas OUA (10 -3 M) and 
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FIG. 5. Effect of acetylsalicylic acid (10 -2 M) 
(ASA) on Rb uptake into isolated corpus cells at pH 
7.4 and 5.0, respectively. Results of control experi- 
ments and aspirin experiments are represented as 
mean ± SE (3 experiments). Differences between 
aspirin at pH 7.4 and 5.0 are significant (P < 0.05 to 
< 0.005). In addition, figure shows result of 1 exper- 
iment with ouabain (10 -a M) (OUA) at pH 7.4 and 
5.0. 

o 10 

FIG. 6. Effect of prostaglandins on Rb uptake into isolated corpus 
cells. Prostaglandins were given alone or together with acetylsali- 
cylic acid (10 -2 M) (ASA). Each point represents mean ± SE of 3 
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FIG. 7. Effect of acetylsalicylic acid (10 -2 M) (ASA), ouabain (10 -3 

M) (OUA), and dinitrophenol (10 -3 M) (DNP) on 86Rb efflux from 
isolated antrum and corpus cells. Each point represents mean ± SE 
of 3 -4 experiments. There is no significant difference between 
controls and values in presence of ASA, OUA, or DNP. 

DNP (10 -3 M) reduced the 22Na+ efflux (P < 0.025 and 
< 0.005, respectively). 

DISCUSSION 

In the present study, cation transport of isolated 
gastric mucosal cells was measured. In contrast to the 
intact mucosa, this preparation allows a direct assess- 
ment of ion movement across the plasma membrane 
because paracellular transport is excluded. The cations 

30 60 0 
min 

10 60 
171111 

experiments. PGE,, prostaglandin E, (1 µg /m1); PGE2f prostaglan- 
din E2 (10 .ng /ml); 16,16- dPGE2, 16,16 -dimethyl prostaglandin E2 (1 
µg /ml). 

chosen were Na +, K +, and Rb +. The similarity of the 
gastric mucosal handling of K+ and Rb+ (22) was again 
confirmed (Figs. 1 -3 and 7). 

Antrum and corpus were examined because the intact 
mucosa of these two tissues shows different handling of 
ions and a different response to compounds such as 
salicylates that affect ion permeability (17, 18, 24). In 
the present study, isolated cells from antrum and corpus 
were markedly similar with respect to ion transport 
(Figures 1 -3, 5, and 7 -9). 

ASA, DNP, and OUA have qualitatively similar 
actions on K+ and Rb+ movements in isolated gastric 
cells but qualitatively different actions on Na +. K+ and 
Rb+ uptake into isolated gastric cells are inhibited by 
ASA, DNP, and OUA (Figs. 1 and 3), whereas K+ and 
Rb+ efflux are not affected by any one of these agents 
(Figs. 2 and 7). ASA does not affect Na+ transport across 
the plasma membrane. The effect of OUA and DNP on 
Na+ efflux can be explained by direct inhibition of the 
Na+ pump or by reduction of the energy supply, respec- 
tively. The onset of the action is evident already at the 
first sampling time, i.e., after 5 min of exposure. These 
data suggest that the Na +- K +- ATPase is the major 
mechanism for Na+ and K+ regulation in the gastric 
mucosa. OUA or DNP may have an additional effect to 
their inhibition of the Na+ pump because Na+ efflux is 
more affected by DNP than by OUA, whereas the rise 
of Na+ uptake is higher in the presence of OUA. 
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FIG. 9. Effect of acetylsalicylic acid (10 -2 M) (ASA), ouabain (10 -3 
M) (OUA), and dinitrophenol (10 -3 M) (DNP) on 22Na efflux from 
isolated antrum and corpus cells. Each point represents mean ± SE 
of 3 -5 experiments. Effect of OUA and DNP is significant (P < 0.05 
to < 0.005) for each value. ASA values are not different from controls 
(P = 0.05). 

The isotopic equilibrium in Na+ uptake experiments 
exceeds the control values by about 4 times with OUA 
and by 2 times with DNP due to similar expansions of 
the exchangeable cellular Na + compartment. This indi- 
cates that isolated cells are able to maintain ion regu- 
lation. The relatively small amount of expansion is 
compatible with the previous observation that the gas- 
tric mucosa has a relatively high Na+ content (4, 7, 10). 

The uptake of K+ and Rb+ is strongly inhibited by 
OUA, DNP, and also by ASA. As in Na + experiments, 
the effect of OUA and DNP can be explained by direct 
and indirect inhibition of the Na +- K +- ATPase. The 
effect of ASA appears to be due to a different mecha- 
nism. Although ASA, like DNP, is known to uncouple 
oxidative phosphorylation (5, 21), this mechanism of 
action is unlikely in isolated gastric cells because ASA 
does not share the effect of DNP and OUA on Na+ 
transport. Furthermore, the effect of ASA is additive to 
the effect of OUA when both agents are given at 
maximally effective concentrations (Fig. 4). Because 
ASA does not affect K+ and Rb+ efflux, it does not exert 
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Adenyl cyclase activity of Necturus gastric mucosa was determined by measuring 
the amount of radioactive adenosine 3',5'- cyclic monophosphate formed from 3H- 
labeled adenosine triphosphate. Histamine, pentagastrin, and fluoride added in vitro 
significantly increased fundic adenyl cyclase activity. The dose response curves show 
that the affinity of pentagastrin for adenyl cyclase is greater than that of histamine, 
whereas the peak response to pentagastrin is less than that to histamine. Additive 
stimulation was not obtained when maximal doses of pentagastrin and histamine were 
combined. These findings suggest that gastric mucosa contains a single adenyl cyclase 
unit which is coupled to distinctive selectivity sites for gastrin and histamine. N -Ben- 
zyl- 3- pyrrolidyl acetate methobromide (AHR -602), the muscarinic compound, caused 
a significant reduction in adenyl cyclase activity, indicating a different mechanism of 
stimulation of gastric acid secretion for cholinergic muscarinic compounds. 

Adenosine 3' ,5'-cyclic monophosphate 
(cyclic 3',5' -AMP) provokes acid secretion 
in isolated amphibian gastric mucosa (1, 2). 
Cyclic 3',5' -AMP is formed from ATP in 
the reaction catalyzed by adenyl cyclase, 
and recent investigations (1, 2) indicate 
that methylxanthine derivatives such as 
theophylline stimulate gastric acid secretion 
by inhibiting phosphodiesterase which cata- 
lyzes hydrolysis of the 3'- bond of cyclic 
3',5' -AMP. The basic question arises as to 
whether the effects of other gastric secreta- 
gogues are mediated via cyclic 3',5' -AMP. 
The objective of the present work was to 
determine the effect of a variety of gastric 
secretagogues and fluoride on adenyl cyclase 
activity in Necturus gastric mucosa. 

MATERIALS AND METHODS 

The gastric mucosae from Necturus maculosus 
(common name: mudpuppy) were stripped of 
outer muscularis mucosa and the fundic mucosal 
membranes were minced and homogenized with a 

' This study was supported by the National 
Institutes of Health, Grants AM- 08541, AM -09260 
and TIAM -5286, and the National Science Founda- 
tion, Grant GB -8351. 

motor -driven Teflon pestle (A. H. Thomas) in cold 
0.2 M sucrose (10:1, v /w). The crude homogenate 
was centrifuged at 3,000 g for 10 min. The super- 
natant was then centrifuged at 10,000 g for 20 min 
to obtain a crude mitochondrial fraction and the 
supernatant decanted; the particles were sus- 
pended in distilled water and protein concentra- 
tion determined by the procedure of Lowry et al. 
(3). The crude mitochondrial fractions of many 
tissues have been shown to contain significant 
adenyl cyclase activity (4-6). These results do not 
imply, however, that adenyl cyclase is mitochon- 
drial, since the mitochondrial fractions may well 
contain membrane fragments (7). 

The amount of °H-labeled cyclic 3',5' -AMP 
formed was measured by a modification of the 
method of Krishna et al. (4). One -fifth milliliter 
aliquots of the particular fraction were incubated 
at 37° for various times in a total volume of 0.6 ml 
with Tris -HCl buffer, pH 7.4 (3 X 10-2 m); MgSO4 

(3 X 10-3 M) ; theophylline (10-2 M) ; ATP (1.6 X 
10-3 m); 3H -ATP (New England Nuclear, 1.8 X 10 -6 

M). The final specific activity of °H-ATP was 16 

ACi /µmole. Additions of histamine, pentagastrin, 
N- benzyl- 3- pyrrolidyl acetate methobromide 
(AHR -602), and NaF were as indicated. The reac- 
tions were terminated by the addition of 0.1 ml 

(0.5 mg) of unlabeled cyclic 3',5' -AMP, and by 
placing the tubes in boiling water for 3 min. After 
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FIG. 1. Chromatographic separation of ATP, 
ADP, cyclic 3',5' -AMP, and 5' -AMP on Dowex 
50 -H+ (50W -X2, 200 -400 mesh) columns (1.6 X 2.0 
cm). Each compound (0.5 mg) was added to the 
incubation medium for adenyl cyclase assay which 
consisted of Tris -HCI, pH 7.4 (3 X 10-2 M), MgSO4 
(3 X 10-3 M), and theophylline (10-2 M). Columns 
were eluted with distilled water and 2 -ml fractions 
were collected. The absorbance at 260 mµ was 
determined. 

centrifugation to remove the precipitate, the en- 
tire supernatant from each tube was chromato- 
graphed on Dowex 50 -H+ (J. T. Baker Chemical 
Co.; 50W -X2, 200 -400 mesh) columns (1.6 X 2.0 
cm), prepared by pipetting 4 ml of a 50% (w /v) 
suspension of the resin into columns and washing 
with water. The column was eluted with water and 
2 -ml fractions were collected. Approximately 45% 
of cyclic 3',5' -AMP was recovered in the sixth 
fraction (Fig. 1). Nucleotides other than cyclic 
3', 5' -AMP were precipitated twice with 0.2 ml each 
of 0.25 M ZnSO4 and 0.25 M Ba(OH)2 as described 
by Krishna et al. (4). The supernatant solation 
(0.5 ml) was added to 15 ml of a 1,4- dioxane me- 
dium containg 70 g /l. naphthalene, 7 g /l. 2,5 -di- 
phenyloxazole (PPO), and 0.05 g /1. POPOP- 1,4 -bis- 
2- (5- phenyloxazolyl)- benzene, and then counted 
for 'H- labeled cyclic 3',5' -AMP in a Beck- 
man liquid scintillation counter. The results were 
expressed as pmoles cyclic 3',5' -AMP produced 
per milligram protein. The statistical significance 
of results was evaluated by application of t test for 
paired samples. 

RESULTS 

Figure 2 illustrates the effect of duration 
of incubation on the formation of cyclic 
3', 5' -AMP by crude mitochondrial fraction 
from Necturus gastric mucosa with or with- 
out gastric secretagogues. The amount of 
cyclic 3',5' -AMP measured progressively 
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FIG. 2. The effect of 10-3 M histamine, 5.0 X 

10 -6 M pentagastrin, and 1.6 X 10-4 M AHR -602 on 

the formation of cyclic 3',5' -AMP by adenyl 
cyclase in Necturus gastric mucosa. Each point 

represents the mean of five experiments. Vertical 
bars indicate SE of the mean. 
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FIG. 3. Dose response curves for adenyl cyclase 

activity in response to pentagastrin (PG), hista- 
mine (HA), and AHR -602. Incubations were car- 

ried out at 37° for 20 min. Each point represents 
the mean of three to five experiments. 

increased with the time of incubation for 5- 

20 min. 
As can be seen from Fig. 2, adenyl cyclase 

activity was significantly increased by 10-'1[ 
histamine (p < 0.05 when compared with 

control at 20 min), and to a lesser extent b 
5.0 X 10-e M pentagastrin (p < 0.05 com- 

pared with control at 15 and 20 min). The 

amounts of cyclic 3',5' -AMP formed at 15 

and 20 min with 1.6 X 10-4m AHR -602 were 
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ADENYL CYCLASE IN GASTRIC MUCOSA 

TABLE I 

THE COMBINED EFFECTS OF MAXIMAL DOSES OF 

PENTAGASTRIN AND HISTAMINE ON ADENYL 

CYCLASE ACTIVITY IN Necturus GASTRIC MUCOSA 

Secretagogue 

Adenyl cyclase 
activity' 

(% 
increase from 
control) 

Pentagastrin (10-6 M) 

Histamine (10-3 M) 

Pentagastrin (10-5 M) -(- Hista- 
min (10-a M) 

60.8 t 14.0 
93.4 t 18.8 
94.5 f 18.9 

a Values are mean ± SEM for five separate 
analyses. Incubations were carried out at 37° for 
20 min. 
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20 

FIG. 4. The effect of 10 -2 Ni sodium fluoride on 
the formation of cyclic 3',5' -AMP by adenyl cy- 
clase in Necturus gastric mucosa. Each point rep- 
resents the mean of five experiments. Vertical bars 
indicate SE of the mean. 

significantly less than those without AHR - 
602 (p < 0.05). 

Figure 3 shows dose response curves for 
pentagastrin, histamine, and AHR -602. The 
peak responses were obtained with concen- 
trations of about 1.0 X 10-e M pentagastrin, 
1.0 X 10 -3 M histamine, and 1.6 X 10-4 Al 
AHR -602. The cyclase activation by com- 
binations of maximal doses of pentagastrin 
and histamine was not significantly different 
from that by maximal doses of histamine 
given singly (Table I, p > 0.05). 

As shown in Fig. 4, 10 -s M NaF had a 
marked stimulatory effect on adenyl cyclase 
activity during incubation periods varying 
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from 15 to 20 min (p < 0.05 when compared 
with control). 

DISCUSSION 

Recently Perrier and Laster (8) have re- 
ported that histamine and its analogs, beta - 
zole and aminoethyltriazole, and prostag 
landins stimulate adenyl cyclase in guinea 
pig gastric mucosa three- to four -fold, and 
that choline esters and gastrin have no 
effect. They concluded that their observa- 
tions might support the hypothesis that his- 
tamine is, or is related to, the final common 
stimulus for gastric acid secretion. The re- 
sults of the present study, however, show 
that, in Necturus gastric mucosa, fundic 
adenyl cyclase is activated by histamine, 
pentagastrin and fluoride, and inhibited by 
AHR -602, the cholinergic muscarinic com- 
pound. Since many peptide hormones do not 
appear to affect phosphodiesterase (9), the 
results presented suggest that both hista- 
mine and pentagastrin may increase the 
intracellular level of cyclic 3', 5' -AMP. How- 
ever, in previous studies in vitro, some differ- 
ences were observed between the effects of 
pentagastrin and theophyline (2). Further- 
more, resting Necturus gastric mucosa is 
relatively refractory to a large amount of 
histamine -requiring 10-3 M for maximal 
acid response of approximately 0.6 ,zEq /hr 
cm2 -a response which is significantly less 
than that to pentagastrin (10). Since com- 
binations of maximal doses of pentagastrin 
and histamine do not produce additive 
effects on adenyl cyclase activity, it is tenta- 
tively concluded that gastric mucosa con- 
tains a single adenyl cyclase unit which is 
coupled to distinctive selectivity sites for 
pentagastrin and histamine. 

While fluoride was the most potent stimu- 
lant of adenyl cyclase activity in gastric 
mucosa, as also reported in other tissues (11), 
it failed to evoke acid secretion in Necturus 
gastric mucosa in vitro, possibly because of 
its cytotoxic effect. Similarly, prostaglandin, 
which stimulates gastric adenyl cyclase (8), 
apparently inhibits gastric acid secretion in 
vitro (12). Fluoride has also been shown to 
inhibit (Na+ K +)- ATPase activity from 
stomach and heart (13), brain (14), and 
erythrocytes (15). Schramm and Naim (16) 
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postulate that fluoride and Mgt+ form a 
complex with the specific inhibitors of adenyl 
cyclase so that the inhibition is largely abol- 
ished. It should also be noted that fluoride 
does not increase cyclic 3',5' -AMP concen- 
trations in thyroid slices despite the fact 
that it ènhances thyroid adenyl cyclase ac- 
tivity (17). 

It is of special interest that AHR -602 
caused a significant inhibition of adenyl 
cyclase activity in Necturus gastric mucosa. 
The muscarinic compounds, therefore, stim- 
ulate acid secretion in vitro (10) by a mecha- 
nism which is unrelated to activation of 
adenyl cyclase, and is highly susceptible to 
atropine. Similar effects of cholinergie com- 
pounds have been observed by Murad et al. 
(18) who demonstrated that acetylcholine, 
carbachol and acetyl- ß- methylcholine in- 
hibit cardiac adenyl cyclase and that atro- 
pine prevents the inhibitory effect of carba- 
chol. If acid secretion is mediated by cyclic 
3',5' -AMP, then the gastric secretagogues 
will either stimulate adenyl cyclase or in- 
hibit phosphodiesterase. The effect of mus- 
carinic compounds on phosphodiesterase ac- 
tivity remains to be established. It has been 
shown, however, that carbachol does not in- 
crease the concentrations of cyclic 3',5'- 
AMP in thyroid slices (17) and that acetyl- 
choline, which stimulates glucose oxidation, 
phospholipid synthesis, and phosphorylase 
activity (19, 20), does not activate adenyl 
cyclase in thyroid (21). Thus it seems prob- 
able that the muscarinic compounds may 
exert similar metabolic effects on gastric 
mucosa by a mechanism unrelated to con- 
centrations of cyclic 3',5' -AMP. In the 
light of these findings, it appears reasonable 
to question whether the effects of all gastric 
secretagogues are mediated solely by the 
adenyl cyclase- cyclic 3' ,5'-AMP system. 
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Adenyl and guanyl cyclase in rabbit gastric mucosa 
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SUNG, C. P., B. C. JENKINS, L. RACEY BuRNs, V. HACKNEY, J. G. 

SPENNEY, G. SACHS, AND V. D. WIEBELHAUS. Adenyl and guanyl 

cyclase in rabbit gastric mucosa. Am. J. Physiol. 225(6): 1359 -1363. 
1973. -The adenyl cyclase present in rabbit gastric mucosa is 

stimulated by histamine and fluoride when derived from the fundic 
area, but from the antral area histamine does not affect the ac- 
tivity of the enzyme. Burimamide inhibits the histamine- stimulated 
component, as does Mn. Of the various histamine analogs 
tested, those which stimulate adenyl cyclase also stimulate secre- 
tion. Guanyl cyclase activity is not affected by any of the hormones 
tested, and antrum has a higher specific activity than fundus. 

cyclic AMP; gastric secretion; cyclic GMP; histamine; antihista- 
mine; burimamide 

IN RECENT YEARS controversy of 
3',5'- cyclic AMP in the stimulation of acid secretion. In 
Amphibia, acid secretion is stimulated by cAMP and phos- 
phodiesterase inhibitors (4, 11). In support of this observa- 
tion an adenyl cyclase stimulated by histamine has been de- 
scribed in amphibian gastric mucosa (10). Gastric mucosal 
cAMP levels are, however, not increased during histamine - 
stimulated acid secretion (unpublished observation). With 
this latter exception the evidence warrants the conclusion 
that in Amphibia cAMP plays the role of second messenger 
in the acid secretory response. 

Since the gastric stimulatory hormones are not species 
specific the role of cAMP in gastric secretory activity would 
be anticipated to be general. Accordingly, in both dog and 
man, cAMP levels in both gastric mucosa and gastric juice 
increase prior to the onset of acid secretion (1). In man the 
methyl xanthines stimulate acid secretion, but in dog neither 
the methyl xanthines nor injection of cAMP are effective 
(6). While it has been claimed that guinea pig gastric mu- 
cosa contains a histamine -sensitive adenyl cyclase, the pres- 
ence of histamine -sensitive enzyme in the dog has been 
denied. Thus while evidence for involvement of cAMP in 
amphibian gastric secretion is compelling, the conclusion 
that cAMP is involved in mammalian gastric secretion is 
not widely accepted. 

To further investigate the role of cAMP in mammalian 
gastric secretion we have studied an adenyl cylase in rabbit 
gastric mucosa. This enzyme was found to be stimulated by 
histamine and a variety of its analogues which also stimulate 
gastric secretion. Guanyl cyclase, while present in the tissue, 
was insensitive to any of the hormones tested. 

METHODS 

Preparation of Homogenate 

We have used only fresh mucosae obtained from rabbits 
killed by cervical dislocation. The stomach was immediately 
removed and washed with ice -cold buffer. The mucosa was 
scraped off after blotting, and the scrapings homogenized 
in 5 volumes of ice -cold 50 mM Tris -Cl pH 7.6 containing 10 
mM EDTA. The homogenate was centrifuged at 2,000 g for 
15 min and the pellet washed once and resuspended in 15- 
18 ml of medium, giving a protein concentration of 20 -25 
mg /ml. This suspension was used immediately. 

Adenyl Cyclase Assay 

Of this suspension, 20 Al were incubated in the presence 
of 50 mM Tris -Cl buffer, pH 7.8, 10 mM phosphoenol pyru- 
vate, µg pyruvate MgC12 , bovine 
serum albumin, 10 mM theophylline, 2 mM cAMP, 1 mM 
ATP containing 1µc ATP 14C, 40 mM KC1 ± 10 mM NaF, 
± 1 mM histamine or other additive where noted, in a final 
volume of 100 Al. The incubation temperature was 37 C and 
the time of incubation was for 10 min. 

Boiled controls were obtained by heating for 5 min at 100 
C prior to the addition of isotope. 

The reaction was stopped either by heating to 100 C for 
5 min or by the addition of an equal volume of ice -cold 
10 % TCA. In the instances where TCA was used, the 
samples were centrifuged and the supernatants were ex- 
tracted twice in 3 ml ether to remove TCA. Residual ether 
was removed by blowing a gentle stream or air of N2 over the 
samples. 

The samples were placed on an ice bath and 10 Al of 0.3 
N Ba(OH)2 and 10 Al of 0.3 N ZnSO4 added to each. After 
standing for 15 min the samples were centrifuged 5 min in a 
Beckman microfuge. A further addition of 10 Al Ba(OH)2 
and 10 Al ZnSO4 was followed by a second centrifugation; 
20 Al of the supernatant were spotted on Eastman Kodak 
no. 6065 thin -layer chromatography sheets. 

The system was developed in a solvent consisting of 100 

ml n- butanol, 50 ml acetone, 20 ml glacial acetic acid, 30 ml 

5 % NH4OH, and 20 ml H2O. 
After 2 hr the chromatogram was removed, dried, and the 

spots corresponding to 3',5' -cAMP cut out, put in Aquasol 

scintillation fluid, and counted in a Beckman SC 100 liquid 

scintillation counter. The recovery of cAMP, checked by 

measuring the OD at 260 nm and by recovery of labeled 

cAMP, was in excess of 90 %. 
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Guanyl Cyclase Assay 

This was measured by a technique similar to adenyl 
cyclase. The 100,000 g X 60 min supernatant was used, 
Mn ++ substituted for Mg ++ and GTP for ATP in the incu- 
bation. No Ba + + /Zn ++ precipitation was carried out since 
this removes cGMP. 

Results are expressed as mµmoles cAMP or cGMP formed 
mg-1 hr r. The protein was measured by the Lowry method 
(8). 

RESULTS 

Validation of Technique 

Constancy of ATP level. One of the potential problems in 
this type of assay is depletion of ATP due to activity of a 
variety of ATPases. Accordingly, ATP was measured by a 
microfluorimetric procedure (7) at various incubation 
times. ATP levels were maintained for a 10 -min period; 
hence this was the incubation time chosen (Table I). The 
effect of F- and a regenerating system in maintaining ATP 
levels was noteworthy. 

Thin -layer chromatography. A potential source of error with 
this technique results from count contamination from ad- 
jacent spots. AMP is well separated from cyclic AMP. A 
spot with an RF slightly more than cAMP was noted; the 
counts in this spot were significantly decreased by the pres- 
ence of F -. Care had to be taken, therefore, to run the 
chromatogram to within 1 cm of the top to allow separation 
of this spot. The spot was cut out and identified as inosine 
by UV spectroscopy and cochromatography with authentic 
inosine in two other solvent systems. Inosine production has 
also been established in toad bladder (3). To verify the 
adequacy of our separation technique autoradiograms of 
the chromatography sheets were carried out. Figure 1 shows 
the effect of Ba + + /Zn ++ precipitation, as well as the effect of 
F -. The lack of contamination of the cAMP spot is quite 
evident. 

TABLE 1. ATP level during incubation in adenyl cyclase 
activity assay 

Incubation 
Time, Boiled enzyme Control min (blank) level 

Total ATP Remaining in Incubation Medium, mm 

Histamine 
level NaF level Nonregener- 

ating system 

0 0.81 0.91 0.76 0.78 0.75 
2 0.72 0.58 0.68 0.83 0.33 
4 0.49 0.54 0.64 0.69 0.21 
6 0.72 0.93 0.71 0.83 0.09 
8 0.65 0.83 0.76 0.93 0.05 

10 0.97 1.15 1.12 0.99 0.04 
15 1.09 0.40 0.51 1.09 0.02 
20 0.84 0.16 0.13 0.77 0.04 
30 0.45 0.14 0.15 0.46 0.04 

The general adenyl cyclase assay as mentioned in METHODS was 
used except that no radioactivity was present in 1 mu ATP. 10 -µ1 
samples were taken at different incubation times and boiled to ter- 
minate the reaction. ATP level was then assayed using the following 
reaction by measuring TPNH formation (7) : 

ATP + glucose hexose kinase ADP + G -6 -P; 

and G -6 -P + TPN+ G- 6- P- dehydrogenase 
6 P gluconolactone + 

TPNH H. 

SUNG ET AI, 

Effect of time of incubation, protein concentration. The produc. 
tion of cAMP or cGMP was linear with time up to 10 min 
of incubation, and was linear with protein concentration up 
to a value of 4 mg /ml final concentration (Fig. 2). 

Effect of F` 
Fluoride appears to be an almost universal stimulant of 

adenyl cyclase activity (13). The adenyl cyclase of rabbit 
gastric mucosa is no exception. Table 2 shows that the pres- 
ence of F- activates the adenyl cyclase of both fundic and 
antral mucosa between 5- to 10 -fold. 

Effect of Histamine 

The addition of 1 mm histamine to the incubation medium 
results in a two- to fivefold stimulation of adenyl cyclase 

BEFORE AFTER 

FIG. 1. Autoradiogram of TLC plate showing separation of nucleo- 
tides in a control and fluoride -stimulated sample before and after 

Ba + + /Zn ++ precipitation. Increased cAMP formed in presence of F- is 

clearly evident as is removal of other nucleotides by Ba + + /Zn ++ pre- 
cipitation. Diminution in cAMP spot following precipitation is due to 

dilution of sample with the Ba(OH)2 and Zn(OH)2. Spots visualized 
are: 1, ATP; 2, ADP; 3, AMP; 4, cAMP; and 5, adenosine. 

.o 

E 
ó 

50 

É n 

150 

loo 

0 10 20 30 40 200 400 600 
TIME (min ) PROTEIN CONC. (pg) 

FIG. 2. A: effect of time of incubation on cAMP formation (382 µg 

protein). B: effect of protein concentration (µg /100 Al) on cAMP for- 

mation. 
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ADENYL AND GUANYL CYCLASE IN RABBIT GASTRIC MUCOSA 

activity. This stimulation occurs in fundic mucosa, but not 

antral mucosa (Table 2). Moreover, the effect is dose re- 

sponsive, as shown in Fig. 3. At very high histamine (10 -1 M) 

there is an inhibition showing only 60 % of control activity. 

Eject of pH 

Studies of adenyl cyclase activity at various pHs revealed 
an optimum for both basal and histamine -stimulated ac- 

tivity at pH 7.8 (Fig. 4). The peaks of basal and histamine - 
stimulated activity are broad, but the increment due to 

histamine stimulation is clearly greater at pH 7.8 than at pH 
5 or 9 (100 versus 35 and 65 pmoles /tube per 10 min, 
respectively). 

TABLE 2. Adenyl cyclase levels in tissue (mucosa) 

Fundic Antral 

mµmoles mgrr hrr, 

Control 0.73 ± 0.21 0.41 ± 0.18 
Histamine, 10 -3 M 2.04 + 0.33 0.36 ± 0.14 
Fluoride, 10 

-' 3.55 ± 0.31 1.20 ± 0.35 
Fluoride + histamine 3.44 ± .40 1.16 ± 0.29 

For fundic mucosa each value is the mean of 10 experiments ± 
so, and from antrum each value is the mean of 3 experiments ± SD. 

5 4 3 2 

HISTAMINE CONCENTRATION [ -log (molar)] 

FIG. 3. Effect of varying concentrations of histamine ( -log M) on 
adenyl cyclase activity (expressed as percent control). 

150 

loo 

50 
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pH 

FIG. 4. pH optimum of adenyl cyclase activity. Assays were per- 
formed using 50 mM HEPES (N- 2- hydroxyethyl piperazine N' -2- 
ethanesulfonic acid) adjusted to the stated pH with NaOH. O --O 
indicates basal activity and X --X indicates activity in presence of 
113-111 histamine. 434 µg protein were used in each assay tube. 
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Effect of Histamine Analogues 

A variety of analogues of histamine were used to establish 
a correlation between gastric secretroy activity and adenyl 
cyclase activation. These data are summarized in Table 3. 
It can be seen that there is a very good correlation between 
effect in this assay and effect on gastric acid secretion. A 
dose -response curve for N- methyl and N, N'- dimethyl 
histamine was also run and the .Km's for N- methyl and 
N, N'- dimethyl histamine were not significantly different 
from the Km for histamine. 

Effect of Antihistamines 

Two analogues of histamine were chosen for this aspect of 
the work, an anti H1 and an anti: H2 compound. Ho -type 
histamine receptors are responsible, for example, for blood 
vessel responses, ileal contraction, etc., whereas Ha -typé 
receptors are responsible for myometrial contraction of 
gastric secretion. Butyl methyl thioureaimidazole (buri- 
mamide) is the prototype anti H2 compound (2) and di- 
phenylhydramine and mepyramine maleate were used as 
anti H1 compounds. 

Both compounds inhibited the histamine stimulation of 
adenyl cyclase activity (Table 4) but diphenylhydramine 
also blocked F- stimulation, whereas burimamide and 
mepyramine did not. The action of H1 and H2 compounds 
thus overlapped. 

Effect of Mn ++ 

Mn ++ has been used to inhibit spontaneous acid secretion 
in frog gastric mucosa (15). As shown in Table 4, Mn ++ 

TABLE 3. Effect of histamine analogs on adenyl cyclase 

Compound Gastric 
Secretion 

Adenyl 
Cyclase, 

% of Control 

Control None 100 
Histamine +++ 342 
N- methyl histamine + ++ 288 
N,N- dimethyl histamine + ++ 253 
4- methyl histamine +++ 301 

2- methyl histamine ++ 230 
3- (2'- aminoethyl) -1,2,4- triazole ++ 234 
3 -(2'- aminoethyl) -pyraz ole* { 142 

2- amino -4- aminoethyl thiazole ++ 192 

2- aminoethyl pyridine F 137 

N -tert -butyl histamine + 115 

3- methyl histamine F 85 

N- acetyl histamine* { 123 

4 -(2 methyl -2 -amino propionyl)- imidazole 89 

Histidine 103 

Imidazole 4- acetic acid* 93 

2- methyl -4 -amino methyl imidazole 105 

4- chloroethyl imidazole 102 

4-hydroxyethyl imidazole 102 

4- thioamido ethyl imidazole 74 

4- (2'- aminoethyl) -1, 2, 3- triazole 102 

The compounds were tested at a final concentration of 10 -3 M in 

the standard adenyl cyclase system. The adenyl cyclase data are 
means of two experiments, expressed as percent of control. Gastric 
secretion data were obtained in the Shay rat or the conscious dog. 
+++ 10 -100% of histamine output (on a molar basis) ; +-I- 1 -10% 
of histamine output; + 0.1-1% of histamine output; -< 0.1% of 

histamine output. * Values taken from the literature (14). 
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inhibited the histamine stimulation at 5 mid. Interestingly, 
Mn ++ increased the F- activation. 

Effect of Gastrin and Urecholine 

Whereas under the described conditions the action of F- 
and histamine in stimulating adenyl cyclase activity was 
quite consistent, the action of pentagastrin was quite vari- 
able. In some instances, at a final concentration of 0.03 
mg /ml there was a 20 -50% stimulation, on others there 
was no effect. In the case of urecholine the same variability 
was found. 

Guanyl Cyclase 

Measurements of this activity were carried out both in 
fundus and antrum. Most of the activity was found in the 
supernatant fraction of the homogenate in both tissues. This 
enzyme was not stimulated by either histamine or fluoride 
(Table 5). 

DISCUSSION 

The adenyl cyclase of rabbit gastric mucosa has several 
properties which make it of interest with respect to acid 
secretion. 

a) It is dose responsive to histamine (three- to fivefold 
stimulation at 10 -3 M) when the enzyme is derived from 
fundic mucosa. Antral mucosal cyclase is not sensitive to 
histamine. We may conclude that the histamine -sensitive 
adenyl cyclase is a property of the tubular cell system (i.e., 
parietal or peptic cells). 

b) The comparison of the action of histamine agonists on 
adenyl cyclase and acid secretion shows a distinct correlation 

TABLE 4. Effect of histamine on basal and stimulated 
adenyl cyclase activity 

Assay Condition 

Antagonists 

None Burima- Diphenyl- Mepyra- 
mide, 

hydra- mine Mn+* 

10 -2 M 
mine, maleate, 5 X 10 -a M 
10-2 It 10-2 M 

Control 100 96 47 51 98 
Histamine, 10 -2 M 175 94 45 45 75 
Fluoride, 10 -2 M 245 251 104 185 470 

Results are expressed as percent of control with no antagonist 
addition. 

TABLE 5. Measurements of guanyl cyclase 

Fundus Antrum 

naµmotes mg-1 hrrl 

Control 1.62 5.73 
Histamine, 10 -3 M 1.62 6.70 
Pentagastrin, 10 -4 M 1.36 4.94 
Fluoride, 10 -2 M 1.52 5.79 

Each value is the mean of two experiments and is in the presence 
of Mn ++ only. 
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SHOEMAKER, R. L., G. M. MAKHLOUF, AND G. SACHS. Action 

of cholinergic drugs on Necturus gastric mucosa. Am. J. Physiol. 219(4): 
1056 -1060. 1970.- Acetylcholine or mecholyl has been shown to 
stimulate acid secretion in Necturus gastric mucosa. In addition, 
there is a transient increase in transmembrane potential (PD) 
dependent on the presence of Cl- in the serosal solution. Micro - 
electrode punctures of the surface epithelial cell indicate that this 
cell has at least one electromotive force and that cholinergic drugs 
increase the potential across the serosal membrane and decrease 
the potential across the mucosal membrane. This can be explained 
by assuming permeability changes at the serosal border and 
changes in Cl- transport across the mucosal side of the surface cell. 

potential difference; microelectrode; 02 consumption; H+ secre- 
tion; Cl - transport 

THE ISOLATED GASTRIC MUCOSA of the Necturus is normally ob- 
tained in the resting state but maintains its capacity to se- 
crete acid in response to stimulation by histamine, gastrin, 
and cholinergic compounds (13). This property permits 
the study of metabolic, secretory, and electrical changes that 
accompany the transition from the resting to the secreting 
state. In addition, the surface cells of the gastrointestinal 
tract in this species are large (ca. 80 µ in length) and thus 
accessible to exploration with microelectrodes. This study 
describes the characteristic changes in the fundus which 
follow stimulation with cholinergie compounds. 

METHODS 

Necturus gastric mucosa was mounted in an Ussing type 
chamber as previously described (11, 13). The following 
parameters were measured : acid secretion using a pH -stat, 
potential difference (PD), resistance and short circuit cur- 
rent (I.0). In some experiments 02 consumption was also 
measured in a Kel -F chamber by Clark oxygen electrodes 
(2). 

Standard serosal solutions contained, in millimoles per - 
liter: Na+ 100, K+ 4, Mg ++ 0.9, Ca ++ 1.6, C1 90, HPO4 1, 
HCO3 18, glucose 5, and mucosal solutions contained Na+ 
105, K+ 4, Cl- 109. For Cl- -free solutions, SO4 was sub- 
stituted for Cl-, and the osmotic deficit was made up by 
mannitol. For Na+ -free solutions, choline was substituted 
for Na +. The drugs used were added at the required con- 
centrations to the serosal solutions. All reagents were the 
highest purity available, dissolved in double -glass distilled 
water. 

Microelectrodes were pulled from cleaned glass capillary 
tubing 1.2 mm od using a Nastuk type puller (1, 8). They 
were filled by vacuum distillation in methanol and then 
equilibrated with water and then 3 M KC1. Tip diameter 
was less than 1 14, and tip resistance was between 5 and 20 
megohms. 

The electrical connection between the microelectrode 
and the measuring calomel electrode was by a 3 M KC1- 
agar bridge. In addition a saturated KCl bridge -calomel 
electrode was placed in the serosal and mucosal solutions. 
The three calomel electrodes were connected to a Keithley 
200B voltmeters, and the output of the voltmeters was re- 
corded on a multichannel recorder. The three channels re- 
corded the potentials from: 1) microelectrode (ME)- serosal 
solution calomel electrode; 2) microelectrode -mucosal 
calomel electrode; 3) transmembrane (mucosal -serosal). A 
current -sending device was placed in series with the micro - 
electrode lead so that the ME tip resistance could be esti- 
mated before, during, and after cell puncture; current (10 
µamps /cm2) was sent transmucosally by a current source 
connected to Ag /AgCI electrodes mounted in the mucosal 
and serosal sides of the chamber. The resistance from the 
microelectrode to calomel electrode was expressed as rela- 
tive resistance (5), i.e. (ME- serosa) + (ME- mucosa) = 
100 %. 

After withdrawal of the microelectrode, if the ME tip re- 
sistance had changed 20 % or the tip potential recorded from 
ME- serosa had changed 10 % compared to the reading be- 
fore the cell was punctured, that reading was not used and 
a new microelectrode was obtained. 

For an experiment using microelectrodes, the external 
muscle layers were stripped from the Necturus mucosa, and 
the mucosa was stretched on top of a tantalum screen sepa- 
rating the two halves of the chamber. Motion of the mucosa 
was reduced by maintaining the mucosal reservoir level 

about 5 cm higher than the serosal. Spontaneous motility 
was only rarely observed and could be readily suppressed 
by addition of adenine nucleotides. The mucosa was 
mounted in a chamber with the mucosal surface exposed 

and the microelectrode placed in the mucosal solution. Cir- 

culation on both sides was by a gas -lift system using 95 % 

02 and 5 % CO2. 
After the potential of the calomel electrodes was nulled to 

zero by use of a balancing voltage, one electrode was placed 

in the mucosal and the other electrode was placed in the 

serosal solution. The microelectrode tip was lowered, by use 

of a micromanipulator, into the mucosal fluid, and the tip 
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potentials between the microelectrode and calomel elec- 
trodes were nulled by balancing voltages. Then the tip of 
the microelectrode was lowered to the surface of the mucosa. 
Insertion of the microelectrode into the cell was under direct 
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FIG, 1. Experimental arrangement 
for microelectrode potential and resist - 

2 ance measurements for surface epithelial 
cell of Necturus gastric mucosa. Plexi- 
glas chamber contained 2 cm° active 
area. 

3 

microscopic observation using a Zeiss stereoscope, X 100 
magnification (9) (see Fig. 1). The criteria for determining 
when a cell was punctured were : visualization of the mucosal 
cell dimpling, sharp spike in potential, and a shift in relative 
resistance (increase in ME- mucosal relative resistance and a 
decrease in ME- serosal relative resistance). 

Several superficial and deep punctures were made and 
current sent to measure transmucosal resistance and the 
relative resistance of the mucosal and serosal membranes 
(5). In some experiments a microelectrode was inserted into 
a cell, and while maintained in the cell, acetylcholine or 
ß- methylacetylcholine (mecholyl), 10 -7 M, was added to the 
nutrient solution. Thus the PD and the resistance changes 
recorded from one cell could be monitored continuously. 
The stability of the system which made it possible to use the 
above -mentioned technique was due in part to the positive 
pressure arrangement of the circulating fluids and also the 
cell size of the Necturus gastric mucosa and its lack of inherent 
motility. 

RESULTS 

Studies using Ussing type chamber. Addition of 10-7 M mech- 
olyl to a previously resting mucosa resulted in a rapid 
transient increment of the transmembrane potential with a 
fall in the transmembrane resistance within 2 min from addi- 
tion of the compound (see Fig. 2). Acid secretion was only 
detected 10 -15 min later. Atropine (10 -7 M) reduced the 
acid rate and Isc; it also resulted in a marked increase in the 
resistance. As noted in Fig. 2, removing atropine from the 
bathing solution did not reduce the resistance to the level 

before au-opine was added. Also note the small change in the 
PD after adding atropine. Pretreatment of the mucosa with 
10 -7 M atropine blocked the mecholyl -PD increment. When 
the atropine concentration was increased to 10 -5 M (Fig. 3), 

there was still acid secretion and also there was a very sharp 
increase in the transmembrane resistance that persisted even 
after the bathing solution was changed to those not contain- 

ing atropine. 
To test which ions might be involved in the PD change, a 

series of experiments was carried out. In the Ussing type 
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chamber when Cl- was removed (replaced by sulfate) on the 
mucosal side, mecholyl still produced the PD spike. When 
Cl- was removed only from the serosal bathing solution, 
there was no PD change with the addition of mecholyl. 
Concentrations of 10 -7 -10-6 M mecholyl produced the PD 
spike; addition of higher concentrations of mecholyl or 
acetylcholine (10 -5 or 10-4 M) resulted in a marked sus- 
tained suppression of PD (5). These higher concentrations 
also failed to stimulate acid secretion from a resting mucosa 
or an interrupted secretion from an active mucosa. 

Oxygen consumption. Relative to the initial PD increment, 
there was an increase in oxygen consumption, but there was 
no further increase with the onset of acid secretion (see Fig. 
4), using mecholyl as a stimulant. Using histamine or penta- 
gastrin, no 02 consumption changes were noted (2); hence, 
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TABLE 1. Necturus gastric mucosa in vitro 

Membrane Potential 

Fundus 

PD, mv 
(serosa positive) ohms cm' 

Transmucosal 
Mucosal* 
Serosal* 

17.7 f 0.12 
28.9 t 0.22 
46.2 t 0.18 

767 ± 6t 
55%$ 
45% 

Values recorded from micropunctures during control period 
(0-30 min, normal solutions). * Average of readings from micro - 
punctures of surface cells in which microelectrode tip resistance 
changed less than 20% during or after puncture and the potentials 
before and after puncture changed less than 10%. t A pulse of 
10 µamps /cm2 of current, 1 -sec duration was passed through the 
membrane by use of Ag:AgC! electrodes. The resistance was calcu- 
lated by using Ohm's law from the LPD with the known current 
pulse. $ The relative resistance expressed as % (5). 
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since the PD increment is obtained only with mecholyl and 
the change in 02 rate is contemporaneous, it is concludes 
that the 02 increase is related to the PD and Isa change and not to the change in acid rate. 

Studies using microelectrodes. Microelectrode studies were 
carried out to determine the location of potential change 
with addition of mecholyl. The studies reported here are 
from micropunctures of the surface epithelial cell of the gas. 
tric mucosa. Values from the control period, Table 1, shoo 
representative values obtained for the microelectrode 

in- 

serted into a surface cell of the Necturus fundus. The interior 
of the cell was negative with respect to either bathin( 
solution. The transmucosal PD and resistance shown on this 

table are similar to those measured in the Ussing type cham- 
ber. Hydrogen ions were not titrated in the experiments. 

At the beginning of each experiment a 30 -min control 
period was carried out, and this was followed by four test 
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sistance is shown as an upward deflection on serosal and mucosal PD 

tracing (1 mv = 1 megohm ME tip resistance -shown at approx 50 

sec and 3 :50). 
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CHOLINERGIC 
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periods of 30 min each. Upon the addition of mecholyl or 

acetylcholine, there was initially a rise in PD across the 

mucosal (interior more negative) and a fall in resistance. 

This was followed by a less pronounced fall of PD across the 

mucosal membrane (interior side negative) (12) (Fig. 5). 

These asymmetrical changes were reflected in a rise of the 

transmucosal PD, which represented the algebraic sum of 

the PD's across the individual membranes. 
Higher concentrations of mecholyl resulted in a fall of 

PD across both membranes, the fall being greater across the 

mucosal membrane. The net result was a fall in transmuco- 

sal PD similar to that observed in Fig. 6. 

The response of the surface cells of the esophageal mucosa 

was similar to that observed in the fundic mucosa in that 
there was a rapid rise in serosal PD upon addition of mech- 

olyl which, however, was more sustained. Antral surface 

cells were not affected by mecholyl. 

DISCUSSION 

The finding that cholinergic compounds could elicit acid 
secretion from a previously resting isolated mucosa suggested 
that these compounds acted directly on acid -secreting cells. 
It seemed improbable that the fundus would constitute a 
source of endogenous gastrin which could be released by 
cholinergic compounds. On the other hand, the presence of 
residual gastrin derived from other regions and bound to 
acid -secreting cells which could be activated upon addition 
of cholinergic compounds could not be excluded. Further, 
the Necturus another potential stimulant, 
histamine, in amounts similar to those found in the frog 
mucosa, and local release of this substance in the presence of 
cholinergic compounds could constitute the significant stim- 
ulant (7). It should be pointed out, however, that the 
Necturus gastric mucosa is relatively insensitive to added 
histamine, requiring about 10 -4 bI for stimulation of acid se- 
cretion. 

The inhibitory effects on acid secretion of atropine (10) 
and of high concentrations of acetylcholine or mecholyl re- 
call similar effects in vivo and point to a local mechanism by 
which these effects are mediated (3, 6). 

Oxygen consumption increased only with the initial in- 
crement of PD but remained steady throughout the develop- 
ment of acid secretion. This observation raised a challenging 
question as to the nature of the nonsecreting state in this 
preparation. It is conceivable that in vitro the apparent 
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resting state is due to the uncoupling of acid production from 
metabolism. It is also possible that the acid rates obtained 
(about 2 eEq /hr per cm2 and equivalent to 1 µatom of 02 
per hr per cm2 of tissue) could result from a mechanism 
utilizing basal ATP production. A final possibility is that 
the PD- related increment in 02 consumption could be 
utilized for acid secretion when this is initiated. 

The transient PD rise was obtained repeatedly with 
acetylcholine addition followed by washing and was accom- 
panied by a fall in resistance. This effect was dependent on 
the presence of Cl- in the serosal solution. The effect was 
obtained in the esophagus and fundus, but not the antrum, 
and it is noteworthy that the former two regions appear to 
have mainly a Cl- transport mechanism from serosa to mu- 
cosa, whereas the antrum has an inwardly directed Na+ 
transport system (9). 

In microelectrode studies the fundic surface cells were 
punctured, because a microelectrophoretic technique has 
not been perfected to positively identify the oxyntic cells in 
this preparation. The surface cells had a negative interior 
(punctured from mucosal side), but the microelectrode was 
also negative to the calomel electrode in the serosal solu- 
tion. On this basis there must be at least one independent 
electromotive force in this cell. With the addition of acetyl- 
choline or mecholyl there was a rise in the serosal potential, 
with a decrease in the percentage resistance across this sur- 
face. This was followed by a fall in potential across the mu- 
cosal membrane, with little change in resistance. This may 
be interpreted as follows: the serosal membrane of the mu- 
cosa is sensitive to acetylcholine, and the drug produces an 
increase of relative permeability to Cl -. This permeability 
increase results in an increased Cl- entry and lowered re- 
sistance. A higher intracellular Cl stimulates chloride 
movement across the mucosal surface, hence lowering the 
PD across this interface. 

The changes observed in the surface epithelial cell there- 
fore show that cholinergic drugs affect at least the electrical 
parameters of this cell, independently of an effect on the 
oxyntic cell. This argues against the view that the surface cell 
acts simply as a passive resistance (14). 
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SHOEMAKER, R. L., ELLEN BUCKNER, J. G. SPENNEY, AND G. 

Sams. Action of burimamide, a histamine antagonist, on acid secretion in 

vitro. Am. J. Physiol. 226(4): 898 -902. 1974. -Burimamide, a 
histamine antagonist (5- butylmethylthiourea, an anti H2), is used 

to inhibit spontaneous acid secretion in the Rana pipiens gastric 
mucosa in vitro. By removing the compound from the solution, 
the acid rate remains at zero so a nonsecreting mucosa is obtained 
by this method. Mucosae treated in this manner are still sensitive 
to the commonly used stimuli. Burimamide (10-3M) inhibits acid 
secretion stimulated by histamine (10-5M), mecholyl (10 -5 M), 
or pentagastrin (10-5M). Theophylline prevents this inhibition, 
and only histamine and cAMP reverse inhibition in the presence 
of Burimamide. The data are interpreted as supporting a sequential 
model for acid secretion involving an adenyl cyclase as a critical 
step. 

H2 antagonist; potential difference; stimulatory pathway; penta- 
gastrin stimulation; DB -cAMP; frog gastric mucosa 

GASTRIC ACID SECRETION is subject to control by at least three 
types of stimuli: histamine, gastrin, and acetylcholine. One 
of the problems which remains unsolved is the interaction, 
if any, between the three groups of stimuli. However, the 
difficulty of obtained resting mucosae in vitro and also of 
obtaining dose -response curves has impeded progress in this 
area. 

Harris and Alonso (1) and subsequently our laboratory 
(7, 8) have provided fairly substantial support for the role of 
3',5' -cAMP as a "second messenger" for acid secretion in 
amphibian mucosa. This has been supported by studies in 
the dog in some laboratories (2) but not in others (6). 
Resting amphibian mucosa, both frog and Necturus, have 
provided some information as to the role of the three groups 
of stimuli in amphibians under in vitro conditions. 

There are at least two obvious approaches one can take: 
The first approach, taken by Kasbekar (5), using the bull- 
frog, was to study tachyphylaxis. With these studies he 
provided evidence that a sequence such as 

cholinergic - gastrin --4 histamine -* cAMP 

would explain the data he obtained. An alternate approach 
is to use specific inhibitors for each type of stimulus and to 
define the overlap of effects. For example, if an antigastrin 
inhibits either gastrin or methacholine- induced secretion 
but not histamine -induced secretion, it would be natural to 
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conclude that histamine is beyond the convergence point of 
the two inhibited stimuli. 

The gastric mucosa, myocardium, and uterine tissue are 
histamine -responsive tissues that were found previously to 
be insensitive to antihistamine suppression. Recently, Burim- 
amide (5- butylmethylthiourea) imidazole has been syn- 
thesized (Fig. 1) and shown to be an antagonist of this 
second set of histamine receptor sites called H2 receptors (3). 

A rational explanation for this segregation of receptors 
may be found in results obtained with calculations designed 
to establish the most probable histamine conformation. 
Two such conformations appear possible, an open form and 
a closed form, where the amine closely approaches the 
imidazole ring. Burimamide is able to mimic the closed but 
not the open form. 

Burimamide is found to inhibit histamine -stimulated 
gastric secretion in rat, dog, and man and produces effects 
which overlap into gastrin but not cholinergic stimulation 
of the species studied. The availability of this type of corn- 
pound could make it a useful tool for the analysis of stimula- 
tion in vitro as well. This paper reports some of our ob- 
servations of its effects on the chambered amphibian 
mucosa. 

METHODS 

Tissue preparation and acid secretion measurement. Rana pipiens 
are used in the experiments. After piffling the frog, the 
stomach is removed and opened along the lesser curvature. 
The external muscle layers are removed, and the gastric 
mucosa is placed as a sheet between two halves of a Lucite 
chamber (11). The active area of the chamber is 1.23 cm2. 

The acid rate is estimated by titration with 5 mM NaOH 
by the pH stat method (4) at a luminal pH of 4.8. The 
transmucosal potential difference (PD) is recorded by a 
calomel electrode attached to a potentiometric strip -chart 
recorder. The transmucosal resistance is calculated from the 
APD response to a 0.1 -s electrical pulse of 20 µA /cm2 (9). 

The bathing fluids are oxygenated and circulated by use of 

a 95 % 02 -5 % CO2 gas -air lift system. The experiments are 
conducted at room temperature. 

Solution and chemicals. All solutions are prepared from the 

highest grade chemicals available. The composition of the 

isotonic mucosal bathing fluid (secretory solution) and 
serosal bathing fluid (nutrient solution) has been described 
previously (10, 11). All test compounds are added to the 
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FIG. 1. Structure of Burimamide. 

serosal solution, and the results are expressed as final con- 

centration in moles per liter. A compound is washed from 

the chamber by draining the solution from the chamber and 
replacing the fluid with serosal solution not containing the 
test compound. This procedure is repeated at least 3 times 

during a 5 -min period. 
Burimamide is a gift of Smith, Kline & French Labora- 

tories, and histamine (free base),dibutyryl adenosine 3',5'- 
cyclic monophosphate (DB- cAMP), and 3',5' -cAMP are 
obtained from Sigma Chemical Co. Pentagastrin, Peptavlon, 
is a gift from Ayerst Laboratories. Mecholyl (acetyl beta - 
methyl choline chloride) is obtained from Nutritional 
Biochemical Corp. All solutions are stored in the re- 
frigerator when not in use, and all peptide compounds are 
stored in powder form at -20°C until they are prepared 
for each experiment. 

RESULTS 

Spontaneous secretion. The general experience of several 
laboratories using R. pipiens gastric mucosa has been that 
spontaneous secretion is usually present, and a large in- 
crease in acid rate in response to secretagogue addition is 

often quite difficult to obtain. 
As shown in Fig. 2, and in Table IA, Burimamide at 

10 -3 M completely inhibits spontaneous secretion. Along 
with inhibition of H+ rate, there is a rise in resistance and a 
fall of PD, hence a decrease in calculated short circuit cur- 
rent, 'Sc . Removal of Burimamide does not result in restora- 
tion of secretion (3). 

Interaction of burimamide with histamine. Three types of 
experiments to investigate this aspect of Burimamide action 
are described: when histamine is added prior to the addition 
of Burimamide, as shown in Fig. 3 and Table 1B, 
Burimamide is effective in abolishing acid rate and de- 
creasing calculated Ise, but approximately a 100 -fold 
excess of Burimamide is required. 

Following inhibition, either Burimamide is removed and 
histamine is added subsequently, or histamine is added in 
the continuing presence of Burimamide. Figure 2 shows thät 
following Burimamide removal, histamine is again effec- 
tive in restoring secretion; there is also an increase in Ise . 

However, the effects on PD and resistance vary somewhat 
from experiment to experiment. Figure 3 shows an experi- 
ment of the latter type. Secretion is restored by 1 /100 M 
ratio of histamine to Burimamide and is further stimulated 
by a 10 -fold increase of histamine. 

In both protocols there is a typical 10 -min lag before 
secretory onset. 

Interaction with pentagastrin or mecholyl. Addition of Burima- 
mide to a mecholyl- or pentagastrin -stimulated mucosa also 
results in secretory inhibition. Figure 4 shows an experiment 
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FIG. 2. Effect of 10 -3 M Burimamide is shown on spontaneous acid 
secretion in Rana pipiens. Histamine does not restore acid rate until 
Burimamide is washed out of the chamber. Burimamide decreases the 
PD, and this effect is also reversed by histamine. 

Burimamidé 

TABLE 1. Effect of burimamide on Rana pipiens gastric 
mucosa in vitro 

H* Rate, 
µeq/h 

(per cm2) 
PD, mV 

Re- 
sistance, 

ncm% 

A) Control 2.09 ± .2617.6 ± 1.3 153 ± 47 
Burimamide (10-3M)* 0 16.0 ± 1.9226 ± 14 

B) Controlt 1.68 ± .3419.9 ± 1.7161 ± 16 

Histamine (10-5 M) 3.26 ± .25 16.4 ± 0.9 145 ± 11 

Burimamide (10-3 M) 0 14.2 ± 1.4 242 ± 23 

C) Control$ 1.70 ± .30 21.7 ± 1.0 160 ± 19 

Mecholyl (10-e M) 1.86 ± .28 20.6 ± 1.2 153 ± 14 

Burimamide (10-3 M) 0 20.0 ± 0.8 240 ± 24 
Burimamide (10-3 M) + 

Mecholyl (10-3 M) 0 16.0 ± 1.2 270 ± 31 

Values are average values ± SEM. Number of experiments = 
14. *Values taken 30 min after Burimamide was added. to 
and B were separate sets of experiments. There are 10 experiments 
in group B. Similar results were obtained when pentagastrin (5 X 
10-5 M) was used instead of histamine. In group C two types of 
experiments were performed, Mecholyl followed by Burimamide 
and Burimamide followed by Mecholyl (n = 3). 

in which Burimamide inhibits pentagastrin -stimulated secre- 
tion. Associated with this there is the typical fall in Ise, in 

this case associated with a fall of PD and increase of re- 

sistance. Similar results were obtained when mecholyl was 

added (see Table I). 
Figure 5 shows that following removal of Burimamide 

pentagastrin is capable of restoring secretion and Ise to 

control values. It is our experience, however, that this type 

of result is somewhat more difficult to obtain than with 

histamine in that on occasion neither pentagastrin nor 
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of the acid rate. Uniquely there is only a slight reduction 
in acid rate by Burimamide. These data are shown in Fig. 7. 
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FIG. 4. This shows that 10 -3 M Burimamide inhibits acid rate, de- 
creases PD and Isa , and increases resistance in presence of 6.5 X 10'6 
M pentagastrin. 

mecholyl is capable of stimulation, but in the same experi- 
ment, histamine is effective, as usual. 

In the presence of Burimamide, neither pentagastrin nor 
mecholyl, even at large doses for an in vitro system, is 

capable of restoring secretion, in contrast to the data ob- 
tained with histamine. This is shown in the initial part of 
the experiment in Fig. 6. It must be emphasized that for 
gastrin, a 10 -5- M dose is a very large one for this tissue. 
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FIG. 5. This shows reversal of Burimamide inhibition by 3.3 X 

10-5M pentagastrin on H+ rate, PD, and resistance. 
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FIG. 7. Theophylline doubles spontaneous acid rate, and under 
these conditions Burimamide does not inhibit H+ secretion. 

In Fig. 6 the effect of cAMP is shown. Thus, in the pres- 
ence of Burimamide, cAMP is capable of restoring acid 
secretion to its control level. The high dose level of cAMP 
necessary may be due to poor penetration. In work pre- 
sented elsewhere (12) we show that Burimamide is capable 
of abolishing histamine stimulation of adenyl cyclase from 
rabbit fundus. 

DISCUSSION 

The data described in this paper may be related to the 
following problems : 1) effects of Burimamide on spon- 
taneous secretion, 2) the role of histamine in acid secretion, 
3) the role of the adenyl cyclase system in this process, and 
4) the distinction between H1 and H2 receptors. 

Spontaneous secretion. Our data clearly show that Burima- 
mide (and preliminary data with Metiamide, a "second 
generation" H2 antagonist, are qualitatively identical) is 
capable of producing a "resting" mucosa in the sense that 
secretion is inhibited until a secretagogue is added. Hista- 
mine is invariably effective in restoring secretion, and 
whereas pentagastrin or mecholyl is also usually effective, 
in a few experiments no reversal was obtained. These 
compounds then provide a particularly useful tool for 
studying the effects of stimuli on a nonsecreting in vitro 
mucosa. - 

Role of histamine. The data shown here provide information 
on the interaction of stimuli with the gastric mucosa. Three 
stimuli are capable of antagonizing the action of Burima- 
mide directly: histamine, theophylline, and cAMP. These 
data are most readily interpreted as if Burimamide antago- 
nizes the action of histamine on an adenyl cyclase system 
critical for acid secretion. An additional finding is that the 
action of Burimamide is not that of a metabolic inhibitor 
such as amytal or 2- deoxyglucose, since no reversal would 
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be expected by the simple addition of histamine to a Burima- 
mide- containing mucosa. . 

Our data also show that stimulation of H+ secretion also 
results in stimulation of the short -circuit current, presumably 
due to active Cl- transport. 

The lack of effect of pentagastrin or mecholyl on acid 
secretion in the presence of Burimamide may be inter- 
preted in various ways... If either of these drugs mediates 
their effects by the release of histamine, then clearly 
Burimamide would be expected to block their action unless 
huge quantities of histamine were released. This interpreta- 
tion would then suggest a sequential model for acid secre- 
tion, thus: 

(gastrin, mecholyl) - histamine -> secretion 

Equivalently, the receptor situation in the mucosa might 
be quite complex, where pentagastrin and histamine may 
occupy two sites on one receptor, and blocking one site with 
Burimamide inactivates the receptor with respect to the 
other stimulus. A fairly strong argument against this 
hypothesis is the finding that at least for rabbit (12), gastrin 
does not stimulate adenyl cyclase. On the other hand, 
Necturus (7) or frog gastric adenyl cyclase (Ray and Forte, 
unpublished observations) does show gastrin sensitivity. 
If a common receptor were the case, then if histamine 
were capable of stimulating adenyl cyclase, gastrin would 
also be effective. Thus, this may be the case in amphib- 
ians, in contrast to mammals. 

Alternatively, two independent receptors may be in- 
volved. In this case, the interaction of Burimamide with the 
gastrin or mecholyl receptor would simply reflect non - 
specificity of this inhibitor. Apart from its strong structural 
similarity to the closed conformation of histamine, it would 
be expected that either type of stimulus could then over- 
come the effect of Burimamide. Since neither mecholyl nor 
pentagastrin is able to counteract 10 -3 M Burimamide, but 
histamine is able to do so, this last interpretation is also 
somewhat unlikely. Moreover, the action of Mn ++ in being 
able to inhibit gastrin or mecholyl stimulation but not that 
of histamine would also argue for a sequential stimulation 
(10) as had been suggested by Kasbekar (5). 

Adenyl cyclase system. Since Burimamide does not inhibit 
acid secretion in the presence of theophylline and cAMP 
is able to stimulate secretion up to control values in the 
presence of Burimamide, we may conclude that acid secre- 
tion in amphibian mucosa is adenyl cyclase mediated. Our 
data showing adenyl cyclase stimulation by histamine and 
its active analogs (12), and inhibition of this adenyl cyclase 

by Burimamide in rabbit fundic mucosa, and also our data 
on Necturus adenyl cyclase (7) further substantiate this view. 

Moreover, since cAMP can overcome an H2 antagonist, 
this means that not only is cAMP production a necessary 

condition for acid secretion, it is also a sufficient condition. 

This rules out the possibility that cAMP effects occur prior 

to histamine release. The sequence then reads 

(acetylcholine, gastrin) -> histamine -> 
cAMP -> acid secretion 

as being most likely. However, clear -cut evidence for a 

histamine requirement for other primary hormones has not 

as yet been obtained. 
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Since H1 antagonists such as diphenhydramine do not 
inhibit in vitro secretion and Burimamide (and a more 
recent analog, Metiamide) does, it seems reasonable to 
suggest that two types of receptors do indeed occur. More- 
over, since most adenyl cyclases are membrane -bound 
enzymes, the receptor is likely to be at the cell surface. The 
unlikely possibility does remain that we are dealing with, 
in the case of the oxyntic cell, an, intracellular membrane 
system to which H1 antagonists do not have access. When 
other tissue data are considered, however, such as heart or 
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Effects of Sodium Removal on Acid Secretion by the Frog Gastric 
Mucosa.* (31398) 

GEORGE SACHS, RICHARD L. SHOEMAKER,t AND BASIL L. HIRSCHOWITZ 
Department of Medicine, Division of Gastroenterology, University of Alabama Medical Center, 

Birmingham 

In various studies of ionic requirements of 
the bathing solutions for H+ and Cl- trans- 
port in the frog gastric mucosa, K+ and 
Ca ++ have both been shown to be essential 
for acid secretion (1,2) while Na+ free solu- 
tions have been claimed to support normal 
secretion in the mucosa (3) and 75% substi- 
tution of Na+ by choline was shown to be 
without effect(4). The results presented 
here show that when the intracellular Na+ 
concentration is reduced to very low levels, 
there is significant inhibition of acid and 
chloride secretion which ' is reversed by 
readmission of Na+ to the nutrient but not 
to the secretory side. 

Methods. Rana pipiens gastric mucosa was 
mounted between 2 lucite chambers as de- 
scribed previously (5) . The potential difference 
(PD) was measured with a pair of calomel 
electrodes with renewable KC1 junctions. 
Resistance was calculated from the change 
in PD obtained by sending 10 microamps of 

* Supported by USPHS grants AM- 08541, AM- 
09260 and 2A -5286 and NSF grant GB3511. 

t Predoctoral trainee, gastroenterology training 
grant 2A -5286. 

current in either direction and short circuit 
current was determined as the current neces- 
sary to reduce the PD to 0 within 30 seconds. 
Acid secretion was determined using the pH 
stat method (6) and C136 tracer fluxes were 
measured using the Nuclear Chicago liquid 
scintillation counter in which quench cor- 
rection was performed using the channels 
ratio method. The bathing solutions were of 
the following composition: Nutrient: Na+ 
118 mM, K+ 4 mM, Ca ++ 1.7 mM, Mg ++ 
0.8 mM, Cl- 109 mM, HCO3- 18 mM, glu- 
cose 10 mM; secretory: Na+ 105 mM, K+ 4 
mM, Cl- 109 mM. In the Na+ free experi- 
ments choline was substituted for Na+ and in 
the Na+ and Cl- free experiments SO4 -- was 
additionally substituted for Cl -. In all the 
substitution experiments the membrane was 
washed 4 times over a period of 5 minutes 
with the appropriate solutions. The substi- 
tutions were carried out either on both sides 
simultaneously or one side followed by the 
other. In the experiments where the Na+ 
was readmitted, aliquots of the choline 
nutrient or secretory solutions were with- 
drawn and replaced with aliquots of the Na+ 
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TABLE I. Summary Table of Effects of Na* Removal on in vitro Frog Gastric Mucosa. (Cl- fluxes 15 
in either direction. Too few in individual groups for adequate statistics.) 

g + 
Solution No. exp pEq hr-1 cm-2 PD, my 

Resistance, Short circuit 
Cl- flux, 

µEq hr-'cm-2 
51 cm' current, µacm-"- N-> S S->N 

Na* . 3.10 
Na* -free (a) 7 1.21 ± .34 
(± SEM) (b) 8 1.12 + .44 

(e) 15 0 

All Na -free 0.55 
Change -2.55* 

26.7 
8.4 ± 3.5 
0 

0 

3.2 
-23.5* 

223 115.8 - _ 
348 ± 41 26.9 ±5.3 _ 
437 + 93 0 _ 
625 + 48 0 - .- 
499 9.8 2.59 ± .54 1.78 ± .31 

+276* -106.0* 

* P <.01 by t test. 

nutrient or secretory solution until virtually 
all of the choline had been replaced. Na+ and 
K+ analyses were performed on membranes 
treated in various ways. In some experiments 
the membranes were exposed after 3 washings 
to Na+ free solutions in small beakers and 
gassed with 95% 02 -5% CO2 for 30 minutes. 
In other experiments the membranes were set 
up in the standard secretory chamber and 
washed as usual with Na+ free solutions. 
Secretory values were recorded and the 
membranes removed from the chamber for 
analysis. The Na+ and K+ analyses were 
performed by digestion according to Daven- 
port's method(3), using internal standard 
flame photometry for Na+ and K+ analysis. 

Results. Secretion: The parameters ob- 
tained with the standard NaCI solutions are 
shown in the first row of Table I. Previous 
solutions used in this and other laboratories 
have generally contained inorganic phosphate. 
It appears from these data that omission of 
phosphate has little effect on the secretory 
parameters of the frog gastric mucosa. When 
choline solutions were substituted for the Na+ 
solutions on the secretory side only slight 
changes were observed. These changes could 
be accounted for by the presence of a Na+ 
gradient in the direction nutrient to secretory 
(Fig. 1). The removal of Na+ from the 
nutrient side produced a marked reduction of 
the short circuit current, potential difference 
and secretory rate, accompanied by a rise 
in resistance (Fig. 1) . 

It - appeared that the results fell into 3 

groups (Table I). In one group (7/30 exp.) 
although there was a marked reduction in PD, 
this did not fall to 0, and there was residual 
finite acid rate, short circuit and the usual 

rise in resistance. In the second group, 

(8/30 exp.) in spite of the absence of both 
PD and short circuit current, there was a 

residual finite acid rate (Fig. 2), sensitive to 

SCN -. In the experiments described above 

with PD - 0 and a finite acid rate, the acid 

rate fell to 0 within 3 to 5 minutes when the 

tissue was made anoxic by bubbling 95% 
nitrogen and 5% CO2. During this fall there 

was no observed change of the PD. When 
oxygen was readmitted acid secretion was re- 

established. At no time could any change in 

the PD be noted. The third and largest 
(15/30 exp.) group showed neither PD nor 

acid secretion. There appeared to be a 

progressive rise in resistance from Group 1 to 

Group 3. The mean net chloride flux cor- 

responded closely to the sum of the mean 

residual H+ rate and residual short circuit 
current. It appears then that there was little 
transport of chloride other than that as- 

sociated with HC1 or Cl- secretion, for 

instance in the form of choline chloride. 
Na+ readmission: When Na+ was re- 

admitted on the secretory side there was no 

significant reversal of the inhibitory effects. 

However, when Na+ was readmitted to the 

nutrient side, the effects were reversed as 

shown in Fig. 3. Degree of reversal was 

related to degree of Na+ re- substitution on 

the nutrient side. Small amounts of Na+ (up 

to 6 mM) on the nutrient side did not reverse 

the effects on H+ secretion. However, there 

was partial reestablishment of the PD, and 

a fall in resistance. At 12 mM Na +, acid 

secretion was initiated. Further addition of 

Na+ resulted in progressive increase in H+ 
rate and PD with a fall in resistance. At 

45 mM Na +, the H+ rate and the PD had 

re 

41 

ir 

T 

tl 



15 

SODIUM AND GASTRIC MUCOSA 

reverted to normal, but resistance was 

400 12 cm2 compared to the 200 S2 cm2 

in Na+ solutions initially. Readmission of 

Na+ on the secretory side further lowered 

the resistance, and with a return to normal 

TABLE II. Na* and K* Levels of Control and 
Choline Washed Tissues (± SEM). 
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FIG. 1. Effect of choline substitution for Na, on 
secretory and nutrient side of in vitro frog gastric 
mucosa. 

FIG. 2. A typical experiment where choline re- 
placement of Na+ resulted in a finite acid rate with 
a zero PD (group b, Table I)-see text. 

No. of 
Membrane mem- 
taken from: branes 

mEq/kg wet wt 

Na* K+ 

Sodium solutions 6 48.7 ± 3.6 47.3 ± 3.5 
Choline " 10 .33 ± .31 48.5 ± 1.8 

Na+ conditions, the resistance fell to the 
original value. Addition of K+ up to 40 mM 
did not reverse the choline effects. 

Na+ levels: The data obtained by the 
Na+ and K+ analyses of the membrane 
showed that the technique of washing reduced 
the sodium concentration to less than 1% of 
control. There was no significant effect, 
however, on potassium concentration (Table 
II). 

Na+ and Cl substitution: The choline 
sulfate experiments were of 2 types. In the 
first type (6 exp.) the membrane was initially 
exposed to Na+ - containing solutions and 
then choline chloride was substituted for so- 
dium chloride on both sides. In this set of ex- 
periments when SO4 -- was additionally sub- 
stituted for Cl there was maintained secre- 
tion with an inversion of PD. This secretion 
rate was maintained through a period of 
13.6 ± 3.0 minutes then fell off progressively 
and reached 0 after 25.8 ± 3.4 minutes 
(mean of 6 exp. ± SEM) (Fig. 4). During 
the decline of H rate to 0 there was an ap- 
proximately(r = .729, n = 21) linear re- 
lationship between the PD and the secretory 
rate. These data confirm Rehm's observations 
of a direct relationship between the PD and 
the hydrogen ion rate in sulfate(8) using 
dinitrophenol. 

In the second type, both Cl and Na+ 
were replaced by sulfate and choline simul- 
taneously following exposure to NaC1 con- 
taining solutions. In this group, the choline 
sulfate data initially were virtually indistin- 
guishable from results obtained with sodium 
sulfate- containing solutions. There was a 

rise in resistance, an inversion of the PD and 
a reduction of the H+ secretory rate (which 
eventually fell to 0), as in the experiments 
above. -The resistance obtained in the choline 
sulfate experiments was extremely high, in 

some experiments reaching as high as 1,800 
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FIG. 3. Effect of Na + readmission on nutrient side of frog gastric mucosa bathed in choline 
solutions. 

FIG. 4. Effect of choline sulfate substitution for NaCI in bathing solutions of in vitro frog 
gastric mucosa. 

S1 cm2. The acid secreted under choline 
sulfate conditions was inhibited by 10 mM 
SCN -. 

Discussion. It has become clear that there 
is an interdependence between K+ concen- 
tration in the medium and H+ secretion in 
the frog gastric mucosa( 2) . Davenport (3) 
has published an analysis of the various 
spaces of the gastric mucosa with reference 
to Na +, K+ and inulin, for example, and has 
demonstrated, using a tied -off sac of mucosa, 
that there is relatively little effect of choline 
substitution for Na+ on acid secretion. These 
results are in contrast to the effects of K+ 
removal on acid secretion where acid secretion 
is inhibited in the absence of K+ (2) . With 
the sac technique none of the electrical 
parameters are measured and it is not clear 
why the data obtained with this method 
should differ from those obtained in the flux 
chamber. There are, however, various other 
points of difference, such as medium and 
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washing procedure. There are differences of 

medium in washing, as we used a HCO3- 
buffered solution and in Davenport's ex- 

periments tris buffered solutions were used. 

In our experiments the tissue was washed 

exhaustively and from the Na+ analysis the 

Na+ content of the tissue was 0.33 mM/kg 
wet weight as estimated by Davenport's 
method, whereas he obtained a value of about 

2.5 mM /kg wet weight residual Na+ which 

is approximately 5% of the original value. 

It seems then that one possible explanation 
of the differences in results from the two 

laboratories involves an effect of the residual 

Na +, and that to show an effect similar to the 

one we have described a lower Na+ content 
has to be established. This is also suggested 
by the observation of Harris and Edelman 
and confirmed by us, that choline substitution 
up to 75% was virtually without effect on the 

mucosal parameters(4). That the effect is 

due to Na+ removal rather than to a direct 
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action of choline, is also borne by the above 

observations. With respect to the reversal 

by KC1 addition rather than NaC1 addition 
(3) those experiments were performed in 

low Cl- (i.e., tris -mannitol) media and the 
optimal potassium concentration found, 
namely 36 mM, corresponds to the value found 
by other workers to be the optimal chloride 
concentration( 7) ; thus this effect was pre- 
sumably due to Cl- addition, not K +. The 
inhibition by choline solutions is readily 
reversible by the readmission of Na+ but 
addition of KC1 up to 40 mM had no effect in 
high Cl- solutions. It may be concluded 
therefore that the inhibition is due to the 
removal of Na +. Since in the absence of 
Na+ a significant inhibition of both Cl- and 
H+ pumps is observed, it must be assumed 
then that there is some link between Na+ 
levels and the H+ and Cl- transport mecha- 
nisms of the mucosa. The nature of this 
link is not known, but the primary effect 
may be on the Cl- mechanism. 

The question of the electrogenicity of the 
hydrogen ion pump is also raised by these 
data. The group of experiments in which 
finite acid rate with PD = 0 was obtained 
suggests the possibility that acid is secreted 
by a unitary mechanism under these con- 
ditions. Since with falling hydrogen ion rate 
an approximately straight line relationship 
was obtained between PD and acid, the hy- 
drogen ion pump appears purely electrogenic 
in choline sulfate solutions, as it is in sodium 
sulfate solutions (8) . Thus under choline 
chloride conditions, the pump is either unitary 
or there is a critical balance between the 
hydrogen and chloride electrogenic mecha- 
nism. This latter possibility is extremely 
difficult to exclude rigorously but anoxia and 
readmission of oxygen in the standard chloride 
solutions results in a differential effect on the 
hydrogen ion rate and PD (the hydrogen ion 
rate is reduced more rapidly than the PD) 
even after successive cycles of deoxygenation. 
Such treatment should lead to transient 
changes in PD in choline solutions, but, since 
no transient changes were observed, the 
simplest explanation of the data would be 
that the H+ pump may have a unitary mecha- 
nism under these conditions (i.e., low Na +). 

In NaCl solutions, it is clear that the hy- 
drogen ion mechanism acts as if it is at least 
partially electrogenic (from the fall in re- 
sistance on stimulation of hydrogen ion secre- 
tion and the PD changes with various in- 
hibitors such as thiocyanate and amytal). 
Hogben has suggested that in the dogfish 
stomach the hydrogen ion mechanism is 
essentially nonelectrogenic(9), but in the 
frog stomach the hydrogen ion transport 
system may appear to be unitary, or partially 
electrogenic or purely electrogenic, depending 
on bathing solution composition. 

The existence of 3 groups of data following 
Na+ removal is a puzzling one. As far as 
possible the conditions of exposure of the 
membrane to choline solutions were kept con- 
sistent. The most reasonable explanation for 
these findings would be a variation in the 
amount of Na+ retained in the different 
groups. Na+ analyses however did not pro- 
vide evidence for this hypothesis, but it should 
be pointed out that there are uncertainties in 
analytical procedures for Na+ levels low in 
relation to K +, and difficulty also in deter- 
mining the extracellular water in frog gastric 
mucosa. These sources of error might mask 
critical variation in Na+ levels which in any 
case are less than 1 mEq/kg wet weight of 
tissue. 

The basic observation in this paper, namely, 
the inhibitory effect of sodium removal on 
Cl- and H+ transport, adds to the known 
cation requirements for gastric secretion. 
Thus Na +, K +, and Ca ++ in the nutrient 
solutions all appear to be essential for acid 
and Cl- secretion by the in vitro frog stom- 
ach. These ions, particularly Na+ and 
Ca+ +, may be acting essentially as activators 
of the 11+ and Cl- transport system. 

Summary. Removal of sodium from the 
frog gastric mucosa results in an inhibition of 
11+ secretion and PD, short circuit current, 
Cl- flux with a rise in the resistance. Choline 
sulfate experiments show an inverted PD with 
low hydrogen ion rates or 0 PD with 0 hy- 
drogen ion rates. In some experiments in 
choline chloride acid secretion occurred in the 
presence of a 0 PD and this secretion ap- 
pears likely to be by a unitary mechanism. 
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1188 -1198. 1975. -Both Necturus and bullfrog antrum show 

stable PD, resistance, and short- circuit current (Ian) when mounted 
in an Ussing chamber. Measurements of Na+ and Cr flux showed 
that both ions are actively transported across Necturus antrum, 
Na+ from secretory to nutrient, Cl- from nutrient to secretory 
(both net fluxes being - 0.30 µeq cm-2 11-1). Only the Na+ 
transport contributed to the Is. and PD as evidenced by a) Na+ 
removal, b) the effects of amiloride on the secretory surface, c) the 
effects of ouabain on the nutrient side. Microelectrode experi- 
ments confirm the Na+ conductance of the secretory cell mem- 
brane, a HCO3 conductance of both cell membranes, and a KC1 
conductance across the nutrient cell membrane. In addition, 
antrum apparently secretes alkali (,., 0.35 peg cm-2 h-'), which 
secretion is sensitive to metabolic inhibitors and Diamox. Nutrient - 
side HCO3 increased the rate of alkaline secretion and a trans- 
mucosal HCO3 gradient could contribute to Ise and PD. A model 
is proposed to account for the electrical properties of the tissue. 

Necturus antrum; Na+ flux; Cl- flux; microelectrodes; amiloride; 
ouabain; HCOa ; alkali secretion 

ANTRAL MUCOSAL PROPERTIES are of considerable clinical 
and physiological significance. It is this region of the stom- 
ach which undergoes peptic ulcer damage, and, also, it 
provides an epithelium which separates the secretory epithe- 
lium of the fundus from the absorptive epithelium of the 
small intestine. The permeability properties of this tissue in 
relation to control of gastric secretion are also an area of 
interest (1, 4). 

Studies in dog (5) and man (2) have shown that, like the 
fundus, the antrum generates a transmucosal electric poten- 
tial difference (PD, lumen negative), albeit somewhat lower 
than the PD across the fundic mucosa. More recently, it has 
been shown that, in Necturus, the fundic mucosa exhibits 
little, if any, paracellular or shunt conductance (19), 
whereas the antrum has a shunt /cell conductance ratio of 
about 3 (18). 

Since details of transport by the antrum are unknown, 
this paper describes mainly properties of Necturus antrum in 
the Ussing chamber and also some of the properties of bull- 
frog antrum. Here we deal with the ions transported trans- 
epithelially, the effect of inhibitors on transport, and the 
origin of the antral PD. Some of these data have been pre- 
sented in a preliminary form (7, 18). 

MATERIALS AND METHODS 

Animals. Necturus and Rana catesbeiana, which had been 
caught wild, were purchased from a local dealer. Both spe- 
cies were kept in tap water at room temperature until used. 
The Necturus were fed with minnows, while no food was 
given to the frogs. The latter were, however, used within 10 
days after purchase and had, until then, been fed with 
crickets. No Necturus were used during the months June - 
September when the animals were mostly in poor condition. 
No Rana catesbeiana were used during the mating period 
(March to June). 

Ussing chamber experiments. The animals were killed by 
section of the spinal cord, the abdomen was then opened, 
and the stomach was removed. The mucosa was separated 
from the rest of the stomach wall by blunt dissection in an 
oxygenated frog- Ringer solution, and then mounted as a 
membrane between the two halves of a Perspex chamber. 
The exposed mucosal surface was 1.1 cm'. 

The Necturus antrum could be readily distinguished from 
fundic mucosa by an absence of folds and of surface pig- 
mentation. The demarcation was less distinct in the bull- 
frog: although the antral mucosa was of paler appearance 
than the fundic, the dividing line was convoluted. The ab- 
sence of any measurable acid secretion following a challenge 
with histamine (10 -5 M) was also used as a criterion to de- 
termine that we were dealing with antrum rather than 
fundus and was used regularly with bullfrog antrum. 

On each side of the mucosa there were 7 ml of solution 
(Table 1) which was changed 3-4 times during a 20 -min 
period before the experiments were started. A gas lift 

(02 -CO2 , 95:5, vol /vol or 100 % 02) was used for circula- 
tion of the solutions. In some experiments Os was replaced 
with N2 to produce anoxic conditions. All experiments were 
performed at 23 °C. The pH on the nutrient (submucosal) 
side of the mucosa was always kept at 7.20 with a buffered 
solution. The pH on the secretory (luminal) side was kept 
at 7.30 when an unbuffered solution was used on this side, 

HC1 (5 X 10 -' M) being infused under automatic control 
from a pH -stat instrument (Radiometer, Copenhagen). In 
some experiments a buffered solution (pH 7.20) was used 

also in this side. An alkaline- secretion rate could be calcu- 

lated from the amount of HC1 infused. Alkali secretion was 

recorded only when 100 % 02 or N2 was used on the secre- 

tory side -the gas was prewashed in Ba(OH)2 to exclude 

contamination with CO2. 
The transmucosal PD was measured via two calomel 
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electrodes (K4112, Radiometer, Copenhagen) and re- 

corded with a high -input impedance voltmeter. Short - 

circuit current (I,) was applied to the mucosa through two 

end -on agar bridges. The current was adjusted manually 

and calculated from the voltage drop over a precision re- 

sistor. The electrical resistance (R) was determined from the 

voltage drop caused by sending a fixed current (20 µA /cm2) 

through the tissue in both directions, and was always cor- 

rected for the resistance of the solutions. The time for the 

current pulse was made shorter than 0.1 s to avoid polariza- 

tion phenomena (13). 

Flux isotope measurement. Either 22Na or "Cl was used in 

these measurements. We added 20 µCi of 22Na or 7 ¿Ci of 

"Cl to the solution on either side of the mucosa. Samples 
(0.2 ml) were taken from the trans side every 45 min and 

transferred to 10 -ml of a scintillation solution (Aquasol). 

The samples were counted in a liquid scintillation counter 
(Beckman LS -133). The number of counts counted in the 
sample with the lowest activity was more than 3,000 above 

background. The equipment was tested with 22Na and gave 

a linear response in the range used (up to 3 X 106 cpm). 
Microelectrode experiments. These experiments were per- 

formed only with mucosas from Necturus due to the con- 
venience of the large cell size. The secretory surface was 
mounted upward and the upper half -chamber had an open 
top to permit the use of microelectrodes. The secretory -side 

solution was circulated with a gas lift or by perfusion at 10 

ml /min from Marriott bottles containing the appropriate 
solutions bubbled with gas, as was the nutrient side. The 
composition of the gases used was the same as in the Ussing- 
chamber experiments. The transmucosal PD was recorded 
in the same way as in the Ussing- chamber experiments, while 
current for resistance determination in these experiments 
was applied through Ag /AgC1 circular wires mounted at the 
periphery of the half- chambers. The nutrient solution was 
used as reference for the intracellular PD, and the cell - 
secretory PD was then calculated from the difference be- 
tween the cell- nutrient PD and the transepithelial PD. 

Microelectrodes were pulled on a Nastuk puller, filled 
with methanol in vacuum, and with distilled water and 3 M 
KC1, respectively, by diffusion. The tip potential of the 
microelectrodes was less than 5 mV and the tip resistance 
5-30 MS2. A micropuncture was considered stable when the 
value of the intracellular potential and the ratio between the 
secretory- and the nutrient -side membrane resistances re- 
mained essentially unchanged for more than 3 min. The re- 
sistance ratio (calculated from the changes in the secretory 
and nutrient membrane PD when current was sent trans - 
mucosally) would appear to be the most reliable index of 
stability of the puncture, in that a shift of the ratio was seen 
often before a shift in the PD. In experiments in which one 
of the solutions was changed, the results were used only 
when the subsequent control period gave similar values 
(resistance ratio and cell -reference PD) to the control 
period preceding the change. For these experiments, there- 
fore, a 3 -way stopcock arrangement was used so that solu- 
tion changes could be carried out without pressure altera- 
tions. When the effect of adding amiloride was studied, this 
was done only after a stable microelectrode potential had 
been recorded for 10 min, since amiloride removal with 
maintained puncture was not achieved. 

1189 

RESULTS 

A) General characteristics. In amphibia, the antrum is a 
relatively unfolded tissue with an absence of the complex 
tubular system of the fundus (Fig. 1.). The secretory cells 
appear to be similar to the surface epithelial cells of the 
fundic area in that they are columnar with a mucous bar at 
the luminal surface. Occasional pits are found which con- 
tain cells presumably responsible 'for the endocrine function 
of this tissue. 

As mounted in an Ussing chamber, with basal nutrient 
solutions (Table 1, 17.8 mM HCO3), Necturus antrum gen- 
erates a PD smaller than that of the fundus, with a higher 
transepithelial resistance and a lower measured I,, . Bull- 
frog antrum generated a somewhat higher PD and ho , al- 
though the resistance was similar to that recorded in Necturus 
antrum (Table 2). 

B) Effects of ion replacement. The effects of SO r , glucuron- 
ate, and isethionate substitution of Cl- in the case of Necturus 
antum are shown in Table 3. 

In these experiments, buffered solutions were used on 
both sides of the mucosa (HCO3 , 17.8mM; pH 7.20). SO4- 
substitution for C1 had an insignificant effect on PD and re- 
sistance (P < 0.05 for both) of antral mucosa. With both 
isethionate and glucuronate there was a significant increase 
in both PD (0.01 < P < 0.02 and P < 0.01) and resistance 
(0.01 < P < 0.02 and P < 0.01), whereas there was an in- 
significant change in Iss . 

In contrast, removal of Na+ with choline substitution 
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FIG. 1. Micrograph of full- thickness section of Necturus antrum 
showing relative absence of pits and uniformity of cell type. (Mag- 

nification X 250). 
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TABLE 1. Composition of solutions 

Nutrient Secretory 

K +CI- exp K +CI- exp 

Basal HEPES. 205 K + K 
Basal 20 20.5 K K 

=4 =40 =4+ =40+ 

Na+ 102.4 102.4 20.5 66.4 66.4 102.4 20.5 66.4 66.4 

K+ 4.0 4.0 4.0 4.0 40.0 4.0 4.0 4.0 40.0 

Ca ++ 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 

Mg++ 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Choline+ 81.9 36.0 81.9 36.0 

CI- 91.4 91.4 91.4 91.4 9.2 91.4 91.4 91.4 9.2 

S0, 0.8 7.2 0.8 0.8 41.9 10.1 10.1 10.1 51.2 

HCO3- 17.8 17.8 17.8 17.8 

H,PO4- 0.8 0.8 0.8 0.8 0.8 

HEPES- 5.0 

Mannitol 6.4 11.3 11.3 11.3 11.3 

Glucose 2.0 2.0 2.0 2.0 2.0 

All concentrations are given in mM. pH in the nutrient side solution was always 
adjusted to 7.20 with H,POI in the gas to be used. 

TABLE 2. Electric properties of Necturus and bullfrog 
antrum in symmetric (17.8 mM HCO3) solutions 

PD, mV I so, peg cm-2 h-' Resistance, Sl-cros n 

Necturus 5.5 ± 0.4 0.25 ± 0.03 828 ± 46 (20) 
Bullfrog 14.4 ± 2.1 0.65 ± 0.12 828 ± 115 (7) 

The mean values ± SE are given. The presented values are 
steady -state values recorded 45 min after the start of an experiment. 

abolished the PD but did not significantly affect the re- 
sistance. 

The data for bullfrog mucosas were significantly different. 
Thus both C1 substitution by SO4° , and Na+ substitution 
by choline significantly (0.01 < P for all) depressed PD, and 
Ise , with a significant (P < 0.01 for both) rise in resistance 
(Table 3). All changes were reversible on return to NaC1 
conditions. 

C) Ion fluxes in Necturus antrum. Table 4 shows the data ob- 
tained during ion flux measurements. It should be empha- 
sized that these measurements were done in the presence of 
unbuffered, secretory -side solution, i.e., in the presence of a 
HCO a gradient, which probably contributes to the lee (see 
below), but this made it possible to record the alkaline secre- 
tion. It can be seen that, in the short -circuited state, there 
was a net flux of Na+ from S -> N, and that simultaneously 
there was a net flux of Cl- in the opposite direction of about 
the same magnitude. From the latter data, it can be seen 
that the sum of both net ion fluxes exceeded the measured 
lae , and the conductance calculated from individual unidi- 
rectional Na+ and C1 fluxes (2.5 X 10 -3 52-1 cm-2) also 
exceeded tissue conductance (1.2 X 10 -8 SZ -1 cm-2). 

D) Inhibitors of Na+ transport. In an initial series of ex- 
periments 10 -5 M ouabain was added to either the secretory 
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TABLE 3. Effects of replacement of C1 and Na+ on electric 
properties of Necturus and bullfrog antrum 

PD, mV Resistance, 
n -cm' /so, µeq cm-211-1 

Necturus 

NaCI 3.5±0.5 997± 64 0.13±0.03 
(5) 

NasSO4 3.4±0.3 1087 ±139 0.12±0.02 
NaCI 4.4±1.2 987±114 0.17 ±0.03 

NaC1 6.8±0.9 790 ±142 0.32 ±0.06 
(4) 

Na-isethionate 8.1±0.8 1010±I93 0.30±0.06 
NaC1 5.5±0.9 817±150 0.25±0.05 

NaCI 7.9±1.2 747± 82 0.39±0.08 (6) 

Na-glucuronate 10.8±1.5 1206 ±147 0.33 ±0.07 
NaCI 6.5±1.3 829±143 0.29±0.08 

NaCI 
Choline -Cl 

3.6 ±0.8 
o 

785± 83 
760± 67 

0.17±0.03 
0 

(5) 

NaCI 3.8±1.1 685± 60 0.21 ±0.04 
Bullfrog 

NaCI 13.3±1.6 742+ 65 0.67±0.08 (4) 

NasSO4 3.5±0.5 1038± 92 0.13±0.02 
NaC1 14.1 ±2.0 735± 61 0.72+0.12 

NaCI 12.1±1.3 679± 55 0.66±0.10 (4, 

Choline -Cl 1.5±0.2 985± 92 0.06 ±0.02 
NaCI 13.1±1.7 723± 64 0.68±0.11 

The mean values ± SE of the PD, transepithelial electric resistance, and 6. 

during the last 15 min of each period are presented. The experiments were performed 

during three consecutive 60 -min periods. Buffered (pH 7.20) solutions with 17.8 m1i 

HCO5 and gassed with Os -COs , 95:5 (vol /vol) were used on both sides of the mm 

cosa. The experiments were performed during open- circuit conditions; the I,, on 
calculated from the PD and the resistance. 

TABLE 4. Na+ and Cl- fluxes across 
short -circuited necturus antrum 

Ne 
Js-.N JNNs $ J$+cl N 

el 
JNs 

Unidirectional ion fluxes, µeq cm' h-1 

0.74 ± 0.06 0.47 ± 0.13 0.52 ± 0.06 0.78 ± 0.14 
(n = 10) (n = 10) (n = 8) (n = 8) 

PD, 
V m 

Resistance, 
11 -cm' 

Ise, oft-, 
peg cm-2 h-' µeq cro s h' 

Electrical properties and OH- secretion (n = 36) 
9.5 ± 0.7 867 ± 62 0.41 ± 0.03 0.33 f 0.02 

The mean values ± SE are given. An unbuffered solution and 

100% 0 a were used on the secretory side in these experiments to 

allow recording of the alkaline secretion while there was 17.8 mM 

HCO3 and 02 -00o, 95:5 (vol /vol) on the nutrient side. The ex- 

periments were performed during 90 -min periods. 

or nutrient side of Necturus antral mucosa. When placed on 

the nutrient side, there was a significant (P < 0.01 for both 

after 45 min) inhibition of PD and Ise , and there was a con- 

comitant and significant (0.01 < P < 0.02) reduction of 

JQ -N (but not JÑ ,s , Fig. 2). Ouabain in the same concen- 

tration did not affect the electrical or flux parameters when 

added to the secretory side (n = 4). Amiloride, 10-6M, 
achieved essentially the same result, however, when added 

to the secretory side. In this case the fall in he was large' 

than the fall (P < 0.01) in JNa , but the rise in Ise following 

removal of amiloride exactly corresponded to the increase in 

JNa (Fig. 3). Amiloride did not affect the electrical param- 

eters if added to the nutrient side, although the higher con- 

centration of 10-4 M was tried (n = 3). Both amiloride and 
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ouabain abolished the lea and PD if added in the absence 
of a HCO3- gradient (see below). 

Neither ouabain nor amiloride significantly (P < 0.05) 
changed the rate of alkali secretion or the conductance of 
the tissue (Table 5). 

E) Microelectrode studies with amiloride. Since the effect of 
amiloride was confined to the secretory side, and in other 
tissues, a reduction in Na+ conductance. would appear to be 
a reasonable explanation for the mode of action of this com- 
pound (3), microelectrode experiments were performed to 
confirm the site of action. Figure 4 shows that there is a 
rapid decline of transmucosal PD with a hyperpolarization 
of the secretory membrane and a lesser hyperpolarization 
of the nutrient membrane of the cell. Although there is only 
a slight rise of transmucosal resistance, the ratio of secretory/ 

TABLE 5. Effects of ouabain and amiloride on alkaline secretion 
and electrical resistance of Necturus antrum 

OH-, 
µeq cmT2 hT1 

Resistance, 
0 -cm2 

PD, 
mV n 

Control 0.31 t 0.05 925 ± 104 10.5 ± 1.3 (9) 
Ouabain 0.31 f 0.04 920 ± 104 8.8 ± 1.3 
Ouabain 0.33 f 0.03 934 ± 107 4.7 ± 0.8 

Control 0.38 ± 0.11 1104 ± 130 7.6 ± 2.2 (4) 

I 

Amiloride 0.43 ± 0.13 1136 ± 164 2.0 ± 0.7 
180 Time 

(min) 

FIG. 2. Effect of 10 -6 M ouabain addition on nutrient side of 
mucosa on Na+ flux (JNa), short -circuit current (Lc) and PD. Presence 
of drug is indicated by solid symbols. Mean values ± SE (n = 4) 
during 4 consecutive 45 -min periods show that there are no significant 
changes in control experiments, and that ouabain reduces Is,, and 
JsN.',x equivalently. Unbuffered secretory solution was used. 

Isc and J 
SN 

(VEgh-I,im) 

08 

0.6 

0.4 

0.2 

0 

FIG. 3. Effect of 10 -6 M amiloride on secretory side of Necturus 
antrum on JS-N, lea and PD with 6 consecutive 45 -min periods, in 
which amiloride was present during 3rd and 4th period showing re- 
versible inhibition of measured parameters (mean values ±SE, 
R = 4). Unbuffered secretory solution was used. 

The mean values ± SE during the last 15 min in each experi- 
mental period are given. The experiments were performed during 
three or two consecutive 45 -min periods, the first being a control 
without any drug added. Ouabain (10 -6 M) was added to the 
nutrient side and amiloride (10 -6 M) was added to the secretory 
side at the beginning of the second 45 -min period. The effects on 
the rate of alkaline (OH-) secretion, resistance, and PD are shown. 
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mu. 4. A microelectrode experiment showing effect of amiloride 

on PD between cell and nutrient, and cell and secretory solutions, 

and transepithelial PD (secretory- nutrient). Also shown is effect on 

transepithelial resistance and membrane resistance ratio Rs /RN. 

Unbuffered secretory solution was used. 
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TABLE 6. Effect of amiloride and a fivefold secretory -side [Na +] decrease on transepithelial and 

cell membrane potentials of Necturus antrum 

PD, mV 
Rs/RN 

Secr-Nutr Cell -Secr Cell -Nutr 

Control 
Amiloride 

Control 
Na+ decrease, secretory side 
Control 

11.2 ± 2.3 
_ 3.2 ± 0.8' 

- 10.2 f 0.6 
3.3 f 0.2 
10.8 f 0.8 

36.4 f 1.4 
56.0 t 1.2 

28.4 ± 1.6 
49.3 ± 0.2 
25.8 ± 1.5 

47.8 ± 2.0 
59.2 ± 1.0 

38.6 ± 2.1 
52.6 ± 2.5 
36.6 ± 2.0 

2.77 ± 0.23 
10.77 ± 1.81 

2.36 ± 0.17 
5.43 ± 0.72 
2.46 ± 0.18 

(5) 

(5) 

The mean values ± SE are given. Amiloride was added to 
side was decreased from 102.4 to 20.5 mM, Na+ being replaced 
the addition of amiloride or change in Na+ concentration. The 
ing the Na+ decrease 4 min after return to control conditions. 
(Rs /RN) was calculated from the voltage change obtained on s 

the secretory side to a concentration of 10 -5 M. [Na +] on the secretory 

with choline. The preceding controls were recorded immediately before 
test values were obtained 4 min after the change and the controls follow. 

The ratio between the secretory- and nutrient -side membrane resistance 

ending current (20 AA/cm') across the tissue. 

nutrient membrane resistance (Rs /RN) rises considerably - 
more than fourfold as shown in Table 6). 

A fivefold decrease in Na+ concentration on the secretory 
side (from 102.4 to 20.5 mM, Na+ replaced with choline; 
Table 1) also produced an effect similar to that obtained 
with secretory -side amiloride (Table 6 and Fig. 5), although 
the increase of the cell membrane -resistance ratio was 
somewhat smaller. A very high resistance ratio was obtained 
in Na -free solutions (Table 7); under this condition secretory - 
side amiloride was without effect on the membrane poten- 
tials and the resistance ratio (n = 3). 

F) Alkali secretion. When pH -stat experiments were 
run with unbuffered mucosal solution and use of 100 % 02 
instead of 02 -CO2 , 95 : 5 (vol /vol), it was found that there 
was a significant alkalinization of the antral secretory sur- 
face. A variety of experiments was carried out to elucidate 
the nature of this alkali secretion. 

Thus, removal of HCO3 and CO2 from the nutrient solu- 
tion reduced the secretion by about 50 %, but the PD by 
40 %. Anoxia and Diamox (10 mM) reversibly abolished the 
secretion, whereas dinitrophenol (10-4 M) sharply reduced, 
but did not abolish alkalinization (Table 8). SCN- (20 
mM), amiloride (10 -6 M, Table 5), and ouabain (10 -5 M, 
Table 5) were without significant effect. Apparent alkali 
secretion persisted during short -circuiting of the preparation. 
It should be noted that the alkali secretion rate of Necturus 
antrum (Tables 4 and 8) is about 20 % that of the acid rate 
of the fundus (17) of the same species. 

In addition to their effects on alkali secretion, some of 
these inhibitors affect the PD and resistance. As shown in 
Table 8, anoxia and dinitrophenol decrease the PD and 
raise the resistance significantly. SCN- is without effect, 
and Diamox raises the resistance. 

G) HCO3 permeability. As mentioned above, removal of 
HCOa from the serosal solution decreased the PD and 
alkaline secretion. It was, therefore, pertinent to study 
these effects of HCO3 in some detail, since identical ma- 
nipulations are without effect on the in vitro fundus (16). 

The effect on transmucosal PD by changing both [HCO3] 
and CO2 is shown in Fig. 6. The effects were due, mainly, to 
the changes in [HCO3 ]; changes in CO2 alone had only 
minimal effects (Fig. 7). The changes observed with 
HCO3 changes are relatively slow in comparison to effects 
of nutrient -side KCl +- changes (Fig. 8), in the same tissue. 
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FIG. 5. Effect of a fivefold decrease in Na+ concentration in secre- 

tory solution on electrical properties of antral tissue as monitored by a 

microelectrode, showing change in PD between cell and secretory and 

cell and nutrient solution, as well as resistance ratio Rs /RN and trans 

mucosal resistance. Solution compositions are shown in Table 1. 

It seemed possible, therefore, that the HCOa effect was 

due to, at least in part, secondary effects on the tissue. 
When [HCO3] and CO2 were changed in the serosal so- 

lution during a microelectrode experiment, as shown in 

Fig. 9, there is a reversible decrease in the potential between 

cell and nutrient and between cell and secretory solutions, i 

with a smaller change transmucosally. The effects were re- 

versible on return to control conditions. In the same ex- 

periment the effect of amiloride is illustrated, namely a re- 

duction but not an abolition of the HCO3- effect, and no 

evident alteration of the time course of the change. Removal 

of HCO3 from the nutrient solution also slightly decreased 

(P < 0.01) the ratio between the secretory and nutrient 

membrane resistances (Table 7). 
Ouabain inhibition of Na+ transport, on the other hand, 

alters the time course of the HCO a change so that now the 
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TABLE 7. Effect of nutrient -side HCO3 removal in Na+ and choline solutions in microelectrode experiments 
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Nutrient Buffer 
PD, mV 

Secr-Nutr Cell -Secr Cell -Nutr 
RS/RN 

Na solutions 
(n = 6) 

Choline solutions 
(n =4) 

HCO3- + CO2 
HEPES 
HCO3 + CO2 

HCO3 + CO2 
HEPES 
HCO3- + CO2 

11.2 ± 3.3 
7.6 ± 3.1 

11.7 ± 2.8 

0 
0.3 t 0.2 
0.3 t 0.2 

27.7 ± 3.3 
18.6 ± 2.4 
29.2 ± 3.6 

35.3 f 3.8 
35.2 f 3.4 
33.5 f 3.5 

39.0 ± 2.4 
26.2 ± 2.4 
40.8 ± 2.8 

35.3 ± 3.8 
35.5 ± 3.4 
33.8 ± 3.8 

1.86 ± 0.35 
1.46 ± 0.40 
1.88 ± 0.88 

14.51 f 2.11 
16.54 t 2.30 
15.30 f 1.66 

The mean values ± SE are given. 17.8 mM of HCO3- was replaced with 5 mM of HEPES. Concomitantly the nutrient -side gas was 
changed from Os -0O2, 95:5 (vol /vol) to 100% 02. The potentials were recorded immediately before and 12 min after changes in HCO3 
concentration. On the secretory side, 100% 02 and an unbuffered solution were used. 

TABLE 8. Alkaline secretion of Necturus antrum 

PD, mV Resistance, 
0 -cane 011-, taeg n 

Control 8.8 ± 1.8 747 

Anoxia 3.0 ± 0.7 891 

Control 7.0 ± 1.1 835 

Control 11.9 ± 1.4 685 

DNP,10-4 M 7.8 ± 1.0 798 

Control 10.3 ± 3.3 835 

Diamox, 10 mM 10.7 ± 3.3 940 

Control 9.3 ± 3.6 922 

Control 8.9 oh 2.1 694 
HEPES 5.8 f 1.2 784 

Control 9.4 f 1.8 742 

Control 8.3 f 2.0 752 

SW, 20 mM 8.6 ± 2.1 730 

± 63 
± 56 t 50 

0.40 ± 0.10 (6) 
o 

0.32 f 0.05 (4) 

t 54 0.41 f 0.14 (4) f 75 0.20 f 0.07 

t 54 t 44 f 46 

f 40 f 57 t 35 

f 62 f 74 

0.38 t 0.12 
0 

0.24 f 0.07 

0.35 t 0.06 (5) 
0.17 f 0.06 
0.28 t 0.08 

0.35 f. 0.08 (4) 
0.38 f 0.09 

The mean values t SE of PD,, resistance, and rate of alkaline secretion are 
given. Anoxia was produced by replacement of Oo in the gas with Ns. All drugs were 
added only to the nutrient side of the mucosa. The control values were obtained 
immediately before or 30 min after the test period. All test values were obtained 30 

min after change to anoxic conditions or addition of a drug. In those experiments 
17.8 mM of HCO.- were replaced with 5 mM of HEPES buffer; concomitantly, 
the nutrient -side gas was changed from Os-0O2, 95:5 (vol /vol) to 100 % Os. An 
unbuffered solution and 100% Os was always used on the secretory side. 

effects are as rapid as the effects of nutrient -side K +CI- 
changes (Fig. 10). 

This suggested that there might be a relationship between 
Na+ transport and HCO3 conductance, hence experiments 
were carried out in which HCO3- changes were made in 
the absence of Na+ (i.e., in choline solutions, Table 8). Na+ 
removal results in an abolition of the PD in spite of the pres- 
ence of a HCO3 gradient. Subsequent HCO3 changes 
were without effect on cell or transmucosal potential (Table 
7, and Fig. 11). 

It is, however, obvious (Fig. 11) that return of Na+ to 
only the secretory side reinduced HCO3 conductance in 
the nutrient -side cell membrane. 

H) Asymmetry of membranes. The effect of changes in Mil 
concentrations of the cell membrane potentials were made 
to evaluate the nature of the diffusion potentials across the 
membranes. Figure 8 shows the response to secretory and 
nutrient -side 10 -fold changes in K+ and Cl- concentrations. 
The Na+ and HCO3 concentrations were kept constant, 
1(4 replacing choline and SO4 replacing Cl- (Table 1). 
It is clear that the K+ and C1 change produced a significant 
effect only when made on the nutrient side. No effects 
greater than 4 mV were obtained on the secretory -side 

HCOj I Hepes I HCO3- 

Unbuff. 

PD. 
( mV) 
10 - 

8 

HCO; I Unbuff. 

PD 

Resistance 

Nutt.. side sol. 

Secr. side sol. 

Resistance 
(ohm ema) 

800 

600 

400 

200 

10 20 30 40 50 60 70 80 Time (min.) 

FIG. 6. PD and resistance of the Necturus antrum with variations of 
HCO3 and CO2 in bathing solutions. HCO2 in nutrient -side solu- 
tion (17.8 mM) was replaced with HEPES (Table 1) and unbuffered 
secretory -side solution was replaced with nutrient -side solution (17.8 
mM HCO3) as indicated. Together with unbuffered and HEPES 
solutions 100% 02 was used, while HCO3-buffered nutrient -side 
solution was gassed with 02 -0O2, 95:5 (vol /vol). 

change. The effect of a nutrient -side K+ and C1 change 
are largest in the nutrient -side cell membrane, but there is 

also a depolarization of the secretory membrane potential 
and the secretory- nutrient ( transmucosal) potential. 

The effect of nutrient and secretory -side fivefold Na+ 
changes is illustrated in Figs. 5 and 12 and in Table 6. The 
effect of a Na+ change shows an asymmetry opposite to that 
obtained with KCl +- changes, although both the cell mem- 
branes are sensitive. A secretory -side Na+ decrease hyper - 
polarizes both cell membranes, the greater effect being 
obtained across the secretory -side membrane. There is a con- 
comitant decrease of the transmucosal PD. A nutrient -side 

Na+ decrease also hyperpolarizes both cell membranes; in 
this case there is a greater change across the nutrient mem- 
brane, and there is an accompanying small increase in the 
transmucosal potential. The time course of the change ob- 

tained with a secretory -side Na+ change is similar to that 
obtained with a nutrient -side KCl +- change. The time 

course of the PD obtained with a nutrient -side Na+ change 

is, however, different. In all experiments (n = 8) there was 

a two -phase response, consisting of an immediate smaller 
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FIG. 9. A microelectrode recording of effect of HCO3 removal and 
replacement on cell and transmucosal PD's before and after amiloride 
treatment of Necturus antrum. Combination of HCO3 removal and 
amiloride addition abolishes PD (and lea), whereas either of these 
alone do not. Unbuffered secretory -side solution was used. 
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FIG. 7. This experiment illustrates 
that CO2 alone on nutrient side can- 
not restore effect of PD on removal of 

HCO3 from that side. Effect of acre. 
tory -side CO2 alone is very small com- 

pared to that of secretory -side HCO3- 
Unless indicated, O2-CO2, 95:5 (vol/ 

vol) was used, otherwise gas was 

100% O. 

FIG. 8. Results of 2 microelectrodeex- 
periments, in same mucosa, in which a 

constant product change in K+ (4-40 

mM) and Cl- (91.4 -9.2 mM) was made 

on nutrient and secretory side of Necturus 

antrum. Both Na+ and HCO3 con- 

centrations were unchanged in this 

experiment and secretory solution was 

unbuffered. 

hyperpolarization and a later greater hyperpolarization. 
The latter appeared 1 -3 min after the immediate change 

This might indicate that the nature of the Na+ conductance 

in the nutrient -side cell membrane is different from that in 

the secretory -side membrane. 
Finally, results from Ussing- chamber experiments (Figs. 

6 and 7) showed that the transmucosal PD changed with 

variation in HCO3 concentration in the solutions on both 

sides. This made it interesting to examine with microelec- 

trodes whether the secretory -side membrane was well as the 

nutrient -side membrane (see above) showed a HCO3 con- 

ductance. Figure 13 shows the result of a typical experiment. 

Adding HCO3 (basal nutrient solution, 100% 02) to the 

secretory side results in a slow hyperpolarization of the 

secretory -side membrane, similar to that obtained across the 

nutrient -side membrane (Fig. 9) with a HCO3 change on 

that side. There is a smaller hyperpolarization of the nu- 

trient membrane and a decrease of the transmucosal PD. 

The effect of a HCO3- change on either side of the mucosa 

is thus mainly exerted across the cell membranes, rather 

than across the shunt pathway. 

DISCUSSION 

It has previously been established that the gastric fundus 

of Necturus actively transports H+ and Cl- luminally and 

Na+ serosally (17). The antrum of this species demonstrated 
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Fla. 10. Effect of HCO3 and CO2 removal from nutrient solution 
on electrical properties of Necturus antrum as visualized in a micro - 
electrode experiment, following ouabain pretreatment (10 -5 M, 
nutrient side) for 45 min. An unbuffered secretory -side solution was 
used. 
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FIG. 11. Effect of a HCO3 change in choline (Na+ free) solutions 
and after readdition of Na+ (102.4 mM) to secretory solutions, showing 
that secretory Na+ is adequate for restoring HCO3 conductance to 
nutrient surface of tissue. 

some notable differences. Thus acid secretion is clearly ab- 
sent, the PD and he generated are' significantly lower, and 
the tissue resistance is higher. In assessing the details of trans- 
port by this tissue various types of studies provide consider- 
able information as to which ions are transported, and 
across which membrane of the cell. 

Ion -substitution experiments, with either Na+ or Cl- re- 
moval, provide some insight as to which transport system is 
responsible for the PD and Iea . Cl- removal, with SO4° 
substitution, does not affect the transmucosal PD, resistance, 
or I,,, . Glucuronate or isethionate, however, produce in- 
creased tissue resistance and PD. From this, one would be 
tempted to conclude that Cl- transport does not contribute 
to the electrical characteristics of the tissue. 

Based on the fact that conductance of the antrum appears 
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FIG. 12. Effect of decreasing Na+ 5 -fold on nutrient surface of 
Necturus antrum showing that nutrient membrane has a significant 
Na+ conductance, but that there is a 2 -phase response. Composition 
of solutions are given in Table 1. 
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I [FIG. 13. Effect of HCO3 addition to secretory solution of Necturus 
antrum showing that secretory surface of tissue also has a HC05 
conductance. 

to be mainly due to extracellular passage of ions (18), it 
would seem that this pathway does not discriminate be- 
tween sulfate and chloride, but is restrictive to the movement 
of anions having a larger molecular weight such as glucuro- 
nate or isethionate. 

In contrast to the above findings for Necturus, the bull- 
frog antrum responds to C1 removal with a decrease in PD 
an increase in resistance, and with a 50 % fall in I,, , show- 
ing that in this species in vitro C1 transport probably does 
contribute to the electrical properties of antrum. 

However, when radioisotope flux measurements were 
carried in Necturus antrum there was a net flux of C1- from 
serosa to mucosa in the short -circuited preparations in the 
absence of a transmucosal chemical gradient for C1-. This 
demonstrates that there probably is active Cl- transport in 
this species, but this is electrically silent, presumably a neu- 
tral mechanism, as has recently been demonstrated in the 
intestine (12). 

In the case of Na+ substitution, removal of Na+ with 
choline as the substituting cation results in abolition of the 
PD and I,a , with no significant change in resistance. Flux 
measurements in the presence of a transmucosal HCO 
gradient showed that the I, a (0.41 µeq cm-2h-1) exceeded the 
net Na+ flux (0.27 µeq cm2 h -1) as well as the decrease in 
Jg ;N obtained on amiloride (0.32 µeq cm2 h-1) or ouabain 
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(0.30 µeq cm-211-1) treatment. Both ouabain and amiloride 
did, however, abolish the PD of the tissue when the HCO3 
gradient was removed (Figs. 9 and 10). It seems, therefore, 
very probable that the measured difference between net Na+ 
flux and Ise represents current due to diffusion of HCO3. 
This is supported by the findings (Tables 2 and 3) that the 
40 in the presence of a HCO3 gradient exceeded that in 
HCO3 -0O2- buffered symmetric solutions (0.41 and 0.25 
peq cm-2 h -1, respectively). Removal of HCO3 from the 
nutrient side (Table 8) also reduced the Ise (calculated) 
from 0.47 to 0.28 µeq cm2 h -1. It seems clear that a net Na+ 
absorption (0.30 µeq cm2 h-1) accounts for the I8c and PD 
measured in symmetrical solutions and that a diffusion of 
HCO3 along a transmucosal gradient can contribute to 
the he and PD. 

No measurements of the K+ flux were made in the present 
study; the results of in vivo studies indicate, however, that 
[K +] in antral secretion is higher than that in the secretion 
from the fundic pouch (6). It cannot then be excluded that 
some K+ transport could take place as a neutral KC1 
pump. The total tissue conductance is exceeded by the sum 
of the Na+ and Cl- conductances (Table 4). This also 
demonstrates that some of the ionic movement in the tissue 
is by nonconductive pathways, as is the case also for the 
gastric fundus (8, 10). 

The concept that active Na+ transport from the secretory 
to the nutrient side accounts for most of the short- circuit 
current is further supported by the effect of inhibitors, such 
as ouabain or amiloride. Both of these inhibitors reduce Na+ 
flux S -+ N selectively, and reduce Ise and PD to zero in the 
absence of a HCO3 gradient. The action of amiloride was 
on the secretory side, ouabain on the nutrient, which would 
be compatible with a cell containing a secretory surface 
with passive Na+ conductance, and a basal surface with 
Na + -K +- ATPase. 

Amiloride sharply increased the ratio of the resistances 
between the secretory and the nutrient -side cell membranes. 
Similar increases in the ratio were obtained on removal of 
sodium from the solutions and on a decrease of only secre- 
tory -side [Na +]. Therefore, it can be concluded that amilo- 
ride in this tissue acted by decreasing Na+ conductance in 
the secretory-side cell membrane, and that Na+ conductance 
is a major contributor to the conductance of this membrane. 

The role of a HCO3 gradient in maintaining a PD 
across Necturus antrum is demonstrated by a) the reduction in 
PD with the removal of HCO3 from the serosal solution, b) 

the increase in PD when HCO3 is removed from the se- 
cretory solution. In a tissue with high paracellular con- 
ductance it is necessary to establish that these effects are due 
to changes across the cell membrane, rather than across the 
shunt path, which was done with microelectrodes. 

The situation is somewhat more complicated, due to an 
interaction between Na+ transport and HCO3 conduct- 
ance. One line of evidence pointing to a complex interaction 
between the tissue and HCO3- concentration is the time 
course of the PD change occurring with change in [HCO 3 ], 
which is significantly slower than a PD change occurring 
when the K+ and Cl- concentrations are changed (compare 
Figs. 8 and 9) showing that the time shift is probably not due 
to diffusion limitation. Amiloride reduces the magnitude of 
the HCO3- effect, but does not alter the time course. Re- 
moval of Na+ from the bathing solutions abolishes any 

effect of changes in [HCO s ] on the nutrient cell trim 
brane of transmucosal PD's while readmission of Na+ to the 

secretory -side solution restores nutrient -side membrane 
HCO3 conductance. The converse may also occur. Oua 
bain, on the other hand, changes the time course so that the 

change (Fig. 10) resembles that found with a nutrient -side 

K +CI- change. 
These findings would suggest a link between a functional 

Na +- K +- ATPase and HCO3 conductance. Admission 
of 

Na+ to the cells (but not net Na+ transport) is required for 

an apparent HCO3- conductance to be manifest. The present 

results might be of interest in view of the interdependence 
between HCO3 and transepithelial Na+ transport pre- 

viously shown in epithelia such as turtle bladder (9), human 

jejunum (21), and renal proximal tubule (22). Some evi- 

dence has also been given (20) that the PD across the apical 

membrane of the frog retinal epithelium may vary with ex- 

ternal HCO3 concentration. 
Alkali secretion may also be relevant to the problem of the 

HCO3 effect on the tissue. Necturus antrum secretes base 

into (or absorbs protons from) the luminal solution under in 

vitro conditions. The maximum rate observed was about 

20 % of the maximal acid rate found for Necturus fundus. The 

absence of HCO3 and CO2 from the nutrient solution re- 

duces alkali secretion, and anoxia and dinitrophenol in- 

hibit it, showing that metabolism is required, and that -the 

secretion is not due to HCO3 diffusion from the serosal solu- 

tion. Diamox also inhibits this secretion, suggesting a role 

for carbonic anhydrase in the process. Interestingly, the se- 

cretion is not affected by SCN- at a concentration (20 mM) 

which almost totally inhibits gastric fundus H+ secretion 

(14). The role of this secretion in antral physiology may be 

to reduce H+ concentration at the antral cell surface, and 

hence may act as a protective mechanism. 

Secretory membrane Nutrient membrane 

HCO3 

cell 
paracellular shunt 

HCO3 

Na* 

cell 

FIG. 14. A representational equivalent circuit for Necturus antrum 

consisting of a K +, Cl -, HCO3, and Na+ conductance in nutrient 

membrane, and a Na+ and HCO3 conductance in secretory mem- 

brane. Orientation of diffusion potentials is based on assumption that 

cellular ionic concentrations are "usual" and that symmetric sole. 

tions (17.8 mM HCO3) bathe tissue. It should be noted that no evi- 

dence was presented suggesting electrogenicity of Na+ pump located 

on nutrient surface. 
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TRANSPORT BY ANTRUM 

Further delineation of antral properties was achieved 

using microelectrodes, Necturus antrum being particularly 

advantageous due to its large cell size and anatomic sim- 

plicity. 

Changes of K +C1- concentrations in the nutrient and 

secretory bathing solutions have quite different effects in 

this tissue. The effect of a constant product change applied 
to the nutrient surface is greater than the effect of a secretory 
change. The PD across both cell membranes changes with a 
nutrient -side change, but there is little effect of a secretory - 
side change. The larger change in cell membrane PD as 

compared to a change in transepithelial PD can be ex- 
plained by the presence of a higher conductance paracellular 
pathway of different ion selectivity (18, 19). Changes of 
[Nat] produce effects opposite to those with K +CI- in that 
in this case the secretory surface responds more than the 
nutrient surface to a change in the [Na +] in the appropriate 
bathing solutions. 

The concept that Na+ conductance across the secretory 
membrane is highly significant is substantiated by the action 
of amiloride. The presence of this drug on the secretory side 
results in hyperpolarization of the secretory membrane, due 
to reduction of Na+ conductance, and there is also, as ex- 
pected, a significant increase of the Rs /RN ratio. 

From these data it can be seen that whether amiloride is 

used to alter the Na+ conductance of the secretory mem- 
brane, or secretory Na+ concentration is decreased, or Na+ is 
removed, the cell membrane resistance ratio Rs /RN shows 
a large increase. 

Amiloride, however, has no effect on the nutrient surface 
and this surface also responds differently to a Na+ decrease 
in the bathing solution on that side. The Na+ conductance 
mechanisms across each cell surface are thus most probably 
different. Different types of Na+ conductance have been 
shown previously in the frog skin (11). 

HCOá changes in either solution affect the PD of the 
tissue or of the cell membranes, and HCO3- removal from 
the nutrient side also increases the ratio Rs /RN . 

From these data it is possible to derive a model for the 
antral cell. This consists of a) a nutrient -side membrane sig- 
nificantly sensitive to K+ and Cl- gradients, with constant 
product change, also containing HCO3- and small Na+ 
conductances (amiloride insensitive); b) a secretory -side 
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membrane relatively permeable to Na +. This membrane also 
displays a HCO3 conductance, but under in vivo condi- 
tions HCO3 would be absent from the secretory bathing 
solutions. The model is illustrated in Fig. 14. 

The paracellular pathway is presumably less ion -selective 
than the cell membranes, and since most of the transepi- 
thelial conductance is paracellular (18), this pathway may 
play an important role in- determining the electrical proper- 
ties of the tissue. Whenever the PD across one of the cell 
membranes was changed by a change in external ion con- 
centrations (Kg +CI -, Na +, or HCOa) or by the use of 
amiloride, there was also a concomitant change of the PD 
across the other cell membrane. The sign of these trans 
changes were always as postulated (15) for a tissue in which 
there is a coupling between the surface potentials through a 
paracellular leak pathway and the trans changes are most 
probably due to changes in the ion current flow across that 
membrane generated by the change in the cis membrane 
PD. The results thus further support the existence of a para- 
cellular shunt pathway in the antral mucosae. 

Since the resistance of the secretory membrane is greater 
than that of the nutrient membrane, the PD generated by 
an IR drop across this membrane will be greater than that 
across the nutrient membrane. 

Transport by this tissue may be visualized then as being 
due to the Na+ conductance of the secretory membrane in 
series with a Na+ pump, the ouabain- sensitive Na + -K +- 
ATPase. This pump activity, however, may not contribute 
significantly to the PD across the nutrient membrane in that 
ouabain did not have rapid effects on the tissue potential or 
resistance. However, the Na+ conductance of the nutrient 
membrane which is amiloride insensitive might indeed be 
related to the Na+ pump mechanism. 
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ABSTRACT The magnitude of cellular and shunt conductance of Necturus gas- 

tric antral mucosa was studied by (a) comparing the cellular PD response to 
transepithelial PD response during changes of ionic activity in the serosal bath- 
ing solution and (b) by measurement of current spread within the epithelial 
sheet. Using constant product KC1 changes cellular resistance was 6,788 

S2cm2 and shunt resistance was 1,803 SZcm2. Deletion of HCO3 from the serosal 

solution produced similar but quantitatively smaller changes in PD. Using 
HCO3 deletion cellular resistance was 7,338 SZcm2 and shunt resistance was 

1,973 S2cm2. Measurement of current spread within the mucosa avoids changing 
ionic gradients yet gave very similar results; cellular resistance was 8,967 

Slcm2 and shunt resistance was 2,947 S2cm2. The shunt contribution to trans- 
epithelial conductance ranged from 75.2 to 79.0 %. Shunt selectivity was 

assessed using KC1 dilution potentials, where mucosal dilution gave a small 
change in tissue PD compatible with an anion /cation selectivity ratio of 1.16 

across the shunt, whereas serosal dilution effect was dominated by a PD change 
across the serosal membrane of the cell. 

The magnitude of the cellular and transepithelial shunt conductance of a 
variety of epithelia has been quantitated. The proximal tubule (Windhager 
et al., 1966; Hoshi and Sakai, 1967), gall bladder (Diamond et al., 1971; 

Frömter, 1972), and intestine (Clarkson, 1967; Frizzell and Schultz, 1972) can 
be classified as "leaky" tissues with the cell :shunt conductance ratio being 
1:10 -20. These epithelia demonstrate low transepithelial potential difference 
(PD), symmetry of PD response to changes in ionic activity, low transepithelial 
resistance, and failure to support large concentration gradients. In contrast, 
frog skin, toad bladder, and fundic gastric mucosa develop large concentra- 
tion gradients, have a high PD, high transepithelial resistance, and have an 
asymmetric response to changes in ionic activity. These epithelia have cell to 
shunt conductance ratios > 1 (Mandel and Curran, 1972; Reuss and Finn, 
1974; Spenney et al., 1974). 
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Necturus antrum develops only a low PD dependent on mucosal to serosal 

Na+ transport, but has a relatively high resistance (Flemstrom and Sachs, 

1974). Therefore quantitation of antral cellular and shunt conductance is of 

particular interest since antral mucosa is directly exposed to the large (106) 
proton gradients generated by the adjacent fundic mucosa, a "tight" epi- 

thelium. We have quantitated these pathways using two techniques: (a) The 
cellular PD response is compared to transepithelial PD response after either 
a 10 -fold constant product change in KCl or a change in [HCO3] in the 

serosal solution. (b) Analysis of current spread within the epithelium using a 

two -microelectrode technique. 

EXPERIMENTAL METHODS 

Adult Necturus were kept in an aquarium and fed minnows. Animals were killed by 

severing the spinal cord in the neck. The abdomen was quickly opened and the 

stomach removed and opened and placed in amphibian Ringer's solution bubbled 
with 95 % 02 -5 % CO2 at 23 °C. The muscularis was stripped from the mucosa which 

was then stretched and mounted (mucosal surface upward) between two Lucite half 

chambers; the upper half had an open top to allow use of microelectrodes. The 

chambers were filled with mucosal and serosal solution (Table I) which were cir- 

culated from external reservoirs at 23 °C by using 95 % 02 -5 % CO2 as an airlift 

system. Alternately the mucosa was perfused (15 ml /min) from Marriot bottles 

bubbled with 95 % 02 -5 % CO2 . Fig. 1 shows the electrical arrangement for two 

microelectrodes. In the single -microelectrode experiments the current -sending 

electrode, manipulator, current source, and recording connections were deleted from 

TABLE I 

COMPOSITION OF SOLUTIONS 

Constant product KCl experiments HCOs experiments 

Serosal control AKCI Mucosal control Serosal control HCOá deletion Mucosal control 

mm mm mm mm mm mm 

Na+ 91 46 91 102.4 102.4 102.4 
K+ 5 50 5 4.0 4.0 4.0 
Cl- 80 8 80 91.4 91.4 91.4 
SO4 36 8 0.8 7.2 10.1 
Mg-I+ 1.0 1.0 - 0.8 0.8 0.8 
Ca.-H" 1.5 1.5 - 1.8 1.8 1.8 
HCO3 20 20 0 17.8 - - 
H2PO4 1.0 1.0 - 0.8 0.8 
HEPES - - - - 5.0 
Glucose 5 5 5 2.0 2.0 
Sucrose - 36 15.5 
Mannitol - - - 6.4 11.3 

Composition of solutions (mM) used in the constant product KCl and o(HCO3) experiments. 
Composition of solutions used for determination of dilution potential is given in Table V. 
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FIGURE 1. The design of the microelectrode chamber and electrical connections 
used in the dual microelectrode experiments. ME1 is used as the probing electrode 
while ME2 is used for current injection. Bathing solutions are circulated from external 
reservoirs; orifices at the edge of the chamber jet circulating fluid across the mucosal 
and serosal surfaces. 

the circuit. Either the mucosal or serosal solution can be used as reference; we usually 
referenced the serosal solution. 

Tissue resistance and the ratio of mucosal :serosal membrane resistance (Rm /Re) 
were measured by sending 10 µA /cm2 through Ag -AgCI wires mounted around the 
edge of the chamber. The transepithelial PD was measured by a pair of saturated 
KC1- calomel electrodes (Radiometer K 4112, Radiometer, Copenhagen, Denmark) 
while the PD across the serosal cell membrane was measured between an intra- 
cellular electrode and one of the calomel electrodes. All resistances were corrected 
for the resistance of solutions. Current sending through the microelectrode or trans - 
epithelially was limited to less than 100 ms to minimize polarization effects. 

Microelectrodes were prepared using a commercially available two -stage micro - 
pipette puller and microforge. Microelectrodes were examined under a microscope, 
filled with methanol in a vacuum, transferred to distilled water, and subsequently 
filled with 3 M KC1 by diffusion during storage in 3 M KC1 at 4 °C for 24 h before 
use. Microelectrodes prepared in this manner were used within 72 h when the tip 
potential was less than 5 mV and the tip resistance was 5-40 MSl. 

CONDUCT OF EXPERIMENTS 

The tissue mounted in the microelectrode chamber was bathed initially in mucosal 
solution and serosal solution (Table I). In the two -microelectrode experiments these 
solutions alone were used. In experiments with changes of ionic activity, the serosal 
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solution was perfused from Marriot bottles at a rate of 15 ml /min. Solutions were 
changed by a stopcock arrangement so that flow rate and pressure were constant. 
After a change in ionic activity, transmucosal PD and the serosal -microelectrode PD 
were followed until stable for at least 3 min. During the course of one experiment 
several such changes can be done. 

In the double microelectrode experiments the current -sending electrode was 

placed intracellularly and the second microelectrode was used to measure the OPD 
in a distant cell when 5.9 X 10 -9 MA was injected. The probing electrode was moved 
to cells progressively further from the current- sending electrode. Distance was 
measured with a micrometer eyepiece. In both types of experiments the relative 
resistance of the mucosal and serosal membranes (R,,,/ Rs) was measured by the 
BPD of the intracellular electrode (MIC) when current was sent transmucosally 
(Eq. 1). 

R,,, OPDm, 

RS OPD 

RESULTS 

Intracellular PD 

Micropuncture of antral epithelial cells was considered good if (a) there was 

a rapid negative change of PD which (b) was stable for at least 20 s and (c) 

the PD returned to the base line upon withdrawal of the microelectrode, (d) 

there was no change in tip resistance during or after the puncture. Fig. 2 

displays the results of micropuncture of 85 cells in seven different Necturus 
antra. The PD across the serosal membrane was -41.2 ± 7.13 mV (cell - 
solution) and the PD across the mucosal membrane was -34.6 ± 7.43 mV 
(cell -solution). The mean transmucosal PD (mucosal -serosal) in these experi- 
ments was - 6.6 mV. 

MUCOSAL 

0 20 -30 
. 

L. 

SEROSAL 

7- PD 
40 5o s0 mV 

FIGURE 2. The frequency distribution of intracellular PD's is shown. The upper half 

of the figure shows the cell -mucosal PD while the lower half shows the cell- serosal PD. 

In this group of 85 micropunctures the mean transepithelial PD was -6.6 mV (mucosal- 
serosal). 
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Current Spread within the Mucosa 

In these experiments current (I° = 5.9 X 10 -e A) was injected into a cell at 
r = 0. This current and the resulting potential is dissipated across the cell 
membrane of that cell, and, providing intercellular coupling exists, across the 
cell membranes of nearby cells. A second microelectrode was used to measure 
the OPD in cells at varying distances from the cell of injection. Fig. 3 shows the 
LPD in cells up to 500 ,um from the site of current injection; electrical coupling 
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100 200 300 4010 500 

DISTANCE (pm) 

FIGURE 3. The PD is recorded in cells 25-500 Am from the cell at r = 0 into which 
5.9 x 10-9 A was injected. The curve drawn is the Bessel function V,, = AK0(r /X) 
generated from the experimentally derived parameters A and X. 
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between cells of Necturus antral epithelium is indicated. Coupling was radial 
inasmuch as very similar APD's were recorded around a circle of any given 

radium from the cell of injection. 
To further analyze the data we used the methods developed by Frömter 

(1972) for the gall bladder. In this model the mucosa is visualized as a flat 
sheet of thickness L which is limited by membranes with resistivity, R, . The 
resistivity to spread of current within the sheet is Re . The spread of current is 

then described by the differential equation: 

d2V 1dV 1 

dr2 + r dr X2 
(2) 

where X is the "space constant" defined by (L Re / R,.)1. The solution of the 
differential equation is the zero order modified Bessel function of the second 
kind: 

V,. = AK0(r /X) 

where A = I,, Re /27rL. We quantitated A and X using an IBM 370 computer 
(International Business Machines Corp., Armonk, N. Y.) programmed to gen- 
erate the value of the Bessel function at the experimental r's for values of X that 
are iterated from 10 to 1,000 ,um. The solution was taken to be that value of X 

for which A is most constant at all experimental r's. Thus 

V0. -A = a constant. (3 ) 

Ko(r /X) 

Membrane and shunt conductances were obtained by analysis of the elec- 
trical circuit (Fig. 4) equivalent to R, , in these experiments. This circuit was 

modified from that used by Frömter (1972) in that current may flow from the 
cell across either the serosal or mucosal membrane. To complete the circuit, 
current flowing across the mucosal membrane must flow across the trans- 

SEROSAL 

R TRANS 

M UCOSAL 

FIGURE 4. An electrical circuit equivalent to RZ in the current spread experiments. 
Rs is the resistivity of the serosal cell membranes and Rif is the resistance of mucosal cell 
membranes. Rtrans is the transepithelial resistance. MIC represents the microelectrode 
used to inject current (Io = 5.9 X 10-9 A). 
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epithelial resistance to the serosal (reference) side. R8 is the positive solution of 
the quadratic equation: 

- (Rm /R8)R82 [R8 -f- (Rm /R8)Rz - Rtrang1R8 4- R, Roans = 0, (4 ) 

while the mucosal membrane resistance was obtained from the ratio Rm /R, : 

Rm = (Rm /R8)Rs. (5 ) 

The shunt resistance was obtained from: 

RL - RtranB(Rm + Rs) 

Rm -f- R8 - Rtrans 

And the cell /shunt resistance ratio was given by: 

Reeu /RL = (Rm -f- R8) - Rtra,, 

R trans 

(6) 

(7) 

Table II gives the results of six experiments. The mean space constant, X, was 
359 ± 53.3 pm. The cellular component of transepithelial resistance was 
8,967 ± 2,017 Stem' while transepithelial shunt resistance was 2,947 ± 492 
Slcm2. Thus the ratio of cell resistance to shunt resistance was 3.04. In Necturus 

antrum the transepithelial shunt contributes 75% to total epithelial con- 
ductance. 

Changes in Ionic Activity 

To confirm the above quantitation of antral cellular and shunt conductance 
we chose a second technique which was independent of tissue geometry, 

TABLE II 
RESULTS OF FIVE EXPERIMENTS IN WHICH CURRENT SPREAD WITHIN THE. 

MUCOSA WAS STUDIED 

Roell 

A Re/L Rm/Rs Rtrans (R,n+Rs) R shun t RoelIR shun t 

X±SD 

tun KS1cm' Skm'2 Skort Skort 

410 1,576 0.66 1,951 8,650 2,519 3.43 

400 1,193 1.5 1,951 6,937 2,714 2.56 

410 2,236 0.65 2,887 12,157 3,786 3.21 

316 2,545 1.5 2,149 9,423 2,784 3.38 

310 2,428 1.0 2,121 7,672 2,931 2.62 

359 1,995 1.06 2,211 8,967 2,947 3.04 

±53.3 ±584.5 ±0.42 ±388.6 ±2,017 ±492.0 ±0.42 

Methods of determination of Rtrans and Rm /R, are given in the text and calculation of Rm , 

R, , and R,bunt used Eqs. 5, 4, and 6, respectively. 
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and depended on a different set of assumptions for quantitative analysis. In 
this way agreement between the two techniques substantiated the assumptions 
inherent in each analytical model. 

Changing the [K+] and [C1-] in the serosal bathing fluid caused a change in 

both the transepithelial PD, L4'm8 , and the PD across the serosal, At(' , and 
mucosal membrane, Am, . Table I gives the solutions used and Fig. 5 shows 

the change in transepithelial PD, Al/i and the change across the serosal 
membrane, 64/8c , in a typical experiment. Table III gives the results of four 
mucosae subjected to a constant product KC11 change in the serosal bathing 
fluid. In these experiments the D L was 9.20 ± 0.89 mV and Alk,c was 28.9 ± 
3.00 mV. 

The mean transepithelial resistance was 1,424 S2cm2 and did not change 
during the experiments. The resistance of the serosal and mucosal membrane 
was monitored by the ratio R./R8 which was 1.32 ± 0.60 before and 2.02 ± 
0.77 during the constant product change and returned to 1.39 ± 0.60 on re- 
placing the original solutions. The return of the ratio as well as 1/i,c , indicates 
that there was satisfactory stability of the midropuncture within the time 
periods used. 

To further analyze these data we used an electrical circuit (Fig. 6) equiva- 
lent to Necturus antral mucosa, composed largely of one cell type. This cell was 
given a lumped emf on the serosal (E8) and mucosal (Em) membrane. The re- 
sistances of the serosal and mucosal membranes were R8 and R., respectively. 
A transepithelial shunt was given a resistance RL and an emf (EL). Rose and 
Schultz (1971) used a similar circuit to examine the PD response of intestinal 
epithelial cells to transport of sugars and amino acids across the mucosal mem- 
brane. We included their shunt resistance at the serosal and mucosal mem- 
branes in the lumped emf and resistance of those membranes. The emf's are 
absolute values and in a particular solution the sign as well as magnitude must 
be inserted. 
According to this model the transepithelial PD (1/im8) is: 

RL (E8 -l- Em) + EL ( R8 -l- R,) - RB-I-Rm±RL 

and the PD (11ì8c) across the serosal cell membrane is given by: 

¢8 
E8 ( Rm -I- RL) -I- R8 (Em -f- EL) 

R.- R,- RL 

(8) 

(9) 

In these experiments we assumed that the APD resulted from a change in emf 

1 In these experiments a constant product KC1 change means a change in [K +] and [Cr] such that 
the product [K +] X [Cl -] = 400 mM2 at all times. 
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FIGURE 5. tu se 1/imc 1p,n, were recorded during a constant product KC1 change in 
the serosal solution. Large changes in 1/c and tkms are recorded while Om, changes 

much less. Analysis of these changes is given in the text. 

TABLE III 
RESULTS OF CONSTANT PRODUCT KC1 CHANGES IN FOUR MUCOSAE 

8C -4'1718 

K+=5 0'G sc 

R m/R s 

K+ = 5 0#,S0,/ms K+ = 5 K+ = 50 Rtrans 

Mean ±SD 

mV mV Ikm, 

62.2±3.5 32.2 14.9 10.3 3.21 1.41 2.14 1,538 

3.7 2.4 0.6 0.39 0.73 0.96 38 

48.0±4.4 29.7 9.1 8.7 3.41 1.88 1.90 1,869 

2.7 0.7 0.5 0.41 0.81 0.85 68 

34.1±1.9 25.1 8.9 8.3 2.97 1.52 2.94 850 

2.2 2.5 2.0 0.27 0.33 0.97 16 

33.0±11.0 28.4 9.3 9.5 2.98 0.47 1.08 1,438 

1.5 2.9 0.6 0.24 0.53 1.18 23 

28.9 9.2 3.14 1.32 2.02 1,424 

3.0 0.89 0.21 0.60 0.77 25 

In one column, the intracellular and transmucosal potentials before the constant product KC1 
change are given and then the change in PD after the change is in the adjacent column. After 
the changes the potential returns to its control value. Further analysis of (14i,c /07//m, is given 
in the text. 
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WA- I 
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FIGURE 6. Electrical circuit equivalent to antral mucosa in the constant product KC1 
and 0[HCO3] experiments. Em and Rm represent emf's and the resistivity of mucosal 
cell membranes. E, and R, represent emf's and the resistivity of serosal cell membranes. 
EL and RL represent an emf and the resistivity of the transepithelial shunt. 

at the serosal cell membrane (DE,) and that no change occurred in membrane 
or shunt resistance. Thus for a change in E, : 

0¢m8 - DE, RL 

R, T Rm T RL 

08 _ AEa(Rm -I- RL) 
R, -}- Rm -{- RL 

0'G./A1P.. = 1 + Rm /RL. 

From Table III the ratio Oti,c/Dÿims = 3.14; hence R,./RL = 
relationship and Rm /R, = 1.32 (Table III), the serosal and 

(10) 

(12) 

2.14. From this 
mucosal mem- 

brane resistances and the transepithelial shunt resistance can be obtained by 
substitution into 

Rera.B - (R, -I- R8)RL 
Rm+R, RL 

(13) 

The transepithelial shunt resistance was 1,803 Slcm2 while the serosal and mu- 
cosal membrane resistances were 2,931 and 3,857 Slcm2, respectively. Thus the 
cellular resistance was 6,788 Slcm2 and the cell /shunt resistance ratio was 3.77. 

Identical experiments were also performed using deletion of HCO3- from 
the serosal bathing solution; thus the 0(HCO3) was 17.8 mM. Fig. 7 shows 
typical PD changes which were recorded and Table IV gives the results of 
five experiments. The mean At/i,, was 12.9 ± 6.6 mV while the mean O4im, was 
3.9 ± 2.1 mV. The ratio O%/i,c/ uI/m, was 3.31 ± 0.18 which was very close to 
that recorded using the constant product KCl changes. With the exception of 
the first experiment the potentials returned to basal level when HCO3- was 
returned to the serosal solution. The transmucosal resistance did not change 
significantly during the course of the ion changes. 

Applying the same equations to this perturbation gave a ratio Rm /RL = 
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FIGURE 7. 4,8C +,1,me , and 4,mc were recorded when HCO3 was deleted from the sera - 

sal solution (originally 17.8 mM). Changes recorded were similar to changes shown 

in Fig. 6. irsc /11,mo was 3.31. 

16 18 20 22 24 26 Time (min), 

TABLE IV 
RESULTS OF HCO3 DELETION IN FIVE NECTURUS ANTRA 

OU -#nea Rm/Ra 

HCO3- D,kea HCO oGme Aac/O0ma HCO¡ HEPES SOs R,rane 

mV mV l2cmg 

37 22.2 9 7 3.21 1.79 1.08 861 

44 17 11 5 3.40 1.04 0.55 1,014 

36 6.5 24 2 3.25 1.31 0.91 1,867 

40 9.5 10 3 3.17 1.18 0.79 2,200 

30 9 2 2.5 3.60 3.04 2.85 1,830 

Mean ±SD 37.4 12.9 11.2 3.9 3.31 1.65 1.23 1,554 

5.2 6.6 8.0 2.1 0.18 0.83 0.92 584 

Intracellular and transmucosal potentials are given for the period before HCO3 deletion and 
the change in PD after HCO3 deletion is in the adjacent column. R1TanS does not change. 
Further analysis of At`8c /044me is given in the text. 

2.31. Mucosal membrane resistance was 4,558 S2cm2 and serosal membrane 
resistance was 2,780 Slcm2. Thus cellular resistance (Rm + R8) was 7,338 Stcm2 
while transepithelial shunt resistance was 1,973 52cm2. The cell to shunt re- 
sistance ratio was 3.71 or the shunt contributed 79% of total epithelial con- 
ductance. 
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In these experiments the transepithelial shunt Demf was assumed to be small 
compared to the cell membrane response. To investigate anion- cation selec- 
tivity of the shunt pathway, dilution potentials for KCI were measured using 
a 10 -fold dilution of KC1; the dilute solution was placed on the mucosal side 
in some experiments and on the serosal side in other experiments. Table V 
gives the composition of the control and dilute solutions used in these experi- 
ments. 

The control solution bathed both sides of the epithelium initially. A micro - 
electrode was inserted into a surface cell and when the PD was stable, one so- 

lution was replaced with the 10 -fold dilution of KC1. After the PD had sta- 
bilized the control conditions were reestablished. In any one mucosa only 
mucosal or serosal changes were performed. Transepithelial resistance and the 
ratio Rm /R8 was measured as described above. Table VI gives the resuls of di- 
lution of the mucosal solution and Table VII gives the results of dilution of the 
serosal solution. 

When the mucosal solution was diluted (osmolality maintained with manni- 
tol) a 3.1 ± 0.22 -mV change in potential occurs transmucosally. Across the 
mucosal membrane a 1.9 ± 0.52 -mV change is recorded and 1.2 ± 0.39 mV is 

recorded across the serosal membrane (Table VI). 
The ratio &/'mc /DI/,3 is 0.61 which was very different from the ratios ob- 

tained with the constant product KC1 and (HCO3 -) changes in the serosal 
solution. According to equations developed for a LEM 

AIYmc = I + R8 y ms RL 
(14) 

a value of 0.61 was incompatible with a AEA, being the origin of the ¿ PD. So- 
lution of the equations for a DEL revealed that: 

ymo R, 1 

Ome Rm + R8 - 1 + R. 
Rm 

TABLE V 

COMPOSITION OF SOLUTIONS USED FOR MEASUREMENT OF 
KCI DILUTION POTENTIAL 

Control solution 10 -fold KCI dilution 

mm mm 

K+ 95 9.5 
Cr 80 8.0 
Mg++ 1.5 1.5 
Ca++ 1.0 1.0 
HCO3 19 19 
H2PO4 1.0 1.0 
Choline - 13.5 
Mannitol - 146.5 

(15) 



SPENNEY ET AL. Q,uantitation of Conductance Pathways in Antral Gastric Mucosa 657 

TABLE VI 

TRANSMUCOSAL AND INTRACELLULAR PD IN SYMMETRICAL CONTROL 
SOLUTION AND THE CHANGE IN PD DURING DILUTION OF THE 

MUCOSAL SOLUTION 

-'ma 'Pao Omo Rtrana 

Control A4me Control AOft Control 14,m, Control Dilution 

Skma 

7 3 27 2 20 1 1,400 2,150 
6 3.5 30 1 24 2.5 1,525 2,250 
8 3 31 1 23 2 650 1,050 
7.5 2.8 30 1.5 22.5 1.3 700 1,200 
7 3.3 32 0.8 25 2.5 700 1,250 
7 3 26 1 19 2 850 1,250 
8 3 26 1 18 2.0 850 1,250 
8.5 3 26 1 17.5 2.0 900 1,325 

Mean f SD 7.4 3.1 28.5 1.2 21.1 1.9 946 1,465 
0.79 0.22 2.5 0.39 2.9 0.52 332 461 

Changes in Rtrans are recorded in the two columns at the right. Return to control conditions re- 
establishes the prior PD. 

TABLE VII 

TRANSMUCOSAL AND INTRACELLULAR PD IN SYMMETRICAL CONTROL SOLU- 
TIONS, AND THE CHANGE IN PD DURING DILUTION OF THE 

SEROSAL SOLUTION 

-#1,78 'i ee '%me Rtana 

Control Affma Control A 'P,,,a Control A0ma Control Dilution 

mV mV mV SkmR 

4 4 23 12 19 8.0 1,350 1,900 
4 4 23 10 19 6 1,450 1,850 
3 4 30 10 27 6 1,500 1,900 
5 5 32 10.5 27 5.5 1,300 1,725 

Mean ± SD 4 4.3 27.0 10.6 23.0 6.4 1,400 1,844 
0.8 0.5 4.7 0.95 4.6 1.1 91.3 82.6 

Return to control conditions reestablishes prior PD. Changes in Rtrana are recorded in the two 
columns at the right. 

O l ac Ra 

A,frme Rm -i- R8 

Rm 
% AaC `8 

(16) 

(17) 

Thus the ratio />Gme //)lise should be very close to the voltage divider ratio, 
Rm /Re . A'me /AIGec was 1.58 and the ratio Rm /Re in these experiments was 1.55. 

Upon dilution of the serosal solution very different results were obtained 
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(Table VII). In this case the transepithelial OPD was 4.3 ± 0.5 mV while the 
APD across the serosal cell membrane was 10.6 mV. The ratio AVac/ 4'ma was 
2.44 which is somewhat less than the same ratio obtained with constant product 
KC1 (3.14) or 0(HCO3 -) (3.31). The ratio 0¢me /A11/8c was 0.60 which was 
very different from the voltage divider ratio 1.55 and likewise 

A'8e 
/Z 4'ms is 

very different from Rs /(Rm + R8) and was not compatible with a I PD caused 
solely by a DEL 

DISCUSSION 

The gastric antrum has not received the interest that has been focused on the 
gastric fundus. Recently the electrophysiologic properties of Necturus gastric 
antrum have been studied by Flemstrom and Sachs (1974). They found that 
Necturus antrum developed a small potential difference, 4-10 mV lumen nega- 
tive. In symmetrical solutions the short circuit current could be attributed to a 
mucosal to serosal Na+ flux. Ouabain abolished PD when added to the serosal 
solution; amiloride, in the mucosal solution abolished the PD in the absence of 

a HCO3 gradient. The effect of amiloride was reversible. 
Previously the PD of antrum has been studied in vivo in humans (Andersson 

and Grossman, 1965) and dogs (Dennis et al., 1959). Dyke et al. (1969) used 
H +, Na +, K +, and H2O flux into fundic or antral pouches to assess permea- 
bility. In those experiments where surface area was measured Na+ and H+ flux 
was 7 -15 times greater in antral pouches than in fundic pouches. Himal et al. 
(1970) found that Na+ and H+ flux was less in canine antral than in duodenal 
mucosa by a ratio of % to %. No in vitro studies have attempted quantitation 
of the cellular and transepithelial shunt conductance in antral mucosa. 

In this study we have quantitated the cellular and transepithelial shunt re- 
sistance in antral mucosa by two different techniques. Table VIII summarizes 
the results obtained by each technique. 

In these experiments the mean cellular resistance was 7,69712cm2, while the 

TABLE VIII 
SUMMARY OF RESULTS OF THE THREE TYPES OF EXPERIMENTS USED TO 

QUANTITATE CELLULAR AND TRANSEPITHELIAL SHUNT RESISTANCE 

Trans Cellular Shunt 
resistance resistance resistance 

Shunt contribution to epithelial 
conductance 

'WO Stcros acme 

Constant product KC1 1,424 6,788 1,803 79.0 
A[HCO3 ] 1,554 7,338 1,973 78.8 
Current spread 2,211 8,967 2,947 75.2 
Mean 1,730 7,697 2,241 77.7 

Note the very close agreement of percent contribution of the shunt in the three types of experi- 
ments. 
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mean shunt resistance was 2,241 Qcm2. The mean cell /shunt resistance ratio 
was 3.43. The cellular pathway accounted for 22.3% and the shunt pathway 
accounted for 77.7% of tissue conductance. The mean transepithelial resist- 

ance was 1,730 1-2cm2. 

Not only is the magnitude of the shunt conductance important, but so is the 
selectivity. This can be deduced from the KCl and HCO3- experiments or can 
be measured directly using dilution potentials. In the case of KC1 dilution 
under our conditions, the maximum potential which should develop due to 

differing mobilities of K+ and Cl- is less than 1 mV. We have also argued that 
the shunt should be symmetric, i.e. an equal potential should be obtained re- 
gardless of which side is diluted, and the obtained selectivities should be the 
same. 

In the case of mucosal dilution of KC1, there was a 3.1 ± 0.22 mV increase 

in transepithelial potential. This per se is not sufficient evidence that the shunt 
was the source of the OPD. However, Eq. 15 predicts that the Olkmc/Alki, will 

be in the ratio of R./R, if current flow is altered by a change in shunt emf. 

Since this in fact happened (Table VI) it is legitimate to conclude that the 
shunt selectivity for Cl- over K+ was 1.16, i.e. the shunt is weakly anion selec- 

tive. 

Serosal dilution of KCl gave a PD change of 4.3 ± 0.5 mV (Table VII). 
But since DVi,c /O4'm, = 2.47 and the predicted ratio R, /R. was 0.65, this 
change was largely due to a change in cell potential, in contrast to what is ob- 
tained with mucosal dilution. These considerations demonstrate that it is im- 
portant to determine the suitability of a given ion for dilution potential as- 

sessment of shunt selectivity. 
The constant product KC1 experiments or the HCO3 A experiments also 

allow assessment of the change in shunt emf under these conditions (DEL). 

Thus if the OPD arises only from DEL , from Eqs. 2 and 3 we have 

0o8c /oms - + R. Rm/R 1' 

and for the OKCl the predicted value was 0.43, the value obtained was 3.14, 

and for zHCO3- the predicted value was 0.38 and the value obtained was 
3.31; hence DEL was small as would be predicted from the dilution potentials. 

If the change in potential is due to both a DE, and a LEL then again from 
Eqs. 2 and 3 we have 

08 /OmB - AEs(Rm - RL) -I- AEI, R. 
<1E8RL + DEL(R8 + Rm) 

, 

and using either the mean resistance from all experiments or the resistance 
from the current spread experiments, it is possible to calculate DEL , deriving 
LtE, from AO + z.IR8 . Table IX shows that in the case of the KC1 experi- 
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TABLE IX 
SUMMARY OF CALCULATED VALUES FOR IR DROPS AND DE, ENABLING 

CALCULATION OF THE MAGNITUDE OF DEL 

Experiment DIRm AIR oE, oELI pELs 

mV mV mV mV mV 

Constant Product KC1 19.7 14.9 43.8 -0.81 -3.1 
D(HCO3) 9.0 5.45 18.4 -0.64 -1.58 

DELI is the value calculated using the mean resistance values for all experiments. DEL2 is the 
value calculated using resistance values from only the current spread experiments since those 
experiments are not dependent on ionic gradients. 

ment the iEL was only 7.1% of DEa , and in the case of the OHCO3- experi- 
ment 8.6% of DE3 . Hence all three approaches signify a low shunt selectivity in 

Necturus gastric antrum, both with respect to intracationic selectivity (Na+ 
versus K +) and anion- cation selectivity (K+ versus Cl-) data which are in con- 
trast with for example gall bladder (Diamond, 1971) where there is consider- 
able anion- cation discrimination, or small intestine (Frizzell and Schultz, 
1972). 

Flemstrom and Sachs (1971) demonstrated that the serosal membrane con- 
ductance was largely due to K+ or Cl- conductance, which explains the asym- 
metry of the dilution potentials. Since dilution of the serosal solution results in a 

Alta, of 10.6 mV with the cell interior becoming more negative, the K+ con- 
ductance of the serosal membrane is greater than that for C1 -. 

The two techniques used for evaluation of the shunt conductance depend 
on quite different assumptions. The current spread technique requires a flat 
epithelial sheet of uniform cell type for analysis. This is approximately true for 

Necturus antrum, in contrast to Necturus fundus. From Re /L, we can calculate 
Re to be 59.9 9 /cm which approximates the resistance of the intracellular fluid 
hence coupling in the antrum is comparable to coupling in several other 
epithelia such as gall bladder (Frömter, 1972). 

The use of ionic changes also rests on several explicit assumptions. The as- 

sumption of low shunt selectivity compared to membrane selectivity has been 
dealt with above. It is also assumed that the changes in emf occur only across 
one membrane. This follows in the antrum from consideration of the AIB, in the 
¿KCl and OHCO3- experiments which is 6.46 and 2.51 pA, respectively. This 
allows prediction of the Otlimc due to current flow alone, being 24.9 and 11.4 

mV in the two cases, which compare well to the measured values of 19.7 and 
9.0 mV. Finally, constancy of resistance parameters is assumed in utilizing the 
equations developed. Transmucosal resistance did not change during the ex- 

periments, whereas membrane resistance ratio Rm /Re increased by 53% (t 
2.43, P < 0.05) during the KC1 change and fell by 25% (t = 5.19, P < 0.005) 
during HCO3 deletion. However, there is close agreement between the two 
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ionic change conditions, and between those and the current spread technique 
(Table VIII). 

We can therefore conclude that in antral mucosa cellular conductance con- 
tributes 22.3% of tissue conductance whereas in fundic mucosa cellular con- 
ductance accounts for at least 80% of tissue conductance. Antral conductance 
is relatively anion selective at neutral pH, and progressively becomes more 
anion selective with fall in pH (Bajaj and Sachs, unpublished). The antrum is 

exposed to the same proton gradient as the fundus, with a shunt conductance 
about four times greater than the fundus. The physiologic significance of this 
finding is not established; it may be of importance in control of gastrin release 
by antral "G" cells (Berkowitz et al., 1971; Andersson and Elwin, 1971). The 
distribution of shunt conductance however correlates well with the known dis- 
tribution of ulcer in man. 
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The permselectivity of the paracellular pathway of amphibian (Necturus and 
bullfrog) antrum was investigated with respect to intracationic selectivity and the K+ 
and Cl- permeability ratio as a function of mucosal pH. The intracationic selectivity 
sequence was Rb+ > K+ > Cs+ > Na+ > Li +. Both antra showed weak cationic 
selectivity at pH 7.4, and at pH 4.4 for bullfrog and pH 3.0 for Necturus, the ratio 
P x +/P c, was unity. At lower mucosal pH the tissues were anion selective. Treat- 
ment of the tissue with a water -soluble carbodiimide enhanced anion selectivity at 
higher pH; carbenoxolone, a weak acid, resulted in maintained cation selectivity at lower 
pH. These data sugest that carboxyl groups play a role in determining shunt selectivity; 
the increase in anion selectivity below pH 2.0 suggests that phosphate or sulfate groups 
could also be involved. 

The mammalian stomach consists of 2 main regions, 
the fundus and the antrum. The fundus secretes acid 
and pepsinogen, and the antrum is responsible for the 
secretion of gastrin. The difficulty of maintaining func- 
tion in mammalian mucosa, with the exception of the 
piglet,' has made it necessary to study amphibian 
properties in vitro. Recent studies on the electrical and 
transport properties of the amphibian antrum have 
shown that Necturus and bullfrog antrum differ in that 
although both absorb Na+ and secrete CI- actively, in 
Necturus Cl transport is electrically silent.' The 
antrum of both species is geometrically much simpler in 
structure than the fundus, consisting essentially of a flat 
sheet of cells, with few tubules. This has allowed 
quantitation of the relative importance of the cellular 
and paracellular resistance. Measurements have shown 
that about 80% of tissue conductance can be accounted 
for by the paracellular pathway.' Similar estimates for 
the fundus showed at most 20% of conductance as being 
due to the paracellular route.' 

Clinically, most gastric ulcers occur in the antral area, 
or the fundic - antral junction,' hence the properties of 
the antrum are significant in understanding the patho- 
genesis of this disease. Although the relative paracellular 
conductance of antrum was considerably greater than 
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fundus, cell membrane resistance was about the same, 
therefore, the paracellular pa" th may be of considerable 
importance in explaining the occurrence of ulcer in this 
region. This paper describes selectivity properties of this 
path, and means of modifying the selectivity. 

Materials and Methods 
Necturus or bullfrog antrum was obtained fresh from a de- 

capitated animal and mounted in an Ussing chamber as pre- 
viously described.' Paracellular or shunt selectivity was mea- 
sured in two ways. Intracationic selectivity was measured by 
fixing the concentration of the anion and varying the nature of 
cation (cation substituting for choline) in the mucosal solution, 
with a constant choline- containing serosal solutions and mea- 
suring the change in tissue potential difference. Cation -anion 
selectivity was measured by the method of dilution potentials 
with KC1 initially on both sides of the tissue in identical solu- 
tions, and diluting the mucosal solution 10 -fold with respect to 
KC1 only. After each change, normal solution is placed on the 
mucosal side to ensure that no mucosal damage has occurred. 
Solution composition is presented in table 1 for each type of 
experiment. 

The cation -anion selectivity ratio was also measured, (1) 

under varying conditions of pH by adjusting the pH of the 
mucosal solution by addition of H3PO4; (2) following chemical 
treatment of the mucosa by 1- ethy1- 3- (3- dimethylaminopropyl) 
carbodiimide (EDCD); (3) following treatment by carbenoxo- 
lone (chemical name, 39- hydroxyl -11- oxoolean- 12- en- 30 -oic 
acid hydrogen succinate), an antiulcer agent; and (4) neurami- 
nidase treatment. 

In any of these techniques it is necessary to show that the 
potential changes are due to changes in the shunt emf, and not 
in the cell membrane emf. This was previously confirmed by 
microelectrode experiments' and is detailed in the results. If 
the antrum is considered to be presented by the simple equiva- 
lent circuit of figure 1, then a change in shunt emf will also 
change the measured membrane potentials, but these changes, 

VM /A Vs, will be equal to the voltage divider ratio obtained 
by sending current transepithelially. A change in membrane 
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emf will, however, produce changes in membrane potential 

difference (PD) and the ratio of change between serosal and 

mucosal membranes will not equal the voltage divider ratio. 

Results 

The PD across the isolated amphibian antrum bathed 

in amphibian Ringer's solution ranges from 5 to 15 mv, 

PROPERTIES OF 

mucosal side negative, and the tissue resistance from 900 

to 1200 ohms cm2. Cation substitution in the mucosal 

solution produces changes of PD as a function of the na- 

ture of the cation as shown in table 2, giving the selectiv- 

ity sequence Rb > K > Cs > Na > Li for bullfrog. This 

sequence is similar to the Eisenman sequence III' and 

different from free solution mobility. This would suggest 
large diameter pores (about 10 A) with negative charges. 
The intracationic selectivity of the paracellular path is 

considerably less than that of the serosal surface.' 
Flemstrom and Sachs' previously found a much larger 

PD when Na+ in the mucosal solution was partially 
replaced with choline. The experimental design was 
different from that reported here. Flemstrom initially 
bathed both surfaces with Amphibia Ringer's solution 
before replacement of ions in the mucosal solution. 

TABLE 1. Composition of solutions° 

Solution 
composition 

Cation changes 
Solution 

Dilution changes 

Serosa! Mucosa! composition Serosa!/ 
mucosa! Mucosa! 

Choline Cl 70 Cation" Cl 70 KCI 74.0 5.0 
MgCl, 5 5 MgC12 1.5 1.5 

CaCI, 1.5 1.5 CaC12 1.0 1.0 

Choline 20 20 KHCO, 20.0 3.5 
HCO, 

KH,P0, 1.0 1.0 KH,PO, 1.0 1.0 
Glucose 5 5 Glucose 5.0 5 

Mannitol 140 
Choline HCO, 16.5 

°The composition of the solutions used in A: the determination of 
intracationic selectivity by successively substituting alkali metal 
cation for choline chloride in the mucosal solution. Choline chloride 
mucosal solution is used to wash the tissue between each substitution. 
B: the determination of K+ and Cl- selectivity of the antrum obtained 
by a 10 -fold KC1 dilution in the mucosal solution, all other ions being 
maintained constant. The pH was varied by addition of H,PO4. All 
concentrations are millimolar. 

°Cation Rb +, Cs +, Li +, Na +, K +, choline. 

TABLE 2. Changes of potential difference (PD) (millivolts) with ion 
substitution° 

Cation PD 

Li+ -0.33 ± 0.08 
Na+ -1.6 ± 0.3 
K+ -2.6 ± 0.43 
Rb+ -3.1 ± 0.56 
Cs+ -2.0 ± 0.44 

°The intracationic selectivity was measured by substituting alkali 
metal cation for choline chloride in the mucosal solution. Between each 
substitution choline chloride mucosal solution was used to wash the 
mucosal surface of the tissue. The sign of the PD refers to the change in 
the mucosal solution, i.e., all of these cations were more permeable 
than choline. 
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Hence, serosal solution contained a normal complement 
of ions. In the experiments reported here, choline serosal 
solution was used and K+ was only 1 mM. Thus the 
altered ion composition may account for the differences 
between our experiments and those of Flemstrom and 
Sachs, in that the low K+ used here may reduce the 
activity of the Na +K+ adenosine triphosphatase. 

Ten -fold dilution of KC1 in the mucosal solutions at 
pH 7.4 produces a transepithelial change of PD due to a 
cation selectivity of the shunt in both species. Varying 
the pH, as shown in figures 2 and 3 produces a gradual 
change in shunt selectivity until at pH 3 for Necturus 
and at pH 4.4 for bullfrog, the direction of change of PD 
inverts and subsequently changes of PD correspond to 
relative anion selectivity. Control experiments in which 
only pH of the mucosal solution was changed caused 
changes of PD no more than 10% of those observed with 
KC1 diluted at the same pH. Transmucosal resistance 
was 1400 ohms cm' in the control solution and increased 
slightly to 1800 ohms cm' during dilution. The resist- 
ances were not found to pH dependent. 

Three means were used to modify shunt selectivity. 
The carboxyl reagent, EDCD was added at a concentra- 
tion of 10 mM for 30 min, after a dilution experiment at 
different pH values. The reagent was removed by two 
washes and the dilution series was repeated at varying 
pH values. This gave the data presented in figure 2, 
showing that the selectivity, even at pH 7.4 was charac- 
teristic of anion selectivity after EDCD treatment. This 
treatment therefore, modified the paracellular pathway 
toward anion selectivity. It should also be noted that the 
shape of the two curves is different. In the case of control 
mucosa there was a sharp transition at pH 3, with 
increasing anion selectivity until pH 1.0. In the case of 
the EDCD- treated mucosa there was only a gradual in- 
crease in anion selectivity, with an increase occurring 
more rapidly beyond pH 2.0, at which pH the selectivity 
of control and treated mucosa were about equal. This 
suggests the presence of a second type of group with a 
pK' less than 2.0 which is not modified by EDCD treat- 
ment. 

Addition of carbenoxolone (10 mM) to the mucosal or 
serosal surface of the tissue after a pH selectivity 
experiment had been performed, followed by a second 
dilution sequence gave the data shown in figures 3 and 4 

EE 

RL 

1 

EM 

RM 

A 

RS 

ES 

1 

FIG. 1. A simple equivalent circuit of antrum in which Es, Rs are 

emf and resistance of serosa! membrane, EM, RM that of mucosal 

membrane, and EL, RL that of shunt. A change in EL will be reflected 

in O VAC /O VAB similar to that produced by external current flow. 
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FIG. 4. A plot as in figure 3 in bullfrog antrum of the change in potential difference (PD) in response to a 10 -fold KC1 mucosal dilution showing 
the effect of serosal carbenoxolone. 

obtained in bullfrog antrum. This showed that cation 
selectivity was maintained until a mucosal pH of 2.5, 
compared to 4.0 and 4.5 for control, hence this reagent 
also results in an apparent shift of the pK' of the groups 
responsible for the cation -anion selectivity ratio, but 
now enhancing the cation selectivity. This was inde- 
pendent of which surface was treated by the drug. 

Incubation of the tissue with 1 mg per ml of neurami- 
nidase (Sigma Chemical Co., St. Louis, Mo.) for 45 min, 
followed by washing, reduced the cation -anion selectiv- 
ity ratio at pH 7.4 and 4.0 in Necturus, suggesting that 
carbohydrates may be involved in the shunt pathway. 

By substitution in the Goldman constant field equa- 
tion' it is possible to calculate the permeability ratio of 
K+ to Cl- under the above conditions. The results of 
these calculations are presented in table 3. 

It should be noted that a change of pH in itself 
resulted in no change of transepithelial PD under any of 
the circumstances discussed above. 
Justification of shunt analysis. The antral mucosa is 

composed largely of one cell type and can be represented 
by the equivalent circuit in figure 1. It can be shown* 
that if dilution of an ion in the mucosal solution changes 
E5, i.e., cell membrane emf, then the ratio of 

V VMS = 1 + (Rs ML) 

This must always be a value greater than 1. 

TABLE 3. Cation -anion permeability ratios 

Species and conditions pH PK /13a- 

Bullfrog 
Control 7.4 1.05 
Control 2.0 0.48 
Carbenoxolone 7.4 1.34 
Carbenoxolone 2.0 0.82 

Necturus 
Control 7.4 1.40 
Control 2.0 0.48 
EDCD 7.4 0.75 
EDCD 2.0 0.52 

The cation /anion permeability ratio of bullfrog and Necturus 
antrum under different conditions of pH and drug treatment calcu- 
lated from the Goldmand constant field equation, assuming an activity 
coefficient of 0.9. 

° EDCD, 1- ethyl- 3- (3- dimethylaminopropyl )carbodiimide. 

In contrast if dilution of the ion generates a new EL 

then 

AVs /AVMs = Rs /(RM + Rs) and AVM /AVs = RM/Rs 

For KC1 dilution in the mucosal solution the results of 
table 4 were obtained. 

The ratio 0 VM /0 VS = 1.58 and the ratio RM /RS was 
1.55. The ratio AVM /AVMs = 0.61 is incompatible with 
changing EM whereas the former ratios are very consist- 



76 

TABLE 4. Effect of KCl dilution on antral potentials° 
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tivity is due to the number of positively charged NH,' 
groups exceeding the negative groups. This is further 
confirmed by the use of a carboxyl group reagent such as 

EDCD, where following treatment the tissue shunt 
conductance is anion selective, even at pH 7.4. There are 

however, evidently additional groups protonation 
of 

which, with decreasing pH, further increases the anion 

selectivity. This may be due to other chemical structures 
such as PO4- or SO4- groups on proteins or carbohy. 
drates, responsible for the increasing anion selectivit\ 
below pH 2.0. Figure 5 gives a schematic representation 
of the shunt region to illustrate the mechanism of selec- 

tivity. 
Carbenoxolone modified the shunt conductance by 

maintaining the relative cation selectivity at acid pH 
ranges. This may be interpreted as being due to pene- 

tration of this compound into the shunt region and modi. 

fication of shunt selectivity due to the pK' (pK' = 2) of 

the free carboxyl groups of the drug. 
In one way the shift from cation to anion selectivity in 

the antrum makes physiological sense in that the low pH 

to which antrum is exposed would require a barrier 

against H+ penetration even in the shunt region. How. 

ever, the selectivity at best is only weak, and moreover. 
as there are no changes in PD with changes only in [H +] 

it appears that the shunt does not favor H+ over phos. 

phate at any pH studied. 
The enhancement of cation selectivity of the shunt 

pathway by carbenoxolone was a surprising result in 

view of the reported effectiveness" of carbenoxolone in 

treatment of gastric ulcer. This finding suggests that (1) 

carbenoxolone is ineffective in reducing cation back 

diffusion; (2) altering shunt selectivity is the major 

therapeutic effect; or (3) the permeable paracellular 
pathway plays a minor role in initiation of ulcer. A large 

increase in this path, with a leak of HC1 to the basal 

surface of the cells, can clearly be pathogenic, but based 

on the above this would be a massive nonselective leak. 

The unmodified conductance however, may contribute 
but cannot per se be the cause of ulceration of the tissue. 

In these experiments 10 mat carbenoxolone was 

applied to the mucosal surface. The concentration is in 

the range achieved in the gastric lumen after a dose of 

100 mg in approximately 100 ml of fluid. The concentra- 
tion used here is much higher than blood concentration 
achieved during therapy. To our knowledge there are no 

AVMs AVs AVM ARMIRs 

Mean ± SD 3.1 ± 0.22 1.2 ± 0.39 1.9±0.52 1.55 ± 0.21 

The change in potential across the tissue (A VMS) and across the 
serosal (A Vs) and mucosal (AVM) membranes determined by direct 
microelectrode measurement obtained with a 10 -fold dilution of KC1 in 
the mucosal solution. The voltage divider ratio was indpendent of the 
mucosal KCl concentration and was determined by passing current 
across the tissue from external electrodes and measuring the voltage 
deflection and the serosal and mucosal membranes. The values shown 
are the mean of experiments in eight different Necturus antra. 

ent with a change of EL . Hence mucosal KC1 dilution 
effects reflect shunt selectivity. 

Changes of ion concentration in the serosal solution do 
not behave in the same way; KC1 dilution in the serosal 
solution leads to a change of Es which is much larger 
than the change of EL 

Discussion 
The magnitude and selectivity of the shunt conduct- 

ance has been measured in a variety of tissues' 12 in 
addition to the gastric mucosa. The magnitude of the 
shunt conductance of the antrum classifies this an an 
intermediate tissue in terms of relative magnitude of 
shunt conductance. Gastric fundus, frog skin, and toad 
bladder can be classified as tight tissues, whereas 
gallbladder, small intestine, and proximal tubule of the 
kidney are classified as very leaky tissues. Perhaps the 
most detailed investigation of shunt properties has been 
carried out on gallbladder,'a and modification of the 
shunt permselectivity in this tissue was carried out by 
techniques similar to those used here." However, the 
physiological significance of pH modification of the 
shunt conductance in gallbladder is doubtful because 
the pH of bile remains fairly constant. In the antrum on 
the other hand, which is exposed to gastric contents, the 
pH of the mucosal solution varies from neutrality or even 
slightly alkaline (due to antral secretion) 3 to a pH as low 
as 0.8. 

At a pH of neutrality the shunt intracation selectivity 
is similar to that of sequence III for glasses of low field 
strenght.7 This implies that the ions permeating the 
shunt do so under conditions of partial hydration, and 
that the selectivity is due to widely spaced negative 
charges. 

Inasmuch as at neutral pH, cation is favored over 
anion, it is possible to speculate that this selectivity is 
due in part to negatively charged groups such as carboxyl 
groups, or due to polar groups such as the carbonyl 
group. Altering the pH of the mucosal solutions results 
in the change from cation to anion selectivity, with equal 
selectivity in case of Necturus at pH 3.5, and bullfrog at 
pH 4.0, and increasing anion selectivity below this pH. 
Similar data have been obtained for the piglet fundus15 
Na+ channel. This suggests the controlling groups in the 
shunt pathway may well be carboxyl groups with a pK' 
of between 3.5 and 4.0 and perhaps phosphate or sulfate 
groups at lower pH ranges. Ultimately the anion selec- 

NH3 

SO 

+ PK- 9 

PK ---3.5 

4 PK< 2 

o 
10A 

FIG. 5. A schematic illustration of the possible chemical groups 

determining tight junction selectivity. As illustrated at neutral pH, 

negative charges would be in excess producing relative cation selectiv- 

ity. A decrease in pH would progressively exclude the negative charges 

resulting in anion selectivity. 
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studies as to the importance of oral versus intravenous 

exposure during therapy. 
What may be the cause of ulcer is that the magnitude 

of the shunt pathway results in a marginally effective 

barrier so that any other lesion, such as in the cell path, 

produces the conditions, which, combined with the leaky 

shunt pathway, result in ulcer development. 
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A Molecular Approach to Epithelial 

Conductance: Gastric Mucosa 

G. Sachs, J. G. Spenney, R. L. Shoemaker & M. C. Goodall 

INTRODUCTION 

Transport across epithelial tissues can be divided into active and passive 

components. Biochemically an Na -K (Skou 1957), Ca ++ (Martonosi 1971), 

and HCO3 ATPase (Tanisawa & Forte 1971) have been extensively studied 

and implicated in active transport function of_ various epithelia. The simila- 

rities in the hydrolytic site of these membrane bound ATPases - an acyl 

group, a serine, and an imidazole residue - leads to the conclusion that their 

functional differences may result from associated subunits. Most recently, 

conformational change in a part (or whole) of the molecule (Jardetzky 1966) 

has been suggested as the transport mechanism. In the case of Na -K ATPase 

assessment of intrinsic or extrinsic fluorescence (Mayer & Avi -Dor 1970), 

or circular dichroism (Long et al. In preparation) have revealed no evidence 

of conformational change. An alternative is the presence of a carrier or 

channel subunit whose mobility or structure is a function of ATPase activity. 

What is even more likely is that a specialized structure is present in the 

membrane for the passive movement of ions accompanying the actively 
transported species, for example, the Cl ion which accompanies the secreted 

H ion. Indeed, in epithelia such as frog skin or toad bladder, there also has 
to be a route with passive conductance properties for ion transport across 
the cell membrane. 

Clear definition of molecular functions such as these has been possible 
only since the advent of artificial bilayers as a model system in which they 
could be studied (Mueller & Rudin 1963). The classical carrier prototype is 

Departments of Physiology and Biophysics, Medicine and Division of Neurosciences, 
University of Alabama in Birmingham, Birmingham, Alabama 35294. 
Supported by NIH AM08541, Cancer and Cardiovascular Training and Research 
Grants; NSF Grant GB31075; and Veterans Administration Hospital, Birmingham, 
Alabama 35294, and Grant by Smith Kline & French Laboratories. 
»Transport Mechanisms in Epithelia«, Munksgaard, Copenhagen. 
17 A. B. Symp. V 
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valinomycin (Lev et al. 1966), and channel prototype gramicidin (Hladky 
d ,However, 

Haydon 1970). It is pertinent to inquire whether this type of molecule exists this can b 
in epithelial tissues and whether it can be isolated and incorporated in an 

active form into artificial bilayers. In this context, the intact tissue is a useful I Comps 

point for a study of the nature of the conductance pathways present, approach 

Epithelial tissues may be classified firstly as to whether conductance 
is 

tissue any 

largely cellular or paracellular (Diamond et al. 1971). If conductance is pars case 
of N 

cellular, we would be tempted to conclude that the properties of this con. fig. 
1 sb 

ductance pathway would reflect the anatomic apposition of adjacent cells, tissue. Tb 

rather than the presence of isolatable entities such as channels. Tissues, coupling i 

however, which are tight, a reflection perhaps of the density of Ca ++ 
sites 

on the opposing junctional membrane surfaces, will have electrical properties 

which are those of the cell membranes rather than those of the junctional 

regions. 

With many assumptions, it is possible then to study the electrical proper. 

ties of tight tissues in a simple Ussing chamber, and to obtain some idea of 

the types of molecules contributing to the electrical structure of the tissue 

We can classify the types of molecules reponsible for charge transport across 

membranes as mobile or carrier type and fixed or channel type. In turn, thee 

can be either neutral, such as valinomycin or gramicidin, or have formal 

charges such as those associated with amine or carboxyl groups. There car 

be anion or cation selectivity or no charge discrimination. The selectiviti 

series can also give useful information for relating the isolated channels to 

the channels in the intact tissue. 
Thus it is possible to establish the predominant route - cellular vs. para. 

cellular - as well as the nature - mobile vs. fixed and charged vs. neutral- 

of the sites of ion permeation in the intact tissue. Extraction of the tissue. 
Fm'planted 

assessment of activity in artificial bilayers, and purification of activity similar ce 

enable passive permeability characteristics to achieve the same molecular the differe 

basis as active transport. 

METHODS 

A. Paracellular vs. Cellular Conductance: 

Since 

the tissus 

derived z 

Using 

As a model tight tissue, gastric mucosa would appear to be an appropriate would a 

choice, because of high resistance, high P D and extremely high H+ coca contraste 

tration gradients developed, of the order of 104-106 depending on species is about 

17, 
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adky 
& ,However, a more quantitative definition of tightness would be desirable, and 

e exists this can be done in several ways. 

1in as 

a useful 1, Comparison of isolated cell conductance and tissue conductance: This 

resent, approach 
depends on the capability of isolation of viable cells from a given 

net 
¡s 

tissue and of making electrical measurements on these isolated cells. In the 

is para. case of Necturus gastric mucosa, this has proved possible (Blum et al. 1971). 

its con. Fig. 1 
shows a current -voltage plot for isolated cells compared to intact 

lt eells, 
tissue. The 100 -fold difference in slope is readily explained by intercellular 

['issues, coupling in this tissue. 

++ sites +40 
III II 

, 
/.5.ISOLATED CELLS 

aperties ll 

fictional 
+30 lil r t 

Ir r, 

proper. 

idea of 

tissue, 

across 

a, then 

formal 

ere caa 

ectivitf 

.nels to 

para. 
-40 mV 

:utral - 

Fig, 1. Current voltage plots obtained by current sending through a microelectrode 
tissue, 

implanted either in an isolated cell, where no junctional conductance exists, or in 
ity wd similar cells where intercellular junctional conductance is present. This accounts for 
ilecula the differences in slope observed. 

+20 

+10 

-10 -7.5 5 -2.5 
INTACT MUCOSA 

+2.5 

-10 

-20 

-30 

+5 +7.5 +10 

x10-10 Amp 

Since we can measure the conductance of the isolated cell in 5Q -1 cm-2, and 
the tissue conductance in similar units, then the shunt conductance is simply 
derived as gshant = gtissue - gcerrs 

Using this approach for Necturus gastric mucosa, the shunt conductance 
optiatewould appear to be about equal to cellular conductance. This is to be 
;omen contrasted with a tissue such as gall bladder epithelium, where the ratio 
species is about 20. 

rn 



260 G. SACHS, J. G. SPENNEY, R. L. SHOEMAKER & M. C. GOODALL 

2. Direct Measurement in Intact Tissue: An alternate approach to ¿, 

problem is the use of a 2- electrode system for measuring voltage decay sr 

distance from a current sending electrode. The apparatus used for gast 

mucosa is illustrated in Fig. 2. Data derived from this type of experime 

are illustrated in Fig. 3 for Necturus antral and fundic mucosa. 
Considering a disc of tissue of thickness L and radius r with the cure, 

source inserted in the center of the disc, then voltage change across a distau; 

Ar is: 

(1) V r = V (r+Or) -V (r) _ - IR 

R is the resistance across Ar 

(2) R = (Rt A r) / 2nrL 

Rt = specific horizontal restivity 

(3) VAr = - (I Rt A r) / (2itrL) 

(4) dV /dr = - (Rt /27rL) I 1/r 

Taking the second derivative with respect to r: 

dV Rt 1 dI Rt 

(5) dr2 2IIL r dr 21-IL r2 

Substituting from Eq. 4 for I: 

(6) 
d2V Rt 1 dI - 1 dV 

dr2 2IIL r dr r dr 

Mic 

Mai 

Ga 

Mu 

CL 

Sc 

Fig. 2. f 

One half 

the other 

ment of 

lumina! f 

Finding an expression for dI /dr: A I, the current loss vertically is pa, 

portional to the surface area subject to loss and inversely proportional: 

the resistance of this surf aze (Rz = vertical specific resistivity). 

(7) AI = - (V /Rz) 2itrAr 

(8) dI /dr = - (2xrrV) / Rz 

and substituting into Eq. 6: 

(9) 
dr2 LRz r dr 

d2V VRt 1 dV 
Fig. 3. 

fundus 

fundus, 
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Fig. 2. A diagram of the equipment used to study coupling in intact gastric mucosa. 

One half of the circuit is used to send and measure current through a microelectrode, 

the other half to measure the P D changes in a distant cell. Simultaneous measure- 
ment of trans- tissue resistance, the luminallserosal resistance ratio, and pH in the 

lumina] fluid can be carried out. 
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Fig. 3. The decay of voltage with distance from a current -sending microelectrode for 
fundus and antrum of Necturus gastric mucosa. Note the break in the curve for the 
fundus, due to the presence of a tubule. 
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letting 22 = LRz /Rt and rearranging: mucosr 

d2V 1 dV 

- 
1 

Will pr' 

(10) dr2 + r dr 2 = 0 
from in 

Am 
The solution to this differential equation is a zero order modified BL 1 in 1( 

function of the second kind: indents 

resistiv 
V = AK,,, (r /X) or V /IK0 (r /X) = A (a constant) 

ignore( 

Practically, the solution of the Bessel function is obtained by repetih regards 

expansion of the Bessel function using the experimental data Vr and r az 

The 

A is most constant for all the data points. . 

increasing values for 2. The solution is considered that value of ,l for whi; 
and he 

tissue 

fore, fc 

Rt /L = 2rr A /Io 
and 

Rz = X2 (Rt /L) = (A.227rA) / fo 

Io is the current injected. 

The membrane resistances are derived from consideration of an equivak 

electrical circuit: 

Rb 

tran 

RL = luminal cell membrw 

Rb = basal cell membrane 

rtran = trans epithelial 

resistance 

RL is the positive solution of the quadratic equation: 

(- Rb /RL) RL2 -{- [Rz -I- Rz (RB /RL) - RT ]RL 

RB from (RB /RL) RL 

This approach is discussed in detail for the gall bladder membrane (Feb. 

1973). 

However, this only holds for a simple 2- dimensional sheet such as g 

bladder or antrum. The fundic mucosa is riddled with a series of indeace 

tions (i. e. tubules) which will result in an area correction term font 

transepithelial resistance (2.7 fold for Necturus, 13 fold for dog gastr . 

g tissu 

correct 

conduc 

measur 

data. I 

Table I, 

Fu 

Au 

Values 

serosal 

For 

surf acc 

of the 

param 
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mucosa). In addition, in the microelectrode experiments, these indentations 

wi1l provide a complex pathway for current flow. This is a separate case 

from infolded tissue where simple dimensional corrections will suffice. 

A more detailed consideration of the problem shows that only between 

ied Bess 1 in 10 or 1 in 20 surface epithelial cells make connection with the tubular 

indentations. The error introduced, therefore, due to the tubular parallel 

resistive shunt with both the transverse and vertical R can probably be 

ignored. The values derived for the surface epithelial system may then be 

repetil regarded as correct within experimental error. 

and r , The tubular system must be considered in transepithelial measurements, 

for wl 
and hence a separate estimate will have to be made on this part of the 

tissue for precise quantitation of shunt conductance. The equation, there- 

fore, for a tissue such as amphibian gastric mucosa becomes: 

equivale: 

Iembrat 

nbrane 

ial 

gtissue = gSEC gtub gshunt gshunt = gtissue - gSEC - gtub 

g tissue is obtained from transepithelial measurements and surface area 

correction for this value from histological sections, gsEC, the surface epithelial 

conductance from microelectrode measurements on intact tissue, gtubule from 

measurements on isolated tubules and area correction again from histological 

data. The difference between these terms is the shunt conductance. 

Table I. 

Cell Membrane 
Space Constant Trans Resistance Resistance 

(10 -4 cm) Sè cm2 52 cm2 

Fundus 352.9 ± 211 1882 ± 534 6433 ± 4119 
Antrum 511 2254 8,130 

ßzRT = Values for space constant, corrected transepithelial resistance, and sum of luminal and 
serosal membrane resistance of surface cells of fundus (n = 17) and antrum (n = 3). 

(Frömt, For Necturus gastric mucosa, tubular conductance is at least equal to 
surface cell conductance per unit area, and is 1.7 times greater because 

h as 
Ba of the area difference. Table I gives the values for the different conductive 

indem parameters of the surface epithelial cells and using these data we have: 
r for d. 

g gastr;, gshunt = 5.31 X 10 452-1 -4.2 x l0-452-1 = 1.11 x 10- 452-icm -2 
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a very low shunt value relative to loose epithelia, being 1/5 of cellub, 

conductance. 
In the case of the antrum, a region of the stomach, largely devoid 

indentations, the problem is comparable to that of gall bladder. Table 
i 

summarizes our findings for this tissue. Here, therefore: 

gshunt = 4.9 X 10- 41) -lcm -2 -1.2 X 10- 452 -1cm -2 - 3.7 x 10- 4n -icm. 

still a low value, but higher than that of fundic mucosa. Since this is abou 

thrice that of the cellular conductance, there could therefore be some signs 

ficant back leak of acid through the junctional region, with effects such a 

inhibition of gastric secretion. .1' 

To amplify these comments, the antrum is the site of release of gastrin 

This hormone is situated deep in the tissue and its release is inhibited br 

acidification of antral contents. Evidently, a possible route for H' baci 

diffusion is through the junctional region. An unlikely route is through th; 

cell, since the cell pH would have to fall to low values. This may therefor; Fig. 9. 

be a justification for the leakiness of the antral junctions compared to the Dr. H. F 

fundic junctions. 

3. Intracellular A P D Measurements: A third approach to the problem of 

paracellular conductance also uses microelectrodes. A constant product KQ 

change in the serosal bathing solution of Necturus gastric mucosa results i 

a P D change across the whole tissue, and also across the serosal membrane 

of the cells. If a shunt conductance is present, then: 

A P D tissue = A P D cell. ( 
gCell 

) 

(gcell + gshunt) 

so that if the shunt and cell conductance were equal the tissue P D chug t 
would only be half that of the cell. From Fig. 4, it can be seen that thi `) 

cellular and tissue P D changes are almost equal. This results in one of two ti 

conclusions: that either there is a low shunt conductance or else the per fit' 

meability properties of the shunt region are the same as that of the eel 

membrane. If the latter were so, then altering the ionic concentration et 

the other side of the tissue should have the same effects, i. e. the tissa 

should be symmetric. This is not the case in the gastric mucosa, hence agate 
Fig. 10. 

there is little shunt conductance in Necturus gastric mucosa. the zon, 

Summarizing our findings, therefore, the shunt conductance of Necturw Dr. H. 
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Fig. 4. The effect of a constant product KC1 change on the serosal surface of Necturus 
gastric mucosa, on the trans- tissue P D, the P D from cell to serosal bathing solution, 
and the P D from cell to mucosal solution. 

gastric fundic mucosa is almost two orders of magnitude less than that of 

Necturus gall bladder or proximal tubule. In studying the electrical proper- 
ties of this tissue, therefore, in a simple Ussing chamber, we are dealing with 
the properties of the cell membranes. 

B. Channels and Carriers, Charged and Uncharged: 

It has been shown due to the work of Eisenman and his collaborators (Conti 
& Eisenman 1966; Eisenman et al. 1968) that one can distinguish the mecha- 
nism whereby ions permeate artificial membranes. Many of these considera- 
tions have been applied to the gall bladder in a series of three papers (Barry 
&Diamond 1971, Wright et al. 1971, Barry et al. 1971). 

The advantage of the gall bladder in these studies is that permeation is 
controlled by the junctional region, i. e. a single membrane. This is not the 
case in the gastric mucosa where permeation is controlled by the luminal 
and basal membranes of a heterogeneous cell population. It is questionable, 
therefore, whether a simplistic approach can yield any useful information 
about any ion permeation mechanism other than the dominant one, which 
on the basis of chemical flux studies is Na + for cations, and C1- for anions, 
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and on the basis of electrical consideration is K+ for cations and 

anions. 

Moreover, under usual circumstances, two electrogenic pumps may cr 
plicate the picture, for H+ and C1 -. The use of unstimulated Nectar. 

gastric mucosa where the H+ rate is zero, bathed in SO4" solutions 
whet; 

there is no anion pump gets around these two problems. With all the: 

reservations in mind, we carried out a few simple experiments to atterri 

to determine the characteristics of the gastric membrane which might 
al. 

us in ebstablishing the significance of any of the materials we might suck 

in isolating and incorporating in to an artificial bilayer. 

1. Carrier vs Channel: From Fig. 5, the current- voltage plot for Nectw¢ 

gastric mucosa is linear over a considerable range. This argues against, 

carrier system being the major current carrying mechanism in this tissue 

since free carrier depletion would result in non -linearity. This finding al 

suggests that the rate limiting step is not at the solution -membrane interfaa 

since here too we would expect a saturation phenomenon. Thus this fink 

can be taken as tentative evidence that we are dealing with fixed sites r 

channels. It must be pointed out that carrier systems may still be presa 

as a minor component of the conductance system. 
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2. Charged vs Neutral Sites: In this type of experiment the argument is that 

charged sites are required to satisfy electroneutrality, hence will always 

have the counter ion associated. Accordingly the conductance will be inde- 

pendent of concentration until this is high enough for co-ion to be forced 

into the membrane when the conductance will increase; in contrast a neutral 

fixed site will show initially a linear conductance concentration relationship 

with saturation at high concentrations. 

Our findings for the Necturus fundic mucosa are illustrated in Fig. 6 for 

NaCI or LiC1, showing that gNa > gLi, as found for biionic potentials and 

also that tissue conductance is a linear function of concentration. We can 

then conclude that this tissue contains neutral fixed sites or channels. 

3. Selectivity: Fig. 7 summarizes the PD changes obtained for 10 -fold 

changes in K +, Na' and Cl-. Both anion and cation sites are present. From 

other experiments the selectivity sequence for this tissue is K+ > Rb+ > 
Na* > Li +, Cs+ for cations and Br- > Cl >I- > SO4 for anions, different 

from the free solution sequence. 

Section Summary: We therefore have tentative evidence for both anion and 

cation selective channels present in gastric mucosa, and have some know- 

5 

4- 

3- 

2 

g m-mhos 

° 

Li 

--°é 
_ ° - ' - - - - - - 

- -- 

(CONCN) mM 

10 50 100 

ng volta? Fig. 6. A plot of the conductance of Necturus gastric mucosa against varying concen- 
trations of NaC1 and LiCI, showing good linearity over the concentration range studied. 
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Fig. 7. A summary of the P D changes obtained across the serosal membrane of Na 

turus gastric mucosa in response to 10 -fold changes in K +, Cl and Na +, and constant 

product KCI changes. 

ledge of their selectivity. An additional feature of this tissue that may be of 

importance is the effect of acetyl choline (Shoemaker et al. 1970), which 

may be interpreted as being due to the opening of nonselective channels in 

the serosal membrane of the gastric cell. 

C. Isolation of Channels: 

Since we are interested in transport in the cell membrane and since other 

subcellular particles may contain ion translocators, a prerequisite for further 

progress is purified plasma membrane free of other subcellular fragments. 

Based on our experience with purification of the gastric HCO3 stimulated 

ATPase (Sachs et al. 1972), we purified the plasma membrane fraction io 

a Ti XIV zonal rotor as shown in Fig. 8. Fig. 9 shows the ultra -structural 

appearance of the membrane fraction and Fig. 10 of the mitochondrial frac 

fion, see figure insert opposite page 264. 
The membrane fraction was solubilized with Triton X -100, the soluble 

100,000 g Triton supernatant passed over a sephadex G -200 column and 

studied further in an artificial bilayer system. Indeed, this fraction induced 

step changes in conductance; 3 types of channels initially were distinguishable 

on the basis of their size or charge discrimination. 

Fig. 8. 
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Fig. 8. Zonal pattern of 100,000g precipitate (post 5000g), showing activities of suc - 

cinic dehydrogenase (SDH), lactic dehydrogenase (LDH), ATPase, HCO3 ATPase. The 
shaded area represents the tube used for the channel extraction. 
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Fig. 11. Equipment used to study step conductance changes in an experimental bilayer, 
consisting of an X -Y recorder, a voltage source and current amplifier. An electrometer 
may be used in this set -up to measure 0 current voltage and provision is made for 
conductance and capacitance calibration. 



270 G. SACHS, J. G. SPENNEY, R. L. SHOEMAKER & M. C. GOODALL 

Fig. 12. The effect of addition of membrane material on the bilayer conductance, Thr 

upper figure shows the control condition. The middle figure shows the events occurring 

with addition of the extract, with step changes of the size (g) noted in the figura 

The lowest portion shows successive events occurring with an intercept on the lira 

occurring at 32 my in SO4':Cl- biionic solutions showing that gCl' > gSO4 ". 

Fig. 13. 

channels, 

tage and 

5.6 X 11 

the slot 

channel 

the extr 

Fig. 

with th 
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By n 

tion of 

Further fractionation on polyacrylamide gels allowed separation of at least 
case th 

3 channel types corresponding to discrete protein bands; they are an anion 
the beh 

selective channel, a cation channel and a non -selective channel. 
Slum 

forminl 

with a 

D. Bilayer Studies: channe 

The electrical method used to detect channel formation was a voltage current 
selectiv 

sweep across a bilayer formed from soy bean lecithin dissolved in decane 
extract; 

as illustrated in Fig. 11. 
Na'K* 

Fig. 12 shows the events obtained when the gastric preparation was added 
munica 

to one side of the system. With this technique the slope change immediately 
1972). 

gives us the size (conductance value) of the channel, and the intersection of 
mito61 
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Fig. 13. Two successive sweeps of a bilayer which has incorporated the anion selective 

channels. This illustrates successive opening or closing of channels with increasing vol- 

tage and that the size of the steps can be related to a single unit conductance g 

5.6 X 10 -1 g -'. 

the slopes in asymmetric solutions the biionic voltage or selectivity of the 

- channel. It can be seen that discrete step changes occur upon addition of 

the extract demonstrating the presence of channels. 

Fig. 13 shows two successive sweeps of a bilayer in symmetric solutions 

an. Tin with the extract already present. It can be seen that successive increments 
culling 

are obtained, as well as decrements. These events occur at higher voltage; 
figures, 

ie fines 
hence these channels demonstrate voltage dependence. 

By measuring the conductance change of these individual steps as a func- 
tion of salt concentration, as was done to obtain Fig. 14, we can see in one 

1 least 
case the behavior to be expected for a neutral channel, and in the other 

anion 
the behavior of a channel with positive charge, i. e. anion selective. 

Summarizing our findings, we have shown that at least 3 separable channel 
forming substances can be found in Triton extract of gastric membranes, 
with a conductance of from 2 to 5 X 10- 10Q -1, a neutral cation -selective 
channel, a charged anion- selective voltage dependent channel and a non- 
selective channel. Similar types of events can be induced in bilayers by 

jean¢ 
extracts of sarcoplasmic reticulum (Szabo et al. In press.), and perhaps by 
Na'K' ATPase preparations from kidney (Tosteson & Skou, personal corn - 

added 
munication), and extracts of electric organ or rat brain (Goodall & Sachs 

diately 
1972). These channels are absent from similar extracts of purified gastric 

of 
mitochondria. 
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Fig. 14. The effect of varying NaC1 concentration on unit channel conductance.l 

upper line represents the neutral cation selective channel, the lower line the small:, 

voltage dependent anion selective channel. 
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CONCLUSIONS 

This work has demonstrated the feasibility of a direct approach to the pa 

sive conductance elements occuring in epithelial tissues. Thus having dab 

lished the cellular pathway of gastric mucosal conductance by dint 
Fig. 15. 

measurements and having found suggestive evidence for a mosaic of anie 
genic 

Ht 

and cation selective channels, we have succeeded in incorporating tin 

channels into a bilayer. We can therefore study their properties directly 
brave c 

,; 

feat which would be impossible in the high conductance situation in ti 
hi the 

intact cell membrane. We have further shown that these channels can á 
ATPas' 

separated and purified and may become amenable to direct chemical aai 
the cha 

H3 biochemical investigation. pun 

Simi] 

HCl Secretion Implications: as the i` 

Finally, we are tempted to speculate about the significance of the voltaP 

dependent, anion selective channel that we have found. This we do bi 

REtERE] 

considering the model illustrated in Fig. 15. Here the HCO3 ATPase Barry, F 

considered to act by removing OH- or HCO3 from the site of proton secte 
Ba th f 

tion. This system is clearly electrogenic. In the absence of any other mem in gal 

It A, B. 



,tance. TL 

he smapà 

the pa,. 

ing estao- 

by diva 
Fig. 15. A model incorporating the voltage dependent anion channel into an electro- 

of anir 
genie HCO; ATPase mechanism for H+ secretion by the gastric mucosa. 

ing the 

íirectly,: 
brane conductance system a P D would build up equal to the pump EMF. 

nn in the 

In the presence of a voltage dependent Cl- channel, in association with the 

is can h 
ATPase site, but not necessarily part of it, the developed voltage would open 

nical 
the the channel and Cl- flux would occur exactly equal to the demands of the 
H3 pump resulting in electroneutral secretion. 

Similar mechanisms may be involved for other electrogenic pumps such 
as the Na +K+ ATPase. 
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MODEL FOR HCI SECRETION 
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A 
DISCUSSION 

mst,) 2t 

memb 
UNAISKY: Could you tell us a bit more about how you incorporated these 

membranes into artificial lipid black membranes? 
ithelial is 

23 -28, 
d $nciis: You can do it simply by adding the Sephadex purified ATPase 

fraction into the inner or the outer chamber. We use inner chamber of an ar- 

molec, áficial bilayer setup, and after having added the ATPase you form the 
t 

bilayer and then look at its properties. Alternatively you can form the bilayer 
.ed Dew: 

first and then add ATPase preparation: Now how much incorporates, ob- 

°rn' N, 
d 

viously we don't know. At the sensitivity we are looking at here we can 

n excital4 detect single channels incorporating into a bilayer. 

in bbnob' Scitui,rz: Villegas (1962) has reported that the intracellular electrical poten- 
.ond,) 2H, tial of parietal cells, identified iontophoretically, was positive with respect 

ond.) 211, 

to the lumen of the frog stomach. What are your observations on this point? 

model bi 

SACHS: In Necturus gastric mucosa we have done many many experiments 

, 109 -111 and we have also identified the cells, electrophoretically. We do not find 

positive potential in the oxyntic cells. We inevitably find a negative level. 

L. A' PP In amphibia where we have had less experience so far we haven't been able to 

K ATPau 
find this positive level that Villegas is talking about. 

membra ULLRICH: How pure is your enzyme preparation, did you check that? 

aperties d 
Sots: At the moment it looks like there are 15 bands on gel electrophoresis. 

in gasU1 

FRöMm : Could you please repeat for me what the resistance of the cell 

rgic drug membrane was? I think that you mentioned a figure of 800 Ohm cm2. This 
value would be much smaller than the values of approximately 3000 Ohm 

Biochin 
cmt, which have been observed in gallbladder (this symposium p. 496) and 

observe. proximal tubule (Boulpaep 1971) of the same species. 
luilibriuc 

SACHS: In the fundus the calculated values were about 700 -800 Ohm cm2 
úcrosomal and the trans tissue resistance in the experiments that we showed was about 

ermeatioo Vilegas, L. (1962) Cellular location of the electrical potential difference in frog gastric 
mucosa. Biochim. Biophys. Acta, 64, 359 -367. 

Boulpaep, E. (1971) Electrophysiological properties of the proximal tubule: Importance 
of cellular and intercellular pathways. In Electrophysiology of Epithelial Cells, ed. 
Giebisch, G. pp. 91 -112 F. K. Schattauer Verlag, Stuttgart. 
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a 1000 Ohm cm2. So we sum the two and there was a small shunt 
c 

Sncas: 

ductance. But that is only assuming that we can neglect the tubules, 
whirl unstable 

could account for all of the shunt conductance, obviously. so if we 

He : Were you classifying these channels in terms of the height TOSTES( 

the transients? 
Sncas: ] 

SACHS: In terms of the change of slope. 
Hosx1O 

HOSHIKO: What sort of dispersion did you get with these slopes? the volt 

gastric r 

SACHS: If you look at the smallest channels which you have got at the higl 

sensitivity, that was one family. And then you have two other families SACHS: 

slope, one 3 -5 and one 2 X10-10 reciprocal Ohms. 

Hosuuco: They were separated by orders of magnitude? 

SACHS: No. 

TOSTESON: What was the speed of your ramp? 

SACHS: The whole sweep takes about between 30 sec to 1 min. 

TOSTESON: What is the relation between the zero frequency conductana 

HOGBEN 

SACHS: 

HOGBEN 

SACHS: 

with Ne 

and the concentration of the material which you get from the gradient? 
HOGBEN 

SACHS: This is the bilayer system. And we incorporated some channels. And 

was cha 

Sams: instead of doing a sweep over 30 sec we do a very slow sweep. 

TOSTESON: You impose 1 voltage, measure the current... KEYNES 

open, o 

SACHS: and go on very slowly, right. 
SACHS: 

TOSTESON: Have you made such measurements in the presence of different know w 

concentrations of the material from the gradient? up and 

SACHS: Yes, we can do that. 

TOSTESON: What is the maximum conductance you have 
ditions? 

SACHS: For a single channel? 

TOSTESON: No, for the whole bilayer in Ohm -1 cm -2. 

KEYNES 

diners. 
under those conF 

way an 

NHBrrE 

mucosa 

they co 
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aunt ca SAWS: If you have a lot of channels present the bilayer becomes very 

es, whirl unstable, to this sort of slow sweep. It seems to break at extreme voltages, 

' so if we do it within a very narrow range. 

height 
u 

TosrEsoN: Extreme means very low voltages, is that right? 

SAcHs: No, it was ± 100 mV across the bilayer, or 80. 

, HosHnco: I was surprised to see your voltage curve for the gastric mucosa, 

the voltage span going up to 1/2 V. What is the break -down voltage of the 

gastric mucosa? 
the higk 

unifies d 
SACHS: It must be larger than that. 

HOGBEN: Which gastric mucosa? Around 60 mV a break -down occurs. 

SAWS: And which gastric mucosa was that? 

HOGBEN: Rana temporaria and Bufo bufo. 

Seats: Warren Rehm did the stuff in Rana pipiens up to 200 -250 mV and 

with Necturus which didn't break down at 500. 

ductauce 

Sent? 
HOGBEN: I presume that an alteration was not detected because the mucosa 
was challenged by a transient pulse. 

sels. Auf 

SAWS: Oh yes, it wasn't clamping. 

KEYNES: Are these channels of yours like gramicidin ones? Do they just stay 
open, or are there fluctuations all the time? 

SAWS: You can get them staying on or sometimes switching off. We don't 
differem how why sometimes it will stay on so the conductance will climb up, and 

up and up. 

KEYNES: But the story about gramicidin is that the channels only open for 
Miners. When the dimer form is present it is long enough to stretch all the 

ose con 
way across the membrane and make a channel right through. 

WHITTEMBURY: How many cell types do you have in the Necturus gastric 
mucosa, is there any difference in their profile of electrical potential, are 
they communicated? 
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SACHS: Yes, they are all communicated. The Necturus gastric mucosa has( don't 
least one cell type less than the guinea -pig gastric mucosa, because the exp and a 

tic cell in the Necturus has both peptic or zymogen granules and acid sera! scan I 

tory properties. In the guinea -pig where you have as many cell types as seeev 

the rat I think, you have coupling between each cell type. In the Nectura PD is 

gastric mucosa you also have. We have not found, however, any signifia; a slid( 

difference in potential between the different cells we punctured. 
which 

conch 

other 

GENERAL DISCUSSION 
Scud 

was u 

TOSTESON: Dr. Sachs, could I ask a question about these bilayers. You con 
range, 

mented that when you add magnesium, the selectivity changes from beta: Do Yc 

cation -selective to being anion -selective. You gave a number for chlorid( 
lumen 

compared with sulphate but you did not cite a number for chloride is Hog 
compared with cations. For instance if you put a 10 -fold concentration ratio resista 

of sodium chloride across the bilayers in the presence of this material, wit isolati 

is the value of the zero current potential difference across the membrane^ mucos 

SACHS: Before we added magnesium, if you had a 10 -fold gradient fo 

sodium chloride you get a PD of about 16 -20 mV showing sodium selectivity, Zorn 

After you add magnesium, the PD will invert and you get a value which Sepha 

the one calculated for a chloride /sodium conductance of about 3. get th 

TOSTESON: And may I ask, if you add some other peak from the sucrose p SACxs 

dient to the solutions bathing the bilayer, do you observe changes in con. devele 

ductance? I mig 

SACHS: If we take some other peak, no we don't get these data at all. Piet 
s 

thin don't see anything then, except what you call a garbage effect where ya 
g 

don't get thinning of the bilayer. If you take preparations from rat brain a 
cyanic 

electroplax, you get data which look like that but with different selectivitie Knrsc 

and different sizes. doesn 

effect 
KIRSCHNER: Does ATP have any effect? 

SACHS: Yes, it does. But I don't know how to explain it. There is a potential SACHS 

development, as a function of the presence of ATP in symmetrical solutions Moar, 

and you require the ATP and the enzyme preparation to be present. You Kdep 
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don't see the potential when the bilayer goes black. But if you watch it thin 

and at the silvery stage of the bilayer a potential starts to develop. If you 

scan the bilayer at that time there is no evidence of channels. Then if you 

see evidence of channels occuring under a scan and then look at the PD, the 

PD is shorted out. Occasionally the channels will disappear as I showed on 

a slide and you look at the PD again it is present. The PD is in the direction 

which you would expect the protons to be moving. But whether you can 

conclude that we get an active transport system or surface charge effect or 

other positive effects I can't say. 

SCHULTZ: Dr. Hogben, the resistance of the rat stomach that you recorded 

was in the order of a 100 Ohm cm2 which places it in a rather low resistance 

ou com 
range, and yet it maintains roughly a 10,000 -fold gradient for hydrogen ion. 

mm hie 
Do you expect there is a rather large leak of hydrogen ion back from the 

chlor d; 

lumen? 

bride a HOGBEN: Yes, there is a large leak. This is an abnormal situation, the low 
Lion ram resistance or high conductance you referred to is one of the artifacts of 

vial, vela' isolating the mucosa. We cannot maintain the hydrogen concentration in the 
:mbrauel 

. mucosal chamber at 5 mMol without continually replacing the mucosal 

solution. 
dient foi 

dectivi ZADUNAISKY: Dr. Sachs. If you tried to keep the ATPase activity of your 
which Sephadex column and then incorporated it in the inhibited membrane did you 

get these changes or not? 

rose grao SACHS: Yes, we do. If I found that thiocyanate or cyanide inhibited the PD 
s in col. developed in the presence of ATP, I would have had some confidence that 

I might have been dealing with active transport. Since these do nothing in 

tall. Ne 

terms of PD that's why I would hesitate very much to assume that it has any - 

here ycr 
thing to do with active transport. Also, the presence of thiocyanate or 

brain of 

cyanide does not affect the appearance of these channels. 

iectivife; Kn2sCHNER: Let me make sure I sorted this out correctly. The thiocyanate 
doesn't prevent the formation of channels, but it also does not block this 
effective ATP, which is really what you would like to. 

potentiel 
SACHS: That's right. 

solution MAETZ: Has something similar been done on bilayer preparations with Na- 
ent. Yes K-dependent ATPase? 
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SACHS: Yes, there have been papers published by Jarni et al. where they]oo1 

at fractions coming off a zonal rotor. I think it was a rat brain membrad 

preparation, and they were interested mainly in the zero potential curreá 

developed as a function of the presence of ATP, that was inhibited 
fr, 

ouabain. If you look at their figure they have coming off their zonal rotorE 

peak which they said gave step -like changes in conductance of the bilayet 

Similar to what we found. They did not apparently take it any further. 
Aoi 

they were not dealing with soluble, purified ATPase preparation. 

TosTESON: I can report that we have observed rather similar effects on 

electrical properties of bilayers exposed to preparations from torpedo eler 

trie organ (in collaboration with E. Schoffeniels), and with preparations 
of 

Na -K ATPase in collaboration with J. C. Skou. The problem to be resoled 

is whether these effects have something to do with this specific protein a 

with any protein which is able to interact with bilayers. 

ULLRICH: Is there a difference between the HCO3 ATPase and Na -K ATPau 

with respect to solubility? 

SACHS: You can solubilise both but with different detergents. 
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Reprinted from Exp. Eye Res. (1973) 16, 241 -249 

Conductance Pathways in Epithelial Tissues 

G. SACHS, J. G. SPENNEY, R. L. SHOEMAKER AND M. C. GOODALL 

Department of Medicine, Department of Physiology and Biophysics, 
Division of Neurosciences, University of Alabama, 

Birmingham, Ala. 35294, U.S.A. 

It has been shown that ionic conductance of the fundic area of gastric mucosa is via the 
cellular route, whereas in the antrum, conductance is by a shunt or paracellular pathway, 
using a variety of microelectrode techniques. Definition of the nature of the fundic con- 
ductance pathways has shown them to be largely neutral fixed -site (channel) ionophòres of 
varying ion selectivity. Extraction of highly purified membrane fractions produces three 
separable channels -a cation, an anion and a non -selective channel, as measured after 
incorporation into an artificial bilayer. A model for proton transport, involving an electro- 
genic HCO 3 ATPase pump shunted by a Cl- channel, is discussed. 

1. Introduction 

Studies of epithelial transport may be divided into five phases: 
(1) assessment of route of ionic conductance (cellular or paracellular); 
(2) definition of ions transported actively or passively; 
(3) definition of the properties of the elements responsible for the conductance 

(carrier, channel, charged or neutral); 
(4) identification and isolation of components responsible for active transport; 
(5) isolation and identification of components responsible for passive trans- 

port. 

This paper will discuss some of these aspects. 

2. Route of Transport through Epithelia 

For many years it had been accepted as dogma that the major route of ion perme- 
ation through epithelia was cellular. More recently, however, it has been realized that 
there are two possible transport routes, cellular and paracellular (Diamond, Barry 
and Wright, 1971). Various techniques can be used to define the importance of each 
route (Diamond, Barry and Wright, 1971; Mandel and Curran, 1972). The most direct 
methods involve measurement of the cell membrane resistance of cells isolated 
from the epithelium and comparison of tissue resistances with those values. The 
paracellular conductance is obtained directly (Blum, Hirschowitz, Helander and 
Sachs, 1971). Alternatively, with the use of two microelectrodes, one to send current, 
the other to measure the change of p.d. in a distant cell (Frömter and Diamond, 
1972), the cell membrane conductance can be calculated. Figure 1 shows the decay 
of voltage with distance for both Necturus fundus and Necturus antrum. Considering 
Necturus antrum we can readily derive values for the conductance of the cell mem- 
branes, and for the intact tissue. From the equation 

gshunt = gtissue -gcerl (1) 
we find that the shunt conductance is about three times that of the cell conductance. 
Thus, most of the ionic flux upon sending current is paracellular, rather than cellular. 

241 
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Fro. 1. The decay of voltage with distance from a current -sending microelectrode for fundus (p -_ 
In and antrum (111-) of Necturus gastric mucosa. Note the break in the curve for the fundus, duet 

the presence of a tubule. (Dian 

For gastric fundus the situation is reversed, for in this case cellular conductance, 

is about five times paracellular conductance. For this tissue, however, the analysis 

is more difficult since a series of indentations or tubules complicate the model of a 

simple two -dimensional sheet. This problem can be solved by considering the two systems 

separately, with the relative surface area contribution being the proportionality factor, 

A third approach would compare the change of cell membrane p.d. to a change of 

transepithelial p.d. This can be done by sending current, or by changing the ionic 

content of one or other bathing solution. Figure 2 shows a typical result from Nectunis 

fundic gastric mucosa using a 

dB +xCl- = Constant. 

5K ++ I 50K ++ 8C1.- 
80Ct- 

5K++80C1 

(2I 

Fm. 2. The effect of a constant product KCl change on the serosal surface of Necturus gastric mucosa; 

on the trans -tissue p.d.; the p.d. from cell to serosal bathing solution (d[K +xCI -]); and the p.d. from 

cell to mucosal solution. 
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Considering 
the equivalent circuit for a cellular conductance in parallel with a para - 

cellular or shunt conductance 

dP d tissue = dp d cell 
gcell 

(3) 
shunt +9een 

From this, the greater the shunt/cell conductance ratio, the smaller will be the tissue 

p.d. change relative to the cell membrane change. 

In gastric mucosa of Fig. 2, it can be seen that the change in the trans -tissue p.d. 

is almost the same as the change in the serosal membrane p.d. Hence from this line 

of reasoning, the shunt conductance is very low. 

A fourth approach would consider the symmetry of the system to ionic concentra- 

tion changes. If a paracellular route is the predominant one, we would necessarily 

find the tissue to have a symmetric response to ion changes. If the route were cellular, 

then unless the two membranes of the cell were identical, identical ion changes on 

either side of the tissue would give different p.d. responses. In the case of the fundic 

gastric mucosa, this is a highly asymmetric system, hence the paracellular contribu- 

tion is minor. 

l - 
due V 

general, eneral, therefore, tissues may be classified as very leaky, such as gall bladder: 
us 

(Diamond, Barry and Wright, 1971), small intestine (Rosen and Schultz, 1971), 

proximal tubule of Necturus kidney (Boulpaep, 1971) (a shunt/cell conductance ratio 

luctance, of 10 x or more), moderately leaky such as gastric antral mucosa (a ratio of 5 or 

analyst less), or tight, such as gastric fundic mucosa or distal tubule (a ratio of less than 1). 

sdel of a 
Values such as these remain to be established for the cornea or ciliary body. The 

,systems absence of anatomic tight junctions in the endothelium, and the lower than predicted 

y factor. Nernst potentials for ionic changes across the epithelial cell layer would argue for 

lange of 
the cornea, at least, as being not tight. With a resistance of about 1000 Q cm2, we can 

he ionic speculate that this tissue could presumably be classified into the group of tissues such 

rectum. as the antrum. 

(2) 
3. Identification of Active Transport Components 

It is relatively easy to identify the ions actively transported, by a knowledge of 
the p.d. and concentration gradients in vivo, or by the Ussing flux ratio test in vitro. 

In the case of the cornea both Na+ and Cl- are actively transported. The ciliary 
body may in addition transport HCO3. 

The best defined system responsible for transport in eukaryotic cells is the Na+ +K+ 
ATPase (Skou, 1965). Apart from the localization of the enzyme in the plasma mem- 
brane and its activation by Na +K, the best evidence for its role in Na+ transport is 
the effect of ouabain. The role of this enzyme in Na+ transport by epithelial tissues 
cannot depend upon its presence in the tissue because of its ubiquitous distribution 
(Boating, 1970). The action of ouabain in inhibiting Na+ flux within a few minutes 
is perhaps the most telling evidence available. If the action requires an hour or so, 
the ionic redistribution resulting from ouabain action is a more probable explanation 
of transport inhibition. 

The other ATPase which has been implicated in ion transport by cell plasma mem- 
branes is the HCO3 stimulated ATPase first described in gastric mucosa (Kasbekar 
and Durbin, 1965) and subsequently in the pancreas (Simon, Kinne and Sachs, 1972). 
This enzyme probably plays a role in proton transport and_for 1100 3 /C1- exchange 
based on its localization and the action of some inhibitors. 

nucoaa; 

, from 
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One of the problems in assigning a role to this enzyme is its striking 

G. SACHS, J. G. SPENNEY, R. L. SHOEMAKER, M. C. GOOD 

sAimilLL arity tl, purifie mitochondrial ATPase. Hence detailed cellular fractionation procedures had to 1, to esta worked out, as well as methods of purifying the cell membrane. Figure 3 shows, 
distribution profile for various enzymes in a gastric mucosal homogenate. At 29,4e 1 

sucrose the fraction obtained contains almost exclusively smooth -surfaced membraal 
vesicles and fragments (Sachs, Shah, Strych, Cline and Hirschowitz, 1972). Thes< Sew 
two ATPases are so far the only ones described in the plasma membrane fraction 

of tissue 
mammalian cells. Two other ATPases are involved in ion transport, the Cas++ ATP00 1972). 
of sarcoplasmic reticulum (Martonosi, 1971) and the mitochondrial ATPase (Pm experi 
man, 1970). 
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FiG. 3. Zonal pattern of 100,000 g precipitate (post 5000 g), showing activities of succinic dehydrogenax 
(SDH, A -A); lactic dehydrogenase (LDH), (p -p); Mg ATPase ( . . ); HCO3 ATPase ( -); A.nPav o: f an (- - - ). The shaded area represents the tube used for the channel extraction, 

to me; 

Most of these enzymes appear to consist of 3 -6 sub -units of unknown function, Al 

and also to involve an acyl group, a seryl group and a histidyl residue in the active sider, 

center. This transport function could then depend on the action of one or more of these lecitl 

sub -units interacting with the ATPase site. A particularly appealing idea is that this sweet 

sub -unit can act as an ionophore, i.e. induce conductance changes in artificial lipid can 

bilayers. This type of ionophore may not only be associated with active transport, be d( 

but may also be involved with the passive conductance properties of tissues. Using tivit: 
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iilarity 
Il purified membrane fractions as a source material, it would seem pertinent to attempt 

lad to lip to establish whether such ionophores can be extracted in active form. 
shows 

At 29.4 ° 4. Eukaryotic Ionophores 
1embrane 

2). Then¢ Several ionophores have been extracted from bacteria, but to date, only nerve 
.action 

of tissue or electroplax have been shown to contain such molecules (Goodall and Sachs, 
ATPase, 1972). Epithelial tissues also, however, must contain such substances, based on direct 

le (Ns., in intact tissue. For example, in the gastric mucosa we have shown, as 

outlined in the beginning of this paper, that the conductance pathway is cellular. 

This being the case, we can determine the types of molecules responsible for the 

conductance properties of the epithelium. Briefly we can attempt to distinguish 

between mobile and fixed sites (i.e. carriers and channels) charged and uncharged 

sites, anion, cation and non -selective sites. This approach is based on relatively simple 

experiments. For example, a linear current- voltage plot over a range greater than 150 

V or so, would imply fixed site rather than mobile site transport. A linear relationship 
between ionic concentration and conductance suggests the presence of neutral iono - 
phores such as gramicidin rather than charged ionophores, where initially one would 

expect a conductance independent of concentration. One can also compare relative 
ionic conductance by a variety of techniques such as p.d. changes under bi -ionic 
conditions, chemical flux studies, tissue conductance in the presence of the given ions 

so and dilution potentials (Barry, Diamond and Wright, 1971). From all these techniques 

z ive can tentatively conclude that in the gastric mucosa, a major fraction of the con - 
ductance is accounted for by channels which are uncharged and are anion and cation 
selective. 
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When the membrane fraction is extracted with Triton X -100, the extract at con- 
siderable dilution produces conductance changes in a bilayer composed of soybean 
lecithin. This system is illustrated in Fig. 4. It is designed to perform a current- voltage 
sweep using a voltage source and a current amplifier. Under suitable conditions, it 
can detect changes in conductance of about 10 -11 S2-1. The conductance change can 
be determined directly by measuring the change in slope of the I -V curve. The selec- 
tivity of this change can be obtained in two ways. First, by measuring the zero 
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current potential in asymmetric solutions. Second, by determining the voltage al To si 
which the various slopes interesect, which has the advantage of being able to analya ionophe 
single events. The effect of the membrane extract is shown in Fig. 5. Two point, electric 
should be noted. One is the step nature of the slope change, suggesting the presenol passive 
of channels. Second, is the fact that these changes occur at higher voltages, i.e, an terms. 
voltage dependent. 

Ag=4.8x IÓp 

AA°241: 

Fm. 5. Two successive voltage -current sweeps of a bilayer which has incorporated the anion selective cbsri 

This illustrates successive opening or closing of channels with increasing voltage and that the size of the step, 

be related to a single unit conductance g = 2.4 X 10-1°12-1. 

Four types of events can be distinguished in extracts, representing: 

(1) a cation -selective neutral channel; 
(2) an anion- selective, charged, voltage- dependent channel; 
(3) a non -selective neutral channel; 
(4) an anion carrier. 

Fmc, 

These are distinct, since they can readily be repeated and considerably purified. It ATPas 

remains to be seen whether sufficient quantities of material can be obtained for chemi- 

cal characterization. 
Returning now to the relationship of these channels to active transport, it is possible 

Sul 
to develop an hypothesis consistent with experimental data which combines the 

Resa 
active transport characteristics of the ATPase, and the voltage- dependent anion 

Ala 

channels. 
Figure 6 illustrates such a model. In this the HCO3 ATPase acts as an electrogenic 

proton pump by removing OH- or HCO3 from the secretory site. The voltage gener- 

ated by this electrogenic model serves to open the anion channel, with ensuing flux Barra 

of Cl -, with a stoichiometric ratio to H+ of one. In the absence of Cl -, in the presence Blum 

of SO'¡, where the measured gC1 -/gSO4 = 6, the flux through the channel will be 

considerably lower than the H+ rate of the pump. Hence, instead of electroneutral Bout 

secretion, direct evidence for the electrogenic nature of the H+ pump may be obtained Dian] 

under these conditions, as has been done. 
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voltage 
e, To summarize this last section, we have demonstrated not only the occurrence of 

analya ionophores 
in vertebrate cell membranes, but we have also succeeded in, at least, their 

wo points electrical characterization and separation. This would argue well for the hope that the 
presena passive conductance properties of epithelial tissue will be described in molecular 

i.e. an terns. 
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FIG. 6. A model incorporating the voltage- dependent anion channel into an electrogenic HCO3 
ified. It ATPase mechanism for H+ secretion by the gastric mucosa. 
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Discussion 
Dr Zadunaisky 

In some ocular system such as the ciliary body and the cornea there is a chloride 

pump and I wonder if you could discuss a little more the properties of the bicarbonate 

ATPase of the gastric mucosa. 

r Sachs 

y0hat 
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efter tha 

be same 

the first 

changes 
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sodium e 

tissue wl 

Dr Sachs 
The ATPase of gastric mucosa which is localized in the cell membrane and the 

ATPase which has been described, for example, in the rat liver mitochondria, have 

class of properties which are very similar. Both ATPases are stimulated by bicarbonate 

and many other oxyanions such as selenite, borate and so on. The temptation is te' 

try and make a similar hypothesis to explain some of the aspects of mitochondrial 

transport and that of the gastric proton secretion and the simplest hypothesis is the 

Mitchell hypothesis, whereby the ATPase acts in its hydrolytic sense to separate 

H+ and OH -. It could do this by pumping H+ or removing OH-. Since it is stimulated 

by bicarbonate and not by protons, the temptation is to say that the actual transport 

reaction carried out by ATPase is removal of bicarbonate or hydroxyl or carbonate, 

That being the case explains the effect of various oxyanions in stimulating the ATPase, 

Dr Neville 

A good many tissues where it has been studied show a sigmoid -type potassium 

equilibrium or steady state uptake, that is the steady state potassium concentration 

as a function of external potassium is a sigmoid curve rather than a Michaelis -Mertes 

or hyperbolic function. This has been postulated to come from some kind of a co. 

operative potassium sodium uptake mechanism. Do you see multivalent ATPases 

which could account for this in the first place? And in the second, when you put the 

ATPases into your artificial membrane do you see any evidence of co- operativity 

in the transport? 

Dr Sachs 
Let me answer the second question first. The thing I was emphasizing today was the 

capacity to study, perhaps, some of the passive conductance properties of epithelia 

in artificial membranes. It has nothing to do with the active transport component 

We are not looking at active transport. These are just the presence of ion -conducting, 

channels. 

Dr Neville 

But didn't you postulate this to have come from sodium potassium ATPase? 

H 



LL 

fDr Sachs 

What I said was, this was prepared from the purified gastric membrane fraction. 

!oav it may be associated with ATPases for a certain while during purification, but 

(after that probably it will dissociate away from it. So all it has to be is present in 

E.) 
P' 213' 

the same membrane. It doesn't have to be part, of the molecule. Now, in answer to 

A cta2 'the first question, 
the only good evidence that there are, perhaps, conformational 

changes in sodium potassium ATPase, does come from studies of the kinetics of sodium 

potassium activation of the enzyme, where there is clear -cut co- operativity between 

'sodium and potassium, but how you could relate that to the sigmoid plot of intact 

tissue where you have leaks and everything else going on is not clear. 
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SUMMARY 

A micropuncture technique is described for isolated surface epithelial cells and 
oxyntic cells of Necturus gastric mucosa, and for intact isolated tubules from the 
same tissue. The potential obtained is similar to that found for the cèlls'in the intact 
tissue, whereas the measured membrane resistance is about rqo times higher. This 
is explained by cell -cell coupling in the intact mucosa, and is confirmed by direct. 
two -electrode experiments in the intact tissue or isolated tubule. The calculated tisstie 
resistance is about twice as high as the measured resistance after allowance is made 
for glandular infolding, hence the possibility remains that there is a low resistance 
shunt across the tissue. 

INTRODUCTION 

A description of electrical events on the cellular level associated with transport 
by the gastric mucosa is complex for the following reasons: The gastric mucosa is a 
heterogeneous tissue composed of several cell types with different morphological and 
functional characteristics. Evidence has been presented that these cells contain two 
or more electromotive forces which may lead to different and independent changes 
of potential (PD) across mucosal and serosal surface of the plasma membrane, 2. 

In analogy to other epithelial tissues, cells of the same type may be electrically coupled 
along linear or circumferential pathways, while electrical coupling may or may not 
exist between different cell types3. It is thus apparent that results obtained by placing 
a microelectrode into a cell of intact mucosa may not give information on independent 
electrical properties of this cello. Furthermore, such studies do not allow an estimate 
of the magnitude of intercellular conductive shunts which in analogy to gallbladders 
and other tissues6 might constitute major pathways of ion flux across the mucosa. 
An additional disadvantage of microelectrode studies in intact gastric mucosa is 
the visual inaccessibility of the gastric glands, which contain the oxyntic cells. 

In the present paper, a new method for the study of electrical properties is 
described, which involved preparation and subsequent micropuncture of isolated 
intact cells of the gastric mucosa and isolated gastric tubules. The spread of current 

Abbreviation: PD, potential difference. 
*To whom correspondence should be addressed. 
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in oxyntic and surface cell systems is examined by simultaneous measurements 
in two, isolato 

cells. It may thus be shown that surface and oxyntic cells in intact mucosa are electri 
. 

pulled 
tally coupled while significant intercellular conductive pathways may also be present again: 
In addition, micropuncture studies in isolated cells may allow an assessment 

of the micro 
electrical properties of specific cell types under a variety of conditions. 

suctic 

METHODS poten 

cordir 

Isolated Necturus gastric cells were prepared by the pronase technique 
as inject 

previously described'. Stripped Necturus gastric mucosa was pinned mucosal surface 

upwards on the bottom of a lucite dish and shaken in HCO3- buffered frog ltingc, enter 

containing 0.175 % pronase for 120 min. The cell suspension thus obtained was ca.' Ohm' 

trifuged at 5o g for 5 min, washed twice in frog Ringer and resuspended either is throe 

frog Ringer's solution or in a solution containing 18.5 mM K+ with correspondingh5 de -pc 

lower Na+ levels. throe 

Isolated gastric gland tubules were prepared by a modification of the pronase or 

technique. In this case stripped mucosa was incubated for one hour and then rapidly 

shaken in pronase solution. Clumps of cells and isolated tubules were readily obtained' cells 

Fig. i shows the experimental arrangement used for micropuncture of isolated aceta 

cells. The cell suspension was placed on the agar filled depression of a microscopy secti' 

culture slide. The cell types were identified under a stereomicroscope. Oxyntic (i.e perk 

acid secreting) cells could be differentiated by their size and granular appearanco surf o 

as surface cells'. in in 

a sul 

on tl 

with 

elect 

estir 

sphe 

RESI 

Fig. 1. Experimental arrangement for micropuncture of isolated cells: (r) oil filled syringe; (2)o. Pote 

filled suction micropipette; (3,4) micromanipulators; (5) agar filled microculture slide; (6) stereo- 

microscope; (7) microelectrode; (8,9) 3 M KC1 -agar bridge; (ro, x i) calomel electrodes; (12) are 
Fail plifier; (13,14) recorder connections; (r5) recorder or CRO; (r6) current source. 
mico 

prio For the preparation of microelectrodes, glass capillary tubing was precleanedi 

chromic acid and alcohol and mounted on a Nastuk electrode pullers ( Industria 

Science Associates) with a 4 -mm platinum loop. Microelectrodes were examined micro- 

scopically and were filled with 3 M KC1. Their tip resistance was about 5o nit) and 

their tip potential was less than 3 mV. As shown in Fig. 1, they were held by a micro- 

manipulator and connected to a WP4 amplifier and thence to a Grass recorder 

The amplifier also had provision for sending and monitoring current and a Wheatstone 

bridge circuit for balancing the electrode response to current before starting a ce) 

puncture. 
A micropipette with a tip diameter of approx 5 rum was used for trapping of 

Biochim. Biophys. Acta, 241 (1971) 261 -272 
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Its in tR isolated cells and immobilizing them during micropuncture. This pipette was also 

re electri pulled on a Nastuk puller from precleaned capillary tubing. The tip was then broken 

prese1i against the platinum wire of a de Fonbrunne microforge and fire polished. The 

lit of the micropipette 
was filled with oil from a Hamilton microsyringe and connected to a 

suction system, as shown in Fig. r, care being taken to exclude air bubbles. 
When isolated tubules and pieces of intact mucosa were used for obtaining cell 

potentials, each micromanipulator held a microelectrode. In this way potential re- 

cordings could be obtained from 2 cells simultaneously, allowing, for example, current 

pique as injection into one cell, and recording potential changes in a distant cell. 

1 surface Micropunctures were considered successful when the measured potential differ - 

g Ringe, ence remained stable for at least io sec. Cell membrane resistance was calculated using 
was ceo. Ohm's law from the change in potential produced by a I-2-sec pulse of ro-9 A sent 
either h through the intracellular electrode. For obtaining current - voltage curves hyper- and 

onding!y de- polarizing current pulses of varying intensity and 0.5 -I -sec duration were sent 

through the microelectrode, and the change in potential difference plotted against 
pronase amount of current injected. 

r rapidly Morphological studies were performed on intact mucosae as.well as on isolated 

btained cells from five animals. After fixation in an ice -cold r % solution of OsO4, veronal 
isolated acetate buffered to pH 7.4 (ref. 9), the tissues were embedded in Epon. I -1z -thick 
croscop sections were cut in an ultramicrotome and stained with toluidine blue, or by the 
utic (ia periodic acid -Schiff method. In each of 4 sections from each of 5 animals, the relative 
)earane surface area of the gastric gland lumina and of the mucosal surface was estimated 

in intact mucosae by counting the intercepts between these surfaces and the lines of 
a super -imposed grid (for further details on this method see WEIBEL AND ELIASio) 

Additional morphological information was obtained by electron microsc opy 
on thin sections of the same tissues mentioned above. The sections were contrasted 
with lead hydroxide followed by uranyl acetate and examined in a Philips EM zoo 
electron microscope at 6o kV. The relative surface area of isolated oxyntic cells were 
estimated by the method described above, and compared with the surface of smooth 
spheres of the same diameter. 

e; (2) 0, 

o stereo- 

(12) am 

aned i 

lustria 

micra 

iQQ and 

micro- 

corder 

Aston( 

a cell 

ing of 

RESULTS 

Potential of isolated cells 
Stable PD readings were obtained in about 50 % of the punctures attempted. 

Failures occurred in cells which disintegrated or swelled while being held by the 
micropipette or upon puncture by the microelectrode. Cells which appeared swollen 
prior to puncture or cells with a grossly irregular surface had a PD of less than 5 mV. 
Further studies, therefore, were confined to cells without morphologic signs of damage 
such as swelling and irregular surface. Fig. 2 shows a PD recording obtained from an 
oxyntic cell. The duration of this recording was 20 min. Other recordings were 
obtained for as long as 6o min with less than ro % decay in PD. In most cases long - 
term stability of the PD was not tested, and the electrode was removed from the cell 
after r -5 min In a representative batch of 67 cells the PD ranged from values of 
about Io to 90 mV, with a mean (± S.E.) of 44 ± 3 mV (Fig. 3). 

In control experiments the PD was determined in surface cells of intact mucosa, 
and compared to the PD in isolated surface and oxyntic cells. The experimental ar- 

Biochim. Biophys. Acta, 24! (1971) 261 -292 
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rangement was similar to that used for isolated cells (Fig. I). The mean (+ S.E.) ph 

for the surface cell in the intact mucosa was 43 ± 8 mV. The effect of K+ concentra 

tion change on the PD of isolated oxyntic cells was also measured. When K+ wag 

increased from 4 to 18.5 mM and Na+ correspondingly decreased, the PD fell b} 

17 mV (Table I). 
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Fig. 2. Cellular potential obtained from oxyntic cell. At A tip resistance is measured, at B current 

is sent through the electrode and balanced out through the Wheatstone bridge, at C the cell is' 

Two e 

tnucoi 

were a 

coupli 

circun 

sendil 

distar 

60 
mV 

punctured, at D current is sent in both directions through the electrode, at E the electrodes 
removed from the cell, and at A tip resistance is checked. 40 

Fig. 3. The distribution of potential difference obtained from a batch of 67 cells. 
20 

TABLE I 

INTRACELLULAR POTENTIALS o- 
Values in mV f S.E. 

Fig. 4. Isolated surface Isolated Isolated Surface 
epithelial cells oxyntic cells oxyntic cells epithelial cells in 

Fig. 5. 
4 mM K+ 4 mM K+ 18.5 mM K+ intact mucosae 

shown 4mMK+ 

36±11 48 f 6 31 ± 5 43 t8 
N = I2 N = 22 N = II N = 15 

Resistance of isolated cells 
In Fig. 4 the resistance of 17 oxyntic cells is plotted against the measured ce: 

PD. There is no simple relationship between PD and resistance. More detailed resit 

tance studies were carried out as discussed below. 

Current voltage curve 
Fig. 5 shows current -voltage plots obtained from an isolated surface cell aia: 

from a surface cell in intact gastric mucosa, the slope representing the resistance e 

the system. There is a striking difference in slope between the two experiments. Sine 

in this and all other experiments a uniform and statistically significant curvatuia 

(P < o.001) was observed, the slope was calculated from the tangent of a curve whit: 
.6 

c: was defined by a cubic equation forced through the origin. The calculated tangents f cells. ' 

isolated surface cells, isolated oxyntic cells and surface cells in intact mucosa at cells, 1 

given in Fig. 6. Similar values were found for isolated oxyntic cells and surface cell Fig y 

while the mean obtained for isolated surface cells was about loo times greater that upper 

the mean of intact mucosa (1.5 + 0.3.1oá and 1.6 -4- 0.2 1o6S2, respectively, P < o.000t; 
PD 

cl 
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Two electrode system 

When stable PD readings were obtained in two surface cells of intact gastric 

mucosa, a current pulse was applied to one cell and the deflections of PD in both cells 

were recorded. A PD deflection in the distant cell was used as expression of electrical 

coupling. An estimate of the type of electrical coupling was obtained by systematic 

circumferential puncture of surface cells around the cell which contained the current 

sending electrode. Electrical coupling was found in 10 -20 % of the cells with a radial 

distance of up to Zoo pm, i.e. about i -ro cells away from the current sending electrode. 
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Fig. 4. Resistance of 17 oxyntic cells plotted against PD of the cells showing little correlation. 

Fig. 5. Current -voltage plot for the surface epithelial cell in the intact mucosa and when isolated, 
showing a marked difference in slope, and non -linearity in the depolarization (downward) direction. 
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Fig. 6. Calculated tangents to the current- voltage curves obtained for intact mucosa and isolated 
cells. The tangents were obtained from the equation y = ax3 + bx2 + cx, solid lines are surface 
cells, broken lines are oxyntic cells. 

Fig. 7. Experiment demonstrating coupling in isolated tubules of Necturus gastric mucosa. The 
upper electrode is used for recording PD and sending current, and the other electrode records 
PD changes in another cell. The bottom trace records the amount of current sent. 
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Fig. 8. Electron micrograph of oxyntic cell in gastric mucosa. Numerous microvilli project from the apical cell surface into the lumen (L). Along the lateral and basal cell surfaces similar cyto- plasmic projections are seen, extending into the intercellular space (IS). The cytoplasm contains a large number of mitochondria (M) and some secretory granules (G). N, cell nucleus. x 4300 

Electrical coupling between oxyntic cells was examined in isolated gastric 
tubules. A typical experiment is shown in Fig. 7 demonstrating an attenuation of 

the current pulse of 5o % over a distance of only 3 cells. In other experiments, the 
distance for 5o % attenuation was 4 -5 cells. 

Morphologic observations 
The itlçrease in surface area of the mucosa caused by the infoldings of the gastric 

glands was calculated to be 2.7 + 0.10 (S.E.) for 5 animals. In the dog the increase 

Biochim..Biophys. Ada, 241 (1971) 261 -272 
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Fig. 9. Electron micrograph of isolated oxyntic cell. The number and size of the microvilli pro- 
jecting from the celi surface has not changed greatly, as compared to Fig. 8. The general ap- 
pearance of cytoplasmic components such as the endoplasmic reticulum (ER) and the mitochondria 
(M) suggest good viability. The nucleus is not included in this section. G, secretory granule: 
x 4300. 

is r3 times (ref. rr). On this basis the mucosal surface of the tissue consists of approx. 
37% surface cells and 63 % oxyntic cells. These values were used for calculation of 
the specific resistance from values obtained from isolated cells. 

Electron micrographs of oxyntic cells from intact mucosa as well as in the isolat- 
ed state are shown in Figs. 8 and 9. The isolated oxyntic cells showed evidence of good 

Biochim. Biophys. Acta, 241 (1971) 261 -272 
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morphologic integrity and also that there had not been any significant alterations 
in surface infoldings or microvilli during the isolation procedure. In the isolated oxyntic 

cells the infoldings and microvilli resulted in a 3 -5 -fold increase of the surface area 

as compared to a smooth sphere of the same diameter, whereas for the surface cell this 
increase amounted to 1.5 times. 

DISCUSSION 

Potentials of isolated cells 

The ability to perform micropunctures in isolated cells allows for the first tins 
a direct assessment of functional properties in specific cell types of gastric mucosa. 

In the present study, the transmembranal PD of nonstimulated isolated mucosal cell 

is reported (Table I, Fig. 3). The average PD of these cells is 44 mV and is not sigui. 

ficantly different from values obtained from pieces of intact mucosa. It would thus 

appear that the isolation procedure does not lead to damage of the cell membrane 

and /or of the mechanisms which are responsible for the PD. 
This interpretation should, however, be accepted with some caution since a 

spuriously normal PD in cells with a damaged plasma membrane could be due to 

leak of KC1 from the microelectrode into the cell. Such a leak would have relatively 

little effect on the PD of electrically coupled cells of intact mucosa, while in isolated 

cells its effect would be proportionately much greater. In the present study, the use 

of fine tip electrodes minimized the occurrence of leakage. A leak is also improbable 

on the basis of observations with KC1 filled microelectrodes in electrically coupled 

and uncoupled cells of intact toad bladder. If a leak would occur in this preparation, 

electrical uncoupling of a punctured cell would result in an apparent increase of PD. 

However, no such increase is observed3. 
The PD of isolated surface cells was not significantly different from the PD el 

isolated oxyntic cells. Further confirmation of this observation by different technique 

is, however, necessary since it has been shown in previous studies that viability ol 

isolated surface cells is lower than of oxyntic cells which in eosin exclusion tests are 

8oioo % viable'. 
In previous studies, the K+ concentration of isolated oxyntic cells as determined 

by a [14C]inulin method was 67 m111 /1 cell water (ref. 7). On the basis of this value. 

the predicted Nernst PD for a perfect K+ electrode is: 

RT 67 PD=- In -=7omV 
nF 4 

This value is considerably higher than the PD observed in oxyntic cells, suggesting 

that the oxyntic cell membrane is permeable to ions other than K +, such as Cl- or 

Na +. An alternate explanation is that cell injury has occurred, either due to the isola- 

tion procedure, or due to the puncture itself. In the latter case, decay of the measured 

potential from some higher value would be likely to be observed, which was not 

generally found. Injury due to the isolation procedure is more difficult to exclude, 

but values of 7o mV have never been observed by us for intracellular potentials even 

with multiple deep punctures of intact mucosa, where penetration of oxyntic cells is 

highly probable. 
Similar conclusions may be reached from the PD response to change of K' 
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concentration 
in the nutrient solution. A 4.5 -fold increase in K+ leads to a reduction 

of the PD by 17 mV, while the expected decrease for a membrane with selective per- 

meability for K+ would be 38 mV. These findings closely correspond to observations in 

surface cells of intact mucosa4. 

Membrane resistance 

The membrane resistance was calculated in all instances from the deflection of 

the PD in response to a standard current pulse. A more accurate estimate was obtained 

from the slope of current voltage plots (Figs. 5 and 6). In order to express the resistance 

per area of cell membrane, the surface area of isolated cells was estimated on the basis 

of findings in phase contrast microscopy. Thus, isolated surface cell and oxyntic 

cell are spheres with a radius of Io ,um and 15 pm, respectively, and their resistances 

are r800 and 273o Q cm2, respectively (Table II). 

TABLE II 

Since a 
The values obtained for cell dimensions, voltage current slopes and calculated membrane core 
resistance and space constants for the surface cell, intact mucosa, oxyntic cell and isolated tubule. 

due to The values in parentheses are those corrected for infolding of the plasma membrane of the isolated 
latiVely cell as measured in electron micrographs. 
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aration, 
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Surface cell Oxyntic cell 

Intact Isolated Tubule Isolated 

Cell dimensions (µm) 

Vollo(S2) 

112 
(Q.cm2) 

R, 
(Q cm) 

Space constant (te) 

30 X I o 

1.6í08 

- 
50 

1400 

r = 10 

1.5íO8 

1800 (270o) - 

r = 15 

7 loe 

- 
800 

400 

r = 15 

2.0.108 

273o (819o) - 

Since the relative surface area of isolated oxyntic cells was calculated in electron 
micrographs to be 3 -5 times greater than estimated for a smooth surfaced sphere 
¡lacking microvilli), the estimates for specific membrane resistance are too low by the 
same factor. In the case of the surface cell, the surface area increase was much less, 
being about 1.5 times. When these values are used to calculate the specific membrane 
resistance of the surface cell and oxyntic cell, the values obtained are 2700 and 8190 
Q. cm2, respectively. 

Since the specific membrane resistance of the resting oxyntic cell is considerably 
higher than that of the surface cell, the larger portion of the tissue conductance in the 
resting mucosa is accounted for by the conductance of the surface epithelial cell 
system. 

Transmucosal electrical shunts 
If such shunts were present, the resistive properties of intact tissue could not be 

predicted on the basis of findings in isolated cells. In the following section, therefore, 
predicted and observed resistance of intact mucosa are compared. 
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Since thé resistance Rm of mucosal (or apical) membrane and the resistance 
R 

of serosal (or basal) membrane in isolated cells are electrically in parallel, the tota 

resistance Rt is : 

Elect 

Rt 
Rm + Rs 

Rm. Rs 

In the intact mucosa Rm and Rs are electrically in series and thus resistance of the 

intact mucosa (R) in the Ussing chamber is: 

R=Rm+Rs 

mucc 

fold c 

in iS( 

of the 

resist 

cells. 

serve 

dyes 

mein 

If Rm and Rs are assumed to be of equal magnitude, a minimal value for R is obtainer, the p 

which is 4 times the Rt value. 
For a mucosa such as the one shown in Fig. 8 whose surface area consists 

o 

only 

63 % oxyntic cell surface and of 37 % surface cell surface, the calculated resistance 
i, 

sprea 

approximately: radia 

resist 
R = 5000 Q cm2 

AND 

The observed value of R for intact resting Necturus gastric mucosa in an Ussing 

chamber is 710 + 47 Q cm2 assuming the area is given by the dimensions of the chain 

ber12. If the 2.7 -fold increase in surface area by the tubular infoldings is taken ist' 

account, the corrected observed resistance was 2000 D cm2. This value can be coin 
wher 

pared to the value calculated above from isolated cell measurements since in Id unit 

cases it was assumed the cells had a smooth surface. lengt 

It is apparent that the predicted resistance of Necturus gastric mucosa is abou 
as the 

twice the observed value. On this basis, therefore, the possibility is not excluded that 
into 

there are intercellular resistive shunts similar to other tissues such as the gall bladder 
tor. 

and the tubule of Necturus kidneys. MITE 

Comparisons of this type would be misleading if the surface area of the mucosa 
value 

cells would change during isolation. However, by comparing electron micrographs a' 

wher 

isolated cells and of cells in the intact mucosae it appeared that there was no majc 
Thus 

difference in the surface area or the size of the cells under the two conditions. 
Reis 

Another possibility is that there is a qualitative change of the cell membran 

as a result of isolation. Gross damage to the membrane is probably excluded by 

number of observations such as eosin exclusion, 02 consumption and good morpholn 

gy'. In addition the cellular Na+ and K+ content appears to be the same as for intac., wher 

tissue". 50 Sl 

Formation of an altered surface layer, with a resultant increase of resistances 

however, not excluded by these observations. In fact, proteases including pronas case 

have been shown to have stimulatory effects on cell division by initiating escape has techi 

contact inhibition14. Internal perfusion of squid axon with pronase, however, l.e not 1 

creased membrane conductance15. Since there was no change of surface area upo: of is 

isolation, the effect of pronase would have to be on the composition of the membrane penr. 

to account for the increased resistance. In this process, there can be no alteration a: sua 

relative K+ conductance since there was no alteration in the response to extracellula tubu 

K+ concentration changes. cells 
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Electrical coupling 

The resistive properties of isolated surface cells and of surface cells in intact 

mucosa were examined in current voltage plots (Figs. 5 and 6). As shown by the too - 

fold difference in slope, the resistance measured in intact mucosa is much lower than 

in isolated cells. This difference cannot be explained by a reduction in surface area 

of the cell membrane during the process of isolation. More likely is the presence of low 

resistance pathways between cells of intact mucosa which are not present in isolated 

cells. Such pathways have been described by LOEWENSTEIN AND KANN016 who ob- 

served electrical coupling between epithelial cells and the movement of fluorescent 

dyes across cell junctions. This low resistance Re is electrically in parallel with the 

membrane resistance Rm with respect to an intracellular current source and is - in 

the present study - about loo times smaller than Rm. 

Since even in close proximity to the surface cell which receives current pulses 

only a small proportion of the cells show signs of electrical coupling, circumferential 

spread of current is very unlikely. A more likely model for the type of coupling assumes 

radial spread of current along a "cell cable" with a low core resistance& and a high 

resistance of the insulating membrane sheath Rm. For such a cable LOEWENSTEIN 

AND KANNOI6 derived the following equation: 

n Lssin: Rn, = plc 
Vo 

tank L 
he chary 

I6 R 

ilcen 

be rom 
where A is the space constant and is defined by A rrm /r;, ro, is the resistance of 

in bol 
unit length of the insulating membrane sheath in S2 /cm, ri is the resistance per unit 
length of the core conductor in S2 /cm, c is the circumference of the "cell cable ", V6 

r is aboi 
is the value of potential difference at the current source, Io is the total current flowing 

riled tha 
into the core from the internai electrode, and L is the total length of the core conduc- 

bladder 
tor. For surface cells of intact tissue, c is 8o io -4 12 /cm and Vo /Io as obtained in a 
current voltage plot is 1.6.106 9. Since in intact tissue L> A, tanh L/A = I. The 

mucosi 
value of Rm = i800 9 cm2 is obtained from measurements in isolated surface cells 

graphs( 
where the low core resistance is absent and therefore total observed resistance R = Rm. 

no majc 
Thus, A may be calculated from Eqn. i and is approx. 1400 sum. The core resistance 
Re is defined by: 

rembrao a V6 L 

(I) 

ded by 

Iorpholo 

for intai:. 

stance i; 

prom, 

:ape fror 

'ever, ir 

rea upc 

embrar- 

ration 

-acellula 

Re = . tann (z) 

where a is the crosscut area of the "cell cable ". For surface cells, R0 is thus about 
so Dctn. 

Calculations similar to those given for surface cells are more difficult in the 
case of oxyntic cells. Verifiable puncture of oxyntic cells in intact mucosa is at present 
technically not possible since localization of the electrode tip deep in the tissue has 
not been attempted. Thus the current voltage plot (Fig. 6) allows only comparison 
of isolated oxyntic cells with surface cells of intact mucosa. It may, however, not be 
permissible to compare properties of two different cell systems. Furthermore, the 
assumption that L > A cannot readily be made for Necturus gastric tubules. Gastric 
tubules are relatively short (about 0.5 mm) and electrical coupling between oxyntic 
cells and surface cells has not yet been demonstrated. An attempt was, therefore, 
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made to measure t directly with a two -electrode system in isolated gastric 
tubules,I 

A representative experiment is shown in Fig. 7. It is apparent that a 50 % alleluia. 
tion of the PD response occurs across a few (3 -5) cells. However the measurementoi 

cell separation assumes that there is a direct path` between the two electrodes, 
aoi 

no branching in this pathway. With these reservations, the apparent space constat 
in the tubule is of the order of 150 ,u, since the cell diameter is 3o fc. If true, an addi 

tional artefact has to be considered, namely, rupture of the intercellular junctionsbr 

the action of pronase used in the tubule preparation. 
Alternatively, the slope of the voltage current curve for the isolated tubait 

(7.0. 106) can be used for the calculation of A and Re by the same method as forth, 

surface cell. With this method the space constant is about 400 y, and the core resistant 

is about 800 ,Q cm. Again, due to the pronase treatment, these values are subject' 

to revision when techniques for definitive puncture of oxyntic cells in the intact 

mucosa become available. 
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Microelectrode Studies of Gastric Mucosa and Isolated Gastric Cells * 

G. SACHS, R. L. SHOEMAKER, A. L. BLUM, H. F. HELANDER, 

G. M. MAKHLOUF, and B. I. HrRSCHOwiTz 

The description of electrical events associated with transport by the amphib- 

ian gastric mucosa has largely been confined to data obtained with extra - 

cellular electrodes and current sources. But since a more complete under- 

standing of the phenomena can be achieved by studying the properties of the 

serosal and mucosal membranes directly, this paper will deal with observa- 

tions on the independent properties of these membranes as measured by 

intracellular microelectrodes. 
However, since in analogy with other tissues electrical coupling may exist 

between cells of the same type and different types, intracellular measurements 
in the intact tissue may not yield information on the independent electrical 
properties of the individual cell types. Thus the degree and nature of cellular 
coupling was assessed in the mucosa and in addition techniques were devel- 

oped for measurement of electrical properties of isolated cells. Based on these 
studies, a model was derived which could explain many of the electrical 
characteristics of the mucosa. 

This paper is divided into two parts, dealing with the experiments using 
the intact mucosa on one hand, and the isolated cells and tubules on the other. 

A. Intact mucosa 

It can be shown that both H+ and Cl- are transported against electrochemi- 
cal gradients (1, 2), by analysis of the ion distribution across the tissue, and by 
the electrical polarization of the tissue (mucosal surface negative). The poten- 

t tial difference (p. d.) across the tissue could then arise as a result of these trans- 
port processes, or could be due to asymmetric permeability of the tissue to 
another ion. HARRIS and EDELMAN (3) using the Ussing chamber and VILLEGAS 
(4) using microelectrodes concluded that the transmucosal p. d. was due 
to the series contribution of the serosal and mucosal surfaces of the tissue. 

* Supported by NIH grants TIAM 2A -5286, AM 09260 and NSF grants GB 8351 
and GB 25364. 
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rem 
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mer 
Fig. 1. Experimental setup : Gastric mucosa mounted between two halves of a Lucite 

our chamber. M.E. = microelectrode, C.E. = calomel electrode, Amp. 1, etc. = Bioelectrir 

Instrument Corporation amplifiers. The type of solutions was changed by opening or solu 

closing the stopcocks near the solution bottles. resi 
7 

This has been confirmed for the Necturus gastric mucosal surface epithelial (Fil 

cell (5). The question arises as to whether this asymmetry is due to a trans. 
ber 

port process across one or other of the surfaces or due to asymmetry of pas. 41 
sive properties. To study this, ion concentration changes were carried out on 

sen 

each side of the tissue while the p. d. across each cell surface was continuously typ 

monitored. cell 

by 

Methods fro) 

The Necturus maculosus (mudpuppies) used in these experiments were 
in 

housed prior to use in fiberglass tanks with constant temperature (22° 0), 
con 

water flowing through the tanks. The animals were fed crickets approximately 

3 times per week; during the cooler months of the year shipments were recei. 

ved every two weeks from a commercial dealer. Animals maintained in this 
unc 

manner secreted acid spontaneously when the in vitro mucosa was prepared. 
wa 

To obtain consistently a mucosa that was not secreting acid spontaneously this 
of 

animal was housed at 3° C for 3 days and fasted during this time; acid secretion 
sur 

could be stimulated by use of mecholyl or pentagastrin in these preparations. 
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Serosal 
100 Na* 

5 K* 

80 Cl- 

Cell 
710n 

310n. 400.rí 

24 mV 

25 mV 

Mu cosa I 

100Na* 
5K* 

80 Cl- 

Fig. 2. Idealized diagram of a typical cell potential and resistance: Trans p. d. 25 mV, 
lumen negative. Trans resistance 710 ohm cm2. 

For an experiment an animal was killed, the stomach removed and placed 
in oxygenated amphibian Ringer solution (5). The external muscle layers were 
removed and the remaining gastric membrane was placed, as a sheet, between 
two halves of a Lucite chamber, the mucosal side facing upward. The trans - 
membrane p. d. was measured by using saturated KCl- calomel electrodes. 

:oche 
Current was sent through the membrane by use of Ag :AO. electrodes in the 

ectrx 

ng or solution and the AV for a known current strength was used to estimate the 
resistance of the mucosa, by Ohm's law. 

' The solutions bathing the tissue were circulated by a perfusion method 

relial (Fig. 1). The serosal solution was allowed to flow through the tubes and cham- 

rans 
ber to remove the bubbles and then the reservoir bottle was lowered and the 

pas- 
siphon effect produced a negative pressure on the membrane to stabilize the 

at on 
serosal side against the stainless steel grid. By use of 3 -way stopcocks different 

auslVV 
types of solutions could be used with the microelectrode remaining in the same 
cell. The rate of flow was approximately 5 ml /min. All fluids were oxygenated 
by bubbling through 95 % 02 and 5 % 002. The serosal solution was a modified 
frog Ringer with 5 mEq/l K+ and 80 mEq/1 Cl-. As the concentration of K+ 

were 
increased it replaced Na +; as the concentration of Cl - decreased it was repla- 
ced by SO4- and sucrose was used to maintain isotonicity. Mucosal solutions 

rteh 
contained 5 mM K +, 100 mM Na+ and 80 mM C1 -. 

Microelectrodes were pulled from 1.2 mm O.D. cleaned capillary tubes using 
ecei 

a mechanical two -stage puller (6). The microelectrodes were filled with methanol 
this 

under a negative pressure and then the methanol equilibrated with water and 
fired. 

water with 3 M KCl. During an experiment a microelectrode was held by use 

;tion 
of a Leitz micromanipulator and the movements observed by use of a Zeiss 

stereoscope (40 x 25 cm working distance). The microelectrode was 
ions. 
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Serosal constant product K+ X Cl- change. 
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Fig. 3. Effect on p. d.'s by constant product change in serosal K+ and C1 -: The bar at face the bottom of the figure indicates the type of the solution bathing the serosal side. 

Fi The mucosal side was bathed in standard solution throughout the experiment. , 

P. d. "serosal" indicates p. d. between microelectrode inside a surface epithelial cell 01- 
and the reference electrode in the serosal solution. "Mucosal" is p. d. between microelectrode K+ 
and reference electrode in the mucosal solution. "Trans" is the potential from the calomel 

electrode in the mucosal solution in reference to the calomel electrode in the aerosol creas 

solution (negative indicates mucosal negative to serosal). Fig. 
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connected by a 3 M KC1 -Agar bridge to 3 M KC1 solution in which was also , + tt 
placed a calomel electrode. The reference calomel electrode and the one from perk 

the microelectrode were connected to a Bioelectric Instruments Amplifier and ion 

the output of the amplifier recorded by use of a Grass polygraph. 
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Fig. 4. Increase in serosal solution K+ and its effect on the p. d.'s: K+ replaced Na+ redu 

in the serosal solution. No change in the composition of the mucosal bathing solution. 
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Results 

Serosal membrane: The first set of experiments was carried out using the 

product constant technique for K+ and Cl- changes in the serosal solutions (7). 

, Fig. 2 shows a typical potential recording obtained from a surface epithelial 

cell. The value obtained for the serosal membrane p. d. is typically about 50 

to 60 mV, and the mucosal p. d. about 20 -30 mV, the difference between these 

two potentials accounting for the total p. d. across the tissue. In Fig. 3, indica- 

ted by the first arrow, the concentration of K+ was increased tenfold, and Cl- de- 

creased by the same factor. There was a rapid fall in total p. d. accounted for by 

a change in serosal potential, with a slight transient in mucosal potential. At 

the second arrow, these changes were reversed by restoring the original solution 

concentrations. There was a total change of 54 mV for this tenfold change. 

Accordingly the sum of transference numbers tx+ and tC1_ for the serosal sur- 

face was 0.9 from this type of experiment. 
Figs. 4 and 5 show typical experiments in which the concentration of K+ and 

Cl- were changed individually. Fig. 4 shows the effect of a tenfold change in 

K +. There is a transient increase in serosal potential, followed by a 30 mV de- 

crease, and a transient increase in mucosal potential followed by a slight fall. 

Fig. 5 shows the effect of a tenfold Cl- decrease, with a 5 mV fall in serosal, 
a gradual rise in mucosal and 3 -4 mV fall in total p. d. 

From these two experiments, the sum of the transference numbers tg+ 
+ tC1 N0.6, significantly less than that obtained for the constant product ex- 
periments is obtained. This is explained by changes occurring in intracellular 
ion concentration when changes are carried out individually. 

-50- 

-40- 

Serosal Cl- decrease. 

serosal 
_ - ----.--- 

E -30- 
` mucosa) - -- 

-20- trans 

1 2 3 4 S 6 7 min 

acct- t a Cl- t 80 Cr 1 

Fig. 5. Effect of serosal Cl- concentration on the p.d.'s: The concentration of Cl- was 
reduced and replaced by SO4- and sucrose was added to maintain the same osmotic 

pressure. Mucosal solution was normal throughout the experiments. 
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drs p i With a constant product change increasing K+ tenfold and decreasing Cl- concentration . 

tenfold, there was an approximately 50 mV change in the serosal p. d. and 2 Inv 

in mucosal p. d. The other bars indicate the changes due to K +, Cl- or Na+ alone. 

+20- 

Fig. 6 summarizes the effects of tenfold changes of ion concentration in the 

serosal solutions. From these findings it can be concluded that the potential 

across the serosal membrane can be accounted for by a diffusion potential for 

K +, CI- and Na +. Fig. 7 thus shows an equivalent circuit for this membrane d 

shunt resistance, x, has to be included in the circuit because of the finding that 

Cl- changes alone have less than the predicted effect on the serosal p. d.. If 

the conductance G. is high relative to Gm, this will reduce the predicted 

change in p. d. Since the measurements are made intracellularly, this shunt 

pathway exists across the serosal membrane of the surface epithelial cell. 

Cl 

GK GCI GNa Fd: EK GK+GcI+GNa+GX+ECI 
GK+GCI+GNa+GX ENa GK+GCI+GNa+GX 

Fig. 7. Schema of an equivalent circuit for the serosal membrane. 
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It should be pointed out that the electrical measurements are carried out 

with the electrode in the surface epithelial cell. If this cell system is coupled 

to the oxyntic cell system, events at the surface cell membrane will be essen- 

tially indistinguishable from events at the oxyntic cell surface. 

' If the surface epithelial cell exists as a generator in parallel to the oxyntic 

cell, then, since the change in the serosal membrane of the surface epithelial 

cell exactly reflects the total change in the p. d., the change in the oxyntic cell 

membrane will be exactly equal to that of the surface cell. 

Finally, if the surface cell is acting only as a passive resistance, then the lack 

of change in the mucosal membrane is not accounted for. Accordingly we can 

conclude that it is likely that the oxyntic and surface cell serosal membrane 
lotion. 

display the same passive properties. 
nation p Y 

2 

ie. 
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Fig. 8. Effect of a 10 -fold mucosal solution constant product change of K+ and C1 -. 

Mucosal membrane: When similar experiments are carried out on the mucosal 
side of the gastric mucosa strikingly different results are obtained. Fig. 8 shows 
the effect of a constant product change of K+ and Cl- showing a slight decrease 
in mucosal p.d. with a corresponding increase in total p. d. From this experi- 
ment the sum of transference numbers tK+ 0.1. 

Changing K+ alone has a slight transient effect on the mucosal potential. 
From this, it could appear that the mucosal permeability to Na+ and K+ is 
about equal. Choline substitution for Na followed by a change of K concen- 
tration makes little difference to the lack of effect observed. Hence the cation 
permeability of this membrane is low. 
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Fig. 9. The effect of removing Cl- from the mucosal solution. 

Fig. 9 shows the effect of Cl- removal from the mucosal solution. The 

effect is also a transient one, in the direction expected. Na+ changes also have 

small effects and Fig. 10 summarizes the effect of ion changes in the mucosal 

solution. It can be seen that the mucosal surface ion permeability is low. and 

it does not distinguish between Na +, K+ or choline, or Cl- and SO4. How 

ever, the potential across this surface is oriented so that the cell interior is nega 

tive by about 30 mV. A diffusion potential for the above ions therefore does 

not account for these findings unless a shunt resistance is reducing the effect 

of ion changes. 
A critical experiment in the analysis of the origin of potentials across the 

mucosa is shown in Fig. 11. In this experiment Cl- is removed from both sides 

Change of mucosal solution 
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v 
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Fig. 10. Mucosal changes. The magnitude of these ionic changes were the same as is 

Fig. 6, but the effects on p. d. were greatly reduced. 
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Fig. 11. The effect of Cl- removal from both sides of the bathing solution of Necturus 
gastric mucosa. The p. d. across the tissue inverts, with most of the change occurring 

across the mucosal membrane. 

of the mucosa, which results in inversion of the p. d. as a function of acid se- 
cretory rate (8). 

It can be seen that the total p.d. declines and then inverts showing that acid 
secretion is present in this particular mucosa. Most of the change is accounted 
for by an increase of mucosal potential, which may be explained by abolition 

Lumen 

Mucosal membrane circuit 

Cl 

Cell 

GK GK 
Pd. =EK 

Gci +GK +Gx EC( 
Ga +GK +Gx 

Fig. 12. Schema of an equivalent circuit for the mucosal membrane. 
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of the C1- pump e. m. f. as postulated in Fig. 12. The fact that the mucosal 

p. d. increases to a value higher than that of the serosal suggests that this men. 
brane is reflecting the presence of an H+ e. m.f. which could only occur if the 

surface cell was coupled to the oxyntic cell. The equivalent circuit of Fig. 12 

would then be modified by substituting EH for Ex. 
Another problem in interpretation of the mucosal membrane permeability 

properties is the effect of K+ changes in the mucosal solution when SO4 was 

substituted for C1-. In this case there is a significant effect of K +, which could 

be accounted for, on the basis of Fig. 12, by a large decrease in GX by SO4 ° sub 

stitution. However, when glucuronate or other mono -nonvalent anions are 

substituted for Cl -, similar effects are observed on total p. d. and resistance 

(i. e. inversion and increase), but the effect of K+ increase in the mucosal sohu 

tion is small compared to when SO4= is used. Hence an explanation based on 

alterations of shunt resistance is not likely to be correct. 
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B. Isolated cells 

Evidence has been presented in the previous section that the surface epi- 

thelial cell contains two or more independent e. m. f.'s which lead to dif- 

ferent and independent changes of p. d. across the mucosal and serosal surfaces 

of the cell. Since there may also be coupling between cells, distinguishing the 
Fig electrical properties of the different cell types may be impossible. 

In the present section, therefore, a new method for the study of electrical cull 

properties is described, which involves preparation and subsequent micro- 
10., 

puncture of isolated intact_ mucosal cells and isolated gastric tubules. The 

spread of current in oxyntic and surface cell systems is examined by simul- 

taneous measurements in two cells. It may thus be shown that surface and oxyn 

tic cells in intact mucosa are electrically coupled while significant intercellular in 

conductive pathways may also be present. In addition, micropuncture studies (Ir 

in isolated cells may allow an assessment of the electrical properties of specific we 

cell types under a variety of conditions. we 

Fi 

Methods 
an 

se] 

Isolated Necturus gastric cells were prepared by the pronase technique as th 

previously described (9). Stripped Necturus gastric mucosa was pinned muco- 

sal surface upwards on the bottom of a Lucite dish and shaken in a 0.175% of 

pronase solution for 120 min. The cell suspension thus obtained was centrifuged al; 

at 50 g for 5 min, washed twice and resuspended either in frog Ringer's solution th 

or in a solution containing 18.5 mM K+ with correspondingly lower Na+ levels. pc 
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Isolated gastric gland tubules were prepared by a modification of the pro - 

nase technique. In this case stripped mucosa was incubated for one hour and 

then rapidly shaken in pronase solution. Clumps of cells and isolated tubules 

were readily obtained. 

Fig. 13 shows the experimental arrangement used for micropuncture of 

isolated cells. The cell suspension was placed on the agar -filled depression of 

a microscope culture slide. The cell types were identified under a stereomicro- 

scope. Oxyntic cells could be differentiated by their size and granular appear- 
ance from other cells such as surface cells (9). 

Fig. 13. Experimental arrangement for micropuncture of isolated cells: 1. Oil -filled 
syringe; 2. Oil -filled suction micropipette; 3., 4. Micromanipulators; 5. Agar -filled micro - 
culture slide; 6. Stereomicroscope; 7. Microelectrode; 8., 9. 3 M KC1 -agar bridge; 
10.,11. Calomel electrodes; 12. Amplifier; 13., 14. Recorder connections; 15. Recorder 

or CRO; 16. Current source. 

For the preparation of microelectrodes, glass capillary tubing was precleaned 
in chromic acid and alcohol and mounted on a Nastuk electrode puller (6) 
(Industrial Science Associates) with a 4 mm platinum loop. Microelectrodes 
were examined microscopically and were filled with 3 M KC1. Their tip resistance 
was about 50 megohms and their tip potential was less than 3 mV. As shown in 
Fig. 13, they were held by a micromanipulator and connected to a WP4 
amplifier and thence to a Grass recorder. The amplifier also had provision for 
sending and monitoring current and a Wheatstone bridge circuit for balancing 
the electrode response to current before starting a cell puncture. 

A micropipette with a diameter of approximately 5 ,u was used for trapping 
of isolated cells and immobilizing them during micropuncture. This pipette was 
also pulled on a Nastuk puller from precleaned capillary tubing. The tip was 
then broken against the platinum wire of a de Forbrunne microforge and fire - 
polished. The micropipette was filled with oil from a Hamilton microsyringe 
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and connected to a suction system, as shown in Fig. 12, care being taken to 

exclude air bubbles. 
For micropuncture of isolated tubules and pieces of intact mucosa, the use of 

a micropipette was not necessary and both micromanipulators were used for 

holding microelectrodes. Simultaneous measurements could thus be obtained 

from two cells of the same tissue. 
Micropunctures were considered successful when transmembranal p. d, re- 

mained stable for at least 10 sec. Membrane resistance was calculated from 

the deflection of p. d. observed in response to a 1 -2 sec current pulse of 10-9 

Amp. For the construction of current voltage curves, hyper- and de- polari- 
; Fig - 

resin zing current pulses of 0.5 -1 sec duration were sent through the microelectrode, 
thro 

Morphological studies were performed on intact mucosae as well as on iso- dire( 

lated cells from five animals. After fixation in an ice -cooled 1 % solution of 0s09, 

veronal acetate buffered to pH 7.4 (10), the tissues were embedded in epon. 

One- micron thick sections were cut in an ultramicrotome and stained with 

toluidine blue, or by the PAS method. In each of 4 sections from each of 5 ani- 

mals, the relative surface area of the gastric gland lumina and of the mucosal 

surface was estimated in intact mucosae by counting the intercepts between 

these surfaces and the lines of a superimposed grid [for further details on this 

method see WEIBEL et. al. (11)]. 
Additional morphological information was obtained by electron microscopy 

on thin sections of the same tissues mentioned above. The sections were con- 

trasted with lead hydroxide followed by uranyl acetate and examined in a 
cell 

Phillips EM 200 electron microscope at 60 kv. The relative surface area of iso- 
val 

lated oxyntic cells was estimated by the method described above and compared 

with that of smooth spheres of the same diameter. 
mu 

Results 

I. Potential of isolated cells: Stable p. d. readings were obtained in about 50% i 

of the punctures attempted. Failures occurred in cells which disintegrated or 

swelled while being held by the micropipette or upon puncture by the micro - 

electrode. Cells which appeared swollen prior to puncture or cells with a grossly 

irregular surface had a p. d. of less than 5 mV. Further studies, therefore, were 

confined to cells without morphologic signs of damage such as swelling and irre- 

gular surface. Fig. 14 shows a p. d. recording obtained from an oxyntic cell. 

The duration of this recording was 20 min. Other recordings were obtained for 

as long as 60 min with less than 10 % decay in p. d. In most cases long -term 

stability of the p. d. was not tested and the electrode was removed from the 
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Fig. 14. Cellular potential obtained from a micropuncture of an oxyntic cell. At A tip 
resistance is measured, at B current is sent through the electrode and balanced out 
through the Wheatstone bridge, at C the cell is punctured, at D current is sent in both 
directions through the electrode, at E the electrode is removed from the cell, and 

at A tip resistance is checked. 

20- 

n n 
10 20 30 40 50 60 70 80 90 mV 

copy Fig. 15. The distribution of potential difference obtained from a batch of 67 cells. 

con - 

in a 
cell after 1 -5 min. In a representative batch of 67 cells the p. d. ranged from 

iso values of about 10 mV to 90 mV, with a mean (-1- S.E.M,) of 44 ± 3 mV (Fig. 15). 
ared 

In control experiments the p. d. was determined in surface cells of intact 
mucosa, and compared to the p. d. in isolated surface and oxyntic cells. The 
experimental arrangement was similar to that used for isolated cells (Fig. 13). 
The mean (-I- S.E.M.) p. d. for the surface cell in the intact mucosa was 43 ± 8 

mV. The effect of K concentration change on the p. d. of isolated oxyntic cells 
was also measured. When K was increased from 4 to 18.5 mM and Na corres- 

'0% pondingly decreased, the p. d. fell by 17 mV (Table 1). 
l or 
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Table 1. Intracellular potentials *. 

Surface epithelial cells 
4 K+ 

Oxyntic cells Intact mucosa 
4 K+ 4 K+ 18.5 mM K+ 

36 + 11 48 ± 6 31 ± 5 43 ± 8 

N = 12 N = 22 N = 11 N = 15 

*mV + S.E.M. 
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Fig. 16. Resistance of 17 oxyntic cells plotted against p. d. of the cells showing little 
correlation. 

II. Resistance of isolated cells: In Fig. 16 the resistance of 17 oxyntic cellsis 

plotted against the measured cell p. d. There is no simple relationship between, 

p. d. and resistance. More detailed resistance studies were carried out as dis- 

cussed below. 

III. Current voltage curve: Fig. 17 shows the effect of hyper- and depolari- 
Fig, 

zing current pulses of varying intensity on the p. d. of an isolated surface cell 

and of a surface cell in intact gastric mucosa. There is a striking difference in 
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Fia. 18. Calculated tangents to the current- voltage curves (y = axa bx2 + ex) 

9 cell ° obtained for intact mucosa and isolated cells. 

ce in 

and 

slope between the two experiments. Since in this and all other experiments 
a uniform and statistically significant curvature (p < 0.001) was observed, the 
slope was calculated as the tangent of a curve which was defined by a cubic 
equation forced through the origin. The calculated tangent for isolated surface 
cells, isolated oxyntic cells and surface cells in intact mucosa are given in Fig. 18. 

Similar values were found for isolated oxyntic cells and surface cells while 
the mean obtained for isolated surface cells was about 100 times greater than 
the mean of intact mucosa (1.5 ± .3 X 108 and 1.6 ±..2 X 106 respectively, 
p<0.0001). 

IV. Two -electrode system: When stable p. d. readings were obtained in two 
surface cells of intact gastric mucosa, a current pulse was applied to one cell 
and the deflections of p. d. in both cells were recorded. A p. d. deflection in the 
distant cell was used as expression of electrical coupling. An estimate of the 
type of electrical coupling was obtained by systematic circumferential punc- 
ture of surface cells surrounding the cell which contained the current sending 
electrode. Electrical coupling was found in 10 -20 % of the cells with a radial 
distance of up to 100 ,u, i. e. about 10 cells away from the current sending elec- 
trode. 
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Fig. 19. Experiment demonstrating coupling in isolated tubules of Necturus gastric i 

mucosa. The upper electrode is used for recording p. d. and sending current, and the other 

electrode records p. d. changes in another cell. The bottom trace records the amount 
of current sent. 

4 
Electrical coupling between oxyntic cells was examined in isolated gastric 

tubules. A typical experiment is shown in Fig. 19 demonstrating an attenu- 

ation of the current pulse of 50 % over a distance of only 3 cells. In other ex- 

periments, the distance for 50 % attenuation was 4-5 cells. 

V. Morphologic observations: The increase in surface area of the mucosa 

caused by the infoldings of the gastric glands was calculated to be 2.7 ± 0.1 

(S.E.M.) for 5 animals. In the dog the corresponding increase is 13 times (12). On 

this basis the mucosal surface of the tissue consists of approximately 37 % sur- 

face cells and 63 % oxyntic cells. These values were used for calculation of the 

specific resistance of the mucosa measured in the Ussing chamber, and for 

calculation of the mucosal resistance from values obtained from isolated cells. 

Electron micrographs of oxyntic cells from intact mucosa as well as in the 

isolated state are shown in Figs. 20 and 21. The isolated oxyntic cell showed 

evidence of good morphologic integrity, and also that there had not been any 

significant alteration in surface infolding or microvilli in the isolation proce- 

dure. In the isolated oxyntic cell the infolding resulted in a three- to fivefold 

increase of the surface area of an oxyntic cell compared to a smooth sphere of 

the same diameter. 
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Discussion 

1, Potentials of isolated cells: The ability to perform mieropunctures in iso- 

lated cells allows for the first time a direct assessment of functional proper - 

ties in specific cell types of gastric mucosa. In the present study, the transmem- 

branal p.d. of nonstimulated isolated mucosal cells is reported (Table 1, Fig.14). 

The average p. d. of these cells is 44 mV and is not significantly different 

from values obtained from pieces of intact mucosa. It would thus appear that 
the isolation procedure does not lead to damage of the cell membrane and/or 

of the mechanisms which are responsible for the p. d. 

' This interpretation should, however, be accepted with some caution since 

a spuriously normal p. d. in cells with a damaged plasma membrane could be 

due to leak of KCl from the microelectrode into the cell. Such a leak would 

have relatively little effect on the p. d. of electrically coupled cells of intact 
mucosa, while in isolated cells its effect would be proportionately much Brea- 

ter. In the present study, the use of fine -tip electrodes minimized the occur - 
rence of leakage. A leak is also improbable on the basis of observations with KCI- 

filled microelectrodes in electrically coupled and uncoupled cells of intact toad 
bladder. If a leak would occur in this preparation, electrical uncoupling of a 
punctured cell would result in an apparent increase of p. d. However, no 

4 such increase is observed (13). 
The p. d. of isolated surface cells was not significantly different from the 

p. d. of isolated oxyntic cells. Further confirmation of this observation by 
different techniques is, however, necessary since it has been shown in previous 
studies that viability of isolated surface cells is lower than of oxyntic cells 
which in eosin exclusion tests are 80 -100% viable (9). 

In previous studies, the K concentration of isolated oxyntic cells as deter- 
mined by a 14C inulin method was 67 mM per liter cell water (9). On the basis 
of this value, the predicted Nernst p. d. for a perfect K electrode is : 

p.d.=ln 4 =70mV 

This value is considerably higher than the p. d. observed in oxyntic cells, sug- 
gesting that the oxyntic cell membrane is permeable to ions other than K +, 

Fig. 21. Electron micrograph of isolated oxyntic cell. The endoplasmic reticulum (ER), 
and the mitochondria (M) suggest good viability of this cell at the moment of fixation. 
The number of microvilli projecting from the surface of the cell has not changed 
significantly, as compared to oxyntic cells in intact mucosae. D = lipid droplets; 
N = cell nucleus. x 3,300. Inset shows light micrograph of section from the same 

preparation of isolated oxyntic cells. X 960. 
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such as Cl- or Na +. Similar conclusions may be reached from the p. d. response 
In 

ti 

to change of K concentration in the nutrient solution. A 4.5 -fold increase in g+ 
the i 

leads to a reduction of the p. d. by 17 mV, while the expected decrease for a 

membrane with selective permeability for K+ would be 38 mV. These findings 

closely correspond to observations in surface cells of intact mucosa. 
If R II. Membrane resistance: The membrane resistance was calculated in all As 

instances from the deflection of the p. d. in response to a standard current pulse F, 
A more accurate estimate was obtained from the slope of current voltage plots 

of 3' 

(Figs. 17 and 18). In order to express the resistance per area of cell membrane, 

the surface area of isolated cells was estimated on the basis of findings in phase 

contrast microscopy. Thus, isolated surface cell and oxyntic cell are spheres 
The 

with a radius of 10 microns and 15 microns respectively, and their resistances 
chai 

are 1 800 and 2700 Q cm2 respectively (Table 2). 
chai 

into 

cell, intact mucosa, the 

Table 2. The values obtained for cell dimensions, voltage - current slopes and calculated be c 

membrane core resistance and space constants for the surface 
oxyntic cell and isolated tubule. 

Surface cell Oxyntic cell 

Intact Isolated Tubule Isolated 

Cell dimensions (ii) X r = 15 r = 15 

Slope in current - 
voltage plot 1.6 x 106 1.5 x 106 7 x 106 2.0 x 108 

Specific resistance 
Rm (S2 cm2) - 1800 - 2730 
Rc (S2 cm) 50 - 800 - 

Space constant (,u) 1400 - 400 - 

It 

is tt 

clic 

as t 

C 

mui 

ted 

it a 

cell 

as 

Since the relative surface area of isolated oxyntic cells was calculated stu 

in electron micrographs to be 3 -5 times greater than estimated for a smooth- luis 

surfaced sphere (lacking microvilli), thus the estimates for specific membrane I 

resistance are too low by the same factor. am 

III. Transmucosal electrical shunts: If such shunts were present, the resin- (Fi 

tive properties of intact tissue could not be predicted on the basis of findings me 

in isolated cells. In the following section, therefore, predicted and observed car 

resistance of intact mucosa are compared. din 

Since the resistance Rm of mucosal (or apical) membrane and the resistance pal 

Rs of serosal (or basal) membrane in isolated cells are electrically in parallel, cel 

the total resistance Rr is . ivh 

Rt = Rm Rs 
Rm + Rs 

the 

is E 
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In the intact mucosa Rm and Rs are electrically in series and thus resistance of 

the intact mucosa (R) in the Ussing chamber is: 

R = Rm -}- Rs 

If R. and RS are assumed to be of equal magnitude, a minimal value for R is 
in all obtained which is 4 times the Rt value. 

Pie. For a mucosa whose surface area consists of 63% oxyntic cell surface and 
plota of 37% surface cell surface, the calculated resistance is approximately :. 

)rane, R = 5000 Q cm2. 
phase 

iheres The observed value of R for intact resting Necturus gastric mucosa in an Ussing 
antes chamber is 710 -F 47 Q cm2 assuming the area is given by the dimensions of the 

chamber. If the 2.7 fold increase in surface area by tubular infoldings is taken 
into account, the corrected observed resistance was 2000 Q cm2. This value can 

elated be compared to the isolated cell value since in both cases it was assumed that 
ucosa, the cells had a smooth surface. 

It is apparent that the predicted resistance of Necturus gastric mucosa - is twice the observed value. On this basis, therefore, the possibility is not ex- 
cluded that there are intercellular resistive shunts similar to other tissues such - as the gall -bladder (14). 

5 

Comparisons of this type would be misleading if the surface area of the 
oa mucosal cells would change during isolation. Where the surface area of isola- 

ted cells and of cells in the intact mucosa was compared in electron micrographs, 
it appeared that there was no difference in the surface area or the size of the 
cells under the two conditions. 

Another possibility is that there is a qualitative change of the cell membrane 
as a result of isolation. This possibility has not been excluded by our current 

fated study. Other evidence suggests that there is little gross change since the eel - 
)oth- lular K+ and Na+ content appears to be the same as for intact tissue (15). 
rane IV. Electrical coupling: The resistive properties of isolated surface cells 

and of surface cells in intact mucosa were examined in current voltage plots 
'esis. (Figs. 17 and 18). As shown by the 100 -fold difference in slope, the resistance 
frogs measured in intact mucosa is much lower than in isolated cells. This difference 
rved cannot be explained by a reduction in surface area of the cell membrane 

during the process of isolation. More likely is the presence of low resistance 
ance pathways between cells of intact mucosa which are not present in isolated 
inlet, cells. Such pathways have been described by LOEWENSTEIN and coworkers (13) 

who observed electrical coupling between epithelial cells and could also observe 
the movement of fluorescent dyes across cell junctions. This low resistance Re 
is electrically in parallel with the membrane resistance Rm with respect to an 
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intercellular current source and is in the present study about 100 times smaller 

than Rm. 
Since even in close proximity to the surface cell which receives current puh 

ses only a small proportion of the cells show signs of electrical coupling, cir. 

cumferential spread of current is very unlikely. A more likely model for the 
type of coupling assumes radial spread of current along a "cell cable" with a lore 

core resistance R0 and a high resistance of the insulating membrane sheath 

Rm. For such a cable LOEWENSTEIN et al. derived the following equation (16): 

Rm = Rc - tank 
0 

of ce . 

trode 

rent 

is 30 

of th 

arati 

Al 

(7.0 

Vo 
for t 

I a [1] 
the 

then where A is the space constant and is defined by 2 = j/rmfr rm is the resistance 
of o; of unit length of the insulating membrane sheath in Q cm, r; is the resistance per 

unit length of the core conductor in Q cm, c is the circumference of the "cell 

cable ", V. is the value of potential difference at the current source, Io is 

the total current flowing into the core from the internal electrode, and L 111 

is the total length of the core conductor. For surface cells of intact tissue, c is muc 

80 X 10-4 cm and Vo/I0 as obtained in a current voltage plot is 1.6 x 105Q, isole 

Since in intact tissue L A, tanh LIA = 1. The value of Rm = 1800 S2 cm2 due 

is obtained from measurements in isolated surface cells where the low core acre 

resistance is absent and therefore total observed resistance R = Rm. 1 mad syst 

be calculated from eq. 1 and is approximately 1400 ,u. The core resistance R, the 

is defined by : 
beei 

Rc = Ì° tanh 7 [2] 

0 

where a is the crosscut area of the "cell cable ". For surface cells, Rc is thus about 

50 Q cm. Since, however, only a small area of the cell surface is involved, this Ill 

is a considerable overestimate. (2) 

Calculations similar to those given for surface cells are more difficult in the (4) 

case of oxyntic cells. Puncture of oxyntic cells in intact mucosa is at present (5 

technically not possible. Thus the current voltage plot (Fig. 18) allows only ; 

comparison of isolated oxyntic cells with surface cells of intact mucosa. It (8 

may, however, not be permissible to compare properties of two different cell (9 

systems. Furthermore, the assumption that L A cannot readily be made (10 

for Necturus gastric mucosa. Gastric tubules are relatively short (about (ii 

0.5 mm) and electrical coupling between oxyntic cells and surface cells has 

not yet been demonstrated. An attempt was, therefore, made to measure 1 
(1 

directly with a two- electrode system in isolated gastric tubules. A representative 
experiment is shown in Fig. 19. It is apparent that a 50% attenuation of the 

p. d. response occurs across a few -3 to 5 - cells. However, the measurement 

(13 

(14 

(15 

(16 
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IDaller 
of cell separation assumes that there is a direct path between the two elec- 

trodes, and no branching in this pathway. With these reservations, the appa- 
it P. rent space constant in the tubule is of the order 150,u, since the cell diameter 

g, cn. is 30 p. Also, an additional artefact has to be considered, namely, rupture 
or the 

of the intercellular junctions by the action of pronase used in the tubule prep- 
a low 

oration. 
heath Alternatively, the slope of the voltage current curve for the isolated tubule 

I (16): 
(70 

X 106) can be used for the calculation A and Rc by the same method as 

for the surface cell. With this method the space constant is about 400 ,u, and 

the core resistance is about 800 Q cm. Again, due to the pronase treatment, 

these values are subject to revision when techniques for definitive puncture 
tame 

of oxyntic cells in the intact mucosa become available. 
P er 

"cell 

Io 
Summary 

rid L ` Microelectrode measurements were carried out on surface cells of intact 
c is mucosa, oxyntic cells in isolated gastric tubules, and on both cell types in 

10651. isolated cell suspensions. It has been shown that the serosal membrane p. d. is 
> cros he to a KC1 diffusion potential, and that there are probably anion shunts 

core across both membranes of the surface cell. Directly, using a two -electrode 
may system, and indirectly by comparing the resistance of the isolated cell with 

3e R, 
I the resistance of the cell in the tissue, the presence of electrical coupling has 

been demonstrated in the gastric mucosa. 
[2] 
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Summary. Necturus fundic gastric mucosa was studied to define the magnitude of 

cellular and shunt conductance. Electrotonic coupling of surface epithelial cells by a low 

resistance pathway was shown by analysis of current spread within the epithelial sheet. 

From this analysis cellular conductance was found to be 4.18± 1.57 x 10 -4 s2 -r cm -2, 
and transepithelial shunt conductance was 1.1 x 10 -40 -1 cm -2. The ratio of cell -to- 
shunt conductance was 3.80. These results are confirmed by a second technique in which 
the dp.d. across the serosal membrane of surface cells was compared to the transepithelial 
dp.d. resulting from a 4 [K +] in the serosal solution. The data were analyzed using an 
electrical circuit equivalent to a mucosa composed of two highly coupled cell types. By 

this technique cell conductance was 3.07 x 10 -4Q -1 cm -2, and transepithelial shunt 
conductance was 0.830 x 10 -4Q -1 cm -2. The cell /shunt conductance ratio was 3.70. 
Thus, by two independent techniques the transepithelial shunt contributes only 1/5 of 
the conductance of Necturus fundic gastric mucosa. 

Definition of the pathways of ion flow across epithelial tissues has 
presented problems not encountered in the study of individual cells. Until 
a decade ago (Ussing & Windhager, 1964) tissue conductance was thought 
to be the sum of conductance of its cells. The region of cell contact, the tight 
junction, was considered impermeable. The importance of the paracellular 
pathway has been confirmed in gallbladder (Diamond, Barry & Wright, 
1971; Frömter, 1972), small intestine (Clarkson, 1967; Frizzell & Schultz, 
1972), kidney proximal tubule (Windhager, Boulpaep & Giebisch, 1966; 
Hoshi & Sakai, 1967) and frog skin (Mandel & Curran, 1972). Epithelial 
conductance is the sum of cellular and paracellular (shunt) conductance. 

Some criteria which predict the magnitude of the shunt conductance 
have been summarized by Diamond et al. (1971). A high transepithelial 

* To whom correspondence should be addressed. 
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resistance, large potential difference (p.d.), asymmetry of p.d. responses 

to changes in ionic activity, high ion selectivity ratios, and maintenance 
of 

large concentration gradients would imply a small paracellular conductance. 

Consequently, fundic gastric mucosa appears to be a "tight" or nonleaky 

tissue, but quantitation of the two pathways remains important. 
Blum, Hirschowitz, Helander and Sachs (1971) examined the magni. 

tude of the shunt conductance of Necturus gastric mucosa by comparing the 

electrical resistance of the intact tissue with that of isolated cells. They 

concluded that the shunt conductance was no larger than cellular conduct- 

ance. Treatment of the cells with proteolytic enzymes, the altered geometry, 

and the lack of polarization in the isolated system precluded more precise 

quantitation. 
In this report cellular and shunt conductances are quantitated. Two 

methods for intact tissue will be described. 

(1) A A emf of the serosal cell membranes is induced by changing ionic 

activities in the serosal solution. The change of potential, across the serosal 

cell membrane, Atli sc, and across the tissue, Atli ms, is measured and analyzed 

using an equivalent circuit. 

(2) Analysis of current spread within the epithelial sheet is a second, 

independent technique. 

Experimental Methods 

Adult Necturus were obtained commercially and maintained in an aquarium until 

use. Following decapitation the stomach was excised quickly and placed in amphibian 
Ringer's solution bubbled with 95 % 02- 5 % CO2. After stripping the muscularis, the 

mucosa was stretched and mounted between two Lucite half- chambers. The upper half 

was open to expose the mucosal surface for microelectrode studies.The serosal andmucosal 
solutions were circulated from external reservoirs bubbled with 95 % 02- 5% CO2. 

Fig. 1 A is a microscopic section showing the cell types present in Necturus fundic 

gastric mucosa. The surface and neck cells comprise 37 % of the cells; only the surface 

cells are accessible on the mucosal surface. Gastric pits branch into 3 to 5 gastric glands 

lined by oxyntic cells (64%). Micropuncture of oxyntic cells cannot be accomplished 
with visual control; iontophoresis after impalement can be used to identify the cell 

punctured (Shoemaker & Sachs, 1972). Thus, all micropunctures in these experiments 
are in surface epithelial cells. 

Microelectrodes were prepared with a two -stage micropipette puller. They were 

examined with a phasecontrast microscope, filled with methanol in a vacuum, soaked 

in distilled water, and filled with 3 Ivt KC1 by diffusion during storage at 4 °C for 24 hr. 

Microelectrodes were used within 72 hr when the tip potential was less than 5 mV and 

the tip resistance was 10 to 40 MQ. 
Fig. 1B is a diagrammatic representation of equipment used to assess current spread 

within the mucosa. In the single microelectrode experiments the current- sending electrode 
and its current source, and recording connections were deleted from the circuit. Tissue 

resistance and the ratio of mucosal /serosal membrane resistance (.12m1 Rs) were measured 
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= 
Fig. 1(A) 

Fig. 1. (A) A photomicrograph of Necturus fundic gastric mucosa showing the complex 
geometry of the epithelial membrane. The mucosa is composed of (1) surface epithelial 
cells (sec), the only cells which can be directly visualized, (2) neck cells (nc) lining the 
gastric pits (gp), and (3) oxyntic cells (oc) which line the gastric glands (gg) 3 to 5 of which 
branch from each gastric pit. The muscular layer has been stripped from the mucosa but 
a layer of connective tissue restricts access to gastric glands from the serosal surface. 
(B) Diagram of microelectrode equipment designed for gastric mucosa experiments. 
M.E.1 is a channel for voltage recording only. M.E.2 is a channel also equipped for 
current sending. The microelectrode channels may be referenced to either the serosal or 
mucosal macroelectrode C.E. In the diagram both are referenced to the mucosal macro - 
electrode. Provision is also made for recording the transpotential between electrodes C.E. 
and sending external current through Ag /AgCI electrodes from a current source on the 
left -hand side of the diagram. pH changes are monitored if necessary through a battery 
operated pH- meter, and the solutions are circulated by a gas lift system using 95 % 

02-5% CO2 or from Marriot bottles bubbled with 95 % 02- 5 % CO2. The circulating 
solution is jetted across the surface of the mucosa by orifices directed at the mucosa 

by pulses of 10 µamp /cm2 through Ag -AgCI circular wires mounted in the chamber. The 
transepithelial p.d. was measured using a pair of saturated KCl- calomel electrodes with 
renewable junctions. Intracellular p.d. was measured with a microelectrode referenced 
to the serosal solution. All resistances were corrected for resistance of the solutions in the 
chamber. Current pulses were limited to less than 100 msec to minimize polarization 
effects. 
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Conduct of Experiments 

The composition of solutions is given in Table 1. Only mucosal and serosal solutions 
A were used in the current spread experiments. When ionic activities were changed, 
Marriott bottles and a stopcock arrangement were used to perfuse the solution. When 

Table 1. Composition (mM) of solutions used 

Constant product KCl experiments Constant serosal [Cl] - 
experiments 

Serosal Mucosal Sulfate 
mucosal 

5 miei K+ 
Cl serosal 

50 mm K 

Cl serosal A B A B 

Na' 91 46 91 46 91 91 46 
K+ 5 50 5 50 5 5 50 
CI- 80 8 80 8 - 80 80 
SO4- 36 8 44 48 - - 
Mg ++ 1.0 1.0 - - - - - 
Ca ++ 1.5 1.5 - - - 1.5 1.5 

HCO3 20 20 0 0 0 20 20 
H2PO4 1.0 1.0 - - - 1 1 

Glucose 5 5 5 5 5 5 5 

Sucrose - 36 15.5 51.5 55.5 - - 
Constant product KCl changes are performed with the 4 solutions at the far left. Solutions 
A are the starting solutions and B are the solutions giving the constant product KCI 

change. The remaining columns were used with d [K +] while [C1 -] = 80 mM. The sulfate 

mucosal (column 5) was used in all these experiments. Sucrose is used to maintain 
osmolarity. 
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stable p.d.'s were obtained in solution A, perfusion (15 ml /min) with the alternate solu- 

tion was started and continued until the transepithelial and intracellular p.d.'s were 

stable (about 5 min). Perfusion with solution A was restarted and continued until the 
p,d.'s were stable. Usually the p.d.'s returned to their original values. During the course 

of one experiment several such changes could be done. 

Criteria of a "good" micropuncture are: (1) an abrupt change in p.d. when the cell 

is punctured, (2) stable p.d. for at least 20 sec, (3) return of microelectrode potential to 

control level upon withdrawal from the cell, and (4) no alteration in tip resistance. While 

a micropuncture must have a stable p.d. for at least 20 sec to be considered "good ", 

stability over a much longer period was routinely achieved to allow measurements of 

p,d. during changes in ionic activity in the bathing solution. 
In the current spread experiments one microelectrode was placed intracellularly to 

inject current pulses (lo = 5.9 x 10 -9 amps). A second microelectrode was used to measure 
the resulting intracellular d p.d. in other cells as a function of distance from the source 
cell. Distance was measured with a micrometer eyepiece in the stereomicroscope. In 
both types of experiments, the relative resistance of the mucosal and serosal membranes 
(R./Rs) was measured by the dp.d. of the intracellular electrode when current was sent 

transmucosally. The mucosal (m) or serosal (s) solutions were used as reference. 

R,,, p.d.. 
Rs d p.d.sc 

Results 

(1) 

a Intracellular Potential Differences 

Intracellular potential of surface epithelial cells was - 30 to - 65 mV 
referenced to the serosal solution. The value varied in different mucosae 
but in a single epithelium the range of values was usually quite small. A 
transient overshoot of the potential (about 1 sec) was occasionally recorded 
upon impalement; thereafter the potential was stable. If a leak around the 
electrode was responsible for this overshoot, it was obviously only transitory 
since a stable potential was obtained thereafter. Fig. 2 shows the distri- 
bution of intracellular p.d.'s recorded in fundic surface cells. 

Effect of Constant Product KCl Changes' 

These changes were used to minimize ion redistribution within the mu- 
cosa; similar techniques have been applied to muscle (Hodgkin & Horo- 
wicz, 1959). The Necturus fundic mucosa responds asymmetrically to constant 
product KC1 changes. A mucosal constant product KC1 change (Table 2) 
caused a 6.55 ± 3.54 mV increase in the transmucosal p.d.; a 5.5 ± 2.07 mV 
change was recorded across the mucosal membrane. In contrast, serosal 

1 Constant product KC1 change refers to a change in (K +) and (Cr) such that (K +) 
x (Cr) is 400 mM2 at all times. 
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Fig. 2. The distribution of membrane potentials observed in 5 different experiments 
where a total of 50 cells were punctured. The upper part of the figure shows the potential 
measured between the microelectrode and serosal solution; the lower part is the po- 

tential between the microelectrode and mucosal solution, the difference being equal to 

the transtissue potential 

Table 2. Changes in potentials with constant product changes in the mucosal solution 

Exp. No. dWmc dwmcl4iVms 

1 6 0.5 
2 5 0.72 
3 5 1.0 
4 8 1.14 
5 7 0.7 
6 2 1.0 

X+s 5.5+2.07 0.84+0.24 

dWms designates the change in transepithelial p.d. when ionic concentration in the mu- 

cosal bathing solution is changed. dyrm c designates the corresponding change in p.d. 

across the mucosal cell membranes 

constant product changes caused a transmucosal d p.d. of 54 + 6.2 mV. 

A 42 + 9.8 mV change occurred across the serosal membrane and a 12 + 7.2mV 

change was measured across the mucosal membrane of the surface epithelial 

cells. Fig. 3 shows a typical experiment in which the constant product change 

is made in the serosal solution. Table 3 summarizes the results of five ex- 

periments. 
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-80 - 

P. D. 
-60 = M.E.-S. 

in 

mV -40-M.-S. 

-20: M:E._M. ---- -------------- r ----- 
\ 

0= \ 

Q[K +xCI -] 
Serosal Solution 

+20: 

+40 

5K++ 50 K++8 Cl- 
80 CI- 

Minutes 

5 K++80 CI- 

Fig. 3. The effect of a constant product KC1 change (serosal solution) on the trans- 
epithelial potential and the potential across the serosal cell membrane and across the 
mucosal cell membrane. In the experiment shown, the d p.d. across the serosal membrane 
is almost equivalent to the transepithelial d p.d. Table 2 gives the means for all experiments 

Table 3. Change in electrical parameters during constant product KCl experiments 

Exp. 

No. 

Trans Trans R./Rs 
resistance resistance Sol. A 
Sol. A Sol. B 

Rm /Rs 
Sol. B 

dWms dWsc dWmc dWsc/dWms 

1 1395 1350 0.93 0.52 59 55.5 3.5 0.94 
2 2124 1844 1.47 1.47 50.75 43.25 7.5 0.85 
3 1687 1485 1.2 1.0 55 32.5 22.5 0.59 
4 2160 2160 1.28 1.0 60 46 14 0.77 
5 1350 1215 1.0 1.11 45 32.5 12.5 0.72 
Avg.± 1743± 1610± 1.18± 1.02± 54± 42.0± 12.0± 0.77± 
so 387 386 0.22 0.34 6.2 9.8 7.2 0.13 

The mucosa, initially bathed by mucosal and serosal solution A, is perturbed by changing 
the serosal solution to solution B. Serosal to mucosal ionic gradients (mm) are Na +, 
46:91; K +, 50:5, Cl -, 8:80; SO4 -, 36 :8. Other ions remain in the same proportion as in 
solution A. Transresistance is calculated from the transepithelial d p.d. when 10 gA /cm2 
is sent transepithelially. Rm /Rs is the dp.d. across the mucosal cell membrane: A p.d. across 
the serosal cell membrane when 10 µA /cm2 is sent transepithelially. AWms is the change in 
transepithelial p.d. resulting from the change in ionic activity. digs is the corresponding 

change across the serosal membrane of a surface epithelial cell. 

Rose and Schultz (1971) described the analysis of a similar problem 
resulting from transport of sugars or amino acids across the mucosal mem- 
brane of the intestinal epithelial cell. The model could not be used directly 
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MUCOSAL SEROSAL 

in 

Fig. 4. An electrical circuit equivalent to Necturus gastric mucosa. The subscript s stands ; 

for serosal; m for mucosal, L for paracellular shunt. Primed letters designate oxyntic cell, 

nonprimed surface cell. E designates an emf and R a resistance. Rc is a coupling resistance 
between surface cells, oxyntic cells, and between the two cell types. In this diagram it 
designates coupling between surface and oxyntic cells. It is considered equal in magnitude 

within and between the two cell systems en 

ce 

since gastric fundic mucosa is composed of at least two cell types. We 

extended their model to include two cell types. Fig. 4 is the equivalent 

circuit for this model. ES and Es represent the emf's, and Rs and Rs represent 

the resistivities of the serosal membranes of surface epithelial and oxyntic 

cells (primed letter), respectively. Em and En,' are the emf's, and R, and Rm 

are the resistivities of the mucosal membranes of surface epithelial and 

oxyntic cells, respectively. EL and RL represents an emf and a resistivity of 

a transepithelial shunt pathway. Rc represents an intercellular coupling 

resistance of the type described by Loewenstein and Kanno (1964). Coupling 

between cells in isolated gastric tubules has been demonstrated previously 

(Blum et al., 1971) and is quantitated for surface cells (vide infra). In the 

model we have assumed that the surface cell system and the oxyntic cell 

system of the gastric glands, as well as the two cell systems, are connected 

by the coupling resistance. Further, we have assumed that Rc is equal in 

the two cell systems. Experimentally the emf's are changed by altering ionic 

composition; in the analysis we have assumed that dEs or dEs > dEL. For 

simplicity AEL is taken as O. For validation of these assumptions please 

refer to the Discussion. 

The equivalent circuit is used to predict the response, di/is,. and d1r, if 

the d emf arises in (1) Es or (2) Es or (3) Es + E. In each instance the inter- 

cellular coupling resistance is either (a) zero or (b) infinite. In the first case 

(4E,) the ratio dtifsc /d, tfrms, the dp.d. across the serosal membrane/4.d. 
across the tissue resulting from the change in ionic activity, is given in 

Eq. (2) if R,--> 0 or Eq. (3) if Rc-> co. (For further derivation see Appendix.) 
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Rm Rm 
sldms=1+ RL(Rm+Rm) 

d Yr s c/d Y m s=1 + Ri + RSR+ 
R,n 
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(2) 

(3) 

If the response is due to a change in Es the ratio of d>Gscldims is given 

in Eq. (2) if 0 or Eq. (4) if Re-> co: 

R 
dY'scldtkms= 

s 

RÇ+R, (4) 

The third case is that the change in ionic composition affects a change of 

emf of the serosal membranes of both the surface epithelial and the oxyntic 

cells. Under these conditions the relationship of Eq. (2) still holds if Re-> O. 

Eq. (2) is valid for any change in either Es or E. If R-> co, a more compli- 

cated relationship exists: 

R,+(-TA 
Rs 

1+ 
R, R:+12", 

dsc/dms dE' 
(R+R 

R +R + dE' 
(R:+R 

R +R 
RL 

Ll+dE ) 1+dEs ; ) 
(5) 

The range of each function may be helpful in analysis of experimental 

results. Eqs. (2) and (3) will produce values greater than unity. In contrast, 

Eq. (4) will produce values from 0 to 1, but none larger. Only Eq. (5) will 

produce values for d 0/z10, s ranging above zero but not limited at one. 

Clearly, Eqs. (3) and (4) are only special cases of Eq. (5) where dEs> dEs 

and dEs > dEs, respectively. 
Necturus fundic mucosae give a spectrum of 4014111,s (Table 3) in 

response to the constant product KC1 change. Values from 0.59 to 0.94 
are obtained. Clearly, with these values (mean 0.77), Eqs. (2) and (3) do 
not apply, yet the surface cells are not responding passively to a dEs. If the 
surface cell d tlis is only a function of a dEs (Eq. 4), AC c/d tfrm s will be 
given by the voltage divider ratio : 

dilisc Rs 1 
=0.46. 

drns Rm+Rs 
Rm 

+1 

In fact, not even one mucosal response is predicted by its voltage divider 
ratio. Therefore, the surface cell must have a LIE and the correct analytical 
8 I. Membrane Biol. 19 
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model would have to include a 4E,+ 4E; and Rc would have to be large 

to give a ratio < 1, hence Eq. (5). This requirement, that Rc is large, is not 

in agreement with intercellular coupling found in this tissue (see below), 

Eq. (5) predicts that d 4's JA r//, s measured in a surface cell will be less 

than unity only when 4E, 4 AE:. 4E, can be quantitated if Rc is large, 

4tP,, results from a change in current flow across R,,, (12.0 mV) (Table 

R 
3), 

From the voltage divider ratio, Rmls, AIR, is 10.2 mV. Thus AE to the 

constant product change, is 31.8 mV. It has not been possible to directly 

measure the potential changes in an oxyntic cell, but assuming even a 

maximum change of 58 mV (the Nernst potential) AE, is not small relative 

to AES. 

Inconsistencies, that Rc is large and that 4E, is small compared to LIE; 

lead to the conclusion that E,,, or E,,, may be undergoing some change - 
specifically an electrogenic mechanism (the Cl- pump, a component of Em) 

is being inhibited by the low serosal [C1 -1. 

For a dES+ dES +4E,, 1 V'scf4V'ms is given by Eq. (6), if Rc-> 0: 

Aisc (AEsRs+AEsRs)[RL(Rn,+Rm)+Ru,Rm]+RSRsRn,dEm 

d4'ms RL(Rm+R,)(AEsRs+AEsRs)+RLRm(RS+Rs)AE¡ 

If Rc--> co, 

(6) 

S l Rm+Rs 
(4E7+4E 

dEs 1 1+ 
¡ 

d Ysc 

[i+ 
Rm 

ll+ 
1) 

d0ms 
RL dEdEdEs Rs+R,)J 1+ 

AEAEeEs \Rs+R) 

Eqs. (6) and (7) predict that inhibition of anion (C1 -) transport (dEm), 

and an increase in Es due to d [K +] would be additive. 4E, could appear 

small compared to the sum dES+ AE,' . 
To examine the involvement of E,,, we have performed similar experi- 

ments utilizing a 10 -fold change of [K +] from 5 to 50 mm; presumably, 

Cl- emf is constant under these conditions. In these experiments sulfate 

replaces Cl- in the mucosal solution while [C1 -] is 80 mm in the serosal 

solution. Table 4 summarizes the data from six experiments in which the 

serosal solution [K +] is changed. Fig. 5 shows similar data obtained when 

Cl- is replaced by SO4- in both serosal and mucosal solutions. 
When [Cl -] is constant, 4 /is c is 34.7 ± 5.79 mV and A V'm s is 30.3± 

7.11 mV. The ratio d Y's c/4 Y' m s is 1.17. All experiments (Table 4) give 

405,140,s> 1. With [C1- ] constant these results are very different from 
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Table 4. Change in electrical parameters with change in serosal [K +] 

115 

Rtr.tns Rtrans Rm/Rs R,,,/Rs d Vim s 

(before (after (before (after 
dK+) dK+) dK+) dK+) 

dgjsc dgfmc "sc/ ms 

2025 1822 1.62 1.58 21 32 -11 1.52 
2767 2700 1.61 1.44 39 42 - 3 1.08 
2160 1755 1.73 1.64 22.5 25 - 2.5 1.11 
2497 2430 1.72 1.5 35 38 - 3 1.09 
2835 2295 1.63 1.48 33 36 - 3 1.09 
3105 2902 1.88 1.44 31 35 - 4 1.13 
2565± 2317+ 1.70- 1.51± 30.3± 34.7± - 4.42± 1.17+ 

416 461 0.10 0.08 7.11 5.79 3.26 0.17 

Rtrans designates the transepithelial resistance determined from the transepithelial d p.d. 
when 10µA /cm2 is sent transepithelially. R,,, /R5 is the dp.d. across the mucosal membrane: 
dp.d. across the serosal membrane of a surface epithelial cell when 10 µA /cm2 is sent 
transepithelially. AY',,,,, is the transepithelial change in p.d. and 44'sc is the change in 
p.d. across the serosal membrane of a surface epithelial cell resulting from the A [K +] 
from 5 to 50 mM. All experiments are done with SO4- replacing Cl- in the mucosal 
solution while [CI -] =80 mEquiv /liter in the serosal solution 
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- 20 

- 10 

mV 0 

10 

20 

30 

40 

0 

5mMK'1 50mMK 5mM K' I50mM K' 

Sc 

5 10 
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15 

Fig. 5. This figure demonstrates the effect of a 10 -fold change in [K +] in the serosal 
bathing solution. The transepithelial potential Y',,,s, and the potential from the serosal 
solution to intracellular electrodes, Y'sc, are recorded. [K +] in the serosal solution is 
recorded at the top of the figure, and sulfate replaces Cl- in both serosal and mucosal 
solutions. Note that in these experiments, in contrast to the constant product KO 

changes, the An,. is greater than the An 
8' 
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those obtained using constant product KC1 changes. Constant [C1 -] seems 

to avoid the AE which occurs in changing to [C1 -] serosal solution. 

With the intercellular coupling demonstrated below, the equivalent 

circuit should include an R, which is small and can be taken to approach 
' 

zero. If R"-* 0, Eq. (2) is valid for a change in ES, Es, or both. Hence, 

Eq. (2) is used for further analysis. 

0.17- 
RL(Rm+R;,,) 

Rm Rm 

Under the conditions that R-> 0, the voltage divider ratio Rm /Rs actually 

reflects the mucosal membranes in parallel and serosal membranes in 

parallel. 

Thus, from Table 4 

, R. Rm 

Voltage divider ratio - Rm +R; 
RS RS 

R3+ R's 

RmRm -1.70 RSRS -0.17R 
Rm+R: RS+Rs 

L 

Utilizing the equivalent electrical circuit where R,-> 0 

RL =4.70 R,rans = 12,055 S2 cm2 

whereas cellular resistance in the mucosa is: 

RRR 
+ R RR, -Roen= 3,258 S2 cm2. 

m m s s 

Thus the cellular and paracellular shunt conductance of fundic gastric 

mucosa can be estimated utilizing a coupling resistance which approaches 

zero. The paracellular shunt resistance is 3.70 times the cellular resistance. 

Double Microelectrode Experiments 

When pulses of 5.9 x 10 -s amps are injected intracellularly, radial 

coupling can be demonstrated by measuring the resulting intracellulard p.d, 

as a function of distance from the current source. Fig. 6 shows the voltage 

recorded at several points 33 g and 66 g from the current -sending electrode. 

Radial coupling is shown. The site or molecular anatomy of the low resis 
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Fig. 6. This figure demonstrates the dp.d. recorded in several cells at 33 and 66 p. from 
a surface epithelial cell at r =0 when 5.9 x 10 -9 amps is injected in the cell. Coupling is 

demonstrated to be radial 

tance pathway is, at present, unknown, but "tight junctions" have been 
demonstrated in gastric mucosa. 

Fig. 7 shows the d p.d. recorded in cells at various distances from the 
current -sending electrode. To analyze this curve we utilize the model 
developed by Frömter (1972) for the gallbladder. According to this model 
the mucosa is a flat epithelial sheet defined by its thickness (L) and resistance 
(Re) to current flow radially within the sheet and the resistance (RZ) to flow 
of current across the limiting membrane into the bathing solution. The 
differential equation defining the potential as a function of distance (r) is: 

d2V 1 dV 1 

dr 7t2-V=O. (8) 

A, the space constant, is defined by 12 = (L Rz) /Re. The solution of the dif- 
ferential equation is the zero order modified Bessel function (K0) of the second 
kind. 

V,= AKo(r /A) where A= (I0R,) /27rL. (9) 

A numeric solution is obtained using an iterative technique with an IBM 
370 computer. The solution is that value of A for which A is most constant 
at the experimental r's. 
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Fig. 7. The voltage recorded intracellularly at a distance r from the current -sending 

electrode in the gastric fundus. The curve drawn is the Bessel function, V= AK0(0.), 
generated from the experimentally derived parameters A and 2 

The results for 11 different experiments are given in Table 5. A space 

constant 2 ranges from 196 to 960 g. The mean 2 is 408 g and standard 

deviation is 217 g. 

The computed value of 2 and the electrical circuit equivalent to RZ 

(Fig. 8) provide an alternate quantitation of the cellular and shunt resistance 

in the intact mucosa. This circuit differs from that used by Frömter (1972) 

in that current leaving surface cells via the mucosal membranes must return 

to the reference side by crossing the transepithelial resistance. Frömter (1972) 

used only the shunt conductance in the return limb presumably because 

transepithelial reistance in gallbladder is dominated by the shunt resistance. 

R5, the serosal cell membrane resistivity, is the positive solution of the 

quadratic 

-[ Rm/ Rs] Rs+ [RZ+ (Rm /R5)RZ- Rtrans]R5 +RtransRZ =0. (10) 

Rig, the mucosal cell membrane resistivity, is 

RM =(RmIRs) RS 

and the shunt resistivity RL is 

Rtrans(Rm+R5) RL= 
Rs) - Rtrans 

(12) 
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Table 5. Gastric fundus 
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Space constant i. 

(microns) (x 10 -452 -1 cm -2) 
gccll gtrans 

(x 10-4 52-1 cm-2) 

300 5.72 4.36 
344 5.59 4.36 
196 5.59 6.73 
344 5.42 4.36 
340 5.40 4.36 
242 5.18 6.73 
960 3.24 8.72 
604 3.51 4.36 
256 2.24 6.17 
410 2.08 3.90 
492 2.03 3.98 

Mean +sn 408±217 4.18± 1.57 5.28± 1.57 

;. is the "space constant" determined experimentally. Pr o. is l /gtrans determined by 

sending 10 uA /cm2 transepithelially. Rtrans used for calculation is 2.7 x Rtrans measured 
to account for surface area of gastric glands (see text). gcett(1 /Rce i) is calculated as given 

in the text 

SEROSAL 

TRANS 

MUCOSAL 

Fig. 8. A simplified circuit equivalent to Rz as measured in the two microelectrode 
experiments. Current may flow across the serosal cell membrane represented by RS or 
alternatively across the mucosal membrane RM and back across the tissue, where Rtrans 

is the lumped tissue resistance to transepithelial current flow 

and the shunt -to -cell resistivity ratio is 

RL Rtrans 

Rm +Rs (Rm +Rs)- Rtrans 

These equations are directly applicable to a flat tissue such as the gallbladder. 
In contrast, Necturus fundic mucosa is multiply indented with glands 

(13) 
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which greatly increase the surface area subjected to measurements. Blum an 

et al. (1971) have shown that for each cm2 of surface area there is 1.7 cm: 
du 

of tubular surface area. Thus, the transepithelial resistivity is calculated ga 

from the surface plus glandular surface area assuming that conductance 
, nu 

per unit area is identical for the two cell types, and thus, transepithelial 
ga 

resistance is corrected for this increased surface area (2.7 x measured R80s), 

Because some injected current must flow into the tubular glands, the distance co 

of current spread may be greater than the measured r. 2 is also altered by A 

this glandular conductance but no model could be found which considers ar 

current spread into the gastric glands. cl 

Table 5 shows the results of 11 experiments in which the cellular con. oa 

ductance and transepithelial conductance are computed. The 11 mucosae tr 

demonstrate a mean space constant 2 of 408 ± 217 µ. The mean cellular si 

conductance is 4.18 ± 1.57 x 10 -452 -1 cm -2 and mean transepithelial con. cc 

ductance is 5.28 ± 1.57 x 10-452-1 cm'. The shunt conductance is 1.10x n 

10 -452 -1 cm-2. The ratio of cell -to -shunt conductance is 3.80. In terms ai 

of resistance the ratio of shunt resistance to cell resistance is also 3.80. This a 

value is very close to that obtained using the cellular response to changes o 

in ionic activity (3.70). n 

In four of 11 experiments (Table 5) the calculated shunt conductance is 

a small negative value. The gastric pits which form a mosaic of surface c 

discontinuities may provide the explanation for this finding. In Necturus p 

these pits are not visible using the stereomicroscope. The probing micro - r 

electrode may traverse a pit or avoid them altogether. The gastric glands t 

will act as resistances in parallel to the surface cells surrounding the pit. t 

If the microelectrode traverses near a pit, a lower space constant and an 

overestimate of cell membrane conductance will result. In fact, the cellular 

conductance of this group is larger than the cellular conductance of the c 

others. Thus, when this value is subtracted from the transepithelial con- 

ductance, the shunt conductance may have a negative value. 

Discussion 

Data derived from chambered gastric fundic mucosa suggest that gastric 

fundic mucosa is quite tight. It develops a p.d. of 30 to 40 mV, supports a 

106 -fold H+ gradient, and reacts asymmetrically to changes in ion con- 

centration. In vivo studies also suggest that fundic mucosa has conductance 

properties quite different from other areas of the gastrointestinal tract. 

Dyck, Werther and Rudick (1969) and Himal, Young, Rudick, Werther 

and Janowitz (1970) studied the loss of ions from the lumen of the GI tract 
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him and found that "back flux of ions" in the antrum was 15 times, in the 

m2 duodenum 45 times and in the small intestine 60 times larger than that in 

Ited gastric fundus. With this supporting evidence it is essential to quantitate the 

nce magnitude of the cellular and transepithelial shunt resistance in fundic 

liai gastric mucosa. 

os) Using two techniques we find that the shunt conductance is small 

nce compared to tissues such as intestine, gallbladder, or proximal tubule. 
[K +] in the serosal solution causes a transepithelial d p.d. by A change of 

ers and a Ap.d. across the serosal membrane of the surface epithelial cell. These 

changes result from a d emf of the serosal membrane of both the surface and 

n oxyntic cells. Estimation of the shunt resistance requires analysis of an elec- 

ae trical circuit equivalent to the gastric mucosa (Fig. 4). The analysis is greatly 

lar simplified if one or two elements can be perturbed while the others are held 

n constant. Specifically, we assume that (1) the transepithelial shunt emf incurs 

x no significant dEL and that the diffusion potential due to change in [K +] 

ns and [C1-] is small compared to the A p.d. measured; (2) the changes in p.d. 

is are a result of a change in an emf across the serosal membrane of the surface 

es or oxyntic cells; and (3) that the resistance of surface and oxyntic cell 

membranes and the transepithelial shunt undergoes negligible change. 

is To quantitate cellular and shunt resistance from experiments utilizing 
.e changes in ionic composition we assume that AEL < AEce11. The shunt 
is pathway may be considered to be a single "thick" membrane, and its 

response to ion changes is symmetric. A 10 -fold constant product change in 
is the mucosal solution causes a tissue response of 6.5 mV. If we assume 
[. that this is all due to a change in EL, an identical dEL occurs with a serosal 
n constant product change. At most, this is 12 % of the cell membrane change. 
r This is clearly a maximal value, since we neglected any possible cell membrane 

change. 

Similarly, changes of [K +] in mucosal and serosal solutions, show a 
highly asymmetric response; the mucosal response is only a small fraction 
of the serosal response (Sachs et al., 1971). Thus, the shunt in gastric 
mucosa, like gallbladder (Diamond et al., 1971), does not discriminate 
significantly between K+ and Na +. 

The model allows prediction of A1/iscIA Isms if the A emf occurs solely in 
the paracellular shunt. Eqs. (14) and (15) give the d 1//s c/ d YJ m s if the changes 
were due only to a dEL while all other emf's are constant. If Rc- 0 

RS RS 

d 1,frsc RS-FRS 

dWms RsRs RmRm 

Rs-I-Rs + Rm+Rm 

(14) 
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while if Ra-+ co 

d Rs 

A ,.s Rs+Rm 
. 

(15) 

Rm 

sta 

for 

deli /AY'ms must be less than 1 and must reflect the voltage divider ratio. Th 

From Table 4, 41///z10 m s would be 0.39 if the change were due only to chi 

AEL. In contrast, dfrsc /dl//ms was 1.17. According to this model for gastric inj 

mucosa, the d emf in these experiments does not arise from the paracellular 

shunt. Comparing the predicted A>/isc./Allims to the actual results, the shunt 
, va 

would appear to contribute minimally to the d emf. w 

Further, dEL can be quantitated in the A [K +] experiments. Calculated m' 

AI is 12 µamps cm- Z in these experiments. R, re 5 and Rm /RS are the mean 

values from Table 4. Cell resistance and shunt resistance are taken from 

Table 5 because these values do not depend on ionic gradients. MR is A 

calculated for both membranes giving dEL of - 1.08 mV. In contrast, 
or 

4E5 is calculated to be 37.3 mV. Thus, by this method dEL is estimated to be cs 

only 2% of LIE,. By these three criteria we find dEL < AE, and consider 

that the experimental design conforms adequately to the requirements of d 

the model. 
si 

The origin of the A emf within the cell is also crucial to analysis of these fc 

experiments. Based on the equivalent circuit (Fig. 4) and the assumption it 

that the constant product KC1 change affects only ES and Es, a 4ll' I4 hi,, < 1 

can only arise if dEs < dEs, and only if Rc is large. It can be calculated, ti 

however, that AE, is 31.8 mV. The obvious explanation for this discrepancy a 

is that another E is changing (i.e. EM, the electrogenic Cl- pump emf) due ó 

to the reduction in [C1 -] from 80 to 8 mm. Thus when [C1 -] is kept constant, 

and only [K +] is changed from 5 to 50 mm, the ratio d>lis of d , s is invariably 

greater than 1. With a small coupling resistance the serosal or mucosal 

membrane of the surface and oxyntic cells are parallel resistances. Ati/,,= 

- 4.42 mV is the AIR across RmR,/(Rm + R, ). AIR across R5R /(RS +Rs) 

is - 2.60 mV and the A emf across the serosal membranes is 37.3 mV. It is 

not possible to quantitate AE, and AE: since the relative magnitude of R, 

and Rs remain unknown. With this information, and the low value for R, 

derived from the two electrode experiments we can calculate the shunt 

conductance contribution to tissue conductance. 

The effect of A [K +] and constant product KC1 changes on membrane 

resistance is assessed by the voltage divider ratio and by transepithelial 
resistance. There is a small (9.6 %) but statistically significant change in 

transepithelial resistance (t = 3.20, 0.01 <p < 0.025). The change in the ratio 
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RmIRs 
(1-= 3.24, 0.01 <p < 0.025) as a result of change in ionic activity is 

(15) 
statistically significant, but is only 10.8 %. 

Identical conclusions are derived from current spread and changes of 

ionic activity methods, although the assumptions of the analysis are different. 

itio. The ratio of shunt resistance to cell resistance is 3.70 when assessed by 

to change in ionic activity and 3.80 when assessed by radial spread of current 

uric injected intracellularly in a surface cell. 

llar By this latter technique, however, 4/11 mucosae gave small negative 

lint values for the shunt conductance. The remainder gave small positive values. 

We have felt this represents experimental error which is most manifest in 

ted mucosae with large shunt resistance (small shunt conductance); 

an 
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Analysis of current spread in mucosa such as proximal tubule gallbladder, 

or intestine with a large tissue conductance compared to cellular conductance 

can tolerate small errors in cellular conductance. Mucosae where gt;ssue 

approaches gce11 cannot. Alternatively, the model of a flat epithelial sheet 

does not account for tubular indentations (gastric pits) which can be con- 

sidered high conductance discontinuities in the plane of the tissue. Un- 

fortunately, a mathematical expression to describe a mucosa multiply 

indented by tubular glands could not be found. 
It would appear from these studies that techniques independent of 

tissue geometry are most applicable to gastric fundic mucosa; but by using 

an adequately large sample of mucosae, techniques dependent on mucosal 

geometry can be used. Whichever technique is used, the shunt conductance 
of the Necturus fundic gastric mucosa is only 1/5 of tissue conductance. 

Appendix 

The fundic mucosa of Necturus is composed of two major cell types - the 
surface epithelial and oxyntic cells. A low resistance pathway has been 
demonstrated between cells of the same type and between the different types. 
The electrical circuit equivalent to a mucosa with these characteristics is 

shown in Fig. 4. This circuit was analyzed by first obtaining an expression 
for the current flow I,. across the coupling resistance: 

I`R`=(Es-Es)+IsRs-1sRs 
where the subscripts s and m refer to the serosal and mucosal membrane of 
the surface cell system and s' and m' refer to the same membranes of the 
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Rc->0 

Change due to 4E, 

Change due to dEs 

Rm R 1+ RL(Rm+R;) 

Rm R' 
1+ RL(Rm+R,S,) 

Change due to 4E, d- AEs 1+ 
Rm m 

RL(Rm +Rm) 

Change due to 
dEs +dEs +4E,, 

Table 6. Formulas 
tela 

Rc- 

1+ 

R, 

R 

[RL(Rm+R;,,)+RmR,](dEsRs+dEs Rs) +dEmRmRSRs 

RL(Rm+Rm)(dEsRs+dEs Rs) +dEmRmRL(Rs-}-Rs) - 
} 

Formulas relating change in p.d. across the serosal membrane of a surface cell to the 

change in p.d. measured transepithelially when there is a change in one or more emf in 

the surface, oxyntic cell, or both. To obtain these formulas the coupling resistance is t 

oxyntic cell system. Is and IS can then be found from the expression for the 

p.d. drop (4'm) transmucosally and by substitution: t 

Is- 

Is- 

Y'ms [Rs(Rm+R,)-Rc(RS+R,,,)] -Es[Rs(Rm+R,)+R, R;-Rc(Rs+Rm)] 

+Em[Rc(Rs+ RO- R;,,Rs]+RmR;Es-RmRsE; 
Rm Rs (Rs + Rm) + Rm Rs (Rs + Rm) - Rc (Rs + Rm) (Rs + Rm) 

Y'ms[Rs(Rm+R;,,)-Rc(Rs+Rm)]+RmR;,,Es-RsRmE,,,-Es[Rs(Rm+Rm) 
+ R Rm - Rc (Rs + Rm)] + E; [Rc (RS + Rm) - Rs Rm] 

Rm RJR,' + Rm) + R,,, Rs (Rs + Rm) - Rc (Rs + Rm) (Rs + Rm) 

By appling Kirchhoff's law Vms can be found to be 

Es RL [Rs(R, + R,) -Rc(RS+R,)] + Em RL [Rm (Rs+Rs) - Re (Rs+ Km)] 

+ E's RL[Rs(Rm+R')-Rc(Rs+Rm)]+E,,,RL[Rm(Rs+Rs)-Rc(Rs+Rm)] 
+EL [Rm Rs(R;,, +RS) +R Rs(Rm + Rs) - Rc (Rs+ RS) (Rm +Rm)] 

RL(Rm+R;)(Rs+Rs)+Rm Rs(R¡+Rs)+Rm, Rs(Rm+Rs) 

- Rc RL (Rm + Rs + R.+ RD- R, (R, + Rm) (RS + Ri) 
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1+RR 

L R.+ Rs 

R, 

Rm+Rs 

Rm 

ll+ 
RL 

1+ 
dEs ( Rs+R )J dE, 

(Rs+Rm\ 
R+R 

Rm+R, (4E+4E\ 4E, 

Rm+(dEs) 
Rs 

1+ 
R.+ R's 

Rs R, 
1 + 

Rm+Rs 

) 

RL 
1+1dE,+dEs (RS+R, ) + 1+ 

dE LIE', 

( R'+m [ dE, R,+R s 

he taken to be small compared to membrane resistances and is visualized to approach zero. 
1° Alternatively, Rc is visualized as large compared to membrane resistance and is visualized 
is to approach infinite size 

te and s/i,c, the voltage drop across the serosal membrane of the surface epi- 

thelial cell, is found by substitution into 

Il/sc=E,+I,R, 

{RL(Rm+Rm)(Rs+Rs)+Rm Rs(Rm+Rs)+R; Rs(Rm+Rs) 
-Rc[RL(Rm+Rs+R'+Rs)+(Rs+Rm)(Rs+RA} {Es[RmR;Rs 

- Rc Rm (R. + Rs)] + Em [RS R; Rs - Rc RS (Rs + R.)] + Es R. Rs R. 
+E,RmRsRs}+RL[RsRs(Rm+R,)-RcRs(RS+R.)] {Es[Rs(Rm+R.) 
-Rc(Rs+R.)]+Em[Rc(Rs+R.,,)-R.(Rs+ RD] +Es[Rs(Rm+Rm) 
- Rc (Rs + Rm)] + E. [Rc (Rs + R.)- Rm (Rs + R's)]} + EL [Rs Rs (Rm + R.) 
-RRs(Rs+Rm)] [RSRm(Rs+R;,)+RSR(RS+Rm)-Rc(RS+Rm)(Rs+R.)] 
[Rs Rm (Rs + Rm) + Rs Rm (Rs + Rm) - Rc (Rs + Rm) (Rs+ Rm)] [RL (Rm + Rm) 

(Rs+Rs)+RmR,(R¡+Rs)+R;Rs(Rm+ Rs) -RcRL(Rm+Rs+K+Rs) 
-R,(12,+ Rm) (Rs + R.)] 

Using these expressions we can obtain an expression for the ratio d11i,c/AIIim, 

over some increment in AE dEs or dE, + dEs. When there is only a change 
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4Es, while E, remains constant 

{[R JR. +R,n)(Rs+Rs)+RsR,,,(RS+R;,,)+ R's R,n(Rs+R,n)] 

-Rc[RL(Rs+R,,,+Rs+R,,,)+(Rs+R,,,)(RS+R,n)]} [R,,, RS R,,, 

-Rc(Rs+Rm))Rs+ R,)+ Rc Rs(Rs+ Rm)] + [RL R, Rs(Rm + Rm) 

d t( s c - Rc RL Rs ( Rs + Rm)] [Rs ( Rm + Rm) - Rc (Rs + Rm)] 
diems RL[RsRm(Rs+R,')+ Rs' R,n(Rs+Rm)-Rc(Rs+Rn,)(Rs+RM)] 

[RJR +Rm)-Rc(Rs+Rm) 

Alternatively for some increment in Es, I Es, while Es is constant, the func- 

tion relating the change measured across the serosal membranes of surface 

epithelial cells to the transmucosal change is 

Rm RsRm {RL(R,,,+Rm)(Rs+Rs)+RsRm(Rs+Rm)+RsRn, (Rs+Rn,) 

- Rc [RL(Rs+R,n +Rs+Rm) +(Rs+Rn,) (Rs+Rm)]} + [RL R, Rs(Rn,+R) 
dt%sc _ -RcRLRs(Rs+RA[Rs(Rn,+R,,,)-Rc(Rs+Rm)] 
dCns RL[RsR,,,(Rs+R;)+ R's R;,(Rs+R,n)-Rc(Rs+Rm)(Rs+R)] 

[Rs(Rm+Rn,)-Rc(Rs+R,,,)] 

The change in transmucosal and intracellular p.d. could result from a 

change in both E, and E. Thus, the expression relating the potential drop, 

4V',, across the serosal membrane of the surface epithelial cells to the 

transmucosal potential change, 4V,,,, 

{RL(R»,+Rs)(Rs+Rs)+Rs R,,,(Rs+R,n)+R's R,,,(Rs+R,,,) 

-Rc [RL(Rs+Rn,+Rs+R¡n)+(Rs+Rn,)(Rs+ Rm)]} 

[R7 R,n (Rs+(dEs) Rs)-Rc(Rs+R,,,)-RcRs(Rs+R;)] 

+ [RL Rs Rs(Rn, +R;n) - Rc RL Rs(Rs+ Rs)] 

d sc _ {(') [Rs(Rm+R;n)-Rc(Rs+Rm)]+Rs(Rm+R;n)-R(Rs.+Rs,) 
d 1fr RL[RsRm(R+R)+RR,(Rs+R Rc(Rs+Rm)(R+Rn,)] 

{R:(R1,+R,,)-RcRs+R,,)+ 
( 

EE's 

Lastly, the change in potential At p and d t/i,,, s could result from a change 

in E,' as well as in 4E, + 4Es. In this case the relation is still more complex. 
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{RL(Rn.+Rm)(Rs+Rs)+R.n Rs(Rn.+Rs)+Rm Rs(Rm+Rs) 

-Rc[RL(Rm+Rs+Rn.+Rs)+(Rs+Rm)(Rs+R:n)]} {AEs[R,R¡Rs 

- Rc Rm (R. -I- Rs)] + A Es R. Rs R¡n + A Eñ, R, Rs Rs} 

+ RL[RsRs(Rm+ RcRs(Rs+R,n)] {AEs[Rs(R,n+Rm)-Rc(Rs+R,n)] 

dWcs +AEs[Rs(Rm+R;n)-Rc(Rs+Rn.)]+AEm[Rc(Rs+Rm)-Rm(Rs+Rs)]} 

dms RL[RsRm(Rs+Rm)+RsRm(Rs+Rm)-Rc(Rs+Rm)(Rs+Rm)] 
{AEs[Rs(R,n+R;)-Rc(Rs+R,n)]+AEs[Rs(Rm+R,n)-Rc(Rs+Rm)] 

+ AE,[R,(Rs+ RD- Rc(Rs+RA} 

Since in the gastric fundic mucosa the individual membrane resistivities 

have not been quantitated, some further simplifications are necessary. There 

are two alternative assumptions: (1) that Rc is much less than all membrane 

resistances and can be taken to approach zero, or (2) that Rc is large com- 

pared to cell membrane resistance and can be taken to approach infinite 

size. Table 6 gives the formulas which result from these alternative assump- 

tions. Application of these formulas to the gastric fundic mucosa is given 

in the previous pages. 

This work was supported by NSF Grant No. GB31075 and NIH Grants No. AM15878 
and CA13158. Credit is given to Project No. 8059 -01, Veterans Administration Hospital, 
Birmingham, Alabama. 
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SUMMARY 

The frog gastric mucosa has been shown to be sensitive to amytal. At 2 MM 

acid secretion was completely inhibited with a rise of resistance, fall in short- circuit 

current and no significant change in potential difference. Simultaneously there was 

75 % inhibition of 02 consumption and 5o % depression of ATP levels. Dual -beam 

spectrophotometric studies of intact mucosa with amytal showed a crossover point 

between NAD+ and FAD. The microsomal NADH oxidase ferricyanide reductase has 

also been shown to be amytal sensitive. Cl- transport was relatively insensitive to 

amytal, suggesting a qualitative distinction between the mechanisms underlying the 

transport of H+ and Cl- in the mucosa. This was further brought out by the effects 

of anoxia in which H+ transport was inhibited at 5 min but Cl- transport at mini- 

mally zo min following the onset of anoxia. 

INTRODUCTION 

Although amytal has been shown to inhibit acid production by the stomach, 

using a closed -sac technique' its effect on other parameters, such as Cl- transport, 

potential difference and resistance has not been determined. Moreover a biochemical ' 

analysis of its mode of action in this particular tissue, by 0,-consumption measure- 

ments, ATP -level determination would establish the type of inhibition occurring in 

the intact tissue. Of particular importance is the use of dual -beam spectroscopy to 

localise the action of amytal in the redox chain, to correlate changes in the steady 

state of redox components with changes in transport. 

METHODS 

All studies to be reported here were carried out on Rana pipiens gastric mucosa. 

The frogs were obtained from Lemberger and Co., Oshkosh, VDisc., and stored in run- 

ning water at room temperature for several days prior to use. 

Secretion studies 
The gastric mucosa was mounted between two lucite chambers as previously 

described2. In this system the potential difference was measured via a pair of matched 

calomel electrodes with renewable KCI junctions, and á vacuum -tube voltmeter 

Biochim. Biophys. Acta, 143 (1967) 522 -531 
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Resistance was calculated from the change in potential difference obtained when a 

current of io f A was sent in either direction through the membrane. Short- circuit 

current was measured as the amount of current required to reduce the potential 

difference to zero after sending current for about 3o sec. Acid secretion was measured 
by the pH stat method of DURBIN AND HEINZ3. 36C1- fluxes were determined in a 

Nuclear- Chicago scintillation counter, and quench correction was performed using 

oily of the channels -ratio method as previously outlined2. The mucosa was oxygenated with 
95% 02...5 % CO2 and in anoxic experiments with 95 % 142-5 % CO2. Nutrient 

solutions contained 118 mM Na +, 4 mM K +, o.8 mM Mg2 +, 1.7 mM Ca2 +, i8 mM 

HCO3 , io9 mM Cl- and io mM glucose, whereas secretory solutions contained 

Io5 rnM Na +, 4 mM K+ and 109 mM C1 -. For Cl- -free conditions Cl- in bathing media 

was replaced by S042 -. Amytal was added at varying concentrations to the nutrient 
solution. Fresh sodium amytal solutions were made up daily and all chemicals were 

WI reagent grade and solutions made up in glass- distilled water. 
rcuit 

' 
was 02- consumption studies 

)eam These experiments were performed in a chamber of a design essentially similar 
Joint 

to the above, except that magnetic stirring was employed, and the construction 
has material was OZ impermeable Kel F rather than lucite. Clark 02 electrodes were used 

re to with teflon membranes, and the output of the 02 amplifier was fed to a scale- expansion 
the system consisting of a bucking voltage and an Esterline Angus recorder. The mucosa 

fects 
was mounted as before, and solutions as above were employed, but were gassed for 

nini- 3o min with 95 % 0,-5 % CO2 prior to use. 02 electrodes were calibrated each day 
air -equilibrated solutions, and glucose solutions treated with glucose oxidase. - At the termination of the experiment 20 mM CN- was used to reduce the 02 con- 

sumption to zero, to ensure that there were no undetected leaks of 02 in the system. 
After an initial period of equilibration, 02 measurements were performed for 3o min 
under control conditions. Then amytal was added at 2 mM concentration and 02 

ach, consumption determined for a further 4o min. 02 consumption was calculated directly 
)ort, from the deflection on the recorder and expressed as i.LA 02 used per h per cm2. 
lid ' 

ure 

g in 

y to 

!adr 

osa 

vn- 

Isly 

hed 

ter 

Specdrophotometric studies 
These studies were performed in conjunction with Dr. W. S. REHM and Mrs. S. 

SAUNDERS. Frog mucosa was mounted in a lucite chamber which was designed to 
fit into the standard cell compartment of an Aminco Chance dual -beam spectro- 
photometer, and with no current sending agar electrodes, but a clear plastic window 
on either side of the mucosa. Acid secretion was measured by the usual pH stat 
method, potential difference via calomel electrodes with KC1 bridges and circulation 
maintained by airlift systems. The bathing solutions and gas mixtures were as de- 
scribed above. 

The following pairs of wavelengths were used to determine the redox state of 
each component measured: NAD +, 374/340 mµ; FAD, 51o/465 mµ. 

The experimental procedure in each study was to allow the system to come to 
equilibrium under conditions of oxygenation. After both the rate of H+ secretion 
and the absorbance of any one particular redox component had stabilized, anoxia 
was induced with 95 % N2-5 % CO2. The gases used in these experiments were 
specially prepared and calibrated. Recording of absorbance and acid rate was con- 
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tinued until acid rate was zero and a stable absorbance had been produced. 02 was 
readmitted and acid rate and absorbance allowed to return to control conditions. 

At 

this point 2 mM amytal was added to the nutrient side and recording continued to a 

new steady state. This was followed by a further cycle of anoxia. 
In some experiments either before or after adding amytal, uncoupling was in. 

duced with dinitrophenol, sodium arsenate or carbonyl cyanide metachlorophenyl- 
hydrazone. Following stabilization, an N2-0, cycle was induced and the absorbance 
recorded as above. 

Estimation of ATP levels 

Gastric mucosae were incubated with gassing in 95 % Oz 5 % CO2 in nutrient 
solutions with varying concentrations of amytal for 3o min at room temperature. The 

mucosa was chilled, the mucosal cells scraped off with a glass slide, homogenized, 

heated to n0o° for 4 min, and centrifuged. The supernatant was assayed for ATP levels 

by the luciferin luciferase method with an arsenate buffer according to STREHLER4 

Recovery of added ATP was better than 90 %, and no interference by ADP could be 

detected. Protein analysis was carried out on an aliquot of the homogenate by the me- 

thod of LOWRY et al.'. Results were expressed as moles ATP x ro -2 per mg protein. 

Enzyme assays 
Gastric mucosal cell suspensions were prepared in ice -cold 5 mM EDTA. 

Homogenization was carried out in a Waring blender at maximum speed for 3o sec. 

The homogenate was spun at 15oo x g for 15 min, resuspended and recentrifuged 

two more times. The final pellet was resuspended in buffer (pH 8.4) to a concentration 
of about z mg proteina per ml and homogenised for 20 sec in a Bronwill sonifier. In 

other preparations frog gastric microsomal preparations were made (i.e. i00000 x g 

precipitate) and ATPase activity was determined as previously detailed'. NADH 

oxidase activity was determined according to MAHLER7 using ferricyanide as the 

electron acceptor and a Beckman Model DB recording spectrophotometer. Electron 

micrographs of the final preparations showed it to be virtually free of nuclei, cell 

fragments or mitochondrial contamination. Micrographs of the ultrasonic preparation 
from the EDTA precipitate showed a large preponderance of smooth membrane 

fragments. Protein analysis was again performed according to the LOWRY method' 

and units of NADH oxidase activity were expressed as d 0.001 A /min per mg protein. 

Summary of methods 
The action of amytal on the H+ and Cl- transport mechanisms of the frog gastric ' 

mucosa was measured with a simultaneous determination of the effect on 02 con- 

sumption, ATP levels and redox systems of this tissue. The microsomal enzyme 

sensitivity to amytal was also measured. By these methods, the action of amytal in 

frog mucosa could be compared to its action in other tissue. 

RESULTS 

Secretion 
Acid secretion was inhibited after 3o min by 2 mM amytal. During the decline 

in acid secretions there was a rise in poten tial difference and short -circuit current 

Biochim. Biophys. Acta, 143 (ng67) 522 -531 
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initially, with little alteration in resistance. The potential difference then fell to about 

initial values and resistance increased. Measurements of Cl- flux showed that only 

the Cl- associated with H+ was inhibited at this stage (Fig. I). The residual potential 

difference was maintained for about 90 min after the addition of amytal at this level. 

BOO- 
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400- 
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200- 

100 
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il in 
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20 40160 130 1 loo 120 140 
TIME ( min ) 
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Fig. I. The effect of 2 mM amytal (A) and anoxia on resistance, short -circuit current (ISC), potential 
difference (P.D.), Cl- flux (N S) and acid rate in the frog mucosa in vitro in Cl- solutions. 

At 20 mM amytal, however, there was a rapid fall in Cl- flux associated with the 
fall in H +, and at 0.2 mM there was no significant effect on H+ or Cl- transport over 
6o min. The data obtained at the 30-min period are summarized in Table I. Since the 
residual potential could be due to either a Cl- diffusion or electrogenic potential or 
a combination of both, the effect of period of anoxia and reoxygenation was studied. 

After N2 was admitted in the amytal- treated mucosa, approx. 40 min were 
required for the potential difference to be reduced to zero. Upon reoxygenation there 
was a rise of the potential difference to a stable value after 5 min. During this time 
there was a rise in the resistance and a fall in net Cl- flux with anoxia and a fall in 
resistance and a rise in Cl- flux upon readmission of 02 (Fig. 2). These results suggest 
a functioning Cl- pump at this concentration of amytal (2 mM) as well as a Cl- 
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diffusion potential which may account for a considerable fraction of the measured 

potential difference when H+ rate is zero. 

In mucosae bathed with a non -transported anion (SO42-), the inverted potential 

difference and H+ rate fell concomitantly to zero upon the addition of amytal (Fig. 3), 

as demonstrated by REHM AND LEFEvRE8 for dinitrophenol inhibition under identical 

conditions. 

Sulfate 
I Solutions 

RESISTANCE 1 
loon 

\PA., 

Amytol 

1 

15C 
150 

loo 4.0- 
fl n 

600 ' 

400 

-------,µA ------ 
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mV10 

-io 

-20 

V POTENTIAI 
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30 
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r«irM h tritt 
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50 
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4 80t 120 
TIME IN MINUTES 

Sulfate Amytol 
Solutions 
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2.0 

AMYTAL 
2XIO-3M 

02 CONSUMPTION 
1.0- /IA cm-2h -I ( ±SEM) 

20 30 40 60 
TIME Iminl 

Fig. 3. The effect of 2 mM amytal on the frog mucosa in 5042- solutions. 

Fig. 4. The effect of amytal on 02 consumption of the chambered frog mucosa (mean ± S.E. of 
the mean of six experiments). 

02 consumption 
Since amytal is essentially a redox inhibitor, it would be expected to strongly 

inhibit 02 consumption. From Fig. 4 it can be seen that at 2 mM amytal there was 
about 75 % inhibition of consumption. The calculated dH +IJO value was 1.6, com- 
patible with a redox theory of secretion. 

ATP levels 

Concomitant with reduction in electron transfer via NAD +- linked dehydrogen- 
ases, the synthesis of ATP would be expected to be markedly depressed. Fig. 5 shows 
the effect of varying levels of amytal on the frog mucosal ATP level. The maximal 
drop occurred at 0.2 mM amytal which is not inhibitory to secretion at 3o min. 
Successive increments progressively decrease ATP levels in the mucosa and at the 
concentration studied in this paper, namely 2 mM, there was about 50 % residual 
ATP. 

Spectrophotometric studies 
In the chambered mucosa, changes in state of NAD+ (JA at 374/34o mµ) were 

recorded during cycles of deoxygenation and oxygenation. There was a marked 
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increase in the absorbance with N2, with an overshoot before the final level Was 

reached with a zero H+ rate after 5 min (Fig. 6). Upon readmission of 02 there was a 
decrease in the ZA, showing oxidation of NADH. Secretion started after about 3 min 
following the readmission of 02 in this type of experiment. After the H+ rate had 
stabilized, addition of 2 mM amytal resulted in a slow reduction of NAD +, which 

2.0 

1.0 

ATP 
µM mg -I X 10 -2( ±SEM] 

2X10-4M 2X10-'M 2X10'2M 
[AMYTAL] 

Fig. 5. The effect of amytal on ATP levels in frog gastric mucosa (six observations at each amytal 
level j S.E. of the mean). 
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Fig. 6. The effect of anoxia and amytal on the AA at 374/340 mtt (NAD +) and AA at 465/510 SF 

(FAD) of the frog gastric mucosa in the Aminco Chance dual -beam spectrophotometer. 
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had not reached a maximum when H+ was zero. Admission of N2 followed by 02 did 

not alter the observed absorbance. Although the action of amytal was reversible, 

experiments on the other redox enzymes were usually performed in separate experi- 

ments. The state of FAD in the mucosa was determined by dA at 51o/465 mµ. When 

the tissue was made anoxic, reduction (i.e. decrease in dA) occurred as expected, and 

when 02 was readmitted there was reoxidation with little evidence of an overshoot. 

When acid secretion was re- established, 2 mM amytal was added with ensuing oxidation 

of FAD (Fig. 6). If the tissue was then made anoxic, a slow reduction of FAD was 

observed in keeping with the reduced rate of electron transfer from NADH. 

In experiments where arsenate and the other uncouplers were added following 

amytal, further oxidation of FAD resulted (Fig. 7). When arsenate was added prior 

to addition of amytal there was oxidation of FAD and further oxidation with amytal. 

Similar results were obtained with the other uncouplers studied. 

20 
465/510 mix 

10- 

N, 0, As 04 
20mM 

} 
Amytal 

2mM 
Ox 

465 /510 mµ 

20- 

o 
t } 
N, 0, Amytal 

2 n1 t 
10- Ox A504 t 

5 

20mM N, 

10 20 30 40 50 60 
TIME (min) 

i 

70 80 90 

Fig. 7. The effect of sodium arsenate and amytal on the AA at 4651510 mµ (FAD) of the frog 
gastric mucosa. In the top figure arsenate was added before amytal, while the reverse sequence 
was used in the lower figure. 

Enzyme studies 
Since the mitochondrial system is not unique in catalysing NADH oxidation, 

a membrane preparation was studied with respect to the effect of amytal on the 
NADH oxidase system. In this preparation 2 mM amytal had no detectable effect on 
the activity, but at 6 mM there was approx. 3o % inhibition. There was also a lag in 
the onset of inhibition which was not found when amytal was premixed with the 
enzyme. This membrane preparation also exhibited ATPase activity, which was 
sensitive to SCN- (a potent secretory inhibitor) but not to amytal. The NADH 
oxidase activity, however, was found to be SCN- insensitive (Table II). 
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TABLE II 
THE EFFECT OF AMYTAL AND SCN- ON FROG GASTRIC MICROSOMAL NADH OXIDASE AND ATPASE 

The results given are means of five experiments ± S.E. of the mean: 

NADH oxidase ATPase 
(d o.00r A min 1 mg-1) (llmoles Pt min -1 mg -1) 

Control 318 ± 31 1.71 ± 0.12 
SCN- (I mM) 310 ± 26 0.46 ± 0.12 
Amytal 216 ± 15 1.73 f 0.29 

Summary of results 
Amytal at 2 mM reduced the H+ secretory rate to zero, with lesser effect on 

net `non- acidic' Cl- flux. At this amytal concentration there was a 5o % depression in 

ATP levels, a 75 % inhibition of 02 consumption, with a reduction of NAD+ and 

oxidation of FAD. At 6 mM amytal the NADH oxidase system present in the micro - 

somal fraction was 3o % inhibited, but no effect on the ATPase was found. 

DISCUSSION 

The action of amytal in blocking electron transport between NAD+ and FAD 

in mitochondrial systems is well established. That this effect occurs in an intact 

transporting tissue, such as gastric mucosa, and that it can apparently account for 

selective inhibition of transport of one ion and not another, has not previously been 

reported. It appears, that in order to obtain a given effect, the concentration of amytal 

is critical. At 0.2 mM, little effect was noted, and at 20 mM both Cl- and H+ transport 

were inhibited. At 2 mM, however, selective H+ secretory inhibition occurs, with 

an initial rise in the potential difference and short -circuit current. This latter effect 

is presumably the consequence of biochemical coupling between the H+ rate and the 

Cl- mechanism. 
Subsequently the potential difference was well maintained, but after about 

6o min there was a steady decline in the potential difference with a rise in the resist- 

ance. The measurement of Cl- flux established that at 3o min following amytal the 

net Cl- transport was unchanged, apart from the fraction accompanying H +. 

In S042- solutions, amytal reduced both H+ secretion and potential difference 

to zero, since S042- is not transported by Rana pipiens gastric mucosa9. 
The maintained potential difference in Cl- solutions, in the absence of an acid 

rate with 2 mM amytal could be the result of a residual diffusion potential (cell to 

lumen) established prior to the amytal inhibition. Anoxia for 4o min resulted in the 

fall of potential difference to zero, and reoxygenation re- established 6o % of the 

potential difference within 5 min. This implies that the mechanism for establishing 

the potential difference is still operative 70 min following amytal addition. 
The biochemical changes in the tissue must thus account for the changes in 

H+ transport with sparing of the Cl- mechanism, and might yield some insight into 

the biochemical dependence of this transport. 
Dual -beam studies showed that there was a change in the steady state of 

NAD+ towards reduction, and of FAD towards oxidation. The reduction of NAD +, 

however, is incomplete at the time that the H+ rate is zero, whereas with anoxia 

Biochim. Biophys. Acta, 143 (1967) 522 -531 
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there appeared to be simultaneity of inhibition of H+ and NAD+ reduction. It can 

be concluded, however, on the basis of the amytal effect, that there is no simple 

correlation between NAD+ metabolism and the H+ rate. 

Since the majority of cellular oxidations traverse the NAD+ pathway, 70 % 

inhibition of 02 consumption was observed, coupled with a 5o % depression of ATP 

levels. The measurement of these two parameters appears critical for an evaluation 

of either a redox or an ATPase theory of secretion. The results obtained here raise 

difficulties for either theory. The overall dH + /dO ratio found of 1.6, although com- 

patible with a simple redox theory, is undoubtedly an underestimate since it is highly 

unlikely that the NAD +- dependent 02 consumption is entirely concerned with H+ 

production. The ratios previously found depend on the technique used10. Since there 
was 5o % residual ATP, an explanation of the action of amytal based on ATP deple- 

tion requires some second -order assumptions, the most obvious one being compart- 
mentation of ATP, with depletion of that fraction of the ATP concerned with H 

transport, or inhibition of the transport system by ADP. Another alternative, namely 
that amytal has a direct action on the cell membrane, is not excluded by our data, 
since although the microsomal ATPase was unaffected by amytal, the NADH oxidase 
was inhibited by 3o %, albeit at a higher concentration than 2 mM. The function of 

this system is not well understood, but appears to be associated with microsomes, 
rather than plasma membrane. 

Thus, using currently available biochemical techniques, the action of amytal 
on the gastric mucosa has been shown to consist of inhibition of oxidation of NADH 
with concomitant reduction of 02 consumption and ATP levels. As a consequence of 

these actions, there is inhibition of the H+ rate, with little effect on Cl- transport. 
Anoxia has also been shown to dissociate H+ and Cl- secretion. It is clear therefore 
that these two transport systems are clearly differentiated in their metabolic depend- 
ence. On the assumption that ATP is the energy source for H+ and Cl- secretion, one 
simple explanation is that H+ is dependent on mitochondrially generated ATP, 
whereas Cl- transport may utilise glycolytic ATP under certain experimental condi- 
tions. 
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Adenine and pyridine nucleotide levels as well as those of phosphate, phosphocreatine, lactate, 
pyruvate, 13- hydroxybutyrate, acetoacetate, glucose, and glycogen were measured in histologically 
defined parietal and mucous cell sections of biopsies of dog gastric mucosa at rest, and in various 
secretory states. As a result of stimulation of secretion, there appeared to be no change in adenine 
nucleotide levels, or phosphocreatine, but there was a rise in inorganic phosphate and a fall in 
phosphorylation potential. However, there was a marked increase in NADH, but no change in NADPH 
with onset of acid secretion. The increase in the lactate to pyruvate ratio showed that the increased 
NADH level occurred in the cytoplasm and these data are discussed with reference to change in cell pH. 

Proton transport is an almost universal phenomenon occur- 
ring in subcellular organelles such as mitochondria (1) and 
chromatophores (2), as well as in unicellular organisms such as 
Escherichia coli (3) or yeast (4), and in plants (5) or animal 
tissues such as kidney (6), pancreas (7), or stomach (8). The 
latter tissue is probably the most specialized in this function, 
the mammalian parietal cells being capable of developing a 
1068 -fold concentration gradient of H +. Since it is unlikely that 
a totally novel mechanism evolved in gastric mucosa, it seems 
that an understanding of the transport process in this organ 
would be generally applicable to the problem of H+ transport 
in most situations. 

Measurement of metabolite levels in gastric mucosa there- 
fore has as its main purpose the determination of the primary 
energy source for H+ secretion. Thus, measurement of adenine 
nucleotide and phosphocreatine levels may be able to answer 
the question as to whether ATP is the primary energy source, 
and extension of these measurements to other metabolites 
should be able to provide information as to the pathway or 
pathways stimulated to provide the primary energy for trans- 
port. 

Logically, the tissue metabolites should be studied before 
and after stimulation, and a comparison of the steady state 
levels should indicate physiologically significant changes. Two 
types of measurements have been made. Nondestructive tech- 
niques such as dual or split beam spectroscopy (9,'10) have 
provided information on the steady state changes in the 
oxidation- reduction components of the mitochondrial respira- 
tory chain, and destructive techniques such as described here 

* This work was supported by National Institutes of Health Grants 
ÁM15878 and AM08541, and Grant -in -Aid from Smith Kline & French 
Laboratories. 

have given data on adenine nucleotide levels (11, 12). However, 
these past experiments have been confined almost exclusively 
to in vitro studies of frog gastric mucosa where the change in 
H+ rate is limited, and moreover no distinction has been made 
between the multiple cell types present in the tissues. The 
work reported in this and succeeding papers deals with 
measurements in biopsy samples from an intact mammalian 
mucosa, in what were determined histologically to be parietal 
cell regions weighing about 1 tog. The fluorimetric cycling 
procedures developed by Lowry and his collaborators (13) were 
used to obtain the necessary sensitivity. This paper reports 
data obtained for adenine and pyridine nucleotides and 
metabolites related to the "free" pyridine nucleotide levels in 
cytosol and mitochondria under resting (i.e. nonsecreting), 
secretory onset, and steady state secretion in dog gastric 
mucosa. 

METHODS 

Gastric Preparation -Adult beagle dogs were anesthetised with 
Nembutal. The abdomen was incised and the gastric mucosa exposed 
by an incision along the greater curvature. Resting tissue samples were 
taken at 15 and 30 min after surgery, at which time histamine infusion 
was started at a rate of 100 µg /kg/hour to give maximal secretion. In 
some experiments, 100 µg of urecholine were used in addition to 
histamine to increase secretion further. After 8 to 10 min of infusion, 
the gastric mucosa reddened, which occurred 1 to 2 min prior to onset 
of acid. With histamine and urecholine, a faster onset was seen. A 

sample was taken from the reddened nonsecreting mucosa during this 
period and labeled "blood flow" sample. Onset of acid secretion was 
monitored by measuring the fall of pH in 1 ml of saline (0.9% NaCI 
solution) held on the mucosa by means of a Lashley suction cup (2.27 
cm') for 3 min. When pH started to fall, tissue samples were taken at 
that time (HI) and another when the pH stabilized at about 2.0 in the 
approximately 10 -fold diluted sample (HII). H+ rate was obtained by 
titration to pH 7.0 (Fig. 1). The acid rate for histamine alone was 
one -third that found with histamine and urecholine in combination, as 

known previously. 
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FIG. 1. The stimulation of acid output by histamine, O -O, 100 
Ag/kg, and histamine + urecholine, x -x, 100 gg/kg each, in the 
anesthetized dog. The arrow indicates start of infusion. 

Precautions were taken to control bleeding, and to keep the mucosa 
moist and warm at all times. Dogs which showed cyanotic mucosae 
were rejected as bad experiments. 

Sampling Procedure- Samples were taken by precooled rectal 
biopsy forceps, with scalpel excision of the piece of tissue ( - 100 mg wet 
weight). The tissue sample was frozen immediately (<3 s) in liquid 
nitrogen, and stored at -80° until use. Holding the tissue at room 
temperature for a period of 30 s did not change the adenine or pyridine 
nucleotide levels, hence the rapidity of the sampling procedure was 
deemed adequate. Phosphocreatine decreased and lactate increased in 
this 30 -s procedure, but since no change was found in phosphocreatine 
in the 3 -s sample, this was further evidence for adequately rapid 
sampling. 

Treatment of Samples -The samples were placed in a Harris 
cryostat at -20° and serially sectioned (20 gm thick) until parietal cell 
areas were seen, as evidenced by the darker appearance of the tissue. 
The initial sections consisted exclusively of surface or glandular neck 
cells. The frozen sections were placed in drilled aluminum blocks at 
-20° and dried under vacuum at -40 °. Every fourth frozen section 
was transferred to a glass slide and stained for succinic dehydrogenase 
activity using succinate and nitro blue tetrazolium (14); in this manner 
the parietal cell area was clearly identifiable (Fig. 2). Adjacent 
lyophilized sections were trimmed using the stained sections as a guide 
until only defined parietal cell regions remained. Careful dissection of 
tissue samples from these areas of the sections were used for the 
extraction procedures. To ensure that the sections would not absorb 
atmospheric moisture, freeze -dried sections were maintained at -80° 
under vacuum for storage and dissected quickly in a specially 
constructed room maintained at <50% humidity and 18 °. In separate 
experiments, direct extraction of frozen sections gave quantitatively 
similar data, hence the dissection procedure did not result in metabo- 
lite destruction. In some cases, antral tissue was sectioned or the 
mucous cell sections of fundus were used, and the low level of succinic 
dehydrogenase staining was used to assess freedom from parietal cells. 

Extraction Procedures -Since we are dealing with extremely small 
samples of tissue (1 gg), the oil well technique (15) was required. A 
small volume (1.0 to 2.0 Al) of HC1 or NaOH is introduced into a 
specially constructed Teflon rack 10 wells at a time. The sample tissue 
is then pushed into the droplet of acid or alkali and oil added quickly to 
avoid evaporation problems. The procedure is performed under a 
stereo dissecting microscope. The Teflon rack was heated where 
necessary (generally 20 min, 80 °) to destroy endogenous pyridine 
nucleotide and enzyme activities. Standards dissolved in acid or alkali 
are treated the same way as the tissue samples following addition to 
the oil well. 

Metabolite Levels -Since several metabolites were measured, tables 
are presented giving the details of the procedure used for measurement 
of each metabolite. The sequence of steps is (a) extraction of the tissue 

Fra. 2. Sections through dog gastric mucosa stained with nitro blue 

tetrazolium for succinic dehydrogenase, at rest (top) and during 

secretion (bottom). The sections are trimmed for maximal inclusion of 

stained areas, and exclusion of nonstaining areas, for parietal cells, and 

the converse for mucous cells. 

sample (Table I) and enzymatic assay utilizing the conversion to 

pyridine nucleotide, oxidized or reduced; (b) treatment of sample for 

cycling (Table II); (c) cycling (Tables II and III); (d) indicator step 

(Table IV). Table II also contains the range of substrate standards used 

and controls are inserted at each stage. References to the methods are 

on the tables, and a detailed description is given in Ref. 13. 
Cycling Techniques -This varies for NAD +, NADH, NADP +, and 

NADPH, and the procedures are detailed in Table III. This is the 

method used for determination of levels of the pyridine nucleotides, 
and also for the pyridine nucleotide produced in the other substrate 
assay methods with, therefore, the omission of the initial step 

destroying the oxidized or reduced form of the pyridine nucleotide, 
which step is performed slightly differently for each substrate as 

detailed in Table I. Also, the amount of cycling enzyme varies for each 

substrate, as a function of the number of cycles required and this is 

detailed in Table II. The other reagent levels remain the same. 
Indicator Step -In NAD+ cycle, malate levels were measured as the 

indicator step by direct fluorimetry using malic dehydrogenase, and for 
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TABLE I 

Substance° 
Preparation 
of sample Volume Buffer Enzymes mes y Other additions Preparation 

for cycling 

ATP (16) 

ADP (13) 

3 Al of 0.1 N 

NaOH, 15 min, 
75° 

3 al of 0.05 N 

NaOH + 6 mM 

H2O, 20 min, 
80° 

To 1 Al add 2 Al 

reagent, 15 min, 
R.T.° 

To 1 Al add 3.3 Al 

reagent, 20 min, 
R.T. 

300 mM Tris, 
pH 8.0 

100 mM imida- 
zole, pH 7.0 

2 µg/ml yeast hexoki- 
nase; 0.25 µg /ml 
glucose -6 -P dehy- 
drogenase , 

Pyruvate kinase, 5 

µg/ml; lactic dehy- 
drogenase, 3 µg/ml 

0.05% BSA, 0.5 mM 
DTI', 5 mM MgCl,, 1 

mM glucose, 60 µM 
TPN 

0.02% BSA, 2 mM Mg Cl., 
75 mM KCI, 25 µM 
PEP, 4 µM NADH 

1 Al of 1.2 N NaOH, 
20 min, 75° 

2.1 Al of 0.5 N HCI, 
45 min, R.T. 

AMp (13) 3 Al of 0.05 N 

NaOH + 6 mM 

H202, 20 min, 
80° 

To 1µl add 3µI 
reagent, 20 min, 
R.T. 

100 mM imida- 
zole, pH 7.0 

Pyruvate kinase, 5 µg/ 
ml; lactic dehydro- 
genase (BHLDH), 8 
µg /ml; myokinase, 2 

0.02% BSA, 2 mM MgC12, 
75 mM KC1, 25 µM 
PEP, 7.5 µM NADH, 5 
µM ATP 

2µl of 0.5 N HCI, 30 
min, R.T. 

µg /ml 
PCr (16) 3 Al of 0.1 N 

NaOH, 15 min, 
75° 

To 1 Al add 2 Al 

reagent, 30 min, 
300 mM Tris, 

pH 8.0 
Creatine kinase, 2 

mg /ml; hexokinase, 
2 µg /ml; glucose- 

0.05% BSA, 5 mM MgCI,, 
1 mM glucose, 60 µM 
NADP *, 0.02 mM 

1 Al of 1.2 N NaOH, 
30 mM, 75° 

6-P dehydrogenase, 
0.25 µg /ml 

ADP, 0.5 mM DTT 

Glucose 1 Al of 0.02 N HC1, 
20 min, 60° 

2 Al reagent, 30 
min, R.T. 

100 mM Tris, 
pH 8.0 

Yeast, hexokinase, 2 

µg /ml; yeast glu- 
cose -6 -P dehydro- 
genase, 0.25 µg /ml 

10 µM NADP *, 100 µM 
ATP, 5 mM MgCl,, 
0.02% BSA 

1 Al of 1.2 N NaOH, 
30 min, 80° 

Glycogen (17)' 7.16 Al of 0.02 N 

NaOH, 20 min, 
60° 

To 1 Al add 1 Al 

100 mM acetate 
buffer, pH 4.0, 
with 2 mg /ml 

300 mM Tris, 
pH 8.0 

20 µg/ml yeast hex- 
okinase, 5 µg /ml 
yeast glucose -6 -P 
dehydrogenase 

100 µM NaDP *, 200 µM 

ATP, 10 mM MgC12, 
0.04% BSA 

1 Al of 1.2 N NaOH, 
30 min, 80° 

amyloglucosi- 
dase, 20 min, 
55 °, add 1 Al 

reagent react 30 
mM, R.T. 

P, (4 il 1 Al of 0.1 N 

NaOH, 15 mM, 
65° 

0.3 M imida- 
zole, pH 7.0 

Phosphorylase 30 µg/ 
ml, phosphogluco- 
mutase 3 µg /ml,glu- 
cose-6-P dehydro- 
genase 1.25 µg /ml 

0.02% BSA, 2 mM EDTA, 
20 µM 5' -AMP, 60 µM 

NADP *, 5 mM glyco- 
gen 

1 Al of 1.2 N NaOH, 
15 min, 75° 

Lactate (13) 1 Al of 0.02 N 5 Al reagent, 60 100 mM AMP,' Beef heart lactic de- 0.25 mM glutamate, 50 5 Al of 0.25 N 

NaOH, 20 min, 
80° 

min, R.T. pH 9.75 hydrogenase, 400 
µg /ml, glutamate 
pyruvate transami- 
nase, 50 µg/ml 

µM NAD *, 0.02% BSA NaOH, 30 min, 
80° 

Pyruvate (13) 1 Al of 0.02 N 2 Al reagent, 20 50 mM imida- Beef heart lactic de- 0.02% BSA, 1 µM NADH 1 Al of 0.5 N HCI, 45 

NaOH, 20 mM, 
80° 

min, R.T. zole, pH 7.0 hydrogenase, 0.2 
µg /ml 

mM, R.T. 

ß- Hydroxybu- 1 Al of 0.025 N 2 µl reagent, 35 50 mM Tris hy- ß- Hydroxybutyrate de- 100 µM NAD *, 0.1 1 Al of 0.25 N 

tyrate (18) HCI, 20 min, 
80° 

min, R.T. drazine, pH 
8.5 

hydrogenase, 10 
µg /ml 

mM EDTA, 0.1 mM 
MgSO,, 0.01% BSA, 1 

mM DTT 

NaOH, 20 min, 
80° 

Acetoacetate 1 Al of 0.02 N 2 Al reagent, 90 200 mM imida- ß- Hydroxybutyrate de- 2 µM NADH, 2 mM 1µl of 0.5 N HCI, 30 
(18) NaOH, 20 min, 

80° 
min, R.T. zole, pH 7.0 hydrogenase, 40 

µg /ml 
MgC12, 1 mM EDTA, 
0.02% BSA, 30 min, 
R.T. 

min, R.T. 

°References are given in parentheses. 
°R. T., room temperature; BSA, bovine serum albumin; DTT, dithiothreitol; NADP *, triphosphopyridine nucleotide; PEP, P- enolpyruvate; 

BHLDH, beef heart lactate dehydrogenase; PCr, phosphocreatine; NAD* diphosphopyridine nucleotide; AMP, 2- amino -2- methyl propanol. 
`Corrected for glucose blank. 

the NADP* cycle, 6- phosphogluconate was measured directly using 
6- phosphogluconate dehydrogenase (Table IV). The sequence of steps 
is summarized in Fig. 3 for the entire procedure. 

Materials -All enzymes were obtained from Boehringer- Mannheim 
except beef heart lactic dehydrogenase which was purchased from 
Worthington and further purified with activated charcoal. Substrates 
were purchased from Sigma Chemical Co., and the Trizma (Tris(hy- 
droxymethyl)aminomethane) buffer from Sigma is treated with Norit 
before use. 

RESULTS 

Acid Secretion 

As shown in Fig. 1, the dog gastric mucosa initially secretes 
no measurable acid, zero time on the graph representing 30 min 
after surgery. Following infusion of histamine there is a 10 -min 
lag, and with histamine and urecholine a 3 -min lag. Then 
reddening of the mucosa is observed consonant with increased 
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TABLE II 

Substance 
Aliquot from oil Volume & condition 
well for cycling for cycling Enzymes utilized Substrate standard utilized 

(x 10- "mol) 

ATP 

ADP 

AMP 
PCr 
Glucose 
Glycogen 
Lactate 
Pyruvate 
ß- Hydroxybutyrate 
Acetoacetate 
P, 

1 Al 100µl, 60 min, 37° 

1 Al ,100 µl, 60 min, 27° 

3 µ1 

0.535 Al 

100 µl, 60 min, 27° 
100 µl, 60 min, 37° 
100µl, 60 min, 37° 
100 Al, 60 min, 37° 
l00µ1, 60 min, 27° 
100 Al, 60 min, 27° 
100µl, 60 min, 27° 
100 Al, 60 min, 27° 
100 Al, 60 min, 37° 

Beef liver glutamic dehydrogenase, 
100 µg/ml; glucose-6-P dehydrogen- 
ase, 50 µg/ml 

Alcohol dehydrogenase, 120 µg/ml 
malate dehydrogenase, 17 µg/ml 

60 µg/ml ADH°; 10 µg/ml MDH 
54 µg/ml GDH; 27 µg/ml G6PDH 
27 µg/ml GDH; 14 µg/ml G6PDH 
27 µg/ml GDH; 13.5 µg/ml G6PDH 
60 µg/ml ADH; 10 µg/ml MDH 
300 µg/ml ADH; 45 µg/ml MDH 
118 µg/ml ADH; 20 µg/ml MDH 
60 µg/ml ADH; 10 µg/ml MDH 
G6PDH 30 µg/ml; GDH 150 µg/ml 

4.34-8.68 in 0.1 N NaOH 

4.82-9.64 in 0.05 N NaOH 

1.67-3.33 in 0.05 N NaOH 
5-10 in 0.1 N NaOH 
2.5-5 in 0.02 N HC1 
7.5-30 in 0.02 N NaOH 
5-20 in 0.02 N NaOH 
0.96-1.92 in 0.02 N NaOH 
0.404-0.808 in 0.025 N HCl 
1.25-5 in 0.02 N NaOH 

9--16 in 0.02 N NaOH 

° ADH, alcohol dehydrogenase; MDH, malate dehydrogenase; PCr, phosphocreatine; GDH, beef liver glutamic dehydrogenase; G6PDH, 
glucose -6 -P dehydrogenase. 

TABLE III 

Substance° Cycling reagent Procedure Standard range 
(10 -"mol) 

NADP+ (19, 20) 

NADPH (19, 20) 

NAD+ (20, 21) 

NADH (20, 21) 

100 mm Tris -HC1 buffer, pH 8.0 
5 mM a- ketoglutarate 
1 mM glucose -6 -PO4 

25 mM NH,OAc 
100 µg /ml beef liver GDH° 
25 µg /ml G6PDH 

100 mM Tris -HC1 buffer, pH 8.0 
5 mM a- ketoglutarate 
1 mM glucose -6 -P0, 

25 mM NH,OAc 
100 µg /ml beef liver GDH 
25 µg /ml G6PDH 
100 mM Tris -HC1 buffer, pH 8.0 

300 mM ethanol 
2 mM mercaptoethanol 

0.02% BSA 
2 mM oxalacetate 

60 µg yeast ADH 
10 pg MDH 
As above, but double enzyme 

concentration 

1 Al of 0.025 N HC1 with 300 mM ascorbate, 75 °, 20 min, 
cool on ice, 12 Al cycling mixture, incubate 37 °, 90 
min, stop, 100 °, 4 min, cool, 10 Al to 1 ml indicator 
reagent 

1 Al of 0.02 N NaOH, 75 °, 15 min, cool 12 p1 cycling 
reagent, incubate 37 °, 60 min, 100 °, 4 min, stop, cool, 
transfer 10 Al to 1 ml indicator reagent 

1 Al of 0.02 N HC1, 80 °, 20 min, cool on ice, 9µl cycling 
reagent, 27 °, 60 min, stop, 100° for 10 min, 7 Al to 1 

ml indicator reagent 

0.144 -0.228 

0.144 -0.228 

1.25 -5 

1 Al of 0.02 N NaOH with 1 mM cysteine, 80 °, 20 min, 0.25 -1 
cool on ice, 9 Al cycling reagent, 38 °, 1 hr, stop, 100 °, 10 

min, transfer 7 Al to 1 ml indicator reagent 

° References are given in parentheses. 
° GDH, beef liver glutamic dehydrogenase; G6PDH, glucose -6 -P dehydrogenase; BSA, bovine serum albumin; ADH, alcohol dehydrogenase; 

MDH, malate dehydrogenase. 

vascular perfusion. Shortly thereafter, measurable secretion 
starts, and reaches a plateau within 15 min. The combination 
of stimuli (e.g. histamine + urecholine) produced about 2 to 3 

times as much acid as histamine alone (Fig. 1). 

Adenine Nucleotides 

ATP -The levels found in the parietal cells are given in 
Table V and in the mucous cells in Table VI. The levels found 
are quite similar to those of other tissues, liver for example 
(22). The levels in mucous cells are somewhat lower (65 %) than 
those of parietal cells. It is striking, also, that no change is 
observed with increase of blood flow or acid secretion in the 
level of this nucleotide. 

ADP -Table V shows that the levels of this nucleotide also 
do not champ rinrinv the PVT1Primantal nrntnnnl f.,, tho 

cells or the mucous cell layer from the fundus or antrum. 

Again, the levels found are comparable to those of liver (22). 

The much greater acid rate obtained with histamine plus 

urecholine had no effect on the ATP or ADP values, hence all 

the data are combined. 
AMP -The level of AMP increased by about 20% with onset 

of mucosal perfusion until acid secretion started and stabilized 

thereafter (Table V). No measurements of this nucleotide were 

made in the mucous cells. The ATPAMP /[ADP]2 level 

suggests an active adenylate kinase. 
Total Nucleotides -No significant change was noted in the 

total adenine nucleotide level found in the parietal cell region 

as a function of acid secretion (Table V). 
Phosphocreatine -A slight, nonsignificant increase was ob- 
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blood flow, and secreting samples. It should also be pointed 

out, that in some dogs, although not reflected in the means of 

the totals, there is a distinct, significant rise in phosphocrea- 

tine with onset of acid secretion (Table V). The level in mucous 

cells is similar to that found in parietal cells (Table VI). 

ATP /ADP Ratio -From the data for the individual values, 

there is no change in the ATP /ADP ratio. Mucous cells show a 

ATP /ADP ratio of about 1.0 (Table VI), much less than for 

parietal cell regions, which is about 2.3. 

NAD* -Table VII shows that there is no significant change 
in the levels of NAD + between rest and secretion. The level in 

mucous cells is lower by about 30% than those of parietal cells 
(Table VI). 

NADH -In contrast to the constant values obtained for 

TABLE IV 

Indicator steps 

NADP+/NADPH (19)° 

NAD */NADH (21) 

20 men Tris buffer, pH 8.0 
0.02 mMNADP* 
0.01 mMEDTA 

5 µg /ml 6- phosphogluconate dehy- 
drogenase 

1 ml reagent to each tube, react 30 
min, 22 °, measure NADPH flu - 
orimetrically 

6 -PG° + NADP* -, R -5 -P + NADPH 
+ CO2 

50 mm 2- amino -2- methyl propanol 
buffer (AMP), pH 9.9 

0.02 mM NAD + 

10 mm glutamate 
5 eg /ml MDH 
2 µg /ml GOT 
1 ml reagent to each tube, react 22° 

for 10 min, measure NADH flu - 
orimetrically 
Malate + NAD* -. OAA + NADH 

+ H+ 
OAA + glutamate aspartate + 

a -KG 
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NAD+ there is a significant (80 %) increase in NADH with onset 
of acid secretion which is maintained during steady state 
secretion (Table VII). The level in mucous cells is extremely 
low (Table VI), being only 20% of 'the parietal cell value. 

NAM/NADH Ratio -As can be predicted from the above, 
there is a significant fall in this ratio, with H* secretion in the 
parietal cells, but even at peak secretion, there is about 3 times 
as much NAD+ as NADH. Also it should be noted that with 
onset of acid there is a slight (8 %) increase in the total 
nicotinamide adenine nucleotide level. The ratio NAD +/ 

NADH in the mucous cells is about 30, and increases with 
secretion to 48. 

NADP+ -Table VII shows that with blood flow and onset of 
acid secretion there is no change in the level of this nucleotide, 
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°References are given in parentheses. 
56-PG, 6- phosphogluconate; R -5 -P, ribulose -5 -P; MDH, malate 

dehydrogenase; GOT, glutamate -oxalacetate transaminase; OAA, ox-FIG. 3. 
alacetate; a -KG, a- ketoglutarate. cellular levels 

TABLE V 

Metabolite levels in parietal 
The values are the means ±S.E. of n dogs, at least four measurements having been 

state of reddening of the mucosa, HI the sample when acid secretion was detected in 
are given, when appropriate, in millimoles kg - dry weight. 

INDICATOR REACTION 

Fluorometric Measurement 

A schematic representation of the stages used for analysis of 
of metabolites. NBT, nitro blue tetrazolium. 

cells 

made on each sample in each dog. Blood flow refers to the 
that area, and HII a sample at steady state secretion. Values 

Substance Resting Blood flow HI HII 

ATP 

ADP 

ATP /ADP 

AMP 

Total nucleotide 

Phosphocreatine 

[ATP) [AMP )/ [ADP ) 2 

12.438 t 0.410 12.414 
(n = 17) 

5.691 ± 0.192 
(n = 17) 

2.267 ± 0.102 
(n = 17) 

1.175 ± 0.121 
(n = 15) 

19.30 ± 0.18 
(n = 15) 

4.149 ± 0.318 
(n = 17) 

0.45 

± 0.627 
(n = 13) 

5.741 ± 0.175 
(n = 13) 

2.218 ± 0.133 
(n = 13) 

1.383 ± 0.130 
(n = 10) 

19.49 ± 0.23 
(n = 10) 

4.788 ± 0.434 
(n = 13) 

0.52 

12.12 ± 0.627 
(n = il) 

5.779 ± 0.269 
(n=11) 

2.372 ± 0.207 
(n = 11) 

1.453 ± 0.122 
(n = 11) 

19.36 ± 0.31 
(n = 11) 

4.724 ± 0.270 
(n = 11) 

0.53 

11.959 ± 0.570 
(n = 13) 

5.800 ± 0.206 
(n=13) 

2.216 ± 0.172 
(n = 13) 

1.423 ± 0.113 
(n = 11) 

19.18 ± 0.27 
(n = 11) 

4.812 ± 0.690 
(n = 13) 

0.51 
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but at steady state secretion there is apparently a decrease in 
the level of oxidized nucleotide. The level of this nucleotide is 

lower than in the mucous cells. 
NADPH- Corresponding to the values of NADP+ found in 

the parietal cell region of the mucosa there is no significant 
change in NADPH levels, during the stages of acid secretion 
(Table VII). Mucous cells have a slightly lower value of 
NADPH than parietal cells (Table VI). No change occurs in 
the mucous cells with secretion. 

NADPH /NADP+ Ratio -The value for this ratio does not 
change during onset of acid secretion, but at the steady state 
level there is a slight rise in the value, with no change in 
mucous cells. 

Pyruuate -Table VIII shows that there is a progressive rise 
in pyruvate from the resting sample to blood flow and to 
secretion in the parietal cells; the levels in the mucous cells are 
about the same as in the parietal cells (Table VI), but do not 
change with the onset of acid secretion. 

TABLE VI 

Metabolite levels in mucous cells 

The values given are expressed in terms of n dogs ±S.E. at rest and 
during acid secretion in millimoles kg ' dry weight. 

Resting Histamine 

ATP 8.13 ± 0.93 7.66 ± 0.38 
(n = 4) (n = 4) 

ADP 7.82 ± 0.68 6.66 ± 0.44 
(n = 4) (n = 4) 

Phosphocreatine 5.53 ± 0.106 5.19 ± 0.110 
(n = 4) (n = 4) 

NAD+ 1.29 ± 0.028 1.34 ± 0.040 
(n = 4) (n = 3) 

NADH 0.046 ± 0.008 0.028 ± 0.004 
(n = 4) (n = 4) 

NADP+ 0.088 ± 0.012 0.097 ± 0.036 
(n = 4) (n = 4) 

NADPH 0.161 ± 0.016 0.178 ± 0.014 
(n = 4) (n = 4) 

Lactate 4.33 ± 0.254 4.61 ± 0.252 
(n = 3) (n = 3) 

Pyruvate 0.766 ± 0.060 0.768 ± 0.020) 
(n = 4) (n=4) 

Lactate- Lactate levels double with the onset of acid 
secretion and are maintained during steady state secretion 
(Table VII). The lactate level in the mucous cells is similar to 
that of resting parietal cells and shows no change (Table VI), 

Lactate/Pyruvate Ratio -The lactate /pyruvate ratio rises 
with onset of acid secretion to nearly twice its previous value, 
but does not change in mucous cells. 

Acetoacetate -Table VIII shows that there are no changes 
observed with this keto acid over the period of observation. The 
value obtained for gastric mucosa is higher than that observed 
for control fed rat liver, for example (22), but lower than others 

have found for fasted liver (23) and higher than in rat brain 

(24). 
ß- Hydroxybutyrate -The level of the reduced product of 

acetoacetate, as was found for lactate, shows an increase with 

onset of acid secretion, which is maintained with continued 

secretion (Table VIII). The level found, however, is low 

compared to levels obtained for fasted liver. 
ß- Hydryoxybutyrate / Acetoacetate Ratio -There is a pro- 

gressive rise in this value from onset of acid secretion into the 

steady state H+ secretion sample, the final result being an 

approximate doubling of the ratio found. It should be noted 

that this ratio is the inverse of what is found in rat liver (22), 

under either fed or fasted conditions. 
Glucose -The level of glucose remained quite constant over 

the period of observation, showing an insignificant 10% in- 

crease (Table IX). 
Glycogen -There is a gradual continuing decline in glycogen 

levels with onset and steady state acid secretion (Table IX), 

with a net 15% fall. 
Inorganic Phosphate -There is a significant rise in levels of 

inorganic phosphate found in parietal cells with acid secretion, 

but no change with blood flow (Table IX), the maximal change 

being about 30 %. The rise in this metabolite is unexpected in 

view of the lack of change of the adenine nucleotides and 

phosphocreatine, and may be due to entry of phosphate from 

the blood..- 

DISCUSSION 

Hypotheses as to the energy source for acid secretion have 

had a major effect on the concepts prevalent in the field, The 

earliest suggestion postulated that protons could be derived 

TABLE VII 

Metabolite levels in parietal cells 
The values are the means ±S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers to the 

state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state secretion. Values 

are given, when appropriate, in millimoles kg - dry weight. 

Substance Resting Blood flow HI HII 

NAD+ 1.970 ± 0.074 1.962 ± 0.074 1.882 ± 0.070 1.933 ± 0.074 
(n = 17) (n = 13) (n = 11) (n = 13) 

NADH 0.295 ± 0.020 0.315 ± 0.027 0.523 ± 0.074° 0.507 ± 0.070° 
(n = 17) (n = 13) (n = 11) (n = 13) 

NAD + /NADH 6.68 f 0.04 5.91 ± 0.04 3.60 ± 0.07° 3.81 ± 0.07° 
(n = 17) (n = 13) (n = 11) (n = 13) 

NADP+ 0.069 ± 0.008 0.069 ± 0.012 0.064 ± 0.008 0.046 ± 0.010 
(n = 16) (n = 7) (n = 14) (n = 11) 

NADPH 0.219 ± 0.012 0.223 ± 0.014 0.230 ± 0.013 0.230 ± 0.072 
(n = 20) (n = 14) (n = 12) (n = 14) 

NADPH/NADP+ 3.17 ± 0.31 3.23 ± 0.31 3.59 ± 0.33 4.78 ± 0.72' 
(n = 16) (n = 7) (n = 12) (n = 17) 

° p < 0.001. 
° p < 0.05. 
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TABLE VIII 

Metabolite levels in parietal cells 

The values are the means ±S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers to the 
state of reddening of the mucosa, HI the sample when the acid secretion was detected in that area, and HII a sample at steady state secretion. 
Values are given, when appropriate, in millimoles kg - dry weight. 

Substance Resting Blood flow HI HII 

Lactate 3.909 ± 0.351 4.679 ± 0.588 7.823 ± 1.191° 7.249 ± 1.020° 
(n =17) (n=12) (n = 11) (n = 13) 

Pyruvate 0.678 ± 0.032 0.747 ± 0.046 0.760 ± 0.074 0.817 ± 0.080 
(n = 15) (n = 12) (n=11) (n = 13) 

Lactate / pyruvate 5.77 ± 0.32 6.26 t 0.53 10.29 ± 1.10° 8.87 ± 1.00° 
(n = 15) (n = 12) (n = 11) (n = 13) 

Acetoacetate 1.379 ± 0.131 1.309 ± 0.084 1.377 ± 0.148 1.25 ± 0.115 
(n = 7) (n = 7) (n = 7) (n = 7) 

ß- Hydroxybutyrate 0.181 ± 0.013 0.157 ± 0.021 0.257 f 0.024` 0.333 ± 0.068° 
(n = 7) (n = 7) (n = 7) (n = 7) 

ß-Hydroxybutyrate/ 0.140 ± 0.019 0.135 ± 0.028 0.211 ± 0.040` 0.327 ± 0.113° 
acetoacetate (n=7) (n = 6) (n = 7) (n = 7) 

1p < 0.001. 

1p < 0.01. 

'p < 0.05. 

TABLE IX 
Metabolite levels in parietal cells 

The values are the means ±S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers to the 
state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state secretion. Values 
are given, when appropriate, in millimoles kg-1 dry weight. 

Substance Resting Blood flow HI HII 

Glucose 9.593 ± 0.820 9.337 ± 0.682 10.474 ± 1.602 10.352 ± 1.239 
(n = 17) (n = 13) (n = 11) (n=13) 

Glycogen 60.18 ± 3.40 56.75 ± 4.20 51.88 ± 3.01 50.34 ± 3.90e 
(n=11) (n = 11) (n = 11) (n = 10) 

P; 6.42 ± 0.14 6.38 ± 0.37 8.33 ± 1.30° 
(n = 5) (n=5) (n=5) 

Ip < 0.05. 

directly from oxidation- reduction of a substrate with secretion 
of H* and donation of electrons to an unspecified acceptor (25). 
This oxidation -reduction hypothesis was amplified further, 
based on work in yeast (26, 27) and data obtained from 
dual -split beam spectroscopy (28) have been interpreted as 
supporting an oxidation- reduction mechanism. On the other 
hand, measurements showing correlations between ATP levels 
and acid secretion (29, 30) or results obtained from the use of 
inhibitors (31, 32) have been interpreted as for (29) or against 
(30) an ATP -based mechanism. The discovery of ATPase in 
gastric mucosal membranes, either HCO3 - or K +- stimulated 
(33, 34) has also been used to support an ATP hypothesis. 
Measurement of adenine nucleotide and phosphocreatine lev- 
els in frog mucosa during onset or increase of acid rate has also 
implicated ATP as the primary energy source (35). 

The conflict of interpretation of the data is reminiscent of 
the problems in the field of oxidative phosphorylation. Here 
the proposal of chemiosmotic coupling (36) whereby the 
breakdown or synthesis of ATP is linked intimately to the 
generation or dissipation of an H+ or potential gradient, has in 
a sense blurred the distinction between ATP- and oxidation - 
reduction- linked mechanisms. 

Since techniques have not been developed for flux measure- 
ments of adenine and pyridine nucleotides, steady state levels 
of these components were measured; the hypothesis was that, 
because of the large change in energy consumption by the 

tissue, at some point in the transition between rest, tissue 
perfusion, and varying secretory states, critical steady state 
changes would be observed. 

The primary reaction, that of H+ transport, may be the site 
of stimulation of metabolism. The largest changes in the tissue 
should be observed in the acid -secreting cells, the parietal 
cells, and changes in surface epithelial cells should be minimal. 
The data obtained showed no change in levels of ATP and 
other adenine nucleotides, as well as no change in phospho- 
creatine, for either the parietal or the mucous cells. Moreover 
there was no significant difference in the levels found when the 
histamine and histamine + urecholine experiments were 
compared, in spite of the widely differing acid rates. 

There is a variety of possible interpretations. The high 
mitochondrial content of the parietal cells ( > 32%) suggests 
that this tissue may well be capable of a rapid response to 
widely varying energy demands, so that there is little change in 
ATP or phosphocreatine. In this case, however, since there is 

no change in total ADP, the primary metabolic stimulus for the 
increased 0, consumption (37) must be elsewhere in metabo- 
lism or due to changes in intramitochondrial ADP. It may be 
that mitochondrial metabolism is substrate -limited, rather 
than ADP- limited, i.e. that the mitochondria in gastric mucosa 
are in State 2 rather than State 4, as has been suggested 
elsewhere (28). 

Compartmentation of the various nucleotides between mito- 
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chondrion and cytoplasm, also occurs, although this does not 
apply to phosphocreatine. Thus it is possible to calculate or to 

measure the phosphorylation potential ATP /ADP P, (38). The 
calculation assumes cytoplasmic localization and equilibrium 
operation of lactic dehydrogenase, glyceraldehyde -3 -P0, dehy- 
drogenase, and phosphoglycerate kinase. 

The following equation can be shown to hold 

ATP [pyruvate ] [glyceraldehyde -3 -P ] 

ADP HP042- -[lactate ] [3- P- glycerate ] 

where 

K = Kcae Kaecn 
53 x 10' (pH 7.0) 

KLDH 

where G3P is glyceraldehyde -3 -P, 3PGA is 3- P- glycerate, and 
LDH is lactate dehydrogenase and HP0,2- is taken as 60% of 
total P1. Substituting the data from Table VIII, and the levels 
of glyceraldehyde -3 -PO4 and 3- phosphoglycerate presented in 
detail in a subsequent paper and in Ref. 39, the results of Table 
X are found. It can be seen that the cytoplasmic and total 
phosphorylation potential fall by 25 to 35 %, but that the 
cytoplasmic potential is twice as large as the total. This may be 
due to the altered energy state of the mitochondria. A possible 
artifact to be considered is a change in parietal cell pH, which 
has often been suggested, but rarely measured (28). Measure- 
ments in amphibian mucosa have suggested increases ranging 
from 0.3 to 1 pH unit.' A fall in cell [H+] will result in 
activation of phosphofructokinase as well as a decrease in the 
NAD+ /NADH, hence [pyruvate]/ [lactate] ratios. Since pyru- 
vate is the oxidized form, and glyceraldehyde -3- phosphate is 
the reduced form of the two oxidation-reduction couples 
involved in calculation of the phosphorylation potential, 
changes in the ratio of these due to a shift in NAD +/NADH due 
to a change of pH will cancel, assuming equilibrium operation. 

Data from frog gastric mucosa (35) which show a slight fall in 
ATP and a rise in ADP may be due to poorer oxygenation of the 
in vitro mucosa, with also slower removal of HCO, -, with 
subsequent hypoxia and alkalinization of the parietal cell, the 
latter consistent with the effects of increased CO, in vitro (40). 
The increase in phosphocreatine observed (35) was explained 
by the shift in cell pH. Since, however, the equilibrium 
constant for creatine kinase is 7.2 x 10 -9 at pH 7.4, and 2.98 x 
10 -9 at pH 9.8 (41), the predicted change as a function of pH 
would be a fall in phosphocreatine, rather than a rise, or a fall 
in ADP with a rise in ATP. Hence, the constancy, or increase of 
phosphocreatine is difficult to reconcile with ADP driven 
metabolic transition. It should be pointed out that constancy 
in ATP, and ATP /ADP ratios is also found in muscle during a 
work load (42). However, associated with this, there is a fall in 
phosphocreatine contrary to what was observed here, and in 
frog mucosa (35). 

Since the ratio [ATP]. [AMP]/[ADP]2 remains fairly con- 
stant at about 0.5 and since the equilibrium constant of the 
reaction, the inverse of the above ratio, is 2.26 at pH 7.4, it can 
be concluded that gastric parietal cells contain sufficient 
adenylate kinase to maintain this equilibrium. 

In contrast to the constancy of adenine nucleotide level, we 
observed consistent and significant increases in the NADH 
level. Although the NAD +/NADH ratio fell from 6.68 to 3.81, 
the NAD+ level was still greater than NADH. Previous work in 
this area has been confined to spectroscopy where the data 
show reduction of pyridine nucleotide with stimulation of 

S. J. Hersey, personal communication. 

secretion (10, 28) or at least reduction of the rest of the 
respiratory chain (39), but some disagreement exists for this 
finding (9). The spectroscopic data naturally do not distinguish 
di- or triphosphopyridine nucleotides, nor the cell type or 
cellular location of the change. NADP+ and NADPH change 
significantly with acid rate changes, and the NAD+ /NADH 
ratio doubles in the mucous cell, hence the spectroscopic data 
probably do indeed relate to the parietal cell (oxyntic cell in 

amphibia). 
It is possible to calculate the NADH/NAD+ ratio in the 

cytoplasm and mitochondria (43) on the assumption that (a) 

lactic dehydrogenase and a- glycerophosphate dehydrogenase: 
ß- hydroxybutyrate dehydrogenase and glutamic dehydrogen- 
ase are located in the cytoplasm or mitochondria exclusively, 
(b) their activity is sufficient to maintain equilibrium, (c) there 

is no pH gradient between mitochondria and cytoplasm. 
The equilibrium constants for lactic dehydrogenase is 1.11 x 

10 -" rot, and hence from the equation 

NAD+ 1 [pyruvate] [H *] 

NADH KLDH [lactate] 

The cytoplasmic ratio NAD + /NADH at pH 7.4 is calculated to 

be 620 and to change to 348 with secretion. The ratio changes of 

a- glycerophosphate and dihydroxyacetone phosphate are simi- 

lar to the lactate /pyruvate changes (39), hence the assumption 
that these dehydrogenases are sufficiently active to maintain 
equilibrium seems justified (Table XI). 

This may well not be so for the ß -HO- butyrate in stomach 
which has low activity in relation to liver. In the liver, the 

direction of change of acetoacetate /ß- hydroxybutyrate and 

a- ketoglutarate NH, /glutamate correspond, showing iden- 

tity of the NAD + /NADH ratio in mitochondrial membrane and 

matrix. In the stomach, whereas the acetoacetate /butyrate 
ratio falls, the a- ketoglutarate ratio increases (39, and subse- 

quent papers) by 50 %. This implies that the ß- hydroxybutyrate 
dehydrogenase has too low an activity to maintain equilibrium 
in parietal cells, and assuming at least no fall in NH3, that the 

mitochondrial NAD+ pool is relatively oxidized with onset of 

acid secretion. The ratio for cytoplasm is much larger than the 

measured ratio, presumably due to greater binding of NADH 

relative to NAD+ (43). 
The influence of pH on this equilibrium is large. Thus, a 

TABLE X 

Total measured phosphorylation state and calculated "cytoplasmic" 

phosphorylation state (m -') 

Sample Calculated 
ATP /ADP -P, 

Measured 
ATP /ADP P, 

Resting 4643 2099 

Blood flow 5308 2090 

HI 3201 1553 

TABLE XI 

NAD + /NADH ratio (pH 7A) 

Sample 

Calculated 
NAD +/NADH Total measured 

Cytosol NAD/NADH 
(pyruvate /lactate) 

Resting 620 6.68 

Blood flow 570 5.91 

HI 348 3.60 

HII 404 3.81 
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change of pH from 7.4 to 7.7, as has been suggested to occur in 

in vitro frog mucosa, would be sufficient to induce a 2 -fold 

change in the ratio, as observed here. Since, however, there is 

no difference between the two maximal secretory rates, where 

an additional change in cell pH might be expected, and also 

since there is no change in the NADPINADPH ratio which 

would be equally pH- sensitive, it may be that in vivo, little 

change in cell pH occurs. Also the rise in mucous cell 

NAD + /NADH argues against an alkalinization in this cell type 

which is coupled electrically to the parietal. Resolution of this 
problem will have to await direct measurements of pH change 
in vivo, and an attempt to distinguish between cytoplasmic 

and mitochondrial pH. 
In some dogs a sample was taken after prolonged anesthesia 

and secretion. In those dogs there was a significant fall in ATP 

and phosphocreatine, as well as a large rise in lactate and 
NADH. These data could be mimicked by holding the biopsy 
sample in the forceps for 3 min prior to freezing. Hence anoxia 
could be a significant factor in these samples. Maintaining 
anoxia in a biopsy from resting and secreting mucosa did not 
give significant differences in ATP fall between rest and 
secretion. Data obtained for rat gastric mucosa (total thick- 
ness) show similar changes with hemorrhagic shock (45). 

The mucous cells showed little change in any of the 
metabolites with onset of acid secretion. This shows a lack of 
effect of histamine on this cell type in the dog. 
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Several metabolites, including those of glycolysis, the 
citric acid cycle, the hexose monophosphate shunt, gluta- 
mate, aspartate, and Coenzyme A were measured in defined 
parietal cell- enriched freeze -dried sections of dog gastric 
biopsies derived from nonsecreting and secreting tissue. In 
addition, NH3, ribulose 5- phosphate, glycerol, and succinate 
were measured in perchloric acid extracts of biopsies. The 
onset of secretion increased the level of glycolytic interme- 
diates including pyruvate and lactate with the most marked 
increase being in fructose 1,6- diphosphate levels. The level 
of 6- phosphogluconate and ribulose 5- phosphate also in- 
creased, in spite of a constant NADP + /NADPH ratio. The 
levels of all the citric acid cycle intermediates measured 
also rose, the most marked rise being in malate and fuma- 
rate. The levels of glycerol, acetyl -CoA, and CoA increased, 
but the ratio of the latter intermediates remained constant. 
Calculation of the ratio of the oxidized to reduced form of 
diphosphopyridine nucleotide indicated a fall of the ratio in 
the cytoplasm and a rise in the mitochondria. From these 
data, it is concluded that the major energy source for acid 
secretion is due to an increase in citric acid cycle activity 
and that glycolysis, and probably also fatty acid oxidation, 
is stimulated to provide mitochondrial substrate. 

In epithelia, such as gastric mucosa, which are capable of 
large alterations in transport and 02 consumption with the 
addition of stimuli such as histamine, metabolic investiga- 
tions are essential to answer two major questions, the primary 
energy source for transport, and then the nature of metabolic 
pathway(s) stimulated to produce the primary energy source. 
There are classically two means of measuring metabolism, 
those which measure steady state changes in metabolite levels 
and those using radioisotopes which measure changes in flux 
through various pathways. Techniques for the former are 
now available for most metabolites and are being applied 
with increasing frequency to a variety of tissues (1, 2). Results 
from these can demonstrate changes which, when interpreted 

* This work was supported by Grant AM 15878 from the National 
Institutes of Health and Grant GB 31075 from the National Science 
Foundation. This is the second paper in a series on "Metabolism of 
Dog Gastric Mucosa." The preceding paper in this series is Ref. 13. 
The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

according to the cross -over theorem (3), show the presence of 
control points in metabolic pathways. When metabolite levels 
are combined with studies of the enzymes involved, metabolic 
activators and inhibitors can be defined, and the metabolic 
change in turn correlated with the levels of activator or 
inhibitor. 

In most epithelia, the major active function is Na+ transport 
with, consequently, ATP as the primary energy source. Gas- 
tric mucosa, however, has the active secretion of H+ and Cl- 
as its primary function (4), and there is disagreement as to 
the primary energy source for transport of either ion (5). 
Metabolic studies in this tissue have been mainly concerned 
with changes in adenine nucleotide levels (6) or with spectro- 
scopic measure of oxidation -reduction components (7) and 
conflicting data have been obtained, especially with the latter 
technique (8). Delineation of the metabolic pathway involved 
has largely been indirect and exclusively concerned with the 
in vitro amphibian mucosa (9). Data from such studies have 
been interpreted as indicating that fatty acid oxidation.is a 
major energy source for acid secretion with some involvement 
of hexose oxidation (10). Studies in amphibia appear to dem- 
onstrate that pyruvate dehydrogenase and pyruvate carbox- 
ylase may be rate- limiting (a conclusion derived from altera- 
tion of medium lipoate levels) (11). These studies also suggest 
that this system may not be as critical in mammalian mucosa 
(12). 

Recently, we have completed a study of adenine and pyri- 
dine nucleotide levels in defined parietal cell areas of resting 
and secreting dog mucosa (13) where the change of H+ rate 
from rest to secretion is almost 2 orders of magnitude greater 
than in amphibian mucosa. This paper extends these obser- 
vations to other metabolites accessible to the microfluori- 
metric cycling procedures. By necessity for some substrates, 
such as glycerol, NH3, succinate, and ribulose 5- phosphate, 
extracts of canine mucosa were used in place of the usual 
freeze -dried tissue section in the measurements. 

EXPERIMENTAL PROCEDURES 

Methods 

Surgical Procedures, Biopsy, and Extraction -These have been 
described in detail in the previous paper of this series (13). 

Measurement of Metabolite Levels- Following extraction of the 
metabolites, they are stoichiometrically reacted to produce one form 
of pyridine nucleotide which is then measured by insertion into a 
NAD+ or NADP+ cycling system followed by fluorimetric measure- 
ment of the indicator substrate (14). At each stage of measurement, 
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control standards are run, and for each substrate, the linear range 

of estimate is adjusted appropriate to the level of substrate found in 

the biopsy extract. 
An artifact was found in assays depending on the enzymic conver- 

sion of NADH to NAD +. There appears to be a nonenzymic produc- 

tion of NAD+ unless ascorbic acid is present in the reagent step. 

This artifact leads to an overestimate of the levels of ADP, pyruvate, 
and acetoacetate as reported in the previous paper of this series (13) 

and in other metabolites whose measurement is dependent on NAD+ 

production. We found that this artifact could be corrected by making 
the reagent 6.7 mM final concentration in ascorbic acid and adding 
sufficient ascorbic acid during the preparation for cycling to achieve 
a final level of 50 mM ascorbate. With this procedure, for example, 
the level of ADP obtained fell by 24% compared to our previously 
published values. Table I presents the methods used for metabolite 
measurement. 

The procedure for cycling NADP + /NADPH was essentially that 
of Lowry et al. (23) as described in Ref. 13. Each assay utilized 100 

µl of a reagent containing 100 mM Tris buffer pH 8.0, 1 mM glucose 
6- phosphate, 0.1 mM ADP, 5 mM a- ketoglutarate, and -25 mM 

ammonium acetate. The glutamate dehydrogenase and glucose -6- 

phosphate dehydrogenase levels were varied as shown in Table I to 
obtain the necessary level of sensitivity for each substrate. Cycling 
was at 37°. 

The procedure for cycling NAD + /NADH was essentially that of 
Kato et al. (24) as described in Ref. 13. Each assay used 100 µl of 
cycling reagent containing 100 mM Tris buffer, pH 8.0, 300 mM 

ethanol, 2 mM mercaptoethanol, 0.02% bovine serum albumin, 2 

mM oxalacetate, alcohol dehydrogenase, and malate dehydrogenase 
as given in Table I. Cycling was at 28 °. 

The indicator steps for the two cycles were essentially as previ- 
ously published (23, 24). All metabolites were not measured for 
every dog due to depletion of some samples for other assay proce- 
dures. 

Perchloric Acid Extraction Methods -Four substrates, ammonia, 
ribulose 5- phosphate, succinate, and glycerol were measured in a 
perchloric acid extract of the frozen biopsy tissue as previously 
described (25). 

NH3 Assay- One milliliter of a reagent containing 40 mM Tris/ 
HC1 pH 8.4, 5 mM a- ketoglutarate, 0.01% bovine serum albumin, 
0.1 mM ADP, 200 µg /ml glutamate dehydrogenase in glycerol, and 
27.5 µM NADH was added to a 3 -ml Pyrex tube and the initial 
fluorimetric reading taken. Fifty microliters of the above perchloric 
acid extract was added and the fluorescence read after 10 min 
incubation at room temperature (25). Standards were run through 
the entire procedure in perchloric acid blank. 

Ribulose 5-Phosphate- Assay of this intermediate was based on 
the combined action of ribulose -5- phosphate epimerase, transketo- 
lase, and glyceraldehyde phosphate dehydrogenase with measure- 
ment of the NADH (26). The reagents were as follows: Reagent A 
contained 100 mM imidazole buffer, pH 7.4, 0.02 mM thiamin 
pyrophosphate, 2 mM MgC12, 0.02 mM erythrose- 4 -PO4, 60 µM NAD +, 
2 mM Na2HAsO4, 2 mM EDTA, 4 mM mercaptoethanol, 0.04% bovine 
serum albumin, 2 µg /ml of yeast glyceraldehyde phosphate dehydro- 
genese and 12 µg /ml of transketolase. Reagent B contained, in 
addition, 18 µg /ml of ribulose -5- phosphate epimerase. 

One microliter of perchloric acid extract and 1 µl of H2O was 
added to the wells through oil while 1µl of standard was added to 
the extract blank in place of the water for standard wells. Two 
microliters of Reagent A were added to a complete set of blank and 
tissue wells and 2 µl of Reagent B were added to a second set of 
wells. The reaction was carried out at room temperature for 20 min 
and then the NAD+ destroyed by adding 1 µl of 0.25 N NaOH and 
heating at 80° for 20 min. 

The NADH formed from each reaction was measured by transfer- 
ring 4 -µl aliquots to the standard NADH cycling procedure (100 µl 
of reagent containing 30 µg of alcohol dehydrogenase and 5µg of 
malate dehydrogenase MDH). The indicator step was carried out 
after 1 h of cycling. The substrate present was calculated from the 
difference between the fluorimetric readings using Reagent A 
(blank) and Reagent B. 

Succinate -Assay of this intermediate in tissue extract was done 
using a three -step coupled enzyme reaction (20). 

The reagents used were as follows: Reagent A contained 75 mM 
imidazole buffer, pH 7.5, 4.5 mM phosphoenolpyruvate, 4.5 mM 
MgCl2, 22.6 mM KC1, 0.6 mM GTP, 0.4 mM CoA, and 40 µg /ml of 
pyruvate kinase (muscle). Reagent B contains everything in Re- 
agent A plus 180 µg /ml of succinate thiokinase. Reagent C is 200 

mM imidazole buffer, pH 7.5, containing 22.5 µM NADH. 
In the procedure, two complete sets of disposable glass tubes (10 

x 75 mm) were prepared. To one set, 100 µl of Reagent A was 
added; to the other set, 100 µl of Reagent B. To each sample tube, 
50 µl of the tissue extract was added; for blanks and standards, 50 
µl of extract reagent blank was added, and for the standard sample 
tubes, 1 µ1 of standard was added to make a final level of succinate 
per assay of 1.25 to 5.0 x 10 -9 mol. The reaction proceeds to 
completion in 45 min at room temperature. To each sample, 3 µl of 
5 N HC1 was added to destróÿ the NADH oxidase activity in 
thiokinase preparation. Within 10 min, 1 ml of Reagent C was 
added and the initial fluorimetric reading made. The final reaction 
was initiated with 70 µg of Worthington beef heart lactic dehydro- 
genase and this reaction goes to completion in 20 min at room 
temperature. The fluorescence was measured and the blank obtained 
using Reagent A subtracted for each sample from the change in 
fluorescence obtained with reagent B. 

Glycerol- Glycerol was measured in the perchloric acid extracts, 
in addition to measurement in dried sections, by adding 1 µl of 
extract to the oil wells followed by the standard reagent and cycling 
procedures. With lyophilized sections, high values of glycerol were 
obtained compared to the extract method. Since rat liver values 
obtained by the extract method were comparable to those previously 
published, we present the data using the extract. The values for 
freeze -dried tissue were approximately 10 -fold higher for glycerol, 
but identical for a- glycerol phosphate. It is possible that some lipid 
breakdown occurred in the lyophilized sections. 

Materials 

Enzymes were purchased from Boehringer Corp. except for beef 
heart lactic dehydrogenase which was from Worthington and succi- 
nate thiokinase which was obtained from Sigma. The lactic dehydro- 
genase was purified over activated charcoal. Substrates were from 
Sigma. Trizma (2- amino- 2- hydroxymethyl -1,3- propanediol) base was 
purified over Norit prior to use. 

RESULTS 

The values obtained for total pyridine nucleotides, adenine 
nucleotides, and related metabolites were presented in the 
first paper of this series (13). The results in this paper are 
classified into glycogen and glycolysis related intermediates, 
hexose monophosphate shunt metabolites, Krebs cycle and 
associated metabolites, and lipid metabolism -related metabo- 
lites. 

Glycogen and Glycolysis (Table II) 

UDP- glucose -The level of this metabolite remained steady 
during the blood flow transition but commenced to fall with 
the onset of secretion and continued to fall thereafter. The 
percentage of change was -12% at HI. 

Glucose 6- Phosphate -The level of this metabolite did not 
change significantly with reddening of the mucosa but in- 
creased with the onset of secretion and continued to rise. The 
change corresponded to an increase of 25% at HI. 

Fructose 6- Phosphate -No change was observed in this 
component with the onset of blood flow, and then there was a 
rise of 30% with the onset of acid secretion. Next a fall in 
level occurred with continued secretion (HH). 

Fructose 1,6- Diphosphate -This metabolite's level rose 
slightly with the onset of blood flow, but rose markedly with 
the onset of secretion. This level was not maintained and fell 

slightly with continued secretion. The change observed corre- 

sponded to an 181% increase at HI. 
Glyceraldehyde 3-Phosphate - This did not change with the 

onset of blood flow, and rose with the onset of acid secretion. 
The rise was 60% at HI. 

Dihydroxyacetone Phosphate -The value of this metabolite 
rose throughout the period of observation, reaching an in- 

crease of 47% at HI. 
a- Glycerol Phosphate -No change was observed in this 
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TABLE I 

Measurement methods 

Method references are given in parentheses. Methods for glucose, glycogen, /3-OH butyrate, lactate, and inorganic phosphate were 

presented in detail in Ref. 13. The abbreviations used are: Asc, ascorbic acid; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetate; 
BSA, bovine serum albumin; GDH, glutamic acid dehydrogenase; G -6 -PDH, glucose -6- phosphate dehydrogenase; ADH, alcohol dehydrogen- 

ase; MDH, malate dehydrogenase. 

Substance 

(16) Glucose -6- 
Phosphate 

(16) Fructose 
-6- Phosphate 

Preparation 
of Sample 
(Substrate 

Standard Used 

2.68 pl 0.015 N HCl 

20 min, 60 °(0.1 -1.0 

proles) 

as G -6 -P 

(0.2 -0.8 pinoles) 

(14) Fructose- 1 pl of 0.02 N HC1 

1,6 diphos- 20 min, 80 °C 

phate (FDP) 1 pl of 0.04 N 

NaOH 5 min, 80° 

(0.042 -0.167 pinoles) 

(14) Dthydroxy 1 pl of 0.02 N HCl 

acetone Phos- 20 min, 80° 

phate (DHAP) (as FDP) 

(14) Glyceralde- 4s HAP 
hyde -3 -Phos- (.025 -.100 pinoles) 

phate 

(GAP) 

Reaction I 

Conditions 

Vol. Time Tern. 

To 1 pl aliquot add 2 ul 

reagent, react 30 min, 

R.T. 

as G-6-P 

2 pl reagent 60 min, 
R.T. 

as FDP 

2 pl reagent 20 min, 

R.T. 

(16) 3- Phospho- 1 ul of 0.05 N NaOH 2 ul reagent 40 min, 
Glycerate 20 min, 80° R.T. 

(3 -PG) (.25 -.75 pinoles) 

(16) Phospho- 
enol pyruvate 
(PEP) 

1 pl 0.02 N NaOH 
10 mM hydrazine, 
20 min, 80° 
(.06 -.24 proles) 

(13) Pyruvate 1 pl 0.02 N NaOH 
20 min, 80° 
(.3-1.2 moles) 

(16) a- Glycero- 1.0 pl, 0.02 N 

phosphate HC1 20 min, 80° 
(0.2 -0.4 moles) 

(22) Glycerol 1 ul PCA extract, 
1 ul H2O 
(2.5 -10.0 pinoles) 

2 pl reagent 15 min, 
R.T. 

as GAP 

2 ul reagent 30 min, 
R.T. 

as a- glycerol phos- 
phate 

(20)6- Phospho- 1 pl, 0.02 N HC1 2 ul reagent 30 min, 
gluconate 15 min, 75° R.T. 

(6 -PG) (.113 -.226 moles) 

Sample Vol., 
Other Preparation Time, Enzyme 

Buffer Enz mes Addition for C clin. in C clin. 

100 nil Tris, 

pH 8.0, 0.25 

pg/ml G -6 -PDH 

as G-6-P 
0.25 u9/ml 
G-6-PDH 
0.4 ug/ml Phospho- 

glucoisomerase 

50 um NADP+ 1 ul of 1.2 3 pl, 90 min, 
100 uM DTT N NaOH for 135 pg /ml GDH 
0.02% BSA 20 min, 80° 68 ug /ml G -6 -PDH 

as G-6-P as G-6-P as G-6-P 

100 mM Imida- 60 uM NAD+ 2 pl of 0.2 

zole, pH 7.5 2 mM Na2HAs04 N NaOH 

20 pg/ml Aldolase 2 mM EDTA 20 min, 80° 

(rabbit muscle) 4 mM Mercap- 

2 pg/ml Triose toethanol 
P- Isomerase 0.04% BSA 
(rabbit muscle) 
*100 pg /ml Glycer- 

aldehyde-P de- 

hydrogenase 
(rabbit muscle) 

as FDP without as FDP 

the aldolase 

100 nil Imi- 

dazole, pH 7.5 

*100 ug/m1 Glycer- 

aldehyde-P de- 

hydrogenase 
(rabbit muscle) 

as FDP 

4 pl, 60 min, 

240 pg /ml ADH 

40 pg /ml MOH 

as FDP as FDP 

2 pl of 0.2 4 pl, 120 min. 

N NaOH 300 pg/ml ADH; 

30 min, 80° 50 ug/ml MDH 

100 mM Imi- 1 uM NADH 1 pl of 0.5 2 pl, 60 min. 

dazole, pH 7.1 30 uM ATP N HC1 in as FDP 

2 pg /ml P -Gly- 1 mM MgC12 200 mM Asc 

cerate kinase, 2 mM Mercap- 30 min, 

5 pg/ml gly- toethanol R.T. 

ceraldehyde -P 20 mM NaC1 
dehydrogenase 0.02% BSA 
both from 10 mM Asc 
rabbit muscle 

200 sil Imi- 1.5 uM NADH 1 pl of 0.5 3 pl, 60 min, 

dazole, pH 7.0 200 uM ADP N HC1 in 200 as GAP 

2 pg/ml Pyruvate 2 mM MgC12 mM Asc 30 min 
kinase (rabbit 75 mM KC1 R.T. 

muscle); * *5 0.02% BSA 
pg/ml lactic de- 10 mM Asc 
hydrogen a se 
(beef heart) 

100 mM Imidazole, 3 uM NADH 1 pl of 0.5 1 pl, 60 min, 

pH 7.0 0.02% BSA N HCl in 200 as GAP 

1 pg /ml **Lactic 10 mM Asc mM Asc 
dehydrogenase 30 min R.T. 

400 mM Hydrazine, 100 uM NAD+ 1 pl of 0.2 1 pl, 60 min, 

pH 9.2 0.02% BSA N NaOH as FDP 
10 ug /m1 Glycero- 2 mM MgC12 20 min, 80° 

phosphate dehydro- 400 uM EDTA 
genase 

400 nM hydrazine, 200 uM NAD+ as a- glycero- 2 pl, 60 min. 

pH 9.2 0.02% BSA phosphate 60 sg /ml ADH: 

10 pg /ml glycero- 2 mM MgC12 10 u9 /ml MDH 

phosphate dehydro- 400 uM EDTA 

genase 200 uM ATP 
5 pg /ml glycerol 
kinase 

100 mM Tris, pH 8.0 20 pM NADP+ 1 pl of 1.2 3 pl, 90 min, 

2 pg/ml 6-Phospho- 0.5 mM DTT N NaOH 125 ug/ml G-6-PDH 

gluconate dehydro- 5 mM MgC12 15 min, 75° 250 ug/ml GDH 

genase 1 mM EDTA 
30 mM NHyOAc 
0.02% BSA 
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TABLE I- Continued 

S stance 

Preparation 
of Sample 

(Substrate 
Standard Used 

Reaction I 
Conditions 

Vol. Time T Buffer Enz mes 
Other 

Addition 

Sample Vol., 
Preparation Time, Enzyme 
for C clin. in C clin. 

(17) Uridine -5- 1 ul of 0.02 N HC1 2 pl reagent 40 min, 
diphospho- 20 min, 60° R.T. 
glucose (UDPG) (0.5 -2.0 {moles) 

(18) Acetyl CoA .05 N 

(.183 -.366 proles) 

(19) Coenzyme A 3 pl 0.025 N HC1 

15 min, 80° 
(.194 -.388 pinoles) 

(14) Citrate 1 ul 0.02 
N NaOH 
20 min, 80° 
(1.8 -3.6 pmoles) 

(17) a -Keto lut- 1 ul of 0.05 
arate (a -KG) N NaOH 

20 min, 80° 
(0.4 -1.6 pinoles) 

(14) Malate 

(14) Fumarate 

(14) Glutamate 

100 mM Tris, pH 8.1 200 pM NAD 
15 ug /ml Uridine 2 mM MgCl2 
diphosphate glucose 0.01% BSA 
dehydrogenase 

to 1 ul aliquot add 50 aM Tris, pH 8.1 
2 pl reagent 25 min, 20 ug /ml a -KG de- 
R.T. hydrogenase ;**** 

0.4 ug /ml carnitine 
acetyl transferase 

to 1 ul aliquot add 50 nM Tris, pH 8.1 
2 ul reagent 20 min, 2 ug /ml a -KG de- 
R.T. hydrogenase 

as GAP 

as GAP 

3 ul 0.02 N To 1 pl aliquot 
HC1 add 2 pl reagent 
20 min, 80° 45 min, R.T. 
(0.125 -0.5 pimples) 

as Malate as Malate 
(0.05 -0.2 pinoles) 

as DHAP as 6 -PG 

(4.45 -7.5 proles) 

(21) Aspartate 1 ul of 0.02 as 6-PG 
N NaOH 
20 min, 80° 
(1-4 ;moles) 

(13) Aceto- as Aspartate 
acetate (0.25 -1.0 pinoles) 

(14) Isocitrate 1 pl of 0.015 
N HC1 20 min, 
80° 

as 6_PG 

as GAP 

200 mM Tris, pH 7.6 
1 ug /ml MDH 

2 ug /ml citrate 
lyase 

200 mM Imidazole 
acetate, pH 6.9 
20 ug/ml GDH 

** *100 mM AMPI, 
pH 9.9 
10 ug /ml Malate de- 
hydrogenase (pig 
heart) 2 ug /ml 
glutamic oxalo- 
acetate transaminase 
(GOT) (pig heart) 

as Malate, plus 
*20 ug /ml fumarase 

50 mM Tris -acetate 
pH 8.4 
50 ug /ml GDH (in 
glycerol) 

100 mM Imidazole, 
pH 7.0 
10 pg/ml GOT 

2 ug/ml MOH 

100 mM Imidazole, 
pH 7.0 
40 ug/ml 0-hydroxy 
butyrate dehydro- 
genase 

100 di Tris-HC1, 
pH 8.1 
1 ug/ml Isocitric 
dehydrogenase 

1 pl of 0.25 3 pl, 60 min, 
N NaOH as glycerol 
20 min, 80° 

100 pM NAD+ as UDPG 3 pl, 60 min, 
1 mM DTT as GAP 
0.01% BSA 
0.2 mM a -KG 
0.2 NM carn- 
itine 

100 pM NAD+ as UDPG 

1 mM DTT 
0.01% BSA 
200 uM a -KG 

8 PM NADH 
40 pM ZnClz 
0.02% BSA 
10 nM Asc 

2 pM NADH 

50 mM NH.OAc 
200 pM ADP 
0.05% BSA 
10 mM Asc 

50 uM NAD+ 
500 pH Glu- 
tamate 
0.02% BSA 

as Malate 

100 pM NAD+ 
100 uM ADP 
0.02% BSA 

5 pM NADH 
20 pH a -KG 

0.01% BSA 
10 mM Asc 

2 pM NADH 
2 mM MgC1z 
1 mM EDTA 
0.02% BSA 
10 mM Asc 

5 pH NADP+ 
100 pM MOClz 

0.02% BSA 

2 ul, 60 min, 
as GAP 

as 3 -PG as Glycerol 

as 3-PG 2 ul, 60 min, 
210 mg/0 ADH; 
35 ug/ml MDH 

1 ul of 0.25 3 ul, 60 min, 
N NaOH as GAP 

30 min, 800 

as Malate 

as UDPG 

as 3 -PG 

as 3-PG 

1 ul of 1.2 
N NaOH 

20 min, 80° 

as Malate 

1 ul, 60 min, 
76 ug/ml ADH; 
11 ug /ml MOH 

2 ul, 60 min, 
150 ug /ml ADH; 

25 ug /ml MOH 

3 ul, 60 min, 
as Aspartate 

3 pl, 60 min, 
216 ug/ml GDH 

108 ug/ml G-6- 
PDH 

* Remove (NH4)2SO4 by centrifugation. 
** Purified with charcoal. 
* ** 2- Amino -2- methyl -l- propanol. 
* * * *a- Ketoglutarate dehydrogenase was prepared by the New England Enzyme Center, Boston, Mass. 

metabolite with blood flow, but a sharp rise was found with 
the onset of secretion which was maintained with continuing 
secretion. The maximal value occurred at the onset of acid 
secretion, corresponding to an increase of 117 %. 

3- Phosphoglycerate - An increase of 42% of this intermedi- 
ate was found with the onset of blood flow and an increase of 
3% obtained with the onset of acid secretion. The level in the 
nonsecreting mucosa is quite low. 

Phosphoenolpyruvate -Level of this metabolite rose with 
the onset of blood flow which rise was maintained at the 
onset of acid secretion. The level increased by 171% at HI. 

Glycogen, Glucose, Pyruvate, Lactate, P; -The changes in 
values for these intermediates have been presented previously 
(13). 

These results are summarized in Table II and Fig. 1. In 
addition, Fig. 2 shows the percentage of change of measured 
and calculated phosphorylation potential and of the total and 
calculated NAD+ /NADH ratios for the cytoplasmic and mito- 
chondrial experiments. 

The measured ratios are based on the directly determined 
values. The calculated phosphorylation potential is derived 
from the glyceraldehyde 3- phosphate and 3- phosphoglyceroki - 
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TABLE II 

Glycolytic intermediates 

The values are the means ± S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers 
to the state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state 
secretion. Values are given in millimoles kg-', dry weight. 

Resting Blood flow HI HII 

Glycogen (15) 

UDP- glucose 
Glucose 
Glucose 6- phosphate 

60.18 ± 3.4 (n = 11) 
0.810±0.040(n=6) 
9.59 ± 0.82 (n = 17) 

0.267 ± 0.039 (n = 14) 

56.75 ± 4.2 (n = 11) 

0.815 ± 0.064 (n = 6) 

9.34 ± 0.68 (n = 13) 

0.243 ± 0.024 (n = 12) 

51.88 ± 3.01" (n = 11) 
0.714±0.161(n=6) 
10.47 ± 1.60 (n = 11) 

0.335 -± 0.031" (n = 12) 

50.35±3.9"(n=10) 
0.665 ± 0.054" (n = 6) 

10.35 -± 1.24 (n = 10) 
0.395±0.021"(n=12) 

Fructose 6- phosphate 0.094±0.036(n=6) 0.092±0.015(n=5) 0.122±0.013(n=6) 0.072 ± 0.036 (n = 3) 

Fructose 1,6- diphosphate 0.033 ± 0.004 (n = 9) 0.044±0.015(n=6) 0.093±0.011°(n=6) 0.074 ± 0.025" (n = 3) 
Glyceraldehyde 3- phosphate 0.015 -± 0.002 (n = 7) 0.017 ± 0.02 (n = 6) 0.024 ± 0.003" (n = 7) 
Dihydroxyacetone phosphate 0.045 ± 0.005 (n = 6) 0.053 ± 0.007 (n = 6) 0.066 ±. 0.008" (n = 6) 

a- Glycerol phosphate 0.219 ± 0.030 (n= 11) 0.220 ± 0.025 (n = 7) 0.475 ± 0.035° (n = 7) 0.410 ±0.072 "(n = 11) 
3- Phosphoglycerate 0.069*_0.009(n=5) 0.098 ± 0.020 (n = 5) 0.168 ± 0.03 (n = 5) 
Phosphoenolpyruvate 0.014 ± 0.003 (n = 4) 0.024 ± 0.007 (n = 3) 0.038 ± 0.005° (n = 4) 
Pyruvate 0.424 ± 0.046 (n = 7) 0.526 ± 0.031 (n = 7) 0.604 ± 0.038" (n = 7) 
Lactate 3.41 ± 0.35 (n = 7) 3.68 ± 0.59 (n = 7) 5.93±1.19°(n=7) 
Inorganic phosphate 6.42 ± 0.14 ( n = 5) 6.39 ± 0.37 ( n = 5) 8.33 ± 1.30" ( n = 5) 

" p < 0.05. 
° p < 0.001. 

p < 0.01. 

1807 

120 

CO 

80 

60 

40 

20 

o 

-20 - 
11 

i i i 

01 y UOPO Ohi 06P FCP FdP OdP 3P0 PEP Pyr bo OHM topp Pi 

FIG. 1. The percentage of change in levels of glycogen, UDP- 
glucose, and glycolytic intermediates occurring between rest and 
secretion (HI) in dog gastric mucosa. 

nase reactions. Cytoplasmic NAD+ /NADH is derived from 
the lactic dehydrogenase reaction and the mitochondrial ratio 
from the glutamic dehydrogenase reaction. 

Hexose Monophosphate Shunt (Table III) (Fig. 3) 

6- Phosphogluconate -No change was found in this metabo- 
lite with blood flow, but an increase was found with the onset 
of secretion, which was maintained with continued secretion. 
The value obtained showed an increase of 117 %. 

Ribulose 5- Phosphate -Due to the low levels and relative 
insensitivity of this assay, measurements were made in the 
perchloric acid extract of the tissue, rather than in the freeze - 
dried section. An increase was observed with blood flow, but 
a greater increase (by 64 %) was observed with acid secretion. 

Total NADP +INADPH Ratio -This was described in the 
previous publication (13). No change in the levels of either 
nucleotide was found with acid secretion. The calculated free 
ratio based on the 6- phosphogluconate dehydrogenase reaction 
in the cytosol actually decreased slightly. 
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FIG. 2. This shows the percentage of change of the ratio of NAD'/ 
NADH as measured and as calculated for the cytoplasmic and 
mitochondrial compartment and of the measured and calculated 
phosphorylation potential between resting and secreting (HI) in dog 
gastric mucosa. 

Krebs Cycle Acids (Table IV) (Fig. 4) 

Citrate -The level of citrate rose slightly with blood flow, 

rose more steeply with the onset of secretion, and even further 
with continued secretion to 113 and 125% above control levels 
at HI and HII. 

Isocitrate -A small increase at blood flow was followed by 

a rise of 88% with the onset of acid secretion. 
a- Ketoglutarate -The level of this metabolite was only 

slightly higher with increased perfusion of the mucosa, rose 

slightly with the onset of secretion, and doubled with contin- 
ued secretion. At the onset of secretion, the level had increased 
by 13 %. 

Succinate - Succinate measured in the perchloric acid ex- 

tract of the whole tissue increased with the onset of blood 

flow and reached a level 14% above control with the onset of 

secretion. 
Fumarate - The level of fumarate increases slightly with 
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TABLE HI 

Shunt intermediates 

The values are the means ± S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers 
to the state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state 
secretion. Values are given millimoles kg-', dry weight, for 6- phosphogluconate and micromoles kg-', wet weight, for ribulose 5- phosphate. 

Resting Blood flow HI HII 

6- Phosphogluconate 
Ribulose 5- phosphate 
NADPH /NADP+ (total) 

0.023 
15.7 
3.17 

± 0.003 (n = 11) 
± 1.7 (n = 6) 
±0.31(n =16) 

0.023 
19.2 
3.28 

± 0.003 (n = 4) 
±1.4(n =4) 
±0.31(n =7) 

0.050 -± 0.004° (n = 9) 
25.7±4.6°(n=6) 
3.59 ± 0.33 (n = 12) 

0.050 

4.78 

± 0.005° (n = 6) 

±0.72 °(n =17) 
.p<0.001. 
bp < 0.05. 
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FIG. 3. The percentage of change between rest and secretion (HI) 
in dog gastric mucosa of the levels of hexose monophosphate shunt 
associated intermediates as well as the ratio of cytoplasmic NADP+ 
to NADPH. 

increased blood flow and sharply increased with the onset of 
acid secretion and increased even more with continued secre- 
tion. The levels attained were increased by 183% with the 
onset of secretion (HI). 

Malate - Malate increased slightly with the onset of blood 
flow then rose dramatically with the onset of secretion to 
136% above control. The higher malate levels were maintained 
with continued acid secretion. 

Oxaloacetate -The level of calculated oxaloacetate in- 
creased by 33% with the onset of secretion. 

Other Mitochondrial Metabolites 

Glutamate -The level of this amino acid fell with the onset 
of blood flow, fell slightly more with the onset of secretion, 
and then rose slightly with continued secretion. The maxi- 
mum fall was by 23 %. 

Aspartate -The level of aspartate did not change with the 
change of blood flow to the mucosa and rose slightly by 7% 
with the onset of secretion. 

NH3 -This metabolite was measured in tissue extracts 
since freeze -drying would remove this product. The level of 
NH3 increased by 18% with blood flow and this increase was 
maintained with the onset of acid secretion. 

Acetoacetate -The level of acetoacetate increased by 39% 
with the onset of secretion. 

/3-OH Butyrate- This keto acid fell slightly with the blood 
flow sample to 87% of control. With the onset of secretion, the 
value rose by 42% and then rose further by 84% with continued 
secretion. It should be noted that the acetoacetate//3-0H 

butyrate ratio was different from that described for many 
other tissues. These data are illustrated in Fig. 4 and Table 
W). 

Lipid -related Metabolites (Table V) (Fig. 5) 

Glycerol- The level of this product of triglyceride hydrolysis 
fell very slightly with blood flow and then rose by 97% with 
the onset of acid secretion. 

CoA- The level of CoA did not change with the onset of 
blood flow through the mucosal epithelium and then rose by 
28% with the onset of secretion. With continued secretion, the 
value increased further. 

Acetyl -CoA -The level of acetyl -CoA rose by 22% with 
blood flow and then rose further by 34% and continued to rise 
with continued secretion. 

Acetyl - CoA /CoA Ratio -This ratio had a value of 0.36 in 
the resting mucosa and changed very little (0.37) with the 
onset of secretion. 

Comparison to Liver and Kidney Metabolite Levels 

Since this is the first time that the metabolites discussed 
have been measured in gastric mucosa, and the metabolism 
of stomach has been relatively unexplored, levels of metabo- 
lites found were compared to those of liver. The liver levels 
were taken from the control values obtained by Greenbaum 
et al. (27). 

The level of intermediates of glycolysis was, in general, 
lower than the corresponding liver levels. The level of phos- 
phoenolpyruvate was especially low, whereas pyruvate and 
lactate were relatively higher than other intermediates. 

Both the hexose monophosphate shunt metabolites, 6 -phos- 
phogluconate and ribulose 5- phosphate were lower than con- 
trol liver values. 

The Krebs cycle intermediates in resting mucosa were in 
general slightly lower than liver. Glutamate and NH3 were 
higher and the acetoacetate level was equivalent to that of 
liver. Aspartate on the other hand was slightly less and ß- 
OH butyrate considerably less than the level found in normal 
rat liver. 

Glycerol, CoA, and acetyl -CoA were all equal or higher 
than the corresponding liver values (Table VI). 

Comparing gastric metabolite levels to those found for 
kidney (28), the CoA and acetyl -CoA were higher, as was 
acetoacetate. Glycogen and hexose phosphates were higher in 
stomach, whereas the rest of the glycolytic intermediates and 
the Krebs cycle acids in general were lower. 

Since stimulation of acid secretion affects mainly mitochon- 
dria) metabolites, the level of these approaches the control 
hepatic and renal values. However, there is no striking 
anomaly which might suggest a particular feature of parietal 
cell metabolism. 
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TABLE IV 

Krebs cycle intermediates 

The values are the means ± S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers 
to the state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state 
secretion. Values are given in millimoles kg-1, dry weight. 

Resting Blood flow HI HII 

Citrate 
Isocitrate 
a- Ketoglutarate 
Succinate 

1.06±0.10(n=6) 
0.032 ± 0.011 (n = 3) 
0.359 ± 0.037 (n = 7) 

2.99±0.29(n=5) 

1.28 ± 0.14 (n = 6) 
0.036 ± 0.01 (n = 3) 
0.368 ± 0.030 (n = 7) 

3.20 ± 0.24 (n = 5) 

2.26 ± 0.30° (n = 9) 

0.060 ± 0.01° (n = 3) 
0.404 ± 0.041 (n = 6) 

3.42 ± 0.48 (n = 5) 

2.39 ± 0.33° (n = 8) 

0.930 ± 0.086° (n = 3) 

Fumarate 0.075 ± 0.027 (n = 4) 0.108 ± 0.037 (n = 4) 0.212±0.05°(n=4) 0.228 ± 0.054° (n = 3) 

Malate 0.414 ± 0.030 (n = 11) 0.529 ± 0.069 (n = 11) 0.976 ± 0.139° (n = 11) 0.885 ± 0.109° (n = 6) 

Oxaloacetate` 0.018 (7 X 10-5)° 0.024 (22 x 10-5)° 

Glutamate 12.13 ± 2.04 (n = 7) 9.94 ± 2.68 (n = 7) 9.34±2.38(n=7) 10.70 ± 0.79 (n = 3) 

Aspartate 2.14 ± 0.16 (n = 6) 2.20 ± 0.11 (n = 7) 2.30 ± 0.45 (n = 7) 

NH3 1.92±0.06(n=10) 2.26 ± 0.08 (n = 8) 2.21±0.07°(n=10) 
Acetoacetate 0.298 ± 0.022 (n = 7) 0.295 ± 0.036 (n = 6) 0.413±0.021(n=7) 
ß -OH butyrate 0.181 ± 0.013 (n = 7) 0.157 ± 0.027 (n = 7) 0.257 ± 0.024° (n = 7) 0.333 ± 0.068° (n = 7) 

p < 0.01. 
° p < 0.05. 

Calculated inside parentheses are mitochondrial levels of oxaloacetate. 

TABLE V 

Lipid related metabolites 
The values are the means ± S.E. of n dogs, at least four measurements having been made on each sample in each dog. Blood flow refers 

to the state of reddening of the mucosa, HI the sample when acid secretion was detected in that area, and HII a sample at steady state 
secretion. Values are given, when appropriate in millimoles kg', dry weight. 

Resting Blood flow HI HII 

Glycerol 0.158 ± 0.034 (n = 4) 0.131 ± 0.016 (n = 4) 0.311 ± 0.050° (n = 4) 
CoA 0.554 ± 0.065 (n = 8) 0.562 ± 0.048 (n = 4) 0.711 ± 0.086° (n = 4) 0.781 ± 0.090° (n = 8) 

Acetyl -CoA 0.197 ± 0.034 (n = 8) 0.240 ± 0.044 (n = 4) 0.263 ± 0.046 (n = 4) 0.280 ± 0.024° (n = 7) 

p <0.005. 
° p < 0.01. 
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Fia. 4. The percentage of change of the Krebs cycle acids occur- 
ring between rest and secretion (HI) in dog gastric mucosa including 
the calculated change in total and mitochondrial oxaloacetate. 
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FIG. 5. The percentage of change of certain fatty acid metabolites 
related intermediates occurring between rest and secretion (HI) in 
dog gastric mucosa. 
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TABLE VI 

Level of gastric metabolites relative to rat liver and kidney 

Values were taken from Refs. 27 and 28. The ratio is gastric level 

divided by tissue (liver, kidney) level. 
Liver Ratio Kidney Ratio 

Glycolysis 
Glycogen 0.04 7.5 

UDP- glucose 0.70 1.13 

Glucose 0.35 0.53 

Glucose 6- phosphate 0.25 1.3 

Fructose 6- phosphate 0.31 1.45 

Fructose 1,6- diphosphate 0.57 0.66 

Glyceraldehyde 3- phosphate 0.60 

Dihydroxacetone phosphate 0.52 0.6 

a- Glycerophosphate 0.33 0.4 

3- Phosphoglycerate 0.05 0.16 

Phosphoenolpyruvate 0.17 0.3 

Pyruvate 1.25 0.9 

Lactate 0.81 1.05 

Phosphate 0.37 

Lipid -related metabolites 
Glycerol 1.09 

CoA 1.48 1.63 
Acetyl -CoA 1.34 2.19 

Krebs cycle and others 
Citrate 0.72 0.54 
Isocitrate 0.30 
a- Ketoglutarate 0.67 0.65 
Succinate 0.81 
Fumarate 0.20 

0.22 0.18 
Oxaloacetate 0.52 
Glutamate 1.07 0.33 
Aspartate 0.65 1.1 
NH3 1.07 0.44 
Acetoacetate 0.99 1.86 
ß- Hydroxybutyrate 0.21 0.41 

Hexose shunt 
6- Phosphogluconate 0.24 
Ribulose 5- phosphate 0.18 

DISCUSSION 

Glycogenolysis - Although a fall in glycogen in amphibian 
mucosa has been interpreted as due to utilization to support 
acid secretion (9), phosphorylase activation has not been 
demonstrated and medium and short chain fatty acids are 
generally regarded as better substrates than carbohydrates 
for acid secretion (5). 

The decrease observed in the dog mucosa of glycogen and 
UDP -glucose is consistent with increased utilization and a 
decrease in glycogenesis from glucose. 

Glycolysis - The increased level of glucose, since glucose 6- 
phosphatase is virtually absent from the stomach' is probably 
due to increased glucose entry. The general trend towards an 
increase of the glycolytic intermediates may best be inter- 
preted as an increase of flux in this pathway. The mass 
action ratio of hexokinase indicates that regulation of activity 
of this enzyme could be effective in regulating glycolytic flux. 
However, changes in glucose 6- phosphate and the constancy 
of the ATP /ADP ratio which control enzyme activity (29, 30) 
do not suggest activation of this enzyme. The coherent rise of 

' G. Shah and G. Sachs, unpublished observations. 
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TABLE VII 
Distribution of pyridine nucleotide ratio 

The value for the cytoplasmic ratio of NAD* to NADH was 
obtained from the lactate pyruvate equilibrium at pH 7.0, and of 
NADP+ to NADPH for the 6- phosphogluconate dehydrogenase equi- 
librium. The mitochondrial ratios were calculated using the NAD+ 
and NADP + -dependent glutamic dehydrogenase equilibrium. All 
calculations refer to pH 7.0, ionic strength 0.25. The ratio of the two 
nucleotide pairs in thè cytoplasm appróximates 105. 

Free NAD * /NADH Free NADP * /NADPH 
Component 

Rest Secretion Rest Secretion 

Cytoplasm 1.3 x 103 0.94x103° 0.016 0.012 
Mitochondria 2.94 5.0° 4.57 7.75 

° p < 0.05. 

the hexose phosphates and fructose 1,6- diphosphate suggests 
increased glycolytic flux. The fall in phosphorylation potential 
(13), the increase in NH3 and in cAMP (31) and the possible 
rise in cell pH due to HCO3- accumulation would tend to 
activate phosphofructokinase, whereas the increase in citrate 
would indicate reduction of activity (32). The relatively large 
increase in the hexose diphosphate indicates that the trend is 
towards activation of phosphofructokinase (33). Although 
glyceraldehyde -3- phosphate dehydrogenase may be a regula- 
tor of glycolysis (34), in the stomach, the calculated fall in the 
NAD+ /NADH ratio would reduce enzyme activity. Whereas 
the rise in phosphoglycerate may reflect the rise in fructose 
1,6- diphosphate due to equilibrium operation of glyceralde- 
hyde-3- phosphate dehydrogenase and the glycerate kinase, 
the rise in phosphoenolpyruvate is more difficult to explain, 
but the level of this intermediate is quite low relative to liver 
(27). Although the type of pyruvate kinase present in the 
stomach is not known, kinases which are regulated are 
inhibited by ATP and activated by fructose 1,6- diphosphate 
(35). The rise in both pyruvate and lactate indicates some 
imbalance between synthesis and utilization. If acetyl -CoA 
were also being provided from oxidation of fatty acid, a 
relative decrease could occur in pyruvate dehydrogenase. 

The fall in the NAD+ /NADH ratio is reflected in the fall in 
the pyruvate/lactate ratio and also is atypical of an increase 
of glycolytic flux. However, a fall in these ratios is seen in 
tissues with a high rate of fatty acid oxidation. 

The rise in phosphate is not due to any loss of measured 
phosphate, but may be due to hydrolysis of phospholipid or 
due to increased uptake from the blood. 

Hexose Monophosphate Shunt -It has been suggested that 
in the rat and frog (10) that glucose oxidation forms a major 
source of energy for the process of acid secretion. The free 
cytoplasmic NADP+ /NADPH ratio (Table VII) fell when cal- 
culated using the equilibria catalyzed by either malic enzyme, 
isocitrate dehydrogenase, or 6- phosphogluconate dehydrogen- 
ase. The mitochondrial ratio apparently increased, perhaps 
as a result of the fall in intramitochondrial pH due to 
increased ATP synthesis (36). The increase in the intermedi- 
ates of this pathway is somewhat surprising in view of the 
fall in NADP+ /NADPH ratio, indicating that the latter is not 
the sole regulator of shunt activity. 

Krebs Cycle Intermediates -Pyruvate dehydrogenase has 
been suggested as a major regulatory site in frog gastric 
mucosa (11). The enzyme is regulated by a phosphorylation - 
dephosphorylation pathway (37) and levels of acetyl -CoA and 
NADH (38). The different direction of change of these systems 
makes it difficult to assess the direction of change of activity 
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of the enzyme. The increase in acetyl -CoA levels indicate 
increased fatty acid oxidation as well as perhaps increased 
pyruvate breakdown. 

There is a generalized increase in the Krebs cycle acids, 
which when taken together with the 16 -fold increase in 02 
consumption (48) indicates a major increase of activity of this 
pathway. Although isocitrate dehydrogenase is activated in 
insect muscle (39) which shows similar oxidation -reduction 
changes as does the stomach (7) with a work load and citrate 
synthase is activated in cardiac muscle (40), the changes in 
the intermediates measured in the stomach indicate activation 
elsewhere. The major measured changes are in the levels of 
fumarate and malate, perhaps indications of a rise in succinic 
dehydrogenase relative to the other enzymes. 

Fatty Acid Metabolism - Gastric mucosa contains a soluble 
triglyceride lipase, but so far no in vitro activation of this 
enzyme has been detected.2 The rise in glycerol is consistent 
with increased lipolysis. Equally the concomitant rise in 
acetyl -CoA and CoA may indicate increased fatty acid oxida- 
tion although the ratio would be expected to increase with 
increased oxidation. Finally, preliminary measurements of /3- 

hydroxyacetyl -CoA dehydrogenase show a 33% rise in activity 
also indicative of increased fatty acid oxidation.3 

Oxidation -Reduction Ratios - Table VII presents the calcu- 
lated changes in levels of oxidized to reduced pyridine nucleo- 
tides in the cytoplasm and mitochondria of the parietal cell. 
The data are similar to those found in liver (27) and only the 
acetoacetate /ß- hydroxybutyrate ratio is anomalous. This is 
most likely due to the low levels of /3- hydroxybutyrate dehy- 
drogenase in the stomach.3 

Anion Distribution - Although there are various ways of 
calculating these (21, 27, 41), malate concentration has been 
shown to be equal between mitochondrion and cytoplasm 
(42). Assuming no gradient and equilibrium operation of 
malate dehydrogenase, the cytoplasmic oxaloacetate levels 
can be calculated. Equivalently, the glutamic dehydrogenase 
reaction can be used to calculate mitochondrial oxaloacetate. 
Using a value of 34% for the mitochondrial volume (43), the 
cytoplasmic oxaloacetate rose from 18 µmol kg-1 to 24 µmol 
kg' and the mitochondrial level from 70 nmol kg-' to 217 
nmol kg-1. From these data, as for liver with the same 
assumption further calculation of anion distributions results 
in calculated values exceeding measured values (27). 

From the above, it is clear that there is a generalized 
increase in metabolite levels with onset of acid secretion. In 
particular, mitochondrial activity would appear to be the 
major site of activation. This is in agreement with previous 
suggestions (44) and does not exclude activation of fatty acid 
oxidation (5). However, previous studies have involved addi- 
tion of substrates to amphibian mucosa and direct measure- 
ments were not attempted. The data in this paper and the 
previous in the series (13) do not discriminate between an 
ATP or oxidation -reduction mechanism for acid secretion. 
Indeed, these data combined with those obtained from spectro- 
scopic observation of amphibian tissue may be interpreted as 
evidence for a combined ATPase and oxidation -reduction 
mechanism (45, 46). 

The rate of acid secretion (300 µmol cm-3, equivalent to 100 
mg, dry weight) and with an H+ /ATP ratio of unity indicates 
that the content of ATP would turn over in 12 s. Equivalently, 
an oxidation -reduction substrate would also turn over very 

2 H. M. Sarau, J. J. Foley, G. Moonsammy, and G. Sachs, 
unpublished observations. 

3 H. M. Sarau, unpublished observations. 

rapidly. However, the low mitochondrial NAD+ /NADH ratio 
argues against reverse electron flow being involved (47). 

The pattern of changes observed is not equivalent to liver 
under various conditions nor to cardiac muscle (27, 49) 

. 

Indeed, the changes indicate that the gastric parietal cell 
may well simultaneously increase glycolysis and a fatty acid 
oxidation as a result of histamine stimulation. Phosphofrua 
tokinase would appear to be the major control point in 
glycolysis, and lipase in the fatty acid pathway. The oxidation - 
reduction changes observed in mitochondria (7, 46) associated 
with the mobilization of substrate suggested by the present 
data also may indicate regulation of substrate entry into the 
mitochondrial pool. 
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Summary. Gastric fundic metabolism was studied by spectroscopic observation in frog 

mucosa during transitions of secretory status in vitro and by direct measurement of pyridine 
nucleotides and associated metabolites in biopsies of dog fundic mucosa also during secre- 

tory transition. In frog, inhibition of spontaneous secretion by an H2 antagonist resulted 
in oxidation of the redox components from flavin adenine dinucleotide (FAD). to cytochrome 
a3. Addition of histamine resulted in reduction of these components with onset of secretion 
by about 50 %. In contrast, the effect of apparently, burimamide and subsequently histamine 
on the ratio of nicotinamide adenine dinucleotide to nicotinamide adenine dinucleotide, 
reduced (NAD+ /NADH) was relatively slight. Further, the presence of burimamide substan- 
tially reduces the effect of amytal on the pyridine nucleotide spectrum and abolishes the 
effect of amytal on FAD and the cytochromes. Measurements of lactate, pyruvate, a- ketoglu- 
tarate, NH3 and glutamate in the dog showed that whereas the calculated NAD+ /NADH 
ratio in the cytoplasm declined with onset of secretion, the calculated mitochondrial ratio 
rose. No change was noted in the nicotinamide adenine dinucleotide phosphate /nicotinamide 
ad.nine dinucleotide phosphate, reduced (NADP + /NADPH) ratio. It is concluded that 
(1).H2 antagonists act by blocking substrate flow into the mitochondrial respiratory chain, 
(2) conversely, histamine stimulation acts at the level of substrate mobilization, and (3) there 
may be a cross -over in the mitochondrial chain between NAD + and FAD. 

The gastric mucosa is capable of producing a H+ gradient of one 
millionfold magnitude as measured by the blood to lumen pH difference. 
The nature of the primary energy source for this acid secretion, despite 
much experimentation, remains controversial. Historically, this contro- 
versy has settled on two mechanisms [3, 9, 14, 16, 17]. The first mechanism 
suggests a redox carrier which accepts reducing equivalents from mito- 
chondria presumably supplied by a generalized substrate mobilization 
and shuttles these to the parietal cell membrane followed by oxidation 
and secretion of H+ into the gastric lumen. Presently, it is the absence 
of information concerning this carrier and the redox reaction in the 
membrane and of the electron carrier from membrane to mitochondria 
which limits the development of the redox hypothesis'. The second 
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mechanism proposes that a tissue -specific ATPase provides the pump 
necessary to move protons across the parietal cell membrane into the 
gastric lumen. 

The strongest argument favoring a direct role for ATP in acid secre- 

tion is provided by work with subcellular fractions of the fundic mucosa 
[5, 15]. 

Resolution of the problem of the specific participation of the redox 

and ATPase systems in secretion in the intact mucosa can be approached 
by two methods which allow measurements of metabolites during secre- 

tion. In the first, Lowry enzyme cycling methods may be used to fluori- 

metrically measure metabolite levels of the parietal cell areas both pre - 

ceeding and after the establishment of steady -state acid secretion [13, 16], 

This technique allows measurement of many metabolites but not FAD 

or the cytochromes. In the second, the split -beam spectrophotometer 
with its ability to accommodate samples with large light- scattering prop- 

erties can be used to monitor cytochrome and pyridine nucleotide levels 

during changes in the secretory rate of the intact gastric mucosa of 

frogs [8, 10, 16]. 

It is the purpose of this paper to compare results with the split -beam 

spectrophotometer and the cycling methods to characterize the complex 

redox changes which result from the transition between burimamide- 
inhibited or resting and histamine -stimulated secretion. This characteriza- 
tion yields information in two ways. First, it allows a comparison to, 

be made between secretion -induced steady -state changes and those of 

classical mitochondrial activity states. This in turn could indicate the 

limitation of a specific component vital to the secretory process. Secondly, 

the existence of a cross -over point induced by the inhibition or stimulation 

of secretion would indicate the specific locus of interaction of that process 

with the respiratory system. This identification may be a necessary initial 

step in the demonstration that the observed changes in mitochondria) 
electron transport activity induced by the inhibition or stimulation of 

acid secretion result from the specific involvement of a redox reaction 

with the secretory mechanism. 

Materials and Methods 

Spectrophotometric Studies 

Bullfrogs (Rana catesbeiana) were obtained from the Jacques Wiel Company. Prior 

to use they were kept in tanks supplied with running tap water and fed daily with crickets. 

Before each experiment the frogs were decapitated, pithed and the stomachs perfused 
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with three 20 -ml injections of nutrient solution into the dorsal ascending aorta to remove 

hemoglobin. The stomach was then removed and placed in an aerated nutrient solution 

where the mucosa was removed by blunt dissection. This mucosa was then stretched on 

a cork ring and placed in a double segment Plexiglas chamber designed to fit into the 

Amino DW -2 spectrophotometer allowing for a control and experimental side. To hold 

the two parts of the stomach motionless within the Plexiglas chamber, the tissue was 

pressed secretory surface down against a stainless steel mesh. Inside the chamber, the 

tissue was bathed with solutions from a four -chambered reservoir. The two serosal reservoirs 

contained 15 ml of a solution containing (mM): 91 Na , 5 K +, 1.5 Mg", 1.0 Ca",+ 
20 HCO3 -, 1.0 H2PO4 -, 5.0 glucose and 80 Cl- at pH 7.4. The mucosal reservoirs held 

10ml of a solution containing (mM): 70 Nat, 5.0 K +, 1.5 Mg", 1.0 Cat + and 80 Cl -, 
initially at pH 5.5. 

Oxygen tension was maintained by bubbling both mucosal and serosal reservoirs with 

a mixture of 95 -5% 02 /CO2 while utilizing a 250 -ml air trap to avoid mixing solutions 
through the mucosal or serosal tubes. Uniform flow rate through the optical chambers 
was maintained by a peristaltic pump connected between the reservoirs and the optical 

chamber. 

For the secreting mucosa, pH was maintained at 4.7 by a Radiometer pH -stat assembly 
consisting of a PHM 64 Research pH meter, a TTT 60 Titrator, REC 61 Servorecorder 
equipped with an REA 160 Titrigraph Module and an ABU 12 Autoburette. 

Burimamide was supplied by Smith Kline and French, Amytal by Eli Lilly and the 
remaining reagents by Sigma. Solutions were stored at 4 °C and prepared fresh weekly. 

Absorption measurements were made in the Aminco DW -2 Splitbeam Spectrophotome- 
ter. The absorption ranges, usually either 0.1 or 0.2 O.D. full scale were calibrated before 
each experiment. The wavelength accuracy was calibrated by comparison of the instrument 
settings to the 550 nm absorption peak of reduced cytochrome c. The spectral bandwidth 
was set at 15 nm for each experiment. 

The concentrations of the absorbing species were calculated according to the Beer 
Lambert law : A= &x b x c. 

A= absorbance as measured in optical density units (log I /Io) 
b = optical path length (assumed to be the thickness of the tissue, 0.5 mm) 

.. e = Molar absorptivity (cm -' x mM -1) 
c = concentration (mM). 

e values were those calculated by Chance and Williams [2]. 

Component Wavelength E 

NADH 340 -374 nm 6 

FADH I 465 -510 nm 11 

Cytochrome bo 564 -575 nm 20 

Cytochrome c(c1) 540 -550 nm 19 

Cytochrome aa 605 -630 nm 16 

Cytochrome a3 445 -455 nm 60 

Absorption changes were monitored continuously after each experimental procedure, 
but the changes at 30 min were used for the calculations, at which time steady state 
had been invariably established. 
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Measurements of Metabolites by Cycling Methods 

The experimental details involved in obtaining testing and secreting biopsy samples 

from anesthetized dogs have been detailed in a previous publication [18]. Briefly, the 

fasted dog was anesthetized, the abdomen opened, the stomach opened, and several biopsies 
taken. These were denoted as resting samples by the absence of measurable acid secretion 

into a Lashley cup. Histamine was then infused and samples taken at reddening of the 

mucosa and then with onset of acid secretion. Secretion was quantitated by titration of 
thé fluid in the Lashley cup, and ranged from 100 -300 'moles H +cm- 2hr- 1. 

The biopsy was immediately frozen in liquid NZ and sectioned at -20 °C. Parietal 

cell regions were defined by staining for succinic dehydrogenase in every fourth section. 

the other sections were lyophilized and the metabolites measured under oil wells. The methods 

used for measurement of the pyridine nucleotides and lactate and pyruvate have been 

published previously [18]. 

The principle of the fluorimetric cycling procedure is to convert a metabolite quantita- 

tively to oxidized or reduced pyridine nucleotide, destroying the unwanted form with acid 

or alkali. The remaining pyridine nucleotide is then measured by a cycling technique, 

for example, using alcohol, oxaloacetate, alcohol dehydrogenase and malic dehydrogenase. 

One of the products of the cycling reaction (e.g. malate in the example) is now measured 

by coupling to the formation of reduced pyridine nucleotide and direct fluorimetric measure- 

ment of the latter. In this way levels of about 10-12-10-13 moles of metabolite are 

converted to 10 -9 moles of pyridine nucleotide for the final step [13]. 

To calculate the ratio of free oxidized and reduced pyridine nucleotide in cytosol 

and in mitochondria, pairs of metabolites are used on the assumption that firstly, the 

enzyme interacting with the metabolites is present only in the compartment of interest, 

and secondly, that it has sufficient activity to maintain reactant equilibrium. For cytoplasmic 

calculations, the reactions catalyzed by lactic dehydrogenase or a- glycerolphosphate dehy- 

drogenase may be used and give similar data in the stomach. For the mitochondrial compart- 

ment the reaction catalyzed by ß- hydroxybutyrate dehydrogenase or glutamic dehydrogen- 

ase may be used. Measured levels of ß- hydroxybutyrate dehydrogenase were sufficiently 

low so that one could not be sure that adequate quantities of this enzyme were present, 

hence the levels of a- ketoglutarate, NH3 and glutamate were used for calculation of the 

ratios of NAD+ to NADH in mitochondria. These methods therefore have the advantage 

of being able to discriminate between changes in NAD and NADP +, as well as discriminate 

between changes in different cellular compartments and cell types (e.g. mucus as opposed 

to parietal cells by serial sectioning). Hence, they are complementary to the spectroscopic 

techniques but being steady -state measurements require a much larger secretory transition 

than is obtained in the frog, hence necessitating the use of in vivo dog tissue. 
a- Ketoglutarate. The sample was treated under oil in specially constructed oil wells 

with 1 µliter 0.05 N NaOH for 20 min at 80° C. After cooling to room temperature, 2 µliters 

of a solution containing 200 mM imidazole acetate buffer, pH 6.6, 20 gg /ml glutamate 

dehydrogenase, 2 µM NADH, 50 mM NH4OAc, 200 rmviADP and 0.05% BSA were added 

and incubation continued for 30 min. Residual NADH was then destroyed by addition 

of 1 µliter 0.5 N HC1 and incubating for 30 min. One µliter of this reaction mixture was 

then added to 100 µliters of a solution containing 294 gg /m1 alcohol dehydrogenase and 

45 sg /m1 malic dehydrogenase, with in addition 100 mM Tris HC1 buffer, pH 8.0, 300 mm 

ethanol, 2 mM mercaptoethanol, 0.02% BSA and 2 mM oxaloacetate. After cycling for 

60 min at 28 °C, the reaction was stopped by heating to 100 °C for 10 min and 7 µliters 

were added to 1 ml of indicator reagent. 
The latter contained 50 mM 2- amino -2 -ethyl propanol buffer, pH 9.9, 0.02 mM NAD +, 

10 mM glutamate, 5 sg /ml malic dehydrogenase, 2 µg /ml glutamate -oxaloacetate trans - 

aminase. After 10 min at 22° C, the NADH produced from the oxidation of the malate 

produced by cycling was measured fluorimetrically [12]. 
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Glutamate. The lyophilized sample was treated with, under oil, 1 µliter of 0.02 N HCI 

for 20 min at 80 °C to destroy any NADH present. After cooling to room temperature, 

2 ['liters of a reagent containing 50 mM Tris- acetate, pH 8.4, 50 µg /ml of glutamic dehydro- 

genase, 100 µm NAD +, 100 gm ADP and 0.02% BSA was added and the reaction allowed 

to proceed for 30 min at room temperature. To this 1 µliter of 0.25 M NaOH was added 

to destroy excess NAD + and the mixture heated at 80° C for 20 min. One µliter of this 

mixture was then added to 100 µliters of cycling reagent as above but containing 76 gg /ml 

of alcohol dehydrogenase and 11 gg /ml of malic dehydrogenase. Cycling was carried out 

as above and the indicator step was also the same [12]. 

NH3. Since lyophilization would remove NH3, this metabolite was measured in perchlo- 

ric acid extracts of the frozen biopsies. The frozen sample was pulverized at -20 °C 

and 100 pikers of 0.1 N HC1 in 99% methanol added. The sample was dispersed and 1 ml 

of 0.3 M perchloric acid with 1 mM EDTA added in ice. The mixture was centrifuged 

and the supernatant neutralized by 200 !lifters of 1.6 N KOH, 0.4 M imidazole. After a 

second centrifugation the supernatant was stored at -80 °C [4]. 

For NH3 assay 1 ml of a reagent containing 40 mM Tris -Cl, pH 8.4, 5 mM a- ketogluta- 
rate, 0.01% BSA, 0.1 mM ADP, 200 gg /ml glutamic dehydrogenase in glycerol and 27.5 µM 

NADH was added to a quartz tube and the initial fluorescence measured. Then 50 µliters 
of the above extract were added and the reading taken after 10 min. The difference was 

used for NH3 calculations. 

Results 

Burimamide Inhibition of Spontaneously Secreting Tissue 

Since both the secretory rate and the redox changes produced in 

the transition from spontaneously secreting to secretagogue - stimulated 
steady states are very small, the spontaneous secretory rate must initially 
be reduced to low levels so that a stimulation in secretion will produce 
a measurable redox change. Burimamide, an H -2 blocker acting at the 
level of stimulus was added for this purpose [1]. 

The addition of 3 mm burimamide to the nutrient side of spon- 
taneously secreting tissue reduced secretion from 2.5 µequiv /cm2 /hr to 
0 (n =11) in a period of approximately 15 min. Thirty minutes after 
the addition of burimamide during a period of complete inhibition of 
secretion, a tracing was made between 320 and 640 nm of the absorption 
changes produced. It should be noted that burimamide had no effect 
on the absorption of spontaneously resting tissue (n = 5). 

The absorption profile shown in Fig. 1 indicates oxidative shifts in 
the absorption regions identifying FAD, cytochrome b, c(ct), a and 
a3. The cytochrome c(ct) component appeared as a rounded peak with 
an absorption maximum at 555 nm instead of 550 nm. Cytochrome b 

absorbance was represented by a slight shoulder on the longer wavelength 
side of the same peak. There appeared to be oxidative changes involving 
NADH at 340 -375 nm. However, since the changes were in general within 
the noise variation in this area the measurements are omitted. 
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.02 

-03 

400 450 500 

WAVELENGTH 

550 600 

Fig. 1. Absorption spectrum induced by burimamide inhibition of spontaneously secreting 

frog mucosa: Steady -state absorption changes recorded 30 min after the addition of 3 m 
burimamide to the nutrient side of spontaneously secreting frog mucosa. The baseline 

was drawn with both sides of the mucosa spontaneously secreting. Note that oxidation 

is upward 

The reference wavelengths generally used in mitochondrial studies 

are a reasonable fit for the baseline drawn through a 575 nm isosbestic 

point [2]. Using the extinction coefficients measured by Chance, the ab- 

sorbance changes from five experiments have been converted to concen- 

tration changes and recorded in Table 1, row 1. Since uncertainty is 

introduced into the calculation with the measurement of the pathlength 

due to light scattering within the tissue and the resolution of unique 

cytochromes at the measured reference and absorption pairs, these 

concentrations are only estimates of the true tissue concentration (cf. 

actual measurements in the dog). 
The average of the concentration changes of reduced component 

relative to cytochrome a, shown in Table 1 is: cytochrome b, 1.2; cyto- 

chrome c(ct), 1.2; cytochrome a, 1.0; cytochrome a3, 0.7. The variation 

from unity of this average change found in cytochromes b and c(cl) 

relative to cytochrome a is not experimentally significant due to the 

large variation between experiments. The ratio of the FAD change rela- 

tive to cytochrome a is 4.3:1. The average values for the oxidative changes 

induced by the burimamide inhibition of secretion is: FAD -0.0 17 mml, 

cytochrome b -0.005 mM, cytochrome c (c 1) - 0.005 mivi, cytochrome a- 
0.004 mm, and cytochrome a3 - 0.003 mm. These concentration changes 

represent approximately 15% of the total tissue concentration of FAD, 

cytochromes b, c(c1) and a as estimated below. Cytochrome a3 was slightly 
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less oxidized with a change accounting for 9% of its total tissue concentra- 

tion. 
From these observations, inhibition of acid secretion at the level 

of the stimulus apparently interrupts flow of reducing equivalents into 

the mitochondrial respiratory chain. This effect is also dependent on 

the presence of secretion since resting tissue does not show any redox 

changes following burimamide. The relative changes of the redox com- 

ponents also suggest, with the exception of pyridine nucleotides, rela- 

tively uniform changes and certainly the absence of a cross -over below 

FAD. 

Histamine Stimulation of Burimamide -Inhibited Tissue 

In order to record the redox shifts produced by the transition from 

a nonsecreting to a secreting steady state, 3 mm histamine was added 

to the nutrient side of burimamide- inhibited tissue. The addition stimu- 

lated secretion from 0 to 3.5 µequiv /cm2 /hr (n= 11) in approximately 
15 min. Thirty minutes after the addition of histamine, during maximal 

secretion, the absorbance changes were recorded from 300 to 640 nm. 

The tracing recorded in Fig. 2 indicates a general reduction of all respira- 

tory chain components with the possible exception of pyridine nucleotide. 

Cytochrome a was a peak measured at 605 -630 nm. Cytochrome 
b appears as a shoulder at 564 nm on the absorption peak due to cyto- 

chrome c. Maximal absorption of cytochrome c was recorded at 555 nm. 

The reason for this shift has not been determined, though contributing 
factors may be either absorption of c1 at 554 nm or traces of deoxyhemo- 

globin not removed by perfusion. The FAD peak occurs at 465 nm. 

NADH absorption when present appears as a broad peak from 340 

to 355 nm. 
The concentration changes responsible for these absorbances in five 

experiments were calculated and recorded in Table 1, row 2. Though 

there is apparent variation in the concentration of like components be- 

tween experiments, the average relative change of five experiments for 

cytochromes b, c(c1), a and a3 is consistently unity. The relative concen- 

tration change of FAD is higher, actually about 4. 
When compared to the total concentration of tissue components, 

the histamine -induced reduction accounts for almost 50% of the total 

tissue concentration of FAD, cytochromes b, c(c1) and a. Cytochrome 
a3 occupies a slightly more oxidized position with reduction accounting 

for 42% of its total tissue concentration. 
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Fig. 2. Absorption spectrum induced by histamine stimulation of burimamide -inhibited 
frog mucosa: Steady -state absorption changes observed 30 min after the addition of 3 mm 
histamine to the nutrient side of frog mucosa which had been previously inhibited by 
the addition of 3 mm burimamide. The baseline was drawn with both sides of the mucosa 

inhibited with burimamide. Note that oxidation is upward 

NADH was more difficult to measure due to a tendency for the 
374 nm reference wavelength to shift in some experiments. Unless the 
374 nm wavelength was stable, the measurements were omitted in the 
concentrations recorded in Table 1 (one of five experiments). Measure- 
ments indicate that NADH is much less reduced than the other tissue 
components. Its relative reductive change compared to cytochrome a 
is 0.4. This corresponds to only 3.6% of the total tissue NAD concentra- 
tion. 

These data are similar to those previously published by Hersey and 
his collaborators [8] in that generalized changes were observed either 
with stimulation or inhibition of secretion. These are in contrast, how- 
ever, to reports suggesting only specific changes in cytochrome c [11]. 
A difference between the techniques is the use of CO in the latter experi- 
ments. We used 10% CO and in our hands the presence of this gas 
in the gassing solution did not prevent the general changes observed, 
hence this gas was not used routinely. 



198 E.C. Rabon, H.M. Sarau, W.S. Rehm, and G. Sachs 

FAH.- 

C b 

1 

NADH 

-06 

_:04 

-02 

0 

_02 

_w 

_06 

_08 

_10 

350 400 

WAVELENGTH 

500 550 600 

Fig. 3. N2 reduction of amytal- inhibited tissue: Steady -state absorption changes recorded 
20 min after the substitution of N2 for the 95 -5% 02 /CO2 normally supplied the tissue 

in amytal- inhibited mucosa. The baseline was drawn with amytal inhibited tissue. Note 

that oxidation is upward 

Interactions of Anoxia and Amytal 

If the interpretation of the reciprocal effects of burimamide and hista- 

mine are correct, namely that it is substrate mobilization that is affected 

by stimulus and antagonist, then the presence of antagonist should signifi- 

cantly affect the redox response to amytal. 
Fig. 3 shows the effect of N2 on amytal- inhibited tissue. Since amytal, 

by blocking electron flow between NAD+ and FAD results in complete 

oxidation of all the redox components below NAD + and anoxia results 

in complete reduction, this experiment allows calculation of total tissue 

concentrations of FAD and the cytochromes. 
These data are given in the third row of Table 1. As can be seen 

there is a characteristic 1:1 shift of the cytochromes relative to cyto- 

chrome a and a fourfold relative reduction of FAD. Although one would 

anticipate that mitochondrial pyridine nucleotide is fully reduced, anoxia 

resulted in a considerable reduction of pyridine nucleotide, although 

slightly less than anoxic effect on burimamide- inhibited tissue. 
This may be interpreted as being due to reduction of extramitochon- 

drial nucleotide. This would put the ratio of extramitochondrial pyridine 

nucleotide to cytochromes at about 4 and account for the majority of 

pyridine nucleotide in the tissue. 



Redox Activity during Acid Secretion 199 

On the hypothesis that burimamide results in complete oxidation 

of the mitochondrial respiratory chain, then the effect of N2 on burima- 

mide- treated tissue should be quantitatively identical (except for pyridine 

nucleotide). The fourth row of Table 1 shows that this is essentially 

true. Accordingly, the spectral change in pyridine nucleotide can be 

taken as the shift also from totally oxidized to totally reduced. As men- 

tioned above, this shift is larger than the shift with amytal and anoxia. 

If amytal results in complete reduction of intramitochondrial pyridine 

nucleotide, then the difference in reduction between burimamide +N2 
and amytal + N2 is due to reduction of oxidized intramitochondrial nu- 

cleotide by anoxia. This suggests that mitochondrial nucleotide comprises 

about 15% of total tissue nucleotide. 
Accordingly, the addition of amytal to a burimamide- inhibited tissue 

should result in a shift of completely oxidized intramitochondrial nucleo- 

tide to completely reduced. This corresponds to a change equivalent 
to 17% of the total nucleotide, a reasonable agreement to the 15% 

deduced above. No change was observed in the subsequent members 
of the respiratory chain showing also that there was no electron flow 

into this portion of the chain with burimamide. 
This then raises the question as to why only 3.6% of total nucleotide 

changed with histamine stimulation of secretion and whether this was 

due to a change in cytoplasmic or mitochondrial components. This was 
partially resolved by data derived from studies on dog mucosa. 

Levels of Metabolites in Dog Mucosa. The data obtained are shown 
in Table 2. It can be seen that in terms of total pyridine nucleotide, 
the change in NADPH is insignificant and can be neglected in predicting 
the changes likely to be observed spectroscopically. In data published 
elsewhere [18] the NAD+ levels in mucous cells were comparable to 
those of parietal cells, but the NADH levels were only 15% of those 
in parietal cells. With secretion the latter value actually fell, hence one 
may also neglect changes in mucous cells as contributing to the data. 
Thus there is a decline in the measured NAD+ /NADH ratio with onset 
of secretion in the dog corresponding to an increase of 0.228 mmoles 
of NADH of a total pyridine nucleotide of 2.265 mmoles. This represents 
a change of 10% of the total. If this were intramitochondrial nucleotide 
this would correspond to close to 60% reduction of that compartment 
based on the considerations discussed in the spectroscopic data. It is 

therefore essential to calculate the compartmental distribution of the 
change. 

When this is done, it can be seen that there is a 28% fall in the 
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Table 2. Metabolite levels in dog parietal cell region 

Rest Secretion 

(mmoles /kg dry weight) 

Lactate 3.41+ 0.46 5.93+1.47' 
(n=4) (n =4) 

Pyruvate 0.424 ±0.046 0.604 ±0.0386 
(n= 7) (n=7) 

NAD + /NADH (cytosol) 1.3 x103 0.94x 103 

Glutamate 12.13+2.04 9.34 ±2.38 
(n =7) (n =7) 

ce- ketoglutarate 0.359 ±0.37 0.404 ±0.41 
(n = 7) (n=6) 

NH3 1.92 ±0.06 2.21 ±0.07° 
(n =10) (n =10) 

NAD + /NADH (mitochondria) 2.94 5.0 

NAD+ (total) 1.97 ±0.07 1.88 ±0.07 
(n =17) (n =11) 

NADH (total) 0.295 ±0.020 0.523 ±0.0746 

(n =17) (n =11) 

NAD + /NADH (total) 6.68 3.60 

NADP+ (total) 0.069 ±0.008 0.064 ±0.008 
(n =16) (n =14) 

NADPH (total) 0.219 ±0.012 0.230 ±0.012 

(n= 20) (n =12) 

NADPH /NADP+ (total) 3.17 3.59 

The values are means ±SEM of four measurements in n dogs. The cytoplasmic NAM 
NADH ratio was calculated using 1.11 x 10 -4 for the LDH equilibrium constant and 

mitochondrial NAD+ /NADH using 3.87 x 10-6 M for the GDH equilibrium constant. This 

corresponds to the `free' nucleotide ratio g since there is significant binding of the reduced 

form. 
.=p<0.05. 
b= p <0.01. 

ratio in the cytosolic compartment but a 70% increase in the mitochon- 

drial ratio. From this, the reductive change in the total nucleotide is 

due entirely to a cytoplasmic change. The mitochondrial change in fact 

is towards oxidation. 
From the spectroscopic calculations 85% of the pyridine nucleotide 

is extramitochondrial. The reciprocal change in the two compartments 
is consistent with a net change of 0.30 mmoles /kg dry weight in NADH, 

close to that actually found. 
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The total level of 2.3 mmoles /kg dry weight found in the dog can 

also be compared with the value calculated from the absorption data 
of 0.141 mmoles /kg wet weight. Since 20% of tissue is dry weight this 

corresponds to a value of 0.7 mmoles /kg dry weight. The epithelial cell 

layer comprises only 50% of the mass of the stripped frog mucosa and 
mucus cells contain only about 2/3 of the tubular (oxyntic) cell content 
which allows an estimated value of close to 2 mmoles nucleotide per 

kg dry weight oxyntic cell mass in the frog which is quite comparable 
to the value found for dog parietal cell regions. 

Discussion 

From the data presented in the frog and the dog, a consistent picture 
emerges in terms of what happens to the total pyridine nucleotide with 
onset of secretion. Thus a small component becomes reduced ranging 
from about 4% in the frog to about 10% in the dog, measured by 
quite different techniques. 

Moreover, calculation of the cytosolic and mitochondrial distribution 
of the change in the NAD+ /NADH ratio shows that the reductive change 
occurred exclusively in the cytoplasm. On the other hand the mitochon- 
drial compartment became relatively oxidized. The ratios calculated are 
consistent with those found for other tissues [6]. 

Unfortunately the flavine nucleotides and the cytochromes are not 
amenable to estimation by the cycling procedures. However, just as the 
changes in the dog tissue for pyridine nucleotides appear to match these 
measured spectroscopically in the frog, it seems reasonable to assume 
that reductive changes occur in FAD and the cytochromes in dog gastric 
mitochondria with onset of acid secretion. 

Since, therefore, the intramitochondrial NAD+ /NADH increases and 
the FAD /FADH2 decreases, a cross -over occurs between these com- 
ponents of the redox chain. 

The oxidation of mitochondrial NADH would be consistent with the 
fall in the phosphorylation potential, ATP /ADP Pi as found in both 
frog and dog [3, 18]. The problem is that the other components of 
the chain become reduced. 

A reduction of NAD and cytochrome c in the mitochondrial respira- 
tory chain with work load (muscle contraction) utilizing ATP has been 
described in insect muscle mitochondria [7]. Here the effect has been 
explained by a low mitochondrial permeability to metabolic anions and 
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activation of NADH- dependent isocitrate dehydrogenase. This action, 

activation of substrate oxidation, supersedes the oxidation of the respira- 

tory chain expected from the decline in phosphorylation potential. It 

is clear from these data that an anomalous reduction of the respiratory 

chain does not disprove ATP utilization for work done by a tissue. 

A similar situation may exist in part in the stomach. Thus, the largest 

changes found in metabolite levels in the dog are found in the Krebs 

cycle intermediates [16]. The effect of burimamide and histamine are 

also best explained metabolically as being due to substrate mobilization 

(whether glucose in the dog or additionally fatty acids in the frog) since 

no electron flow is demonstrable by amytal at FAD and below in the 

presence of burimamide. This interpretation has been suggested previ- 

ously [8] and the data are quite similar to those found with theophylline 

addition to frog mucosa made resting by extensive washing [10]. 

The involvement of mitochondrial reactions is essential in any mecha- 

nism of H+ secretion. For example, using substrate as a direct H+ 

donor we may have 

lactate -+ pyruvate + 2 H + + 2 e. 

If the protons are secreted and the electrons find their way to 02, the 

H +/0 ratio of 2 is obtained provided the pyruvate is excreted and not 

metabolized. Any direct substrate reaction is subject to the same limita- 

tion. If the product of this type of reaction is not excreted but metabo- 

lized, the maximal H +/0 ratio is much less than 1, contrary to observa- 

tion. 
Apart from the generation of ATP, mitochondrial metabolism may 

be directly involved in the reduction of a cytoplasmic H+ donor and 

in the reoxidation of a cytoplasmic electron acceptor. The presence of 

a cross -over between NAD+ and FAD is not compatible with the utiliza- 

tion of only ATP as a product of mitochondrial metabolism. However, 

such a finding as well as the reduction of the subsequent redox chain 

does not exclude ATP utilization. 
From the cross -over data it is possible to formulate a specific hypo- 

thesis for movement of reducing equivalents into and out of gastric 

mitochondria. Movement of reducing equivalents out of the mitochondria 
presents no energetic problem since there is a higher oxidation state 

of cytoplasmic as opposed to mitochondrial diphosphopyridine nucleo- 

tide. Malate would be an appropriate H+ shuttle, oxidation of malate 

in the cytoplasm producing cytoplasmic NADH. 
This NADH could react with a plasma membrane H+ transport 
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system donating H+ to the lumen, or to a second pump such as the 
(H + +K +)- ATPase [5, 15]. The electrons pass to an acceptor such as 

dihydroxyacetone phosphate and with 2 H + from the cytoplasm, cc-glyce- 

rol phosphate is formed. This in turn reacts with the flavin linked cc- glycero- 
phosphate dehydrogenase as in the a- glycerophosphate cycle [19]. In 

accord with this possibility there is a rise in malate and a- glycerophos- 
phate with onset of secretion in dog mucosa [16]. 

This type of reaction sequence may account for a decrease in the 
cytoplasmic NAD+ /NADH ratio coupled to an increase in mitochondrial 
NAD+ /NADH ratio associated with a fall in the FAD + /FADH2 ratio. 

In general, therefore, these data suggest the possibility that a reaction 
may be involved in gastric acid secretion other than, or in addition 
to, utilization of ATP. Data with isolated vesicles [15] as well as the 
fall in phosphorylation potential [3, 18] implicate ATP in the process. 
Thus, the final answer to the problem of H+ secretion in the stomach 
may eventually be found in a combined redox and ATP -driven mecha- 
nism. 
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The primacy of H+ transport in endergonic and exergonic processes in biol 

seems to be becoming part of scientific dogma. One might expect the secret 
process of the mammalian perietal cell to be the ultimate expression of the pro 

transport process and thus to serve as a model for other H + translocases. 
Accordingly, this review will discuss some recent findings relating to tran 

by the gastric mucosa, in particular the transport of H +.. 

I. Mitochondrial H + Transport 

Although the role of a proton gradient in chloroplast and mitochondrial 
phi 

phorylation and in active transport by bacteria or yeast is well established, 

do not have a detailed picture of the structures constituting the H + pump.l 
original chemiosmotic hypothesis whether correct in detail or not, made the 

portant contribution to biological thought that the mode of energy conserva 

by mitochondria was in the form of ion gradients [1], especially that of H +. 

Redox reactions catalyze the transfer of H and electrons between don 

and acceptors, the terminal acceptor in mitochondria being 02. A vecto 

arrangement of such a reaction may be written as: 

AH2 (OH- 

A 1 2H+ 

thus an H + and OH- gradient is set up. 
Equally the hydrolysis of ATP can be written as : 

ATP +HOH -+ ADP +Pi. 

The equilibrium for this reaction can be written as: 
phoryh 

ADP Pi (her 

value c 

efc 

-K. 
ATP H2O Cot 

by the 
If H2O is reduced to very low levels, then ATP synthesis from ADP and Pima 

Th( 

occur. This was essentially the original core concept of the chemiosmo. across 

hypothesis. However, although in a hydrophobic environment, the [H20] canh'This is 

low, it is very difficult to conceive of a mechanism acting directly to abstrac 

H20. 
An alternative way of writing the synthesis or breakdown of ATP is: a, Der 
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Fig. I. Schematic representation of the chemi- 

osmotic hypothesis, showing electrogenic redox 

pump generating an H+ gradient. Return limb 

for the H` pump is ATP synthase reaction. This 

evolves movement of H+ across the membrane 

0d reaction with bound ADP and Pi forming 

ATP 

ADP 

Pi 
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TP 
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H+ 

This illustrates the reversible translocation of 2H + with the formation or break- 
down of ATP. In this scheme, if the nexus of the arrows is considered to be a 

phase boundary, such as a membrane, the breakdown of ATP results in the net 
transfer of 2H+ as charged species. Hence, in considering the reversibility of the 
reaction, the electrochemical gradient of the proton, as well as the phosphorylation 
potential is significant. This results in: 

n 
(RT dpH-di)=dG'=dG°+RT ln 

ATP H2O 

F ADP Pi 

where R, T, F have their usual meanings, n is number of H + transferred, 
dpH is the pH gradient across the membrane, d>(i is the electrical potential 
difference, AG' is the actual free energy of hydrolysis, 4G° is the standard free 
energy of hydrolysis. The term in brackets has been called the proton motive force 
(pmf). It has been the major contribution of the chemiosmotic hypothesis to 
recognize the equivalence of the electrochemical gradient of H + and the phos- 
phorylation potential [1]. The required value of the pmf for ATP synthesis is, 
therefore, a function of the phosphorylation potential ATP /ADP Pi and the 
salue of n. The greater the value of n, the lower the required pmf. 

Conversely, at zero potential the maximum gradient of H +,dpH, is determined 
by the dG'. Notably, the dG° of ATP is strongly pH- dependent above pH 6. 

iroa 
The critical component, therefore, of an ATP synthetase are a proton conductor 

1110f across a membrane and a sensor of the H + concentration, a reversible ATPase. 
an This is illustrated schematically in Figure 1. 
stra 

1. Development of H+ Gradients 

It has been amply established that H + gradients can drive ATP synthesis [2], or 
that ATP hydrolysis can produce H + gradients [3]. It has also been well docu- 
mented that redox reactions, or photolytic reactions may generate H + gradients [4]. 
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Thus, there are three types of electrogenic mechanisms involved, redox, photolyti 
and ATP driven. 

In primitive systems such as bacteria or mitochondria, in addition to an ATp 

generator of an electrochemical H + potential, there are also redox generatorsol 
such a potential. These are due to an oriented transmembrane complex 

al electron acceptors. 
M 

2C 

C1/20z" gH +A Al 2a 2a3' 1/0z 
C 

This illustrates schematically the oxidation of a substrate at complex IV of the 

redox chain where 2H+ is released on the cytoplasmic side of the mitochondria) 

membrane (C) and electrons to OZ on the matrix side (M). Thus an H+ gradient 

is generated electrogenically by such a complex. This is considered to happen at 

three sites in the mitochondrial redox chain. The disposal of the H+ electro 

chemical gradient is by the ATP synthesis complex. 
An H + gradient may also arise by coupling a proton conductance directly to 

a generator of potential such as electrogenic anion pump. In this case movement 

of H + is dependent on active movement of another ion. 
Finally an electroneutral process may be considered, such as an exchange of 

H + for K +, both ions participating in the translocation mechanism. 
It is intriguing that all these processes must be, and actually have been . 

considered in the mechanism of H+ secretion by gastric mucosa. 
Because it has been shown that purified mitochondrial ATP synthetase 

complex may act on its own as an H translocase, and because a gastric ATPase 

also can translocate H+ ions, a brief digression into the electrogenic H+ ATPase is 

worthwile. 
In fact, because of the state of development of knowledge in gastric mucosa, our 

major concern will not be with the redox involvement in H+ gradient generation, 

but with ATP and ATPase mechanisms. The evidence relating to redox involvement 

has recently been reviewed [5]. 

B. Electrogenic H+ ATPase 
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The ATP synthetase present in mitochondria or chloroplasts contains an ATPase 

of complex subunit structure (F1) [6]. The function of these subunits is at present 

not understood. Additional components are associated with the ATPase such as 

an Fo complex [7] or oligomycin sensitivity conferring factor (OSCF), a DCCD 

binding protein and an ATPase inhibitor [8]. Of particular interest is the role of 

F0. A suggestion has been made that Fo is the coupling site for F1 on the mito- 

chondrial membrane, and that the F0 complex is responsible for the H con. 

ductance of the mitochondrial membrane [9]. Thus, oligomycin or DCCD interacts 

indirectly with Fo by combining with other factors inhibiting H + movement and in 

this configuration, (i.e. the combined F1Fo), the ATPase activity is inhibited. The 
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coupling between oxidation and phosphorylation being due to the pmf across the 

membrane, 
oligomycin prevents interaction of the pmf and ATP synthetase. The 

Fa path is not specifically required for respiration hence the addition of pro - 

tonophores 
such as DNP or TCS allows respiration to continue [10]. However, 

H+ flux through Fo is specifically required for ATPase activity, since oligomycin, 

which blocks H+ conductance through Fo, inhibits ATPase activity even in the 

presence of uncouplers. 

In addition to the oligomycin site, there is a N, N' dicyclohexyl carbodiimide 

binding protein [11]. Binding of DCCD to this protein has the same functional 

result as oligomycin, i.e. inhibition of phosphorylation but not Ft ATPase. The 

binding protein is a low M.W. protein of about 10,000 mol wt soluble in 

chloroform- methanol. 
If this type of model is accepted, the F complex must be capable of sensing the 

change in [Hi] or EMF at the Fo -F1 interface. This has to be a specific 

region of proton translocation otherwise uncouplers would be able to reverse the 

oligomycin or DCCD inhibition of the F1Fo complex. It is therefore not 

adequate to propose a simple proton conducting circuit between F1 and Fo. 

Rather there could be a proton binding site on F and a proton acceptor 
site on F0 in the ATPase. Uncouplers would neither be able to accept H from 

F, nor interfere with the translocation of H from F to Fo. H movement 

across the mitochondrial membrane, in the absence of uncoupler, would then 
require dissociation of H + from the binding site on F and translocation through F0. 

ATPase inhibitors such as DCCD or oligomycin would then block either dissocia- 
of H+ from the binding site on Fo, or translocation from F1, or translo- 

cation of the dissociated H + through the Fo complex. In no case could uncouplers 
interfere with the reaction. This shielded proton movement implies the existence 
of channels rather than carriers, as illustrated in Figure 2. Hence, uncouplers will 
not be able to penetrate the channel region. 

The reverse of the process, ATP synthesis by an electrochemical H+ gradient 
would then require movement of H + through Fo complex to the binding site and 
transfer of this H+ to the acceptor site on F1. Uncouplers would bypass this 
process by providing a shunt conductance for H + elsewhere in the mitochondrial 
membrane. Acceleration of ATPase activity with uncouplers then results from the 
reduction of the back EMF across Fo complex. 

The substantive point of this hypothesis is that there is a chemical group 
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fig.a. More detailed representation of electrogenic H' ATPase of mitochondria. The representation 
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on Fo which binds H+ in response to a gradient (chemical or electrical). This 
in teracts directly with an equivalent group in one of the F1 subunits resulting 

in protonation of that subunit. This model has thus translated an ion gradient 
into 

a chemical change in F1, the ATP, ADP and Pi binding complex. 
A mechanism must also be present to sense the E.M.F. across the mica 

chondrial membrane (Fig. 2). If the translocation of Pi through the ATPase isj 
the charged form, then in the ATP synthetase reaction, direct application 

of a 

potential, mitochondrial interior negative, will move phosphate into the 11 

region (the FoFI interface). The reaction at this site could be written [12]: 

O 

R- P- O - - - - -- 5 P 

ADP 
H2O+ O- 

2H+ 
Phosphate 

N+ Trans 

H2O 

where the protonation of phosphate increases the electrophilic reactivity of the 

phosphorus. Reaction with O- of ADP results in transfer of an electron and 

expulsion of H2O. The H + gradient is responsible for the protonation and the EMT 

for translocation of the phosphate. Hydrolysis reverses the sequence, also 

producing a potential and H+ gradient. The key reactions are therefore H+ and Pi 

binding site translocation (Fig. 2). 

II. Plasma Membrane Cation Transport 

There appear to be two types of cation translocating ATPase. One already 

discussed is the mitochondrial F1Fo complex. No evidence exists for the cation 

translocation ability of F alone. The other type is exemplified by the Na + +K" 

ATPase [13] or Ca ++ ATPase [14] and probably by the H+ : K+ ATPase [151 

of gastric mucosa. These differ in type of subunits and in reaction mechanisms. 

Thus both the Na +K+ and Ca ++ ATPase contain a 100,000 Mr (relative mole. 

cular weight) subunit which is phosphorylated by ATP on a y- aspartyl group 

[16, 17] during enzyme activity. In the case of Na +K+ ATPase at least, there 

appears to be a complex series of reaction steps namely: 
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(4) 

(5) 

(6) 

These steps have been dissected by the use of inhibitors such as ouabain [18] 

elNethyl maleimide [19], separate addition of Na + and K+ and by ion gradient 

effects [20]. Kinetics as well as radiation inactivation cross section suggest a dimer 

form for activity of the enzyme [21]. Although, with the exception of red cell 

Eliosts, vesicles containing this enzyme have been too leaky for transport studies, 

reconstituted vesicles have recently been described which do transport Na + 
+ with 

ATP addition [22]. Little success has been reported for planar bilayer incorporation 
of this type of pump, although fragments may have been incorporated [23]. 

Hence the electrical characteristics of these pumps are not precisely known. 

It seems that the isolated sarcoplasmic vesicles containing the Ca+ + ATPase 
have a large anionic shunt conductance so that in vitro there is little likelihood 
of a potential developing with transport [24]. Ion pathways of the NaK ATPase 
have been measured by flux studies (which do not reveal the electrical characte- 
ristics) in red cells, resealed red cell ghosts, and in reconstituted vesicles. There 
appears to be at least five modes of operation of this pump, or five classes of 
cation flux. (1) Na +K+ exchange, (2) pump reversal, (3) Na + -Nat exchange, (4) 

K +K+ exchange, (5) Na + efflux [25]. The explanation for these activities must re- 
side in the location and type of sites responsible for the ion movements. 

It should not be considered that there is a fundamental difference in the 
thermodynamics of this type of ATPase and the electrogenic H+ ATPase 
discussed above. Thus, this type of ATPase is also reversible with respect to ion 
gradients. In red cell ghosts which translocate Na + outwards and K in, it was 
found that loading with K + and placing these in high Na medium resulted 
in net synthesis of ATP. More recently the addition of Na + to non -vesicular 
preparations of Na +-{-K+ ATPase has been shown to result in synthesis of 
ATP from ADP and Pi. Similarly binding of Ca+ + can reverse the Ca' ATPase. 

The differences between these ATPases and the electrogenic H ATPase may 
herefore be more apparent than real. That a phosphorylated intermediate is 
formed may only be coincidental in that a carboxyl group may react with the 
'activated" phosphate to form an isolatable "intermediate" in the plasma 
membrane ATPases. In the mitochondrial type a binding site may hold the 
phosphate for nucleophilic attack by ADP. 

III, Photolytic H + Transport 

The recognition of the proton pump capability of lumirhodopsin [4] has parti- 
cularly interesting implications about H + transport mechanisms. A retinylidene 
protein (26000 daltons) moves H in response to a light flash. Presumably a 
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H 
Trans 

reaction occurs in the retinal to change conformation of the protein. This in tun differem shifts the pKa of a group in the protein from a high to low pKa. This for ¡lasso 
pKa form then donates H + across the membrane in one or several stages to anotha 

the pum 
low pKa group which donates H + to the medium. 

The 
It is not unreasonable to conceive of H + translocation to be via a simihi between 

mechanism. Thus interaction of a protein with ATP results in phosphate transfer could or 

The acceptor group phosphorylation or binding results in a pKa shift downward,tbecom 

translocation of H + across the membrane, and formation of an H gradie1 

A similar mechanism with changing cation affinities in a site mobile across 
the 

membrane could account for cation translocation as has often been suggested 

V. Del 

IV. Nature of Ion Movement 

Two types of structures may be responsible for ion translocation across bilayen. 

The simplest would be a waterfilled pore of dimensions so that hydrated lolls 

could cross the bilayer (i.e. the cation selectivity sequence would correspond 
to 

sequence 1 of Eisenman). The other type involves substitution of water of 

hydration by binding groups such as polar oxygen and hence would alter the 

selectivity sequence. This type could be further classified into mobile and fixed 

sites (i.e. carriers or channels). These can be distinguished readily in a low 

conductance bilayer since a single channel event can significantly alter the back . 

ground conductance of a bilayer, the channel "size" being to the order of 10h1 S2 -1 

A carrier binding one or two ions will show smooth conductance changes with 

incorporation into a low conductance bilayer. With the possible exception of the 

H -K+ ATPase to be discussed below, no electrical evidence is available to 

establish whether ion conductance through pumps is by channel or carrier 

mechanisms. 
The mitochondrial H + pump discussed above is electrogenic, i.e., the pump 

is capable of generating a potential or short circuit current across a membrane 

directly without the presence of diffusion potentials. The reasons for considering 

a channel mechanism have been discussed. 
The rate of pumping (i.e. ATPase activity) will be a function of the gradient 

and the potential difference across the membrane. Accordingly, an increase of 

membrane conductance will serve to reduce the potential difference and hence 

accelerate the pump. The absence of a conductance or return limb will inhibit 

pump activity. The potential difference generated by a "perfect" electrogenic pump 

will then be 60 my for each 10 -fold increase in gradient generating capability for 

a univalent ion. If other conductances are present in the membrane, the potential 

difference will decrease as a function of the equation: 

EM_ gA EA 

gA +g5 
where gA, EA are the conductance and E. M.F. of the active pump and gB is the lumped 

conductance term for all other conductances. From this if gB» gA, the potential 
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difference generated by an electrogenic pump could be very small and not 

necessarily detectable. At g, 0, EA is 60 my for a ten -fold gradient developed by 

the pump. 

The alternative to an electrogenic pump is a neutral pump, with forced exchange 

between 
cations or anions or forced cotransport of cation and anion. Such a pump 

could only secondarily generate a potential due to a diffusion potential dependent on 

the concentration gradients of the ions transported, and the membrane selectivity. 

V, Determination of Electrogenicity of Pumps 

In intact tissue, the electrogenicity of a pump can be determined in several 

ways. The measurement of a potential difference in excess of that calculated based 

on diffusion potentials is perhaps the most direct. Alternatively, demonstration of 
linear relationships between ion flux and current generated or between potential 

difference and ion flux seems conclusive. In vesicles the evidence is more indirect, 
but knowledge of ion gradients across the vesicle membrane is easier to obtain. 

In vesicles, measurement of changes in potential difference can be achieved by 

measuring the distributions of a radioactive or fluorescent lipid permeable cation. 
Thus, 

E - RT 
In 

Al 

nF A. 

where Al is the internal and A. is the external concentration of ion. It is often 
difficult to be exactly sure of A; (especially in fluorescent studies), hence a calibra- 
tion technique has been developed whereby the membrane is made K + selective 
by means of valinomycin and then a known K + gradient is applied. 

An alternative approach in terms of distinguishing neutral and electrogenic 
pumps is to modify membrane conductance and measure changes in pump rate (i.e. 
ATPase activity). In general, an electrogenic pump will increase rate with increase 
in conductance and decrease rate with decrease in membrane conductance. If 
however, the non -specific conductance gB is very high as discussed above, it may 
be very difficult to modify gB sufficiently to achieve any change in rate or potential. 
In such vesicles a pump could therefore be effectively non -electrogenic rather than 
neutral. If however, it can be shown that in vesicles of low conductance, 
no potential develops and that changes of conductance do not affect pump activity, 
it may be safe to assume that the pump is neutral. 

VI. Measurements of H+ Gradients 

In the special case of H + gradient formation by vesicles, it is possible to measure 
the magnitude of the H + gradient in three ways. The simplest is the use of a pH 
electrode and knowing vesicle volume the pH gradient can be calculated from the 
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appearance or disappearance of H + in the external medium. Alternatively 
trapping of a weak acid or weak base can be used on the supposition that 

, 

charged form of these are impermeable and the neutral form is freely permeabh. 

Hence the dpH for trapping of a base 

AH+ A; dpH = log ro =log 

A technical problem arising is the degree of impermeability. Using a radioactirt 

marker, centrifugation or filtering and washing could result in a considerable 

underestimate of the gradient if the charged form had finite permeability. Thin 

rapid flow dialysis may be the method of choice for estimating uptake of baseor 

acid. 
Alternatively, pH indicator dyes can be used with color or fluorescence changes 

in the appropriate range. The drawbacks in this case are the site of binding of tht 

dye (if bound) and changes in spectrum with binding as well as absorbana 

changes. Hence, quantitation of the change of pH may be difficult. 
These would seem to be the possibilities available and with the measurement 

of 

ion movements, the use of potential probes and ionophores, and variation of the 

conditions of study of transport, a decision as to the type of pump and 

whether H + is transported is in general feasible in isolated vesicles. 
With this brief background discussion of a complicated field, we can non 

approach the problem of H + transport in gastric vesicles due to H+ +K+ ATPase 

activity. 

VII. H + +K+ ATPase 

Tablet 
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The first indication that gastric mucosa might contain a transport ATPase 

similar to the Na + +K+ ATPase was the finding of a K+ activated p -nitro- 

phenylphosphatase [26] or acetyl phosphatase [27]. The Na + +K+ ATPase is 

capable of catalysing similar partial reactions [28, 29] but in contrast to the gastric g' 
eels 

phosphatase activity, the Na + +K+ partial reaction is ouabain inhibited. peak 

Subsequently a K + activated ATPase was shown to be present in rabbit, frog. tact 

dog and hog mucosa [15, 30, 311 In contrast to the Na + +K+ ATPase, there Lion 

fract was no inhibition by ouabain nor was there any requirement for Nat. 
ofth 

A. Purification 

The K + enzyme is localized exclusively in the microsomal fraction of the gastric 

mucosal homogenate. This microsomal fraction can be further divided into two 

membranes and one mitochondrial band on density gradient centrifugation using 

sucrose or ficoll sucrose gradients [32, 33]. At this stage, there is a 10 -to 20 -fold 

purification of the ATPase or pNPPase in terms of the original homogenate 
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5'-AMPase Mg++-ATPase K -ATPase K+-ATPase+val 

Total homogenate 0.5±0.3 6.2±0.6 2.0+1.0 3.6±1.8 

Microsomal 
fraction 1.5 ±0.6 15.9 +1.5 7.1 +4.3 16.7 ±4.0 

Light membrane fraction 4.6±0.1 6.4 ± 1.3 32.5±3.2 62.9 +1.7 

Electrophoretic 
fraction I(F1) 0.6±0.2 2.7+0.6 64.1+3.9 87.6+2.5 

Electrophoretic 
fraction II 14.7 ± 1.2 16.6 +2.0 17.3 ± 1.2 19.4± 1.7 

The activity of 5' AMPase and ATPase in the total homogenate, microsomal fraction (100,000 g 

precipitate of the post 20,000 g supernatant) the light membrane fraction on the 7.5% ficoll to 37% w/w 

sucrose gradient and the 2 fractions derived from the latter by free flow electrophoresis. The K +- ATPase 

activity is the difference between activity in the presence or absence of K +. The K+- ATPase +valino - 

arycin activity is the difference between the activity in the presence of K+ and valinomycin and in the 

presence of Mg ++ alone 

Fig. 3. Gel pattern on 10% acrylamide 
gels of microsomal (M) zonal gradient 
peak (G) and free flow electrophoretic 
fraction (F!) showing progressive reduc- 
tion of the number of peptides in each 
fraction and increase in relative amount 
of the 100,000 peptide region 

(Table I). The two membranous bands differ somewhat in their content of 5' 
nucleotidase and considerably in their ion permeability. The material not entering 
the gradient, i.e., at 7% ficoll is considerably less permeable to H +. The gel 
pattern observed is fairly typical of membranes showing a complex pattern with 
some prominent high mol wt Bands. 

Free flow electrophoresis which takes advantage of variations of surface charge 
separates either membranous band into several fractions. Maximum separation is 
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obtained in the presence of ATP. The calculated surface charge alteration 
based 

on the ATP dependent band displacement is equal to the number of phosphorylation 
sites per vesicle measured using y 32P -ATP [33]. 

This electrophoretic fraction is now 40 -fold enriched with respect to H+ +K.4. 

ATPase and is free of 5' nucleotidase and Mg ++ ATPase. Moreover, gel electro. 
phoresis shows that a peptide region of 100,000 mol wt accounts for more than 

75% of the protein [33] (Fig. 3). At this stage of purification there is no detectable 

NADH or NADPH oxidase activity. 

B. Properties of the Enzyme 

Work on this enzyme has been relatively recent hence details of its action are not 

nearly as well known as those of the Na + +K+ or Ca ++ ATPase. However, since 

it bears a remarkable resemblance to these ATPases, rapid progress has been 

made in defining some of its key features [30]. 
A phosphorylated intermediate which is acid stable, alkali and NH2OH labile 

is formed upon incubation with y32 -ATP and Mg+ +. A peptide of 100,000 mol 

phosphoryltated both in the crude membranes and the purified electrophoretic 

fraction [34]. The pH optimum of phosphorylation is broad, being between 
6 

and 6.8 (RABON, unpublished observations). The enzyme also catalyzes an 

ATP -ADP exchange [35], a characteristic reaction of energy conservation by ion 

gradients or covalent intermediates [13]. Phosphorylation may be enhanced by 

inhibitors of the overall reaction such as F -, Zn + + [15] and decreased by inhibitors 

such as pCMBS and DCCD [35]. 
The overall ATPase reaction requires the presence of alkali metal cation, as 

does the pNPPase or acetyl phosphatase. The cation accelerates dephosphoryla. 
tion of the protein. In our laboratory there is an unexplained anomaly in the 

relative effectiveness of the various cations in terms of the overall ATPase 

activity and dephosphorylation. Thus, the selectivity sequence of cations for 

ATPase activity if K 100; Rb 76; Cs 16; Na 7; Li 4. For dephosphorylation 
the sequence was found to vary in terms of Cs + or Na whereas for pNPPase activi. 

ty the selectivity sequence was identical to the sequence for ATPase. In contrast to 

the Na + +K+ ATPase, no additional effect is found for combinations of cations. 

NH4 and TI + are also effective stimulating ions, TI+ being more effective 

than K +, and NH4 having about equal activity. The pH optimum for dephospho- 

rylation is 7.4 and the apparent KA for cation is a function of both pH and 

temperature. For K +, at pH 7.4 and 37° C the KA was found to be 0.5 mM. 

The dephosphorylation is not Mg+ + dependent since CDTA does not block the 

K + enhancement of the reaction. Based on the ATP -ADP exchange and loss of 

phosphoenzyme with CDTA the first step of the reaction is reversible [35]. The 

presence of a K + gradient allows phosphorylation of the protein from inorganic 

phosphate, but does not result in an ATP -Pi exchange. This finding implies that 

there are two forms of the phosphoprotein, a K+ sensitive form and an ADP 

sensitive form, as has been suggested for the Na + +K+ ATPase [36]. 
The substrate specificity of the enzyme is ATP 100, GTP 12, CTP 15 ITP O. 

ß- y methylene ATP is not hydrolysed by the enzyme, but acts as a competitive 
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inhibitor 
for ATP. The KM for ATP is l0 a M at pH 7.4, 37° C [30, 35]. 

ATP also is a competitive inhibitor for the pNPPase [30]. 

From these considerations one may suggest a tentative scheme such as [26, 36] 

for the Na + +K +-ATPase (see above). 

Mg ++ 
ATP+E1 

ADP E1Pi 
E1Pi 

EZPi 

EZ 

H+ 

K+ 

ADP E1Pi 

E1Pi 

EZPi 

E2+ Pi 

E 
1 

This scheme will be discussed later in relation to the possible dimeric structure of 
the active form of the enzyme. 

C. Vesicular Structure of the ATPase Particle 

There are several properties of the ATPase which appear to be explained by the 
vesicular structure in which the ATPase finds itself. Most microsomal preparations 
from a variety of tissue appear vesicular, but little evidence from Na ++K+ 
ATPase studies suggest that these vesicles are capable of maintaining ion gradients 
even in the presence of ATP [37]. 

In contrast, the gastric vesicles seem relatively ion impermeable, as would be 
expected from the known conductance properties of the mucosal surface of the 
stomach [38]. A key experiment demonstrated that ATPase activity was enhanced 
by the addition of ionophores such as valinomycin [39]. Table 2 illustrates the 
ionophore enhancement of the ATPase activity in a ficoll- gradient preparation 
from hog mucosa. The stimulation by valinomycin is much less than the stimu- 
lation by gramicidin. This can be explained in one of two ways. Valinomycin is 
K* selective and does not transport H + and requires an associate conductance 
path for net K+ movement. Gramicidin is a channel former which can exchange 
K' for H+ hence does not require an associate conductance. Hence, the greater 
stimulation by gramicidin could be due to facilitation of K + entry relative to 
valinomycin or be due to dissipation of a limiting H + gradient or both. 

Freeze -drying the preparation essentially abolishes the ionophore enhancement 
of the enzyme. Preincubation with K+ reduces but does not abolish activation. 
NH; stimulation is independent of vesicular form or gramicidin due to the high 
permeability of NH3. Protonophores or lipid permeable ions do not stimulate 
ATPase activity. 

Table 2. Effect of ionophores on ATPase mole Pi mg -' h -' 
Mg K4 NH; K valinomycin K+ gramicidin NHq gramicidin 

3.6 5.4 85.6 9.8 96.7 80.1 
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Fig. 4. Scheme illustrating a dimeric model for H + +K+ ATPase. Here a H+ and K+ site exchange 
occurs, sites being mobile across the membrane. The movement of H is obligatorily coupled to the 

E, to E2 conformational change. In turn, because of dimeric nature of the enzyme, this is coupled 
to the E2 to E1 conversion of the other subunit which is K+ dependent. Irradiation of E,E, form 

will then inactivate ATPase and H+ transport whether E, or E2 is destroyed. pNPPase inactivation 
requires that both E, and E2 are inactivated. Antibody against E, will inhibit ATPase, but only 

partially inhibit pNPPase since both Er and E2 can hydrolyze pNPP but only Er can react with ATP 

The most reasonable explanation of these findings is that the vesicular permea. 

bility to K + is low. This explains the K ionophore enhancement of activity. 

If protonophores or lipid permeable ions also enhanced activity, the explanation 
could be that there was a potential difference developed which restricted ATPase 

activity. Since preincubation with K+ did not'abolish but reduced ionophoretic 
enhancement of activity, the implication is also that K+ is transported out of the 

vesicle during ATPase activity. 
Accordingly the K+ site for ATPase, activation is on the opposite side of the 

membrane compared to the ATP site and K + is probably transported during 

enzyme activity. 
In contrast to ATPase activity, pNPP hydrolysis, although K + dependent, is 

insensitive to any of the ionophores. Accordingly, the K + site for pNPP 

hydrolysis is on the external face of the vesicle. Since pNPP hydrolysis is a 

partial reaction of the ATPase, either the K + site for pNPP hydrolysis is different 

from the ATPase K + site, or the site is mobile across the membrane. 
The simplest model is, therefore, that the K + site is mobile across the membrane 

(Fig. 4). 

D. Active Form of ATPase 

The rationale has been given for the involvement of a phosphorylated intermediate 
in ATPase activity, and for the presence of a mobile K + site. The phosphoryla- 
ted peptide may be the only subunit of the enzyme, or the carbohydrate staining 

region on the gel may contain a second subunit. Based on the Ca' + and Na' +1C+ 

ATPase, the 100,000 dalton unit may well be the functional transport unit. 
The enzyme may function as a monomer, a dimer, or a higher polymeric 

form. There are various ways of distinguishing monomer as opposed to functional 

dimer. 
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Kinetically, the Hill coefficient for pNPPase activity at a Mg ++ /pNPP ratio of 

1 is 1.8, suggestive of a dimer. With ATP as substrate, the Hill coefficient is 1. This 

may suggest that for every ATP site on the functional enzyme, there are 2 pNPP 

sites. 

Inactivation of the enzyme by irradiation can be described by: 

A /Ao =e -v ° 

where A is activity at time t, A. is initial activity, Vis apparent volume of target and 

D is dose of radiation. V is obtained from the slope of ln A /Ao against D (in time 

of irradiation). The ATPase activity is inactivated at twice the rate of the pNPPase. 

This can be explained if the ATPase is a dimer, with half site reactivity, but either 

half of the dimer can hydrolyse pNPP. 
Recently, it has also been possible to generate antibodies against this ATPase. 

With this antibody, the inactivation of the ATPase was about twice that of the 
pNPPase [64]. This may be explained also by half site reactivity, if the antibody is 

directed against the ATP site (and pNPP site) on half of the enzyme. The pNPP 
site on the other half of the enzyme is not affected (Fig. 4). 

In subsequent sections we shall develop this dimer concept to explain electro- 
neutral H+ and K+ exchange. 

VIII. H+ Transport 

The addition of ATP to a suspension of dog microsomes [40] or purified hog 
membrane vesicles [41] results in a transient alkalinisation of the medium (Fig. 5). 

Fig. 5. An experiment where ATP is added 
to a vesicle suspension in the presence of 
150 mM KC1. There is rapid uptake of H 
which spontaneously dissipates with con- 
sumption of ATP. Addition of tetrachlor- 
salicylanilide (TCS) has only a slight effect. 
Subsequent addition of valinomycin results 
in dissipation and overshoot of gradient 

A, Detection of H+ Gradient 

H+ TRANSPORT BY GASTRIC VESICLES 

50 

t t 
V ATP TCS VAL 

This may be done using a pH electrode since the intravesicular space is shielded 
from the electrode. Disappearance of H + may be due to binding, or to uptake into 
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Fig. 6. Effect of ATP on uptake« 
14C- imidazole at pH 7.4 and 75 mM RbCI, 125 mM sucrose 

and 
2 mM MgCI with 2 mM MgATp 
Wash solution was at pH 6.1 

to minimize imidazole efflux and 
separate experiments a constast 
baseline was observed in the at 
sence of ATP additions 

an intravesicular space. The effectiveness of ionophores, such as nigericin or a corn. 

bination of valinomycin and tetrachlorsalicylanilide (TCS) in reducing the alka. 

linisation, shows that a gradient is probably responsible [40, 41]. The reduction in 

H + uptake obtained by increasing the tonicity of the medium [42] (i.e., decreasing 

the intravesicular volume) also argues for H + uptake. 
An alternative method is the use of pH indicator dys and measuring O.D. 

changes with ATP addition. It is best to use an indicator the color change of which 

is in the pH range either outside or inside the vesicles and is suitably distributed. 

This latter point is perhaps the most problematic. The use of such an indicator 

gives an estimate of the pH range attained in the vesicles. As with the pH electrode 

techniques, variation in vesicular volume and the use of ionophores allows direct 

proof that a gradient is produced. A dye which has proved suitable is bromcresol 

green. 
Finally, one may use trapping of a base on the assumption that the charged 

form is not permeable. The addition of radioactive imidazole at pH 7 followed by 

filtration and counting allows the distribution ratio to be measured. With this 

compound the addition of ATP results in a considerable enhancement (35 -fold) 

of the quantity of imidazole trapped (Fig. 6). Unfortunately, there may be 

sufficient efflux of imidazole to make this a low estimate of the actual pH 

gradient developed. As before, nigericin prevents the ATP dependent accumulation 

of imidazole. 
From these lines of evidence, gastric vesicles are capable of energized W 

uptake. Parenthetically, the pH of study of any ATPase reaction is important 

because of the reaction : 

H2O +ATP4 -- ADP3- +Piz- +H+ 

which at pH 7.4 results in a release of H + for every mole ATP hydrolysed. At 

lower pH, depending on the Mg' concentration [43], one can find a pH at which 

no H + is released upon hydrolysis due to maintained protonation of the products of 

hydrolysis. Since Mg ++ affects the pKa of all the reactants, its concentration is 

important in determining the pH at which no net change of [H +] occurs during 

hydrolysis. Hence, at a pH of around 6.12 for 2 mM Mg + 
+, changes in median 

pH are due to transport. 
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B. Substrate Specificity of H + Uptake 

Except for ATP no other nucleoside triphosphate gave any indication of H+ 

transport [42]. Para nitrophenylphosphate was also inactive in the test system 

consisting of gastric vesicles suspended in KC1 at pH 6.1. Here also there is no 

net change of pH due to the hydrolytic reaction itself. 

Redox substrates such as lactate, NADH, NADPH, ascorbate, reduced cyto- 

chrome c and FADH2, were inactive in generating a pH gradient in the purified 

fraction. These data are in contrast to those obtained in the less purified microsomes 

where there is a positive change of pH in the medium with the addition of NADH 

even in the presence of amytal [41] due to H+ consumption. It would seem, 

therefore, that the H + transport is a property of the ATPase. 

149 

C. Cation Requirement 

There is an absolute requirement for alkali metal cation in the H + transport 
process. If vesicles which have been prepared directly on the ficoll gradient are 
added to 150 mM KC1 at pH 6.1, there is virtually no H + utake with the addition 
of ATP. After some minutes of incubation, the H + uptake is observed following 
ATP addition. From this it is clear that internal K+ is required for H+ uptake. 
This is futher confirmed by the increased rate and maximal uptake observed 
with vesicles equilbrated with K + or vesicles in an outward K + gradient experiment. 
In fact, the outward gradient results in the largest K+ uptake. 

The cation selectivity of the process is identical to the selectivity of the ATPase. 
Thus the sequence is, when K+ is set to 100; K+ 100; Rb+ 80; Cs+ 4.5; Na + 0.24; 
Li+ 0.1; choline 0. 

The requirement for cation is not met by lipid permeable cations, hence is a 
requirement that is specific and not due to provision of a nonspecific conductance. 
Accordingly, the cation requirement is for ATPase activation or as a counterion 
for H+ uptake or both. 

D. Effect of Inhibitors 

Various inhibitors of ATPase activity such as Zn + +, F -, pCMBS or DCCD also 
inhibited H+ uptake_to the same extent as the ATPase. 

E. Effect of Ionophores 

The use of these agents allows conclusions to be drawn in relation to the in- 
herent membrane conductance as well as to the conductance requirements for 
transport. 

Assuming an outward H + gradient is present across the vesicle membrane, 
generated by ATP and an inward K + gradient is present due to the conditions of 
study (i.e. addition of vesicles to KC1, or generation of a K + gradient by ATP), 
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Fig. 7. A schematic representation of the effect of ATP and ionophores on vesicle H* gradient. 

ATP generates an H+ gradient, and there is a spontaneous decay of the H+ gradient. Additionofa 
protonophore rapidly decays gradient by about 20% and then continued decay returns to spontaneous 
rate (gH increase). Addition of a K+ ionophore is more effective in dissipating gradient (provided there 

is an inward K+ gradient) (gK + increase). Second half of figure shows the effect of ionophores 
on 

the vesicles in the absence of ATP but with an inward K + gradient present. A protonophore has no 

effect on H gradient. A K ionophore, with or without protonophore, induces an efflux of H* 

then the continued existence of the H+ gradient is due to a limiting conductance 

in the membrane, either for H K+ or Cl . If the H+ conductance is rate 

limiting, then the addition of an H+ conductance, as with a protonophore 
(TCS, CCCP), should effectively dissipate the gradient. If this is not the case, then 

another conductance may be limiting. The addition of valinomycin which induces 

a K+ conductance results in dissipation of a large fraction of the H+ gradient 

(Fig. 7). From this we can conclude that the major conductance is for H+ and 

not for K+ (42). 
Nigericin which acts as a cation exchange ionophore [44] dissipates either 

an H+ or K + gradient. In the absence of an initial K + gradient, the H+ gradient is 

converted to a K + gradient with the addition of nigericin. Nigericin dissipates the 

gradient in gastric vesicles. 
The ionophores may also be used to estimate the conductance requirements 

of the membrane during pump activity. In general, as discussed in relation to the 

electrogenic H + ATPase, increase of membrane conductance will increase pump 

activity if the pump is electrogenic. No increase in ATPase activity is found 

with addition of protonophores, nor is there much ( < 15 %) inhibition of H + uptake. 

Valinomycin enhances H + uptake with ATP addition under inward K+ or zero 

K+ gradient conditions. This is explained by the requirement of the system for 

internal K +, rather than due to any conductance change. Lipid permeable cations 

do not substitute for K ionophores, which is additional evidence for the specific 

internal K + requirement, rather than K + providing a cationic conductance to satisfy 

an electrogenic H + pump. 
The major conclusion from this is that the H + transport by these vesicles is 

likely to be non -electrogenic. Accordingly, there is a contransport of anion or 
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countertransport of cation which is a pump requirement. This can be studied by 

investigation 
of the transport of other ions by these gastric vesicles. 

K,Stoichiometry of H+ Uptake 

The ratio of H+ movement for each high energy phosphate in mitochondria and 

chloroplasts varies between 2 and 4 depending on the conditions of the experiment 

145 
46]. Measurement of ATP hydrolyzed at the same time as H+ uptake gives 

sratio of moles H+ transport per mole ATP hydrolyzed of 4, when only the K 

activated component of the ATPase is used. From this, since the H+ gradient 

achieved by the mucosa is 106 or better, the H" /ATP ratio has to vary from 4 to 

less than 2 as the H+ gradient increases. It can be calculated that 9 kcal /mol are 

required for H+ transport at a 106 gradient. The 4G' for ATP hydrolysis is 

about the same hence the maximal molar ratio of H+ /ATP should be about 1. 

IX, Cation and Anion Movement 

The uptake of H +, whether electrogenic or neutral must be accompanied by 
cotransport of Cl- or countertransport of K +, since K Cl is the only added salt. 
Two types of studies can therefore be performed, uptake and efflux [47]. 

A, Rb Transport 

Using 8°Rb+ and 36C1- it was shown that both ions were taken up into an 
iatravesicular space of about 2 1d mg -1 protein. The T11, was temperature sensitive, 
being several hours at 4 °, and 40 min at room temperature. The addition of ATP 
transiently reduced Rb' uptake but had no observable effect on Cl- uptake.' 

250 - 

0 1 2 3 4 5 6 7 8 

time (ht 

¢. 8. Efflux of Rb' : vesicles were preequilibrated for 48 h as detailed in the text and 2 mM ATP 
Idded to the suspension at zero time on graph. It can be seen that there is a transient rapid efflux 
IfRb` to about 50% of the measured equilibrium value (horizontal line) and with consumption of 
beATP there is reequilibration of the Rb' 
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When the vesicles were allowed to equilibrate with either Rb or Cl -, and Alp 
added to this suspension, there was a transient efflux of Rb +, but no effect 

on CI- (Fig. 8). The movement of Rb therefore develops a chemical gradient ofRb, 
and could be due to an energized H : Rb exchange, or due to a change of po. 

tential across the vesicle membrane, the interior of the vesicle becoming 
positive 

with ATP addition. 
Two means are available for distinguishing these possibilities, by the use of coo. 

ductance modifying agents and determining their effects on Rb transport and br 

the direct measurement of vesicle potential. The latter will be discussed in a 

subsequent section. 

B. Effects of Membrane Active Agents 

An ionophore with Rb specificity, such as valinomycin, would be expected to 

increase the rate of Rb efflux with the Rb movement being due to a potential. 

In fact no change in Rb efflux was noted in the presence of valinomycin. The 

reuptake of Rb after ATP had been consumed was accelerated. 
Lipid permeable cations, such as triphenylmethyl phosphonium or dimethyl 

dibenzyl ammonium should, at adequate concentration, substitute for Rb+ if the 

movement were due to a potential and reduce Rb efflux as well as themselves 

show similar efflux characteristics. Neither phenomenon occurs, lipid permeable 

cations being without any effect on Rb movement and showing no redistribution 

themselves with ATP addition. 
A lipid permeable anion, such as SCN , should enter the vesicle in response 

to a positive internal potential and thereby reduce the potential, and hence 

reduce Rb movement that is dependent on potential. Again SCN- is without 

effect on Rb efflux. 
Accordingly, mod ifying membrane conductance by adding alternate electro. 

genic pathways does not effect Rb efflux induced by ATP therefore Rb+ move. 

ment is not due to a potential difference across the membrane of the vesicle, 

C. Relationship to ATPase Activity 

Inhibitors of ATPase activity iñhibit Rb movement (e.g. pCMBS, DCCD, Zn ". 
F ). The nucleoside triphosphate substrate specificity for Rb efflux is the same as 

for the ATPase as is the pH optimum and the KM. The Rb to ATP ratio n 

terms of moles transported is 3.4 considering only the cation activated component 

of the ATPase. 

X. Measurement of Vesicle Potential 

In the previous sections arguments have been put forward that the transport 

process catalyzed by the ATPase is essentially a nonelectrogenic H+ +K" 
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Fig.9. (a) Uptake of 14C SCN- with time when added to vesicles alone (lower x x curve) or 
asides in the presence of valinomycin (upper curve). ATP was added to both sets of 
robes at the time indicated, but enhanced SCN- uptake only in the presence of valinomycin 

10 0). (b) ANS fluorescence events of gastric vesicles. Initial addition is that of membranes 
ocuvette, followed by ANS. It can be seen that there is an initial rapid rise with ANS addition 
followed by a slow increase of fluorescence (x x) which eventually reaches the valinomycin 
keel (not shown). Addition of valinomycin before the plateau results in a further rapid increase in 
luorescence, and subsequent addition of ATP (1.7 x 10 

-5 
M) results in a transient fluorescent 

enhancement, which can be repeated with a second addition of ATP. Also shown is the effect of 
oigericin on ATP -induced fluorescence, giving immediate inhibition of the fluorescence and inhibition 
of the effect of subsequent ATP addition 

etchange. To further establish this, radioactive or fluorescent lipid permeable 
anions or cations can be used to measure potentials as discussed above. 

Whether ANS or 14C -SCN- are used, although uptake is observed, no change 
fluorescence, or uptake of SCN- is found with ATP addition. This might be so 

because the techniques are too insensitive to measure potentials, although these 
ons have been used with success elsewhere [48, 49]. 
Line with ATP addition to equilibrated vesicles there is a K + gradient developed 
lue to the K : H + exchange, the presence of valinomycin should theoretically 
.esult in the development of a positive internal potential due to the inward K 
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gradient. This should then result in enhanced SCN - uptake and ANS fluoresce,. 
ce with ATP addition in the presence of valinomycin. Both phenomena 

aft. 

found [42, 501 Accordingly, these techniques are sufficiently sensitive in these vesk 

les to measure a potential but the only potential detectable is due to the 

presence of valinomycin and the ATP dependent K + gradient (Figs. 9a, b). 
Accordingly, these data confirm that the gastric vesicles contain an fl+ +K` 

ATPase catalysing a neutral H + -I-- K + exchange, and that this transport differs from 

that catalyzed by mitochondrial or bacterial H + ATPase. 
It should be noted that these changes are measured with a considerable 

lag 

phase, about 3 -5 s with the ANS technique and about 15 s with the S14Cl 

method. Hence it is possible that a voltage transient is generated during this 

transport but is rapidly shunted by development of a pump related conductance. 

To exclude this, stop flow fluorescent methods are required. 

XI. Incorporation of ATPase into Bilayer 

In general, incorporation of plasma membrane ATPase into planar bilayershasnot 
been convincingly demonstrated, or has not been reproducible. In general, there 

are two forms in which attempts have been made to incorporate such pump, in 

the purified form and in vesicular form. In the latter experiments Ca + +, the 

use of phosphatidyl serine (PS) in the bilayer and elevated temperatures improve 

the incorporation and fusion process. 
Some success has been achieved with the gastric membrane fractions [SIJ. 

The addition of the ATPase enriched fraction to a PS bilayer results in a repro- 

ducible conductance increment in the bilayer ranging from one to three orders 

of magnitude. This conductance is cation selective, with the same selectivity 

sequence as for the ATPase activation, or for H+ transport by the vesicles. 
In addition, the addition of ATP to the bilayer with the vesicles incorporated 

results in the development of a sizable P.D. (Fig. 10). Interestingly, the charade. 

ristics of the potential response are a function of the cation composition of the 

medium. 
Thus the presence of Na +.+ results in the development of a potential which 

is little affected by the nature of the anion. Indeed the potential in Cl- is greater 

than that in SO, -. This is similar to the reduced H + and Rb + movement found 

with SO4 - as compared to Cl- but is contrary to what would be expected from 

the relative bilayer conductance of these anions. Substantial ancillary evidence 

exists that the bilayer phenomena are pump properties. For example, the reaction 

is ATP specific and it is blocked by pCMBS, as is the pump in natural vesicles. 

In the presence of K +, the potential develops initially with the same characte 

ristics as with Na +. In a time -dependent manner however, there is a fall of po- 

tential. This time dependence is characteristic of a bilayer thickness dependent 

phenomenon, as occurs using malonyl digramicidin. It seems reasonable to explain 

this by postulating a thickness -dependent K+ conductance developing to shut 

the H+ potential. 
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lig.10. Effect of ATP addition (upper two curves) and ITP addition (lower curve) on one side of the 

alayer with incorporated vesicles. Addition of ATP at zero time resulted in development of a 

potential of -50 my which was well maintained in the presence of Na2SO4 ( ). ITP 

produced only a fraction of the potential. Results of addition of 50 mM KZSO4 to both sides of bilayer 

;bowed that ATP produced essentially the same potential, but after 15 min there was a sharp decline in 

potential to about 10% of the peak value ( 

45 60 
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If this interpretation is correct this implies that the K + site not only is anatomi- 
cally distinct from the H+ site, but is so located that it is buried in a bilayer 
which is capable of moving protons due to pump incorporation. 

In one sense therefore, this may explain the absence of an observed potential 
h intact vesicles and argues for equal and opposite electrogenicity of the two 
transport processes, the H+ and K+ transport in the vesicles. However, an alter- 
native explanation may be that the form of the pump is different in natural vesicles 
and in a bilayer. With dilution or change in lipid environment it may be that 
a dissociation reaction is formed thus: 

dimer monomer 

mdthat monomer transport has different electrical characteristics. 

KII, Dimer- Monomer Transport Model 

s mentioned above, there is some evidence that the Na + +K +- ATPase may 
unction as a dimer, or higher polymer of the catalytic subunit [21, 25]. If one 
Hakes the assumption as suggested in a recent review [25] that the functional 
liner is composed of two different conformations Et and E2 of the catalytic 
ubunit, i.e., E1E2 and does not exist as EIEI or E2E2, the reaction sequence 
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may be written thus : 

G. Sn 

H+ Tram 

H+ In t 

E1 *E2P +ATP H+ PE1 *E2P energization pointed 

Mg + 
+ binding 

K+ result fr 

H+ PE1 *E2P H +PE1* E2PK± binding Intl 

mical a 

H+ PE1 *E2PK+ H +PE2* E1PK+ transport thehyd 

membri 

HPE2* E1PK+ H+ +PE2* E1 +Pi +K+ release the met 

interim 

Here the * is used to designate the same monomer. As written there is obligator Migint 

H + and K + exchange that is neutral. To convert this to an electrogeni Intl 

mechanism, 2H+ can be translocated in exchange for 1 K + (Fig. 4). ITPase 

When the reaction is written as the monomeric reaction, as in section 
16 

3railabl 

above, the translocation of H + is now distinct from the movement of K +. 
Tit dearly 

reaction: ;lectrog 

2 P 1 
P 

alarm 

eu 
which may occur in the absence of K + allows the transport to be electrogenic. 

The 
doownsh transformation: 

E2PK+ E1PK+ nanspo 

of a pr( 

then represents a K + conductance. In the dimer form, this latter transformation subunit 

depends on the simultaneous : ronduci 

E1PH+ E2PH+ the no 

nature 

which is energized, and hence cannot formally be represented as a conductanre. ration r 

XIII. Localisation of the ATPase 

Histochemical techniques for ATPase localization are, in general, unsatisfactory, 
this 

Using a double antibody fluorescent technique, where antibody was raised against 

Ill 

the free flow electrophoresis fraction, provided firm evidence that the transpon ecretio 

fraction derived exclusively from parietal cells. Moreover, the fluorescence ryas sill be l 

localized to the apical region of the cytoplasm as would be expected of the localize 

tion of the tubulovesicles in the resting parietal cell [64]. 
I.Cl- 

General 
is mer 

It appears that the H+ + K +- ATPase is capable of catalysing a K+ :H+ exchaa 
suival 

ge and separable H+ and K + conductances are present in the pump mechanism. p 

The transport mechanism of this ATPase remains obscure as does the me rise 
chanism for any other transport ATPase. It seems evident that the mechanisms The 

closely similar to that of the Na + -K+ and Ca+ + -ATPases in that we have a revel. 
s _ 

sible ATPase with a partially electrogenic mechanism and a reaction mechanism 
e Cl 

operating via a covalent phosphate. iditior 
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In the discussion on the mechanism of the mitochondrial ATPase, it was 

n pointed out that the protonated intermediate could interact with ADP and Pi 

binding sites increasing the electrophilic reactivity of the phosphorus. This could 

result from a direct protonation reaction, or from a conformational change, or both. 

In the K+- ATPase, H + and K + both play a role in the interconversion of che- 

mical and ion gradient energy forms. We have presented some evidence that 

the hydrolytic site which forms the covalent intermediate is mobile across the 

membrane 
or that the K+ site is mobile. Binding of K+ or H+ at either side of 

the membrane would serve not only to activate formation or hydrolysis of the 

intermediate, but also to provide the energy for the conformational change resul- 

Iigaton dug intranslocation of the phosphate or the K + site on the protein. 

rogenic In the introduction some detail was presented on the mechanisms of the H+ 

sTPase and the plasma membrane type of ATPases. Considering the data 

tion lb available on the gastric ATPase, the mechanism of action of this enzyme seems 

+, 
Tbt dearly more closely related to the plasma membrane type of ATPase than the 

dectrogenic H ATPase of mitochondria. This does not mean, that when the mole- 

cular mechanism is understood, entirely different reaction paths will be found. 

ni 
For example, if the gastric ATPase functions to transport H + by the energized 

c 
downshift of a group pKa, this would make an analogy to the photolytic H+ 

transport by lumirhodopsin. Mitochondrial FI ATPase may also alter the pKa 

of a protonatable group as a function of binding of Pi or ADP. The additional 

rmatioo subunit complex of F1, the F. with its attendant binding sites which serve to 
conduct H+ may be incorporated into the peptide backbone of the gastric ATPase. 
the nonelectrogenic character of the latter may be determined by the dimeric 
oature of the transport form, rather than by the characteristics of the ion translo- 

octano anon process itself. 
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UV. Relationship of Vesicles to Intact Tissue 

In this section, the properties of acid secretion by intact mucosa will be discussed 
tirely in relationship to the data obtained for hog gastric vesicles. Intact tissue 

ecretion has been well defined only for amphibian mucosa hence the comparison 
¡Mk between amphibian secretion and mammalian vesicles. 

I, Cl- Transport 

Is mentioned, gastric vesicles have a low Cl- permeability, but a Cl- space 
. uivalent to the cation (Rb +) space, as well as equivalent uptake rate for Cl- 
12=36 min at 22° C). No evidence could be obtained for active Cl- transport 
nthese vesicles. 

The short circuited amphibian mucosa actively transport Cl- in that there is a 
etS-.M flux of Cl- under these conditions (52). Removal of Na + abolished 
e Cl- component as well as the potential difference across the tissue [53]. The 
dition of amytal inhibits H + and Cl- secretion but adding ascorbate and mena- 



158 
G. SecRi 

H{ Trail 

dione [51] restores 80% of the ATP level and Cl - transport, but not H+ secretion. 
and the 

It would appear that Cl - transport may therefore be ATP dependent, 
bin aratio' complex I is critical for H+ secretion. 

¡mple 
The vesicles discussed above lack the Cl- transport system. In the absence 

of imperil' 
Cl- there is a 80% decline in acid rate if SO, - is the substituting anion ¡n t obvious medium bathing the mucosa [54]. Removal of Cl - and addition of SO- - alst ob" tin. 

reduced H transport and Rb transport in the vesicles but by about 404% (42} It is 
Addition of SCN- did not restore the H+ uptake in the vesicles, so the reductiong 

mgulati 
H+ rate is not due to the development of a potential in SO4- -. This is confa. membr 
med by the lack of change of SCN- uptake or ANS fluorescence with ATP addi. regulati 
tion in the absence of valinomycin. The reduction by 40% of these parametersin 

the presence of valinomycin is consistent with the expected fall in the K- 

U, The gradient dependent potential. 
Thus, the anion effect in vesicles is reasonably consistent with the data on 

the intact tissue, but as will be seen later the interpretation has to be different That 
F 

to what has been thought correct for the intact stomach. shown 

dme wl 

mucosa 

B. Metabolic Data 
K' cor 

acing R 

Over the years there has been considerable controversy over the primary energy l for 

source for acid secretion, i.e., whether an ATP or directly redox linked process mcyclin 

was responsible [5]. The massive quantity of mitochondria in the parietal cell has Rb' an 

made a decision particularly difficult. The problem is also complicated by the fact The 

that secretion and metabolism are both stimulated by secretagogues, hence trais. Intact n 
sients that are present due to secretion may be observed by those due to stimialatioo 

of metabolism. 
Elec The most detailed study of ATP and related nucleotide levels as well as that of ' 

phosphocreatine gave only marginal evidence of an ATP -related transport phena 
One of menon. [55]. These results in dogs with a large change in secretory rate are is 

he 

sec fair agreement with the results in frogs with much smaller changes in secretion. 

[56]. hemac 

The data obtained by spectroscopic observations of intact frog mucosa 'dated 

have been interpreted as substantiating a redox energy source for acid secretion 
orelec 

As discussed in detail elsewhere, however, [65] this data can be interpreted 
3ased 

differently. However, when the observations on metabolite levels made on intact Fould 1 

dog mucosa are combined with the spectroscopic data on frogs, it appears that a 
Hoov 

crossover does occur with onset of secretion between NAD + and FAD in the 

ftpheP mitochondrial respiratory chain, with reduction of cytoplasmic NAD +. This 

If ti 
suggests that an additional component may be involved in gastric acid secretion 

nucosa 

ion of 
other than the H + - K + ATPase. 

Intl 

C. Morphological Data entrati 

)otenti 

It seems well established that at rest, the cytoplasm of the parietal cell is filled Thu 

with tubulo,vesicles the contents of which are not in continuity with the lumina) lata frc 

bathing solution [57]. These specialized structures fuse with the apical surface aplana 

of the cell and vastly increase its surface area upon stimulation of secretion PI rgans. 
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cretion 
and then revert to the cytoplasmic form with cessation of secretion. This provides 

ant, but 
a rationale for two of the major findings discussed above; first a unique and 

simple structure present in fractions of this tissue and second a degree of ion 
senceol impermeability usually found only in preformed vesicles. It would seem intuitively 

althoug not proven, that the vesicular structures contain a component in the obvious, 

a also essential for H+ secretion, as for example the H+ +K+ ATPase. 

% (42) It is therefore possible to develop the hypothesis that at least part of transport 
ctionio fegulation by gastric mucosa is due to incorporation of the pump into the plasma 
confi. 

membrane 
of the cell. As such, this is a relatively unique means of transport 

'P addi. regulation. 

reters 

the K 

I. The Requirement for K+ 

data n 

fferent 
That H+ secretion had a requirement for K + in the bathing solution was 

shown almost 20 years ago [59]. Removal of K rapidly inhibited secretion, at a 

imewhen tissue K + had only been slightly reduced [60]. Addition of K + to the 
mucosal solution rapidly restored secretion [60]. Hence, it would appear that a small 

K+ compartment is essential for secretion. This was confirmed in experiments 
using Rb+ to restore insulin inhibited secretion in the dog [61]. Moreover, the 

energy 1s for K+ is much less than the acid rate [62]. This finding is consistent with a 
process rsycling mechanism for K + if involved in K : H + exchange. As for the vesicles, 
cell has Rb +and Cs -1- can partially substitute for K +, but not Na + or Li +. 

the fact The data for the vesicles are therefore quite compatible with the findings on 
ce tran intact mucosa. 
rialation 

that of 
E. Electrogenicity of H+ Secretion 

pheno 

are m 

he of the most striking results in amphibian mucosa is the finding that while 

ecreti 
rcidsecretion continues in SO, - containing, Cl- free solutions, the P.D. across 

;cretin 
hemucosa is inverted, i.e., the lumen is positive [54]. Moreover, the P.D. is linearly 
related to the acid rate [63]. This has been interpreted as compelling evidence 

cretion orelectrogenic H+ secretion. In Cl- solutions, the data are much less convincing. 

;rpreled 
Based on this, one would anticipate that, at least in SOS - solutions, evidence 

n intact 
could have been obtained for electrogenic H uptake in vesicles. 

s that s 
However, an alternative interpretation of the SO, - effect on acid secretion may 

in the 
eproposed. In SOS - solutions, in contrast to Cl- solutions, the mucosal surface 

This 
rfthe tissue demonstrate a K+ selective conductance [38]. 

;cretin 
If the inverted potential is then due to a K + diffusion potential across the 

nucosal surface of the tissue, then the magnitude of the potential will be a func- 
ionof the concentration of K+ at the luminal surface. 

In the presence of an H + +K+ exchange that is non -electrogenic, the K con - 
ontration at this surface will be reduced in proportion to the acid rate, hence the 
tential will also be proportional to the acid rate. 

is filled Thus, although electrogenic H+ secretion may be the correct interpretation of 
lumina) ta from the intact mucosa, alternate explanations may be correct (Fig. 11). Such 
surface planations are certainly necessary to reconcile vesicle data with those of intact 
ion [58) rgans. 
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It would appear, therefore, that hog gastric mucosa contains a particularly 

interesting system which in many respects is compatible with a model for H' 

secretion. It is quite different, at current levels of analysis, from the H+ ATPase 

of mitochondria. Indeed the stomach appears to have developed a unique method 

of developing H + gradients. The magnitude of this gradient is such that perhaps 

this ATPase is only partially responsible, and that a second pump, in series with 

the one discussed in some detail here, is required for the complete process. 
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SUMMARY 

Two fractions of gastric mucosal membranes obtained by 
'co0sucrose density gradient centrifugation were studied 

a variety of techniques to localize the polypeptides. Gel 

[977) 
dectrophoresis showed the presence of five major polypep- 

343 -395 its and several minor ones. Only one of these, 82,000 
Mons, was available for iodination in the intact tissue. The 

tro frog No membrane fractions differed in their accessibility to 
leroridase. The denser fraction showed two major defined 

hiochiat 
dilation peaks at 82,000 and 102,000 daltons. Freeze- 

r of dog 
Wring and iodinating with 13'I produced additional labeling 
(peaks as well as relabeling the 82,000 - dalton component, 
towing it was accessible from both sides of the membrane. 
Ite two major components were also sensitive to cross -link- 

the 102,000 polypeptide being especially sensitive to 
oxidation. Proteolysis with trypsin removed both 

amponents in the denser membrane fraction, in addition 
inhibiting the K +- ATPase and K+-p- nitrophenylphos - 
tase of that fraction. Phosphorylation with [y- a2P]ATP 

led the 102,000 -dalton component and K +, HCO3 and 
aitrophenylphosphate reduced the level of labeling. Hence 
e 102,000 region contains a subunit of the ATPase, is 
lily iodinated in inside -out vesicles, and is the most 
dable for interpeptide S -S cross -linking. 

muco 

5) 

aal cells. 

otenaiah 

;ajaadas, 

siol.2l0 

Amer. J 

iucosa m 

f87-1395 

nponent 

Jn in the Topographical knowledge of lipid and peptide arrangement in 
turai membranes forms an integral part of an understanding 
membrane function. Peptide localization depends on the use 
a variety of labeling techniques, using nonpenetrating Te- 
nts. Peroxidase- dependent iodination (1), the formation of a 

base using pyridoxal phosphate followed by liorotritide 
etion (2), and formyl methionyl sulfone acylation (3) are 

.ong the many reactions used. Another approach has been the 

' This research was supported by National Institutes of Health 
ants AM15878, CA13158, and HL11310 and National Science 

dation Grant GB31075. Credit. is given to Projects 8059 -01 
8059 -02, Veterans Administration Hospital, Birmingham, 
ama. 
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dama 35294. 

use of proteolytic enzymes to remove surface groups (4). Locali- 
zation of enzymes is in part determined by consideration of the 
probable localization of substrate; hence phosphorylation of the 
larger polypeptide of (Nat + K +)- ATPase is taken as evidence 
for the internal localization of that polypeptide (5). Use of an 
inhibitor such as ouabain, known to be effective on only one side 
of the membrane, shows that the same peptide is labeled by oua- 
bain (6), hence must also be available on the outside surface. 

Other techniques, especially double labeling with 125I and 
13'I (7) can be used to determine whether a peptide traverses the 
membrane. In general all of these techniques have been applied 
to isolated cell suspensions, such as the red cell (8), platelets (9), 
fat cells (10), HeLa cells (11), and ascites tumor cells (12). The 
sidedness of membranes of subcellular organelles such as 'mito- 
chondria (13) and microsomes (14) has also been investigated 
using iodination techniques assuming maintenance of restricted 
permeability during preparation. A refinement of this localization 
technique investigates potential peptide interaction in the mem- 
brane by the use of cross -linking reagents or reactions (15) on the 
assumption that cross -linking will occur only between closely 
associated peptides. 

Although iodination of an epithelium has been described (16), 
to our knowledge no investigation of peptide localization in such 
tissue has been published. The gastric mucosa has certain dis- 
tinct advantages in such a study. The apical membrane of the 
acid secreting cell contains a HCO3 -stimulated ATPase (17) 

and a K+- stimulated ATPase (18) which form a phosphorylated 
intermediate similar to the (Nat + K +)- ATPase (19), allowing 
functional localization and identification of that peptide. More- 
over, this cell in the resting and nonsecreting state contains 
apical vesicles which upon stimulation fuse with the plasma mem- 
brane (20) in such a way that they evert, hence are "inside -out" 
in the intact cell (21). Recently, a method has been described 
using zonal rotors for large scale purification of this membrane 
fraction enriched in HCO3 or K+ -ATPase (22, 23) and the mem- 
brane polypeptides characterized (24). 

In this study we report data on localization of certain of the 
polypeptides of intact and fractionated membranes of gastric 
mucosa and the functional identification of one of these. 

EXPERIMENTAL PROCEDURE 

Materials 

ATP, AMP, p- nitrophenylphosphate (Ditris salt), phenyl - 
methanesulfonyl fluoride, lactoperoxidase (40 to 50 units /mg), 

4802 



nanthroline, 
trypsin, a- chymotrypsin, and soybean trypsin 

'bitor were obtained from Sigma. Glucose oxidase (110 units/ 
) Was obtained from Worthington. Glutaraldehyde (8% solu- 

) came from Fisher Scientific Corp. 7-Globulin (human), 

e serum albumin, ovalbumin, chymotrypsinogen A (beef 

cress), and myoglobin (sperm whale) were purchased from 

wara/Mann. 
Na 126I and Na 181í were purchased from Inter - 

¡onal Chemical and Nuclear Corp., Cleveland, Ohio. [y-3211- 

was purchased from New England Nuclear. All of the chemi- 

were reagent grade. 

Methods 

ration of Gastric Membranes 

The technique used has been previously described (25). Briefly, 
dog gastric mucosa is stripped from the underlying connective 
¢, homogenized in 0.25 M sucrose -20 mss Tris -HC1 (pH 7.4) 

the post 20,000 X g supernatant centrifuged at 100,000 X g 

grain. The precipitate is then distributed by zonal centrif- 
[ion using a continuous density gradient made from 7.5% 
t) Ficoll -0.25 M sucrose and 37% (w /w) sucrose in 20 mM Tris- 
Ibufer as described (22). 
!fembranes collected at 11.5% sucrose (Peak I) and 23% su- 

e (Peak II) were then diluted with 20 mM Tris -HC1 (pH 7.4) 
lus than 10% sucrose and centrifuged at 100,000 X g for 60 

to obtain purified gastric cell membrane pellets from either 
ce. The amount of protein in both fractions was determined 
rding to Lowry et al. (26). 

ymalic Assays 

The ATPase and AMPase activity was assayed in a medium 
chilling 3 mm ATP or AMP, 3 mM MgC12, 100 mM Tris -HC1 
17.4) in the presence or absence of 20 mM NaHCO3 and 20 inns 

Cl. The phosphate released was measured by the method of 
nand Yoda (27) following incubation at 37° for 15 min. 

pN- Ph -Pasel activity was assayed in a medium containing 6 
p- nitrophenylphosphate, 6 mM MgC12, 20 mM Tris -acetate 
7.5) in the presence or absence of 20 mM KCl. The p- nitro- 

nol liberated was measured by the method of Torriani (28). 

Ieolytic Digestion 

uspensions of isolated gastric membranes in 20 mM Tris -HC1 
7.4) were treated with varying concentrations of trypsin and 

hymotrypsin for different periods of time. 
:u a typical experiment, 1 mg /ml of membrane protein was in- 
¡led at 37° and the digestion was initiated by the addition of 
B 

of proteolytic enzymes preincubated at the same tempera - 
.Thesuspensions were incubated for 10 min at 37° in a shaker 

b. To terminate the reactions, 250 pg of soybean trypsin in- 
tor (type I -S) were added to the trypsin sample and 0.1 ml 
loam PhCH2SO2F were added to the a- chymotrypsin sample. 
suspensions were cooled to 0-4° and centrifuged. The pellets 

e washed three times in 20 mM Tris -HC1 buffer and then sub - 
ed to electrophoresis, following Na dodecyl-5O4-ß- mercapto- 

ol solubilization. 
-he degree of proteolytic digestion was assessed by comparing 
Lowry- reactive material in the treated and the native mem- 
es. 

other experiments, membrane particles were incubated in 
a for measurement of ATPase, K +- ATPase and HCO3 - 
ase, AMPase, pN -Ph -Pase and K + -pN -Ph -Pase with and 
out the addition of the proteases. Samples of the incubation 
um were taken at different times and assayed for substrate_ 
olyzed. Alternatively the washed pellet as treated above was 
yed for residual enzyme activity. 
nation Procedure 

¡rims Membrane Fractions -The iodination technique used 
modification of the Reichstein- Blostein method (29). Mem- 
were suspended in 20 mM Tris -HC1 (pH 7.4) and the sample 
ml) was incubated in a shaking water bath at 37° for 15 

The abbreviations used are: pN -Ph -Pase, p- nitrophenylphos - 
;pN-Ph-P, p- nitrophenolphosphate; PhCH2 SO2F, phenyl - 
esulfonyl fluoride; Na dodecyl -SO4, sodium dodecyl sul- 
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min in a medium consisting of 10-8 M Nal containing 25 pCi of 
carrier -free Na 126I or Na 181I, 40 pg /ml of peroxidase, 20 rag /mI of 
glucose oxidase, and 1 mg /ml of glucose. 

The labeling reactions were stopped by the addition of ice -cold 
10-8 M Na2S208 (final concentration) followed by washing the sus- 
pension with a large excess of cold Tris -HC1 buffer three times 
before solubilization in Na dodecyl -504. Membranes treated simi- 
larly, but without peroxidase, contained no incorporated label, 
nor was there an incorporated label when 126I was added subse- 
quent to solubilization. In some experiments the membrane frac- 
tions were freeze thawed at least five times and reiodinated with 
1"II under the same conditions. 

In pilot experiments, the concentration of Nal and incubation 
times were varied, and it was determined that saturation of label- 
ing was achieved at the above concentration and incubation times. 

Intact Gastric Mucosa -Fresh dog gastric fundus was washed 
with cold 0.25 M sucrose -20 mM Tris -HC1 (pH 7.4) and opened. It 
was placed in a glass container with 10 ml of sucrose buffer solu- 
tion containing 1 mCi Na 1251 carrier -free, 0.4 mg of peroxidase, 
0.2 mg of glucose oxidase, and 10 mg of glucose. The mixture was 
bubbled with 02 -0O2 (95:5, v /v) for 20 min at room temperature. 
The tissue was then scraped and fractionated as described earlier. 

One milliliter of the final 100,000 X g pellet suspension was lay- 
ered on a linear density gradient made from 7.5% (w /w) Ficoll- 
0.25 M sucrose and 37% (w /w) sucrose and centrifuged for 16 hours 
at 23,500 rpm in a Spinco SW 25 rotor. Each protein fraction 
(Peak I and II) was pooled, diluted, and centrifuged at 100,000 X 
g for 60 min. 

The relabeling reaction with Na ¡ail was performed on each 
gastric membrane fraction as described above. Gel electrophoresis 
was carried out on the pellets after Na dodecyl -SO4 solubilization. 

Phosphorylation Procedure 

[y 32P]ATP with a specific activity of 16.4 Ci /mi was used to 
label the gastric ATPase. Thirty micrograms of membrane pro- 
tein were incubated at 4° for 30 s in a solution containing 20 mM 
Tris -HC1 (pH 7.4), 1 mM MgC12, 2 pM ATP containing 0.2 pCi of 
[7-2P]ATP in the presence or absence of 20 mM KC1 and 20 mM 
choline bicarbonate, in a total volume of 0.1 ml. The reaction was 
stopped by the addition of 1 ml of ice -cold 5% HC104 containing 
1 mM Pa and 0.1 mM ATP as carriers to reduce nonenzymatic label- 
ing. The time course of the reaction showed that at 30 s steady 
state labeling had been achieved. In some experiments, varying 
concentrations of pN -Ph -P were added. 

The samples were filtered through Millipore filters type HA25 
(Millipore Corporation) and washed four times with the cold stop 
solution. Dried filters were placed in glass scintillation vials and 
counted in a Nuclear- Chicago liquid scintillation counter using 
10 ml of Aquasol (New England Nuclear) as scintillation fluid. For 
samples which were to undergo electrophoresis, the labeling re- 
action was stopped with 1% Na dodecyl- SO4-5% mercaptoethanol 
and electrophoresis performed at 4 °. 

Cross -Linking Reactions 

Gastric membrane pellet from Peaks I and II was resuspended 
in 20 mM Tris -HCI buffer (pH 7.4) to approximately 2 mg of pro - 
tein/ml. A suspension of 50 pl was mixed with an equal volume of 
reagent dissolved in the same buffer. Concentrations of glutaral- 
dehyde ranging from 0.1 mss to 3 mM and concentrations of o -phen- 
anthroline/CuSO4 at micromolar levels of 50/10, 25/50, 100/20 
were used. Samples were incubated at room temperature for fixed 
intervals of time varying from 10 to 60 min. The reactions were 
stopped by the addition of 50 pl of 5% Na dodecyl -SO4. In some 
experiments membrane suspensions treated with glutaraldehyde 
or o- phenanthroline were solubilized in 5% Na dodecyl -SO4 -0.16 
M ß- mercaptoethanol. The optimal conditions were determined to 
be 60 min incubation time at 3 mM glutaraldehyde and 50 pm 

o- phenanthroline. 

Polyacrylamide Gel Electrophoresis in Na Dodecyl -804 

Membrane protein was solubilized by incubating for 15 min at 
37° in 20 mM Tris -HCl buffer (pH 7.4), containing 1% Na dodecyl - 
504-5% ß- mercaptoethanol. Samples (50 to 100 pg of protein) 
were applied to the gels (6.0 min X 80 mm) containing 0.1% de- 
tergent. A 3.5% stacking gel was prepared in 0.1 M Tris -HC1 (pH 
6.8) by polymerization using dimethylaminoproprionitrile (1 
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µl /m1 of gel solution). Separating gels were 10% acrylamide pre- 
pared in 0.4 M Tris -HC! (pH 8.6). In each gel 2.5% of the acrylam- 
ide was N,N'- methylenebisacrylamide. Reservoir buffer was 
0.19 M glycine adjusted to pH 8.6 with solid Tris -base. Electro- 
phoresis was performed at constant current of 1 ma /gel until the 
buffer front had entered the running gel and the current was then 
increased to 2.5 ma /gel. The gels were stained for protein with 
Coomassie blue as described by Fairbanks et al. (30) and for car- 
bohydrates by a periodic acid -Schiff procedure according to Korn 
and Wright (31). 

For destaining, the gels were treated as previously described 
(24). Gel densitometry was carried out using a Gilford 2400 spec- 
trophotometer equipped with a gel scanner at 1.0 cm /min using a 
slit width of 0.05 mm. Gels were scanned at 550 nm for Coomassie 
blue and at 560 nm for Schiff reagent. 

The radioactive iodide distribution within the gels was deter- 
mined by slicing the gels into sections of approximately 1.5 -mm 
thickness and they emissions of each slice were counted directly 
in a Nuclear Chicago y- spectrometer. 

Gels run with 32P- labeled membranes were sliced immediately 
after electrophoresis and each 1.5 -mm slice incubated in 0.2 ml of 
50% hydrogen peroxide at 60° overnight. The radioactivity was 
counted in 10 ml of Aquasol scintillation fluid in a Nuclear Chicago 
Isopac 300 liquid scintillation counter. 

Molecular weight estimations were made on gels using y- globu- 
lin (M, = 160,000), bovine serum albumin (Mr = 67,000), oval - 
bumin (Mr = 45,000), chymotrypsinogen A (Mr = 25,000), and 
myoglobin (Mr = 17,800) as standards for proteins in absence of 
ß- mercaptoethanol. 

RESULTS 

Electrophoretic Fractionation -Fig. 1, A and B, shows the poly- 
peptide pattern from the two membrane fractions obtained from 
zonal density gradient centrifugation of the "microsomal" frac- 
tion of dog gastric mucosal homogenate. Excluding the band 
running at the dye there are 
branes out of a total of 30, and 4 major bands in Peak II out of à. 

total of 31. Noteworthy is a prominent 150,000 -dalton band in 
Peak II absent in Peak I. There are also two carbohydrate bands 
in each fraction, one running ahead of the dye front, a similar 
band being visible in red blood cell (31), human platelet mem- 
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FIG. 1. A, Na dodecyl -SO4- polyacrylamide gel electrophoretic 
patterns of Peak I stained with Coomassie blue for protein (P) 
and periodic acid -Schiff for carbohydrate (C). B, Na dodecyl-SO4- 
polyacrylamide gel electrophoretic patterns of Peak II stained 
with Coomassie blue for protein (P) and periodic acid -Schiff for 
carbohydrate (C). 

brane (32), and Hela cell membrane (33). It should be noted 

the Mr = 102,000 band is more prominent in Peak I. 
Labeling of Intact Stomach -When the mucosal surfaced 

intact dog stomach was labeled with 126í and fractionate 
Ficoll- sucrose gradients as described under "Methods;' 
Peak I and Peak II were labeled, but the mitochondrial 

peaks 

not, showing the absence of intracellular label. Since, based 

enzyme assay, there is considerable cross contamination is 

of both 5'- nucleotidase and K+ pN -Ph -Pase (22, 23), labd 

of both peaks is not unexpected. Gel electrophoresis 
of 

fraction, shown in Fig. 2A and B, gave three labeling peaks 

which did not enter the running gel, a peak at M = 82000 

a peak at the dye front. The polypeptides of Peak II had al 

twice the labeling of those in Peak I. 
Relabeling these membrane fractions with rar1 gave 

additional peaks, as well as labeling the high molecular rs 

region of Peak I, the Mr = 82,000 polypeptides and low 
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Fia. 2. A, Distribution of 126I and 131I in polypeptides of Pe 

I membrane after electrophoresis in Na dodecyl -SO4 gels oily 

acrylamide. Intact dog gastric mucosa was labeled with 591 

Peak I membrane fraction subjected to electrophoresis (0 
Same membranes were freeze -thawed and relabeled with ( -). The maximum counts in the low M, region (bra 

peak) were 1,800 cpm for 12'I and 25,000 cpm for 131I labeling.° 

shows the position of the tracking dye. B, distribution of 351 

's'I in polypeptides of Peak II membrane after electrophores 

Na dodecyl -SO4 gels of 10% acrylamide. Intact dog gastric 

cosa was labeled with 16I and Peak II membrane fraction 

j ected to electrophoresis (O- - -0). Same membranes were f 

thawed and relabeled with 131I (-). The maximum co 

in the low Mr region (broken peak) were 680 cpm for jg'I and 

cpm for 13 1I labeling. T.D. shows the position of the tracking 

T.D. 
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alar weight regions of both Peaks I and II. The Mr = 82,000 

d 51,000 regions were the most significantly labeled with 131I. 

epattern obtained was quite consistent, so that even the minor 

;hag was quite reproducible. Both peaks had more sail counts 

the low molecular weight region than 526I. 

Labeling of Membrane Fractions -In this series of experiments 

membrane fractions were treated with 126í, washed several 

es, relabeled with 181I after freeze -thawing, washed, dissolved, 

subjected to electrophoresis. It was hoped that Peak II, 

Is was largely vesicular on electron microscopy, would dem- 

ate restricted access to the peroxidase -I complex. The pat - 
observed were essentially identical in three separate experi- 

sts, so that even minor labeling peaks occurred reproducibly. 

rterms of the counts that entered the running gel, the heaviest 

ec 
g occurred at the dye front, followed by labeling at Mr = r 000 and 102,000, in terms of both Peak I and Peak II. After 

ae- thawing, the low and high molecular weight polypeptides 

both fractions labeled with 181I. Peak I showed equal relabeling 

les of Pe 

;els of I 

th "Il 

'0 -- 
[ with 

on (bra 

sling. 

of I "1 

phores 

astric 

Iction 

'ere f 

um co 

I and 6, 

eking d 

12 

io 

b 

Ea 

6 

4 

2 

A 

TO 

02 0.4 as 0.8 1.0 

Relative Mobility 

24 

20 

8 

4 

24 B 24 

1 

20 p 

16 

12 
o II 

11 

1 I 

I 
1 o I 

0.2 04 0.6 as I0 

Relative Mobility 

b 

o. 3. A, Distribution of 126I and tail of double labeled Peak I 
tic membrane following Na dodecyl -SO4- electrophoresis in 
acrylamide gel. The membrane fraction was labeled with 126I 
--0) and after freeze thaw relabeled with 1311 ( -). 
maximum counts in the low Mr region (broken peak) were 

cpm for 1ß6I and 21,000 cpm for "I labeling. T.D. shows 
position of the tracking dye. B, distribution of 12al and 131I 
able labeled Peak II gastric membrane, following Na do- 
:804 electrophoresis in 10% acrylamide gel. The membrane 
8 was labeled with "6I (O - - -O) and after freeze -thaw, 
ed with 131I (. -). The maximum counts in the low 
on (broken peak) were 13,000 cpm for 126I and 11,000 cpm 

Ilabeling. T.D. shows the position of the tracking dye. 
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of the Mr = 102,000 and 82,000 bands and a sharper labeling of 
Mr = 51,000 polypeptide. In contrast Peak II showed relabeling 
of the Mr = 82,000 polypeptide with 1a1I to a greater extent than 
the Mr = 102,000 polypeptide, and relabeling of three other 
polypeptides to a relatively higher level than with the initial 
labeling, at Mr = 64,000, 51,000, and 31,500. The 51,000 -dalton 
peak of la'I corresponded to a broad region of initial labeling with 
126I (Fig. 3, A and M. 

Cross -Linking Studies' = Glutaraldehyde treatment of both 
Peak I and Peak II resulted in an alteration of polypeptide pat- 
tern, not reversed by ß- mercaptoethanol, suggesting that since 
glutaraldehyde can react with both -SH and amino groups (34) 
the effects observed are due to -NH2 cross -linking. Peak I 
shows a significant reduction in almost all of the peptides, with 
an increase of staining in the high molecular weight region 
whereas the effect of glutaraldehyde on Peak II is very slight 
with some increase of stain intensity in that region. 

-SH oxidation of Peak I shows a reduction of intensity of 
several peaks, most notably those associated with the 102,000 - 
dalton region. Peak II, however, shows some slight alteration in 
the intensity of the 33,500- and 31,500 -dalton polypeptide, but 
most striking is the almost complete disappearance of the 102,000 - 
dalton region, changes which are reversed by ß- mercaptoethanol 
(Fig. 4) . 

Susceptibility to Proteolysis -When the gastric membrane 
fractions were treated with trypsin or a- chymotrypsin, there 
was a reduction in the intensity of many bands, particularly 
in the high molecular weight region, and an intensification of the 
low molecular weight region. All of the iodinated bands disap- 
peared and 1261 increased at the dye front in both Peaks I and 
II (Fig. 5) . 
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FIG. 4. Effect of o- phenanthroline /CuSO4 on Peak II membrane 
fraction. Mixture of gastric membrane (1 mg protein /ml) and 50 

aM o- phenanthroline /10 µ1v1 CuSO4 was incubated for 60 min. After 
solubilization of the sample in 1% Na dodecyl -SO4 lacking ß- 

mercaptoethanol, electrophoresis was performed in 10% acrylam- 
ide. Gels were stained and scanned at 550 nm. ( -) untreated 
membrane; (- - -) treated membrane; (---p) designates the 102,000- 
and 82,000 -dalton polypeptides. T.D. shows the position of the 
tracking dye. 
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Effects of Proteolysis on Membrane Enzymes -With evidence 

that selective peptide labeling occurred and the suggestion that 
freeze thawing altered the labeling patterns of Peak II, some of 

the functional properties of the membrane peptides were ex- 

amined. The effect of proteolysis on several membrane enzymes 

was determined (Table I). There is a 2 -fold stimulation of the 
ATPase by K+ in both Peak I and Peak II, a 33% stimulation 
by HCO3 in Peak I, and a 50% stimulation in Peak II. Treat- 
ment with trypsin abolished the K+ stimulation, but did not 
significantly affect the HCO3 stimulation, nor was the basal 
Mg2+- ATPase activity reduced. Freeze thawing results in inhibi- 
tion of the HCO3- ATPase activity by trypsin. 

FIG. 5. Proteolysis of gastric membrane: Na dodecyl -SO4- 
polyacrylamide gel electrophoretic patterns of Peak II stained 
with Coomassie blue. A, untreated membrane; B, trypsin; C, a- 
chymotrypsin. 

K + -pN -Ph -Pase activity is about three times higher k p 

II than in Peak I and is sharply reduced by tryptic 111 
W 

ysis. a - Chymotrypsin had the same effect, although the lf, 
102,000 band is less affected. 

Membrane Phosphorylation -Since it has been shown 

gastric ATPase has what could be a phosphorylated interm,, 

(18, 19), some of the properties of this reaction were dete 
in Peaks I and II. Varying the K+ or HCO3 concentra 

measuring the degree of phosphorylation on a Millipore 

showed little effect on Peak I. Peak II, on the other hand, silo.. 

a concentration -dependent decrease in phosphorylation 
leoe 

with K+ or choline bicarbonate, K+ being the more effectiveke 

(Fig. 6A). These latter effects were not additive, and choline(t 

was without effect. The addition of pN -Ph -P to the phosphoryhl_ 

ing mixture reduced the acid precipitable counts slightly in peat 

I, and by about 50% in Peak II. There was a slight effectontbi 

level of phosphorylation in the presence of K+ or HCO; 
, The 

K1 for pN -Ph -P was 0.5 mss, at a pN -Ph -P :ATP ratio of 250: 

(Fig. 6B) . 
When the phosphorylation reaction was stopped by the ad 

of Na dodecyl -SO4 ß- mercaptoethanol, and gel electrophore 

sis carried out in the cold, the patterns for Peaks I and II 

quite characteristic. Peak I showed in the presence of Al 

alone a peak of phosphorylation at Mr = 102,000 and counts 

the region of the tracking dye. The addition of K+ or HCO, 

preceding solubilization of Peak I produced a complex pattern 

counts with five peaks in the case of HCO3- and K4 but not 

identical positions (Fig. 7A). 
Peak II, however, showed one sharp band with a 26 t' 

greater 32P incorporation, which corresponded to the countsmlu10 e 

tained on the filter as described above. This band was 

in the 102,000 -dalton region. The addition of K+ virtually abd 

ished the counts in this region and a new peak of labeling 

peared in the 64,000 -dalton region. HCO3- addition in the f 

of choline HCO3- (since Na+ and the other alkali cations 

affect the phosphorylation) reduced the 102,000 -dalton peak 

80 %, and again a new peak of counts appeared at the 64,004 

dalton'region (Fig. 7B). 

15c. 
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AT 

DISCUSSION 

It has been shown previously for dog gastric mucosa (22) al, 

confirmed for frog stomach (35) that gastric membranes can 

fractionated into two components with relative enrichment 

some enzymes and also differing in peptide pattern, lipid, 

carbohydrate composition. 
Labeling the mucosal surface of the dog stomach resulted i 
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TABLE I 
Effect of trypsin on ATPase and pN -Ph -Pase activity 

ATPase activity in µmol of Pi/mg of protein /hr° pN -Ph -Pase activity in amol of pNP /mg of 

protein /hra illo 

-eight 

elect 

ita s 

rent 

an h 

The 

Membrane fractions 

Mg Mg%'g* Mg=*HCOr Me* 

Peak I 25.0 ± 2.6 46.2 ± 7.8 34.1 ± 2.7 1.9 ± 0.9 
Peak I -l- trypsin' 25.0 ± 1.0 28.2 ± 1.0 33.8 ± 1.8 1.4 ± 0.5 

Peak II 18.7 t 2.6 37.4 f 8.9 27.2 f 3.3 2.5 ± 0.6 
Peak II + trypsin . 17.2 f 0.6 19.2 f 0.4 25.2 f 1.3 1.6 ± 0.5 

The ATPase activity was measured at 37° in the presence of 
the followingwhere appropriate: 3 mas ATP, 3 mas MgC12, 20 mas 
KC1, and 20 mas NaHCO3. 

b The pN -Ph -Pase activity was measured at 37° in the presence 

6.8 f 1.6 

2.1 t 0.8 

l de 

roes] 

0l 

aS 

14.9f4.2ie 
3.5 ± 0.5 t 

of the following where appropriate: 6 mas pN -Ph -P, 6 muMgCIi 

and 20 mas KC1. 
Concentration of trypsin used was 25 lag per mg of membran 

protein. 

c 

a; 

.ho 

Cl 

} 



her in P 

ptic by 

II the If, 

shown 

nterm 

deterr á 
ó 40 

ncentra' 8 E 

llipore 
fille 

and shoo 

lation 
1 

effective it 
d choke 

rosphoryht. 

htly in Pak 

led anihj 

IC(.Ile 
do of 230 

)y the 

lectroph 

and II 

ce of 3e 

rd counts' 

or HCO, 

x pattern 

but not 

a 20 

counts 

Was l 

tually aid. 

labeling 

in the 6. 

rations ;1 

on peak 

the 69,111 

sa (22) 

ones can 

ichment 

lipid, 

140 

o- 
E 120 
C 

á 
óloo 

10 15 20 25 30 35 40 e or HCO3 (mM) 

E ° 40 á 
ó =. 
g To 20 

4 6 8 10 

PNPP (mM) 

N. 6. A, the effect of varying concentrations of KCl or choline 
brarbonate (from 0.1 to 20 mm) on the phosphorylated intermedi- 

ATPase at 4 °. Peak II (30 µg of protein) was incubated at 4° 
30 sin a final volume of 0.1 ml containing 100 mm Tris -Cl, pH 

31, l mar MgC12, 2 µm ATP with 0.2 µCi [y3 2P]ATP (specific ac- 
'ty16.4 Ci /mmol) and various concentrations of K+ (O -O) 
1100,- ( -). (->) designates the amount of E 32P in 
presence of Mg2+ alone. B, the effect of various concentrations 

pN -Ph -P on the Mg2}, Mg2 + -K+ and Mg2+ -HCOa phosphoryl- 
intermediate ATPase of Peak II at 4 °. Peak II (30 µg of pro - 
was incubated at 4° for 30 s in a final volume of 0.1 ml Gon- 
g 100 mat Tris -Cl, pH 7.4, 1 mm MgC12, 2 µm ATP with 0.2 

jy -"P. ]ATP (specific activity 16.4 Ci /mmol) in the presence 
absence of 20 mm KC1 and 20 mm choline bicarbonate and vary - 
concentrations of pN -Ph -P. (-) Mg2+- dependent phos- 
rylation; (O -O) Mg2+K+- dependent phosphorylation; 

at-A) Mg2+HCOs -dependent phosphorylation. 

resulted 

Mims of 

lgrtg+ 

1.6 

0.8 

± 4.2 

± 0.5 

oat M 

nemb 

(ion of both membrane fractions, with apparently a higher 
c activity in Peak I; but when activities are determined on 

lamide gel, there is twice the labeling of the high molecular 
t and 82,000 -dalton region in Peak II. However, the low 

ecular weight region is more heavily labeled in Peak I. These 
to suggest that the fractionation discriminates between dif- 

ttypes of membrane such as those from different cells rather 
between the apical and basal surfaces of the tissue. 

The labeling pattern of the membrane iodinated in the intact 
e shows the presence of high molecular weight material not 
fated by Na dodecyl- SO4- ß- mercaptoethanol, and we have 

ieened this further. Thus it could be undissociated material 
rtesponding to the other peaks or be entirely different. Iodina- 

of low molecular weight material has been described before. 
a study using Hela cells (33) it was shown that this material 
iodinated, and was more strongly iodinated following frac- 

ion. Reiodination of the 125I- labeled membranes resulted 
tressed labeling in the low molecular weight region with 
as would be predicted from the Hela cell studies. However, 

those studies the counts were clearly associated with a peak 
for carbohydrate and lipid which ran ahead of the track - 

dye, a similar band being present in the gastric membranes. 

8 

6 

4 

A 

40 

30 

02 04 06 08 

Relative Mobility 

10 

Io 

02 0.4 06 

Relative Mobility 

08 10 

4807 

FIG. 7. A, Electrophoresis on 10% polyacrylamide gel of phos- 
phorylated Peak I polypeptides of Mg2 +- ATPase ( -), 
(Mg2+- K +)- ATPase (O- - -O), and (Mg2+ -HCOz )- ATPase 
(A -A). Peak I membrane fraction (30 µg of protein) was sub- 
jected to phosphorylation in a medium consisting of 100 mm 
Tris -Cl (pH 7.4), 1 mm MgCl2, 2 pas ATP with 2 µCi [y32P]ATP 
(specific activity 16.4 Ci /mmol) in the absence or presence of 20 
mm KC1 or 20 mm choline bicarbonate. T.D. shows the position of 
the tracking dye. B, electrophoresis on 10% polyacrylamide gel 
of phosphorylated Peak II polypeptides of Mg2+ -ATPase ( -), (Mg2+- K +)- ATPase (O- - -O), and (Mg2+ -HCOro )- 
ATPase (A -A). Peak II membrane fraction (30 µg of protein) 
was subjected to phosphorylation in a medium consisting of 100 
mm Tris -Cl (pH 7.4), 1 mm MgC12, 2µm ATP with 2 5Ci [y E2PIATP 
(specific activity 16.4 Ci /mmol) in the absence or presence of 20 
mm KC1 or 20 mm choline bicarbonate. T.D. shows the position of 
the tracking dye. 
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Although resolution in this region is not good, it seemed that the 
counts in the gastric membrane were associated with a band 
running actually at the dye front. The band could be low molecu- 

lar weight peptide, glycopeptide, or glycolipid, or a mixture of 

all of these. Preliminary data suggest that the iodination is par- 
tially in glycolipid, since CHC13 /CH3OH extraction followed by 
saponification and ether extraction resulted in 50% of the counts 
appearing in the ether extract. The iodinated peak in Hela cell 

membranes appeared completely extractable with alcohol -ether 
and hence was defined as glycolipid (33). 

Of the multiple peptide bands in the gel, only one, at 82,000 
daltons iodinated in the intact mucosa. Since steady state label- 
ing was achieved, relabeling of the membranes gave labeling in 
peptides which were not accessible to external iodination. Freeze - 
thawing was used to disrupt any vesicular structure that might 
be present in the membrane fraction, in preference to more dis- 
ruptive techniques such as solubilization since we wished to pre- 
serve the membrane nature of the preparation. Relabeling under 
these circumstances produced several new labeling peaks, as 
well as relabeling of the 82,000 -dalton polypeptide, which was 
most prominent. 

This suggested that the 82,000 -dalton polypeptide was acces- 
sible from both sides of the membrane. Relabeling without freeze - 
thawing also labeled the 82,000 -dalton polypeptide; thus the 
results were not due to freeze -thawing exposing new groups on 
this peptide. However, homogenization, or the presence of this 
peptide in the intracellular vesicles of the parietal cell which fuse 
with the plasma membrane upon secretory stimulation (20) 
could well account for the results. Iodination of the histamine- 
stimulated mucosa gave data similar to the above since it is not 
feasible to maintain secretion during our iodination conditions. - 
Moreover, the low pH present in the gastric tubule ( <pH 1) 

would preclude iodination in this region during secretion. 
Electron micrographs showed that Peak II in particular con- 

tained largely vesicular structures (22) ; hence it was felt that 
double labeling under these conditions might give some infor- 
mation as to the sidedness of the 82,000 -daltons polypeptide as 
well as to the accessibility of other membrane peptides. Peak I 
iodination and reiodination following freeze thawing showed that 
two peptide peaks defined by the gel iodinated particularly well 
at 102,000 and 82,000 daltons, but all of the peaks labeled with 
125I iodinated equivalently with 131I, including the low molecular 
weight region. Hence, no evidence was obtained for the vesicular 
nature of Peak I. Another possibility was that the vesicles in 
Peak I were composed on an equal number of right -side out and 
inside -out vesicles. Breakage and resealing of plasma membrane 
produces vesicles of both types. However, in the resting parietal 
cell, the intracellular vesicles are preformed and of the inside -out 
variety with respect to their ultimate orientation on the cell 
surface (21). Iodination of Peak II gave data suggesting that this 
fraction was vesicular, restricting peroxidase access and also was 
composed mainly of vesicles in one orientation (inside -out) . 

Initial iodination produced two major defined peaks, at 102,000 
and 82,000 daltons, and reiodination labeled the 82,000 -dalton 
peak significantly more than the 102,000 -dalton peak, as well as 
what would appear to be a new peptide at Mr = 51,000. The 
latter could be a peptide inside the vesicles, or one structurally 
exposed by freeze -thawing. Hence these data suggest that two 
peptides in the membrane fractions are particularly accessible to 
iodination in the fresh preparation, and that the 82,000 -dalton 
peptide may indeed traverse the bilayer. In addition, of the 30 
or so peptides defined by this fractionation, only 5 are iodinatable 
under these conditions, hence are located in a defined membrane 

structure. Moreover, there are definite differences in ace essibill fy 

of peptides in Peaks I and II. 
Cross -linking with glutaraldehyde of Peak I showed that 

h this fraction several peptides could be readily cross -linked vi 
NH2 groups (34), since ß- mercaptoethanol did not reverse 

the 

effect. Peak II, in contrast, was unexpectedly resistant to gla 

taraldehyde at the same concentration, perhaps again due to the 

vesicular nature of this preparation. 
The effect of -SH oxidation which would result in both infra. 

and inter -peptide -S -S- bridging gave the somewhat 
sur. 

prising result in Peak I, but especially in Peak II, that the 102,0íq 

daltons polypeptide is almost selectively cross -linked by thispra 

cedure. 
Limited proteolysis of Peaks I and II confirmed the access¡. 

bility of both the 102,000 and 82,000 daltons polypeptides 
and 

125I peaks in both fractions although other peptides are affected 

to a lesser degree. Enzymatic assay showed that of the enzymes of label 

known to be present in the membrane fractions, the K+ stimw 

lated ATPase and K+ stimulated pN -Ph -Pase, which are ouabain 

insensitive (19) are particularly susceptible to proteolytic in- 

activation in contrast to the HCO3- ATPase. It was, therefore, 

of interest to find out whether any of the peptides accessible to 

iodination could be defined functionally as a component of one 

of the above enzymes if indeed they are distinct. 
Phosphorylation of Peak I gave confusing results. Thus al 

though K +- ATPase and K + -pN -Ph -Pase activity were presentii 

this fraction, little K +- dependent dephosphorylation was ob. 

served. Moreover, although a single peak of phosphorylation was 
H 

observed with Mgt+ alone, at Mr = 102,000 a complex labeling 
2 

of peptide was found in the presence of K+ or H, CO Th 
6. R71 

finding explained the lack of dephosphorylation found by the 

Millipore filtration technique, but its significance is not known. 

In contrast, phosphorylation of Peak II was quite sensitive 

to the presence of K+ or choline bicarbonate. Various cations 

but not choline, can substitute for K+ with varying degrees of 

effectiveness, hence apparently HCO3 can also dephosphoryhte 

the enzyme. pN -Ph -P competes with ATP in terms of phospho- 

rylation, but even a large excess of pN -Ph -P does not redus 

phosphorylation to the K+ or HCO3 level. One explanation 

might be that pN -Ph -P is capable only of interacting with the ll+ 

enzyme since HCO3 does not stimulate pN -Ph -Pase activity. 

The data for Peak II thus correlate with the higher level of K+. 

pN -Ph -Pase activity found in this fraction, rather than the 

K +- ATPase which is similar in Peaks I and II (Table I). 

Resolution of the phosphorylated peptide on Peak II showed 

that a single peak of phosphorylation was present at 102,00 

daltons, and that K +, and HCO3 to a lesser degree, reduced 

the peak height, and labeling was found in a new peptide of 

Mr = 64,000, which was, incidentally, slightly labeled by iodis 

tion. Again, the significance of this second labeling peak is nor 

understood but may be involved in the enzyme mechanism. The 

data show that since the 102,000 -dalton polypeptide is an ATPS 

component, this peptide is located on the inner face of the cell 

membrane. 
Thus, in the gastric mucosa, it would appear that a peed 

of Mr = 102,000 is particularly susceptible to iodination orp 

teolysis and -SH cross -linking and is also a component of t 

ion -sensitive ATPase of the gastric membrane. Another pept 

of Mr = 82,000 is iodinatable in the intact tissue and is 

readily available for iodination in the membrane fraction, 

we have tentative evidence that this peptide perhaps spans 

bilayer. In addition only 5 of the 30 peptides iodinate, and 

51,000 -dalton polypeptide also showed a structural dependence 
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IIRACTERIZATION OF GASTRIC MUCOSAL MEMBRANES 

FRACTIONATION AND PURIFICATION OF K +- ATPase- CONTAINING 

SICLES BY ZONAL CENTRIFUGATION AND FREE -FLOW ELECTRO- 

i)RESIS TECHNIQUE 

ACCOMANI, H.B. STEWART, D. SHAW, M. LEWIN and G. SACHS * 

'oratory of Membrane Biology, University of Alabama in Birmingham, Birmingham, Ala. 
11 (U.S.A.) 

f:eivedJune 15th, 1976) 

Methods are described for purification of a vesicular membrane fraction of 
'[gastric mucosa using differential centrifugation, density gradient separation 

anal rotors and free -flow electrophoresis. As a result a fraction is obtained 
1éched 40 -fold in terms of K +-ATPase and free of any other enzyme marker 
+krthan K +- activated p- nitrophenyl phosphatase. 
he 5'- nucleotidase and basal Mgt +- ATPase are clearly separated from the 

1'1 enzymes. 

?smotic shock, Triton X -100 treatment or K+ ionophores increased the K +- 

e ?ase activity in isotonic conditions, but K +-p- nitrophenyl phosphatase is not 
I:cted by these treatments, nor is the ATPase activity in the presence of NH +,. 

results suggest that the electrophoretic fraction contains a major popula- 
of tight vesicles, whose permeability to K+ is rate limiting for the ATPase 

`'ity but not for the p- nitrophenyl phosphatase activity. It is concluded that 
ite for the ATPase is internal whereas the K+ site for the p- nitrophenyl 

i!sphatase is external, hence, the K+ site must be mobile across the mem- 

+bduction 

(he gastric mucosa is a complex heterocellular epithelium containing as 
Elr cell types the surface cell, the mucus neck cell, the parietal cell and the 

r' To whom correspondence should be addressed. 
Abbreviations: HEPES, N- 2- hydroxyethylpiperazine -1V -2- ethanasulfonic acid; SDS, sodium dode- ~ evlsulfate. 
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chief of peptic cell. Current interest centers on the properties of the parieta] tainec 
acid secreting cell, and fractionation of gastric homogenate has been aimed paratt 
producing purified preparations of the parietal cell's apical membrane 

ac phorf 

which H+ transport occurs. Plasma membranes of gastric fundic mucosah tic a 
been prepared by a variety of techniques in species such as frog [1], fleet mM 

[2], dog [3], rabbit [4] and recently, in hog [5]. Perhaps the most plus pm 
membrane fractions were obtained using Ficoll sucrose density gradients prior 
zonal rotors, as applied to the dog [3]. Similar techniques applied to the nbu' 

produced fractions of equivalent purity, but various manipulations of gradie ectioi 

composition and shape, as well as rate rather than isopycnic centrifugation, 
ns of 

not improve the purity. Recently, free -flow electrophoresis technique hash fC a 

used to successfully separate the basal and apical membranes of rat kilo rhfobi 

tubule cells [6]. In the present work this technique was used to increase thin 

purity of gastric membrane fractions, and optimum electrophoretic separaii cems 

conditions as well as some morphological and biochemical studies of the oreti 

lated fractions are described. nutis 

locit! 

Materials and Methods ntair 

on of 

Fresh hog stomachs were obtained from the local slaughterhouse. A the 

washing free of contents in tap water, the fundic mucosa surface was flood d th 

with a saturated solution of NaC1, and the surface mucus and most of on bi 

superficial cells removed by vigorous wiping with paper towels, leaving mos oret 

parietal and peptic cells. The fundic mucosa was then scraped from the under t the 

ing muscular layer and suspended in (approx. 10% tissue, w /w) cold solution ome 

0.25 M sucrose, 20 mM Tris HC1 buffer at pH 7.4. Homogenization was fis 

ried out in a tight- fitting teflon -glass homogenizer (Potter -Elvehjem) with leeh 

up -down strokes at 2000 rev. /min. The 

Differential centrifugation. The resulting homogenate was centrifuged 

20 000 X g for 30 min in a Sorvall RC -2 centrifuge. The pellet was wash 
E 

once, and the combined supernatants were centrifuged at 78 000 Xg * for6 

min in a Beckman L -2 ultracentrifuge with a No. 30 rotor to yield the cru ere 

microsomal pellet. The remaining material was termed the final supernatan n, 

Zonal centrifugation. The technique used has been previously described [3 tie 

The 78 000 X g pellet was resuspended in 0.25 M sucrose 20 mM Tris HC1(p Ele 

7.4) and after homogenization was distributed by zonal centrifugation using ,un 

continuous density gradient made from 7.5% (w /w) Ficoll 0.25 M sucrose an de 

37% (w /w) sucrose in 20 mM Tris HCl at pH 7.4. 01( 

Absorbance at 280 nm was used to estimate protein peaks in gradient fra od 

tions, while the Lowry method [7] was used in all other instances. Sucrose co tes 

centration was measured with an Abbe refractometer. Fractions collect ,len 

between a density of 1.04 and 1.06 (GI), between 1.06 and 1.08 (GI -Gll :1 

between 1.08 and 1.12 (GII), between 1.12 and 1.15 (GII -GIII) and betsee lyr 

1.15 and 1.26 (GIII) were diluted with 20 mM Tris HC1 (pH 7.4) to lessth ctr 

1.04 density and centrifuged at 78 000 X g for 60 min to obtain pellets. En 

Free -flow electrophoresis. Further fractionation of GI and GII fractio m 

5'. 

Sip 
* g value at Rmax = 105 500. 
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1e parietd tained from zonal separation was accomplished on the FF5 electrophoresis 
.en aimed paratus developed by Hannig [8] (Biomedical Instruments, N.Y.). The elec- 
brane 

ac plroresis buffer (or the separation buffer) was 8 mM Trizma -base, 8 mM 
mucosah tic acid and 0.25 M sucrose adjusted to pH 7.4 by 2 M NaOH, containing 

1], net mM MgATP. The electrode buffer consisted of 100 mM Trizma -base and 
lost puri 0 mM acetic acid adjusted to pH 7.4 by 2 M NaOH. 
gradients 

Prior to electrophoresis, GI and GII fractions were washed twice in separa- 
1 to theh n buffer and suspended to a final protein concentration of 8 mg /ml. Sample 
s of gradis jection rate was 1 ml /h, and 90 fractions were collected at 4° C. The condi- 
'ugation ns of the runs were as follows: 120 ± 10% V /cm, 147 mA, temperature 7.4 ± 

tue has b o °C and electrophoresis buffer flow 4 ml per fraction per h. 
rat kit ,Nobility measurement. The total deflections of individual bands of particles 

increase thin the separation chamber were recorded photographically. The lateral dis- 
c separati cement of particles was made up of one component due to the electro- 
; of the' oretic velocity of the particles and a second component due to the electro- 

motic velocity of the separation buffer. To correct for the electro- osmotic 
locity of the separation buffer, a zero mobility marker (separation buffer 
ntaining 0.4 M sucrose) was injected into the chamber. The angle of deflec- 
on of the bands due to electrophoretic velocity of the particles was measured 

ruse, A the difference between the angles of total deflection of the individual bands 
vas flood d the angle of deflection of the marker. The volume flow rate of the separa- 
iost of on buffer was measured directly by collecting of the output of the electro- 
ving nuns oretic chamber for measured time intervals. The maximum vertical velocity 
he under) f the separation buffer was calculated from the volume flow rate and the 
solution ometry of the chamber. The separation buffer was assumed to exhibit lami- 
)n was flow, with a parabolic velocity profile across the narrowest dimension of 
n) with! e chamber. 

The mobility of a given band of particles was calculated using the formula: 
trifuged 

ras wash =- (tan a - tan a °) 
g * for 6 

E 

the cru ere u = electrophoretic mobility, u = maximum velocity of the buffer solu- 
pernatan n, E = electric field within the chamber, a = the angle of deflection of the 
îribed [3 tides bands, and ac, = the angle of deflection of the zero mobility marker. 

HCI(p Electron microscopy. Zonal and free -flow electrophoresis fractions were 
on using ,un down at 100 000 X g for 1 h. The pellets were fixed with 3% glutaralde- 
acrosean de for 1 h. After removing the glutaraldehyde by washing with 50 mM Tris 

Cl (pH 7.4), the samples were fixed with cold 1% OsO4 buffered with 50 mM 
aient fra odylate (pH 7.4) for 1 h. The pellets were then washed in buffer and dehy- 
crose co ted in increasing concentrations of ethanol. The pellets were placed in pro - 

collect lene oxide for 30 min and then in a mixture of propylene oxide and Epon 
(GI-Ci :1, v /v) for 12 h. Thereafter the pellets were embedded in pure Epon, 
d betase lymerizedfor 40 h at 60 °C. Thin sections were studied in a Phillips EM 300 

less th ctron microscope. 
s. Enzymatic assays. Substrates used for the biochemical assays were obtained 

fractio m Sigma Chemical Co. All of the chemicals were reagent grade. 
l'- Nucleotidase was measured in a medium containing 3 mM MgC12, 3 mM 
IIP and 40 mM HEPES Tris buffer at pH 7.4. ATPase activity was assayed in 



314 

a medium containing 2 mM MgC12, 20 mM KC1 or 20 mM NaHCO3, 2 mM All s s n 
(disodium salt), 40 mM Tris HCl buffer at pH 7.4. Valinomycin was added 

in 

10 pl methanol to give a final concentration of 10-5 M, and the effect corn. 

pared to controls with only 10 pl methanol added. The term "basal ATPase" 

refers to the activity observed when the only activating ion present was Mgz« ,- 

The phosphate released was measured by the method of Yoda and Hokin [gj 

following incubation at 37°C. K'- stimulated p- nitrophenyl phosphatase 
was (- 

assayed using a medium containing 6 mM MgC12, 6 mM p- nitrophenyl phos 

phate (ditris salt) and 50 mM Tris /acetate (pH 7.5). The p- nitrophenol liberate '- 

was measured by the method of Torriani [10]. 5 -50 pg of protein was usedfo 

the above assays depending on the specific activity of the sample. Other exper' 

imental variables are indicated in the figures and tables. 
Cytochrome c oxidase was measured by the procedure of Cooperstein and ' Xco 

Lazarow [11] and succinate dehydrogenase by the method of King [12]. Mono 

amine oxidase was estimated by a modification of the method of Tabor etat 

[ 13] by following the formation of benzaldehyde spectrophotometrically 
a 

250 nm at 37°C in a medium containing 2.5 mM benzylamine and 50 n j t 

phosphate buffer at pH 7.6, using a Gilford 2400 recording spectrophotometer 
RNA was determined according to Munro and Fleck [14] while DNA wa 

assayed by the method of Burton [15]. 
86Rb+ uptake. For uptake experiments, gastric membrane fractions atafina 

protein concentration ranging from 0.75 to 2.10 mg /ml were incubated for 

h at 4°C in a medium containing 40 mM Tris /acetate, 75 mM RbC1 with 1 .1. nirs 

pCi /ml 86Rb +, 125 mM sucrose and 2 mM MgCl2 at pH 6.1, the optimum pHfe estima 

H. transport [16]. Separation of the Rb +- containing vesicles from the incubi °"limn 
Ilion 

tion medium was achieved by Millipore filtration as previously reported [161 ,ocnrom 
86Rb+ uptake under these conditions has been demonstrated to reach equi 

brium. 
Polyacrylamide gel electrophoresis in SDS. Electrophoresis was carried ou to anc 

following the method previously described [3]. Solubilized membranes wee pen 

fractionated on 6.1 X 80 mm polyacrylamide gels. o 

A 3.5% stacking gel was prepared in 0.1 M Tris HC1 (pH 6.8). Separatio .ATPa 

gels were 10% acrylamide prepared in 0.4 M Tris HC1 (pH 8.6). In both case n, wl 

2.5% of the acrylamide was N,N'- ethylenebisacrylamide. Reservoir buffer wa good 

0.19 M glycine /Tris base at pH 8.6. Gels and reservoir buffer contained 019cludin 

SDS. Samples applied contained approx. 50 pg of protein. Gels were stained foJJTPase 

protein by Coomassie Blue. Molecular weight estimations were made on gelslthougl 

ondrh 

ae mic 

d 0.3 
(2) L 

nsity 

nsitie; 

tweer. 
Mgs± 

al ens 

03 -A 

oxida 

using standard proteins as described earlier [3]. 

Results 

(1) Differential centrifugation. The distribution of the various marks 

enzymes tested in this work is plotted in Fig. 1 according to the classa 

method of de Duve [17] and is similar to that found by Forte et al. [5] fori 

preparation of hog gastric microsomes; it is presented in terms of the 20 000' 

g (M), 100 000 X g (P), and supernatant (S) fractions. In this representabas 
the specific activity of all the constituents in the homogenate is set at 1;tb 

height of the blocks gives the relative purification achieved over the homof 
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.1. Differential fractionation of hog gastric mucosa. The subcellular patterns are standardized. ATPase 
sestimated in presence of 2 mM ATP, 2 mM MgC12 with 20 mM KC1 or NaHCO3, in 40 mM Tris HC1 

pH 7,4. Other assay procedures were as described in Materials and Methods. Fraction M, (20 000 X g); 
ton P (100 000 X g); fraction S (supernatant). pNPPase, p- nitrophenyl phosphatase; CYTO c Ox, 

lochrome c oxidase; MAO, monoamine oxidase. 

orried ou te and the surface area of the blocks (relative specific activity X % protein) is 

anes wereie percentage of the constituent recovered in the corresponding fraction. 
Two characteristic distributions are obtained at this stage. 5'-Nucleotidase, 

eparatio -ATPase and p- nitrophenyl phosphatase are localised in the microsomal frac - 
)oth cas n, while cytochrome c oxidase is associated with the mitochondrial fraction, 
uffer wa good agreement with data reported for gastric mucosa of other species [1,3], 
ned 01 eluding hog [5]. Monoamine oxidase, HCO3- stimulated ATPase and Met 
bainedfo fPase showed a distribution somewhat different from the above markers; 
le on ge though the major portion of these three enzymes were found in the mito- 

ondrial fraction, all showed a relative enrichment in the microsomal pellet. 
le microsomal fraction accounted for 8.5% of the protein, 31% of the RNA 
d 0.3% of the DNA of the total homogenate. 
(2) Density gradient separation. Separation of the microsomal fraction on 

s martre nsity gradients was trimodal, as shown in Fig. 2A, with peaks of protein at 
classica nsities of 1.05 (GI), 1.11 (GII), and 1.16 (GITI). Material was also detected 

5] for tween the fractions, (GI -III and GII -GIII). 
20 000 Mgt +ATPase and HCO3- ATPase showed very similar distributions with max - 
;entati al enrichment in GIII, but significant activity was detected in GII (28% for 
at 1; O3-ATPase). The markers for inner mitochondrial membranes, cytochrome 
homo . 

oxidase and succinate dehydrogenase, exhibited greater than 90% of their 
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Fig. 2.(A) Fractionation of gastric cell membranes (microsomal pellet) by isopycnic zonal centrifugad 

on 7.5% Fico11 /0.25 M sucrose and 37% sucrose in 20 mM Tris HC1 at pH 7.4. protein dis 

bution; o o, sucrose density. (B) Enzymes fractionation by zonal centrifugation. ATPase and, 

nitrophenyl phosphatase activities are given as µmol of Pi and p- nitrophenyl (pNP) released per dint Fig. 3. T 

o Mg2 + -ATPase; o o, K +- ATPase; S, K +- p- nitrophenyl phosphatase. ion. As 

nonoam 

50 

40 

30 

20 

10 

E 

3 

5 

61 

activity in GIII, with very little activity in GII and none in GI. Monoamine of 

dase showed essentially the same distribution as these mitochondrial markersilgAT 

in contrast to the Mg2 + - or HCO3- ATPase. On the other hand, the K' -p -nits eing 

phenyl phosphatase or K +- ATPase showed a characteristically different distribuiry, 

tion; both enzymes exhibited maximal activity and percent distribution in GI ohore. 

also showing significant activity in GI, but minimal in GIII. 5'- Nucleotidaseho Fig 

a different distribution from the above enzymes, with its activity peak inG f GIi 

and decreasing thereafter (Figs. 2B and 3). These results are comparable ated 

those reported for rat fundus [18] and other species [1,3]. ion b 

(3) Free -flow electrophoresis separation. The indication that the GII gash ooten 

membrane fraction was enriched almost 19 -fold in K +- ATPase when comp huffer 

with the starting homogenate, suggested that further purification of tabula 

enzyme from others (such as Mg2 + -ATPase and 5'- AMPase) could be achie .harg( 

using the free -flow electrophoresis technique. Pro 

In order to preserve the structural and morphological integrity of the me K' -AT 

branes, an isotonic isolation and separation medium was used. In the stand ted 

moving curtain buffer (8 mM Tris or triethanolamine /acetate at pH 7.4), bMPa 

GII fraction separated in two poorly resolved major bands. Addition of 0.1 urifi 
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Pig. 3. The distribution of enzymes among the gastric membrane fractions derived from zonal centrifuga- 
on. Assay procedures were as described in Materials and Methods. SDH, succinate dehydrogenase; MAO, 
aonoamine oxidase. 

tmine 

l markeaylgATP resulted in a much sharper separation into three bands, the first (FI) 
{' -p -nth eing displaced towards the anode by ATP, the second (FII) remained station - 
t distrib try. An additional minor peak (FIII) appeared which had the lowest electro- 
on inGi horetic mobility. 
tidasebe Fig. 4 shows a photograph taken during a typical electrophoretic separation 
eak in f GII gastric membrane preparation. The mobilities of each band were calcu- 
larablet ated from the angles of deflection, from the observed flow rate of the separa- 

ion buffer, and from the field strength within the chamber (Table I). The zeta 
III gat dotentials of the three fractions were calculated from the mobility data and 
comp huffer characteristic by application of Henry's equation [19]. The method and 
n of ,.abulated data of Loeb and Wiersema [20] were used to determi t surface 

achie .harge density of FI only since FII and FIII were not closed spheres. 
Protein and enzyme profiles of the fractions collected are shown in Fig. 5. 

theme K+ATPase and p- nitrophenyl phosphatase activities are almost entirely associ- 
stan d with FI, although activity is found in FIII, while Mgt+ -ATPase and 5'- 
7.4), Pase are clearly separated from the other enzymes and confined to FII. This 

)f 0.1 unfi.cation produced a further 2 -fold enrichment in K'- ATPase with respect to 
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ABLE II 

UBIFIC1 

ssay con 

(mean 

factions 

II (zonal 

il-FI 

;BFII 

II FIII 

k Ac 

(4) 1 

ubstan 

;pprox. 

ore s 

aiditl 

on the 

In h: 

gane f 

fion G] 

Dsmoti 

Fig. 4. Bands produced by the electrophoretic fractionation of GII gastric membrane preparation. Tl fnd agi 
bands were photographed through the separating chamber face plate. The line on the right represents at 

II) deflection due to the electro- osmotic velocity of the buffer. Separation buffer containing 0.4 M sum 
was injected into the standard separation buffer which contained 0.25 M sucrose. A white thread na Thes 

superimposed to allow a photographic record. The oblique line (A) is FI band; (B) and (C) indicate Il ,rapes, 

and FIII bands, respectively. 
eable 

final 

the original GII zonal fraction (Table II). HCO3- stimulated ATPase appearedto 1 GII 

be equally distributed in all three protein peaks, the percent of stimulation inon 

however, increasing in FI due to the fall in the Mgt +- ATPase level. ed thi 

lbef 
creast 

TABLE I 
ere w 

ELECTRICAL CHARACTERISTIC OF GASTRIC MEMBRANE FRACTIONS FROM FREE-F10 limit( 
ELECTROPHORESIS 

Values shown indicate mean of five electrophoretic separation ± S.E. 

Fractions Mobility Zeta potential Surface charge density 

(cm2 X 104 /V s) (mV) (µC /cm2 

GII-FI 1.34 ± 0.04 -50.7 ± 1.0 -3.89 ± 0.01 
(1.12 ± 0.02) * (-42.2 ± 0.5) (-3.03 ± 0.03) 

GII-FII ** 1.06 ± 0.02 -40.1 ± 1.7 - 
GII-FIII 0.52 ± 0.01 -19.7 ± 0.9 

* In between parenthesis are represented values where free -flow electrophoresis was carried Dull 

absence of 0.1 mM MgATP into the separation buffer. 
** The surface charge density for FII and FIII fractions were not calculated since these fractioz 

appeared to be in non -vesicular form. 

itroph 

y osm 

5) 
i show 

tIiculi 

e pre, 

sembr 

e als( 

o ex 

o 0th 

e doi 
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TABLE II 

!UBIFICATION 
OF GII GASTRIC MEMBRANE FRACTION 

Issay conditions as described in Materials and Methods. Activities are expressed in µmol /mg protein per 

(mean of nine fractionations ± S.E.). 

Mg2 + -ATPase K +- ATPase * K+ -p- nitro- 5'- AMPase 
phenyl phos- 
phatase 

il (zonal) 19.4 ± 1.8 63.6 ± 2.0 61.2 ± 4.2 2.2 ± 0.3 

I-FI 
4.4 ± 1.0 110.7 ± 2.6 68.0±2.5 0.3±0.06 

IIF11 
31.0 ± 3.1 20.0 ± 0.7 9.4 ± 1.0 5.4 ± 1.0 

IIFlll 
2.8 ± 0.4 50.1 ± 3.2 31.0 ± 2.2 0.1 ± 0.1 

" Activity in presence of 20 mM KCI minus the basal rate. 

(4) Effect of valinomycin and osmotic shock. Addition of K +- ionophoretic 
ubstances such as valinomycin to the GII membrane fraction produced an 
pproximate 25% increase in the K +- ATPase activity. Stimulation was much 
ore striking in the FI fraction from electrophoretic separation (about 85 M: 

Bld it appeared to be entirely associated with this peak. No effect was detected- 
on the K' -p- nitrophenyl phosphatase activity [28]. 

In hypotonie conditions (produced by a 10 -30 -fold dilution of the mem- 
órane fractions into a medium lacking sucrose), the K +- ATPase activity of frac- 
tion GII increased by 18% and the valinomycin effect was almost abolished. 
Osmotically shocked FI showed a 1.7 -fold enhancement of K +- ATPase activity 

oration. T and again, valinomycin treatment did not alter the activity significantly (Table 
zpresentsdi f1), 

.4 M sucsos 

e thread n. These data suggest that, if a vesicular structure is present in the gastric mem- 
indicateFF ranes, the GII vesicle might be more permeable to K +, and FI vesicles less per - 

eable to the same ion. The K+ site is therefore on the interior of the vesicle. 
final concentration of 0.003% (w /v) Triton X -100 stimulated the K +- ATPase 

pearedio I GII and FI fractions to the level reached in hypotonic medium and now 
imulatioo inomycin was without effect. Higher concentrations of Triton X -100 inhib- 

ed the K +- ATPase activity. When K+ was replaced with NHL since NH3 appears 
a be freely permeable across cell membranes [21], in isotonic conditions, an 
crease in ATPase activity was observed, but valinomycin and osmotic shock 
ere without effect (Table III). Hence the effect of ionophores is indeed due to 

'REE -FLoi limited K+ penetration of the vesicle. It is important to point out that K +p- 
itrophenyl phosphatase, 5'- AMPase and basal Mg' activities were not affected 
y osmotic shock. 

density (5) Electron microscopy. An electron micrograph of GII membrane fraction 
shown in Fig. 6. This fraction consists almost entirely of smooth -surfaced 

esicular particles, 0.1 -0.2 pm in diameter. Many of the vesicles in this fraction 
e present in double membrane forms, which often appeared to be two fused 
embranes. Spherical particles (500 A), probably mitochondria) fragments, 
e also seen. Micrographs of thin sections of the FI electrophoretic fraction 

arried mat o exhibited a double membrane structure with occasional granular content. 
ese frotto o other cell particles could be detected (Fig. 7). Freeze -fracture confirmed 

e double membrane structure and also showed the presence of intercalated 
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Fig. 5. Separation of GII membrane fraction by free -flow electrophoresis. A, protein distribution ;Olt 

fractions collected; B, distribution of K ATPase activity (o "), and Kip- nitrophenyl phosphate 

activity ( S); C, distribution of Mg2+- ATPase ( ), and 5'- AMPase (o O). Separation 

was carried out using 2 mM Tris /acetate as chamber buffer, containing 0.1 mM Mg2+-ATP at pll 7.4.(Se 

Materials and Methods). pNP, p- nitrophenyl 

200 A particles. Fractions FII and FIII showed the presence of both open and 

closed membrane forms (Fig. 8 and 9) and some contaminating material. 

(6) 86Ró+ uptake. Table IV shows the equilibrium levels of 86Rb+ uptake. The 

total uptake of the original GII fraction was approximately equal to the sumpf 

the relative uptakes (relative uptake = % uptake / %o protein) of each freeflor 

electrophoretic fraction. 
FI and FII exhibited 86Rb+ uptake, while fraction FIII showed very littler. 
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TABLE IV 

86Ró+ UPTAKE AND EFFLUX OF GASTRIC MEMBRANE FRACTIONS 

Values shown indicate a mean of four determinations. 

Fractions nmol 8 6 Rb+ uptake /mg protein nmol S 6 Rb+ efflux mg /protein , 

GII (zonal) 160 60 
GII -FI 235 125 
GII -FII 195 8 

GII -FIII 75 0 

acrylf 

sider 

ctl0n 

t, COI 

011 0 

al Tr 

plat 

the 

tides 
* 86Rb+ efflux experiments were carried out in the presence of 2 mM ATP, under conditions 

Of in. 
described in Materials and Methods. 

tide 

spite of its K +- ATPase activity. For GII and FI fractions, the presence of vain s cussi 

mycin increased the rate, but not the final level, of 86Rb+ uptake. It appeal . 

that valinomycin enhanced the Rb+ permeability of the vesicles [16]. Additio Prevj( 

of ATP stimulated H+ uptake and Rb+ efflux only in the FI fraction [l6 e uss 

(7) Polyacrylamide gel electrophoresis. In order to compare the peptide co pycn 

position of the subcellular fractions derived from hog gastric mucosa, orate 

respective fractions were solubilized in SDS -ß- mercaptoethanol and subjec 'die( 

d jn 

I hon 

The 

gas 

10n 

high 

t 2E 

al m 

The 

a be 

es, 

dw 

lem 

se t 

Wa 

n r 

e-flt 

le b 

this 

ter: 

ref( 

lrge 

P GI1 rGII -FI 
' 

GI 1-F11 
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G1I- FIII;: etj( 

i )ui 
the 

Fig. 10. SDS -polyacrylamide gel electrophoresis patterns of various gastric membrane fractions lfE 

with Coomassie blue. The microsomal fraction P, obtained by differential centrifugation is show pa 

compared with fractions GII, FI, FII, FIII. Approx. 50 lag of protein were applied to each gel. Mole 

weight was estimated by calibration of identical gels with standard protein. Note the increasing pun 
Ca 

üCE tion of the Mr = 100 000 polypeptide region. 
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acrylamide 
gel electrophoresis. Gels stained for protein (Fig. 10) revealed 

siderable simplification on the polypeptide pattern between the microsomal 

coon (P) and the electrophoretic gel purified fraction (FI). It can be seen 

consistent with the enzymatic data presented above, a major polypeptide 

ion of Mr = 100 000 accounts for 23% of the total protein stain in the micro- 

al fraction and for 75% of the FI fraction. This polypeptide was phos- 

arylated by [7-32P] ATP and dephosphorylated in the presence of K' [35] . 

the other hand, FII electrophoretic pattern shows mainly the remaining 

tides of the original GII fraction. 

Of interest is fraction FIII which shows the presence of a Mr = 100 000 poly- 

tide region in quite large amounts. 

rotem 

initions 

;e of valir cussion 

It appere 

i]. Additio5Previous studies on purification of gastric microsomal membranes [1,4,5] 
ction [161veused methods similar to those described here, with the exception of zonal 
eptideco pycnic centrifugation in a Ficoll /sucrose continuous gradient. This technique 
iucosa, acates two classes of membranes: GI at density of 1.05 which is relatively 
d subjec 'ched in 5'- nucleotidase, and GII at density of 1.11 which is enriched 19- 

l in K'- ATPase and K +p- nitrophenyl phosphatase with respect to the origi- 
homogenate. 

The HCO3- stimulated ATPase, which has been the subject of much work in 
gastric membrane [3,4,18] seemed at first to be located in the denser 

ion of the sucrose gradient where mitochondrial and ribosomal markers were 
high activity [5,18]. However, detailed analysis of its distribution indicated 
t 28% of its activity was still located in GII where only 10% of mitochon- 

al markers activity was found. 
The fractionation procedure described above yielded a satisfactory separa- 
n between 5'- AMPase, which is probably associated with other plasma mem- 

es, and K'-ATPase (or p- nitrophenyl phosphate), which is probably associ- 
with apical membrane of the parietal cell surface and the tubulovesicular 

tem [1,5]. Yet it also indicates that densities of the membranes in which 
se two clases of enzymes are located are perhaps not different enough to 
w a complete separation by gradient centrifugation. 
In recent investigations [6,23,24] it has been shown that the preparative 
a -flow electrophoresis technique is capable of effecting separation not pos- 
le by other methods. One important conditions for a successful application 
this relatively new technique is a difference in the electrical behavior of the 
terial to be purified. In the case of separations of biological membranes, 
refore, it is necessary that the membranes have unique electrical surface 
trges. In most cases, this varying surface charge appears to be related to a 
ctional and morphological difference. 
)ur initial attempt at the further purification of the K +- ATPase in GII mem- 

e fraction by free -flow electrophoresis under standard conditions gave 
otionss ffererit results, probably because of an insufficient difference in charge of 
is shows particles involved. However, enzymatic analysis of the fractions collected 
gel. Mol 

ssing pun 
ated that some degree of separation had been obtained. It seemed that the 

ucement of charge perturbation on the system could increase the electro- 
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phoretic resolution. Since it has been shown that the gastric ATPase cant~ 
16] phosphorylated in absence of cation such as K [22], from the level of 
bsence phorylation (approx. 10-9 mol of phosphate/mg protein) and the vesicular 

voi 
i The urne (2 pl /mg protein) of the membranes, it was possible to calculate a prob 

able increase of 500 negative charges per vesicle. Based on this observati,, 
initc r MgATP was added to the electrophoretic separation medium. P 

The subsequent change in electrophoretic mobility of the membrane pat 
nalysrs 

des, produced by an increase in the negative charge density, resulted in a dh, )nophl 

tinct separation of K +- ATPase and p- nitrophenyl phosphatase from Mgt .ATp of th ase and 5'-nucleotidase-carrying membrane. However, HCO3 stimulation 
of and ATPase was present in all the fractions. From the surface charge densities calcu 

hatase lated for the FI fraction by the mobility measurements, in presence 
an 

orifice absence of MgATP into the separation buffer, it was found that the changein 
at ph negative charges per vesicle was in good agreement (approx. 600) with the vain 
The 

obtained from phosphorylation experiments. The 

osp Th he morphological appearance of the GII membrane fraction before electro 
ctivity phoretic separation, as seen in the electron microscope was not altered by th' 

technique. The vesicular structure and the double membrane forms obsery 
!is lil in GII fraction were also found in FI. On the other hand, the contaminatio 
vailabl present in GII was clearly separated and primarily confined to FII. Alongwi 

the enzymatic data and the electron microscope appearance, the gel pattern° 
spc 

e site membrane proteins separated by acrylamide electrophoresis tend to confi, 
The the actual fractionation and purification of the gastric K +- ATPase. The progre 

xi FI 
sive increase in MT = 100 000 region containing the phosphorylated peptid 

subunits of the K +- ATPase and the considerably simplified polypeptide patte 

in FI demonstrate the purification produced, when compared to GII and F 

fractions. 
The free -flow electrophoresis technique appeared also to separate K' -ATP 

present in "tight" vesicles, from K +- ATPase localised in open membrane frag 

ments. The findings that ionophores such as valinomycin, in isotonic coni 

tions, increase the K +- ATPase activity of the membrane preparation, sugges 

that this ionophore enhanced the penetration of K+ into the interior of thevesi 

des, eliminating the permeability barrier. This effect appeared significantl, 

larger in fraction FI when compared to GII and it was not observed in fraction 

FII and FIII. 

'th rt 

ction 

itropl 

nitro 

esicle 

lckno 

The 

e ex 

peril 

5878 
Based on those data, treatments designed to disrupt membrane vesicle, 

should also be effective. Osmotic shock induced by hypotonic lysis and Tito fere 
X -100 treatment [25] were used to alter the tightness of the vesicles. hid 
cases the K +-dependent ATPase activity was increased nearly to the valinomy, Gans 

cm -expressed rate. It should be noted that increasing the concentration n Sieb 

Triton X -100 increased the ATPase activity up to a maximum and thereafte s 

sacs 

decreased. These treatments did not affect fractions FII and FIII. 86Rb 
+uptak r Fort 

studies confirmed the different degree of permeability of the vesicles. Thehig Fort 

level of 86Rb+ uptake in FI might be explained considering that this fractio L'oeiwd 

could either contain a large percentage of vesicular material per mg of protc s Hani 

or vesicles less permeable to the ion involved, when compared to the origio hut 

GII. On the other hand fractions FII and FIII showed less 86R13+ uptake, Iidi 
1 Torr 
r Tore 

K +- ATPase was in vesicular form, Rb+ efflux should occur with ATP additi , coo, 

King 
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ie c bí161 as occurs in FI. The lack of efflux in FII and FIII implies either the 
of phos:bsence of functional vesicles or vesicles highly permeable to Rb +. 

cularvol' 
The results presented so far in this paper indicate that K+ permeability is a 

e a probmiting factor in the vesicular gastric ATPase activity. The data obtained by 
K+ with NH4+ in isotonic conditions supports this point of view. Again, 

alysis of the kinetics of activation both by K+ and additional activation by 
Loepatl.anophore(s) lead to the same conclusion [22]. The fact that K+ stimulates 
ln 

as oth the ATPase and the phosphatase of gastric microsomal membranes raises 

it e question of the relationship between those two enzymes. As for Ca ATP - 
iation 

of 
and (Nat + K +)- ATPase [26,27] there is considerable evidence that the phos- 

ies calcu 
hatase activity is a property of the ATPase complex. For example, in terms of 

unification, cation selectivity and action of inhibitors [4,5,16], it would seem 

aatphosphatase and ATPase activity reside on the same enzyme. 

The insensitivity to ionophores and to vesicle rupture of the p- nitrophenyl 
hosphatase activity suggests that K+ penetration is not rate limiting for the 
ctivity of this enzyme, in contrast to the ATPase. Rb+ transport does not 
ccur with p- nitrophenyl phosphatase or acetyl phosphate as substrate, hence 

is likely that the K+ site for p- nitrophenyl phosphatase activity is readily 
vailable to external K +, whereas the K+ site for ATPase is internal. Since K+ is 

ansported by the vesicle and both an internal and external K+ site are present, 
e site must be mobile across the membrane. 
The double or multilayered structure of many of the membrane forms in GII 
d FI would suggest that a change in specific enzyme activity might also 

peptid 
ah rupture of the vesicles if the inner vesicle also contained K +-ATPase. The 

Patte tlon of ionophores in achieving maximal activity and the insensitivity of p- 
and F 

itrophenyl phosphatase to loss of vesicle integrity suggests that either ATP or 

ATPsdnitrophenyl 
phosphate has free access to the inner vesicle, or that this inner 

esicle has a different peptide composition from the outer vesicle. 
me frag 
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Differential and density gradient centrifugation were used to prepare a vesicular membrane 
fraction from hog gastric mucosa enriched 17 -fold with respect to cation -activated ATPase and 5'- 
AMPase. Fractionation of the gradient material by free flow electrophoresis resulted in a fraction 
35 -fold enriched in cation- activated ATPase and essentially free of 5'- AMPase and Mgt +ATPase. The 
addition of ATP to either fraction resulted in H+ uptake and Rb+ efflux. The ionophoric and osmotic 
sensitivity showed that these ion movements were due to transport rather than binding. The cation 
selectivity sequences, substrate specificities and action of inhibitors indicated that the transport was 
a function of K +ATPase activity. The characteristics of the ATP -dependent enhancement of SCN- 
uptake and 8- anilinonapthalene -l- sulfonate fluorescence in the presence of valinomycin and the 
action of ionophores and lipid -permeable ions suggested that the energy dependent K +:H+ exchange 
was effectively nonelectrogenic. Thus these vesicles contain a nonelectrogenic (H+ + K +)- ATPase, 
hence acid secretion by the stomach is probably due to an ATP -dependent H+ + K+ exchange. 

Hydrogen ion transport systems have been demonstrated in 
several microorganisms (1) in organelles such as Escherichia 
coli membrane vesicles (2), mitochondria (3), and chloroplasts 
(4). Hydrogen ion transport has also been shown in artificial 
vesicles containing oxidation -reduction enzymes (5) or mito- 
chondrial ATPase with Fo (6). In all these cases the pump 
appears to be primarily electrogenic (7) and the hydrogen ion 
gradient to be of major importance in energy transduction and 
solute transport (8). 

The gastric proton pump is the longest studied, the most 
potent and, so far, the most elusive. Work on the intact 
amphibian mucosa has suggested that this proton pump, like 
all the others, is electrogenic (9). In addition, studies of the 
intact tissue have not been decisive in terms of an ATP or 
oxidation -reduction -driven proton pump in the stomach (10). 
Studies of a microsomal fraction have shown the presence of 
an ATP -dependent H+ uptake (11). 

In the present study we describe the preparation of mem- 
brane fraction from the stomach that carries out an ATP - 
dependent electroneutral H +:K+ exchange. It would appear 
therefore, that the gastric proton pump contains an ATP - 
driven component which is nonelectrogenic. 

MATERIALS AND METHODS 

Vesicle Preparation- Stomachs were obtained from freshly 
slaughtered hogs. The fundic mucosal surfaces were flooded with 
saturated NaCl and wiped dry to remove mucus cells. The gastric 

* This work is supported by National Institutes of Health Grant 
AM 15878 and National Science Foundation Grant GB31075. 

t To whom correspondence should be addressed. 

mucosa was then scraped from underlying connective tissue and 
homogenized in a 10% suspension (w /w) in 0.25 M sucrose, using a 
Teflon -glass homogenizer. The microsomal fraction was obtained by 
centrifugating the post- 20,000 x g supernatant at 100,000 X g for 60 
min. The pellet was resuspended in 0.25 M sucrose and was separated 
on a step gradient consisting of a layer of 7% (w /w) Ficoll in 0.25 M 

sucrose on top of a 30% (w /w) sucrose layer in a Beckman Z60 rotor by 
centrifuging for 2 h at 59,000 rpm. The membranes (GI) banding at 
the top of the gradient were more active than the second membrane 
fraction (GII) in the transport studies. The lighter fraction was used 
in the studies unless otherwise indicated. As described in detail 
elsewhere (12), the lighter fraction was shown to have undetectable 
levels of mitochondrial markers such as succinic dehydrogenase, 
monamine oxidase, or cytochrome oxidase and to be 17 -fold enriched 
with respect to the total homogenate in terms of K +ATPase and 5'- 
AMPase activity. This fraction was further separated by free flow 
electrophoresis on a Hannig FF5 free flow machine (Biomedical 
Instruments, New York) using 8 mM Tris' base, 8 mM acetic acid, 
and 250 mM sucrose, adjusted with 2 N NaOH at pH 7.4, in the 
presence of 0.1 mM MgATP as curtain buffer with a voltage gradient 
of 100 V /cm and a flow rate of 180 ml /h at 7.5 °. This divides the 
gradient preparation into K +ATPase (FI) and 5'- AMPase (Fil) 
enriched fractions. 

Sodium dodecyl sulfate gel electrophoresis was carried out as 
previously described (13). 

Enzyme Assay - ATPase activity was measured in a medium con- 
taining approximately 10 µg of protein, 2 mM MgC12, 2 mM ATP in 40 

mM Tris /acetate buffer with or without 20 mM KCI or other salts at 
pH 7.4 in a final volume of 1 ml. In some assays 0.25 M sucrose was 
present in addition to the other constituents. In some experiments 

' The abbreviations used are: Tris, tris(hydroxymethyl)- methyla- 
mine; pNPP, p- nitrophenyl phosphate; ANS, 8- anilinonaphthalene - 
1-sulfonate; CCCP, m- chloro(carbonyl cyanide)phenylhydrazone; 
DCCD, N,N'- dicyclohexylcarboniimide; pCMBS, p- chloromercuri- 
benzenesulfonate. 
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ATP hydrolysis was measured during transport studies after 10 -s 

incubation but at a 20 -fold greater protein concentration. Ionophores 
were added in 10 µl of methanol with appropriate methanol controls. 
Incubation was carried out for usually 15 min at 37 °. Phosphate 
release was measured by the method of Yoda and Hokin (14). Protein 
was measured according to Lowry et al. (15). 

p- Nitrophenyl phosphate hydrolysis was measured as previously 
described (16) in a medium containing 10 µg of protein, 6 mai MgCl2, 
6 mMp- nitrophenyl phosphate (pNPP) and 40 mint Tris /acetate buffer 
(pH 7.5) with or without 20 mat KCl. 5'- AMPase was measured as 

P 

reviously described (16). 

H+ Transport -Proton uptake was measured using a pH electrode 
placed in a magnetically stirred vessel at room temperature. Mem- 
branes (about 1 mg of protein) suspended in 1 ml of 0.25 m sucrose 
were added to 6 ml of a medium containing 5 mat glycylglycine buffer 
(pH 6.11),150 mice salt (usually KC1), and 2 mm MgC12. After a 3 -min 
preincubation, ATP or other substrates were then added to give final 
concentrations between 1.5 x 10 -7 and 3 x 10 -4 m. In some experi- 
ments the nature and concentration of the alkali metal chloride was 
varied both in the external medium and the intravesicular water. 
Preincubation of the vesicles in the alkali metal salt and adding 
these vesicles to a medium containing the identical salt concentra- 
tion gave conditions of zero cation gradient with varying cation 
concentration. Adding the preincubated vesicles in 1 ml to 5 ml of 
medium containing choline chloride in place of the metal chloride 
gave a constant outward gradient with varying internal cation con- 
centration. Preincubation of the vesicles for 48 h at 4° as above in 
choline chloride and adding to varying concentrations of cation gave 
varying external cation concentrations and varying initial inward 
cation gradients. This procedure allowed the effects of varying cation 
concentration and varying cation gradient to be assessed. 

In some experiments samples of the medium were taken for phos- 
phate analysis 10 s after ATP addition and the quantity of H+ 
transported at this time measured. Ionophores such as valinomycin 
(1.5 X 10 -6 M), nigericin (1 µg /ml), and tetrachlorsalicylanilide (9 x 
10 -i M) (final concentrations) were added in 10 Al of methanol. 
Kinetic analyses were performed using the initial 6 s of measure- 
ment (initial rate). 

The measurement of pH change was carried out using a Radiome- 
ter pHM 64 pH meter coupled to a servorecorder with a REA 112 
amplifier. One centimeter chart width corresponded to a change of 
.008 pH unit. The H+ concentration change was measured in each 
experiment by back titration with 10 -3 M HC1 which allowed for 
buffering artifacts. 

84Rb + Transport -For uptake experiments a 200 -µ1 vesicle suspen- 
sion (2.5 to 4 mg /ml) was mixed with an equal volume of a solution 
containing 150 mint RbC1 with 10 µCi /ml of 66Rb +, 10 mint glycylgly- 
cine (pH 6.12), and 4 mint MgC12. At various times 20 µl of the 
incubation solution were transferred to 1 ml of a solution at 0 -5° 
containing 150 mM choline chloride, 5 mm glycylglycine, and 2 mint 
MgCIE at pH 6.12. This was blended on a Vortex mixer and filtered on 
a Millipore type HA filter (0.45 µ pore size) and washed four times 
with 2 ml of the ice -cold choline chloride solution. All samples were 
run in duplicate. Adding 1% Triton X -100 to the stop solution re- 
duced trapped radioactivity to 5% of the radioactivity obtained with- 
out detergent and treating the vesicles with distilled water prior to 
the experiment reduced radioactivity to less than 15% of control 
treated in the usual way. 

Efflux experiments were carried out from equilibrated vesicles. 
Forty -eight hours of incubation at 4° was required for equilibration. 
After incubation in the uptake medium 2 mice ATP was added di- 
rectly to the solution so that efflux in the presence of ATP was 
measured in the absence of any initial gradient of Rb+ or s6Rb +. 
Efflux of °°Rb+ under these conditions would be against a concentra- 
tion gradient. Sampling was carried out as above. The amount of 
BBRB+ on the filter was expressed as nanomoles of mg protein-'. 

'BCl- Transport - Movement of Cl+ across the vesicle membrane 
was studied essentially in the same way as Rb+ movement. Uptake 
studies were performed as above, except that the solutions contained 
150 mw KC1 with 10 µCi /ml of 36C1- and choline or lithium sulfate 
solutions were used as stop solutions. Experiments were also carried 
out using equilibrated vesicles as for Rb +, with again the use of S042- 
instead of Cl- as the anion in the washing solutions to reduce anion 
exchange efflux. 

Uptake of S19CN- Thiocyanate was used as a lipid -permeable 
anion (17), since dipicrylamine inhibited ATPase and tetraphenyl- 
borate precipitates K. Uptake of SCN- was studied by adding 200 µl 
of vesicles as in the cation uptake studies to 200 1.d of a solution 
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containing 150 mm KC1, 1.82 mo's NaS"CN (4 taCi), 80 mice Tris/ 
acetate buffer at pH 6.1, and 2 mat MgC12. In addition one set of tubes 
contained 10 -6 M valinomycin in 4 Al of methanol After sampling for 
15 min, 2 mM ATP was added to half of both sets of tubes and 
sampling continued for another 15 min. The 20 -0 samples were 
added to 1 ml of ice -cold 120 mm Li2SO4 solution, filtered, and washed 
once with 4 ml of the Li2SO4 solution. The filters were dried and 
counted as before. 

Fluorescence of 8- Anilinonapthalene- .1- sulfonate- Fluorescence of 
ANS was measured at 27° in an Aminco Bowman spectrofluorimeter 
with an excitation wavelength of 375 nm and emission wavelength of 
480 nm. Standard conditions were the addition of 100 Al of the 
membrane suspension (5 mg of protein /ml) to a quartz cuvette con- 
taining 2 ml of 150 mm KC1 and 40 mien Tris /acetate buffer (pH 6.1). 
ANS was added in 10 µ1 of methanol usually at 2.5 X 10-6m, followed 
by valinomycin 5 x 10 -e M also in methanol, and then MgATP, 
usually at 5 x 10-5 m. Other additions such as nigericin (1 µg /ml) or 
m- chloro(carbonyl cyanide)phenylhydrazone (CCCP) (10 -5 M) were 
in 10 Al of methanol. ATP analogs were added at the same final 
concentration as ATP, and dicyclohexylcarbodiimide was added at 
10 -3 M, final concentration. 

Chemicals - ATP and its analogs were purchased from Sigma 
Chemicals, radioactive substances from ICN, and ANS from East- 
man Kodak. Ionophores were purchased commercially or obtained as 
gifts from Dr. H. A. Lardy. Hog stomachs were donated by Lumber- 
jack Meats, Inc. 

RESULTS 

Nature of Active Fraction- Active H+ transport is an unu- 
sual property of cell plasma membranes but clearly must be 
present in gastric mucosa. H+ transport is also a property of 
mitochondria and perhaps lysosomes. It is necessary therefore 
to clearly separate the H+ transport particle from any other 
cell component. This was achieved by density gradient and 
electrophoretic separation. The lighter of the two membrane 
fractions (density = 1.05) was more active in terms of H+ 
uptake. Electron microscopy showed it to be composed of 
smooth surfaced vesicles with an occasional inclusion of a 
second vesicle (Fig. 1). Compared either to the total homoge- 
nate or to the microsomal fraction, the vesicles were enriched 
with respect to both K +ATPase and 5'- AMPase. The peptide 
pattern on sodium dodecyl sulfate gels was quite complex 
although simpler than the original microsomes (Fig. 2). Fur- 
ther resolution of the gradient peak was achieved by free flow 
electrophoresis. The anodic fraction (FI) (Fig. 3) was enriched 
in terms of K +ATPase giving a final 35 -fold purification and 
was depleted of Mgt +ATPase and 5'- AMPase (Table I). The 
valinomycin sensitivity of the K +ATPase was also present 
only in FI (12). The sodium dodecyl sulfate gel pattern of FI is 
considerably simplified compared to the density gradient frac- 
tion, and contained two peptide regions, of Mr = 100,000 and 
Mr = 84,000 and a minor band at the dye front (Fig. 2). The 
major peptide region ( >75% of protein) of Mr = 100,000 was 
phosphorylated by [y 32P]ATP and dephosphorylated in the 
presence of K. No oxidation of NADH or NADPH by this 
preparation was observed. 

Following free flow electrophoresis, only FI responded to 
ATP addition by H+ uptake or Rb+ extrusion. Therefore, these 
properties are associated with a membrane whose peptide 
composition is relatively simple. Due to yield and ease of 
preparation GI was used in most of the transport studies to be 
described. 

K +ATPase Properties - Since cation -activated ouabain -in- 
sensitive ATPase or p- nitrophenyl phosphate hydrolysis were 
the only enzyme activities of those measured associated with 
the active fraction, some of the properties of this enzyme were 
measured to enable a correlation to be made between trans- 
port and enzyme activity. ATP was the most active substrate 
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FIG. 1. Electron micrograph of the light membrane fraction used 
in these studies tx 40.0001- Most of the membranes are single 
layered and smooth surfaced. Some have electron dense material 
associated and some appear to contain a second vesicular structure. 

M 

.._- . > 
GI --. 

100000 

FIG. 2. Sodium dodecyl sulfate gel patterns of the microsomal 
fraction, the gradient fraction and the electrophoretic fraction show- 
ing the increasing purification of the Mr = 100,000 band. 

for the ATPase. K +- stimulated hydrolysis occurred (ATP ac- 
tivity is set to 100) in the sequence ATP 100:GTP 12:CTP 
15:ITP 0:ADP 0.7. No hydrolysis of ß,y- methylene ATP was 
observed, although this compound did act as a competitive 
inhibitor of the ATPase. 

Since H+ uptake was cation dependent and selective, the 
cation selectivity of the ATPase was measured to obtain a 
correlation between activity and transport. The cation selec- 
tivity was (where the activity with K+ is given the value 100) 

E 

12- 

1.0 - 

0.8 - 

0.6- 

0.4 - 

0.T- 

0 

FRACTION = 

FIG. 3. Protein profile of the electrophoretic fractionation of the 

density gradient peak showing 2 major bands, the larger being closer 
to the anode. 

TABLE I 

Purification of vesicles 

The activity of 5'- AMPase and ATPase in the total homogenate, 
microsomal fraction (100,000 x g precipitates of the post 20,000 x g 

supernatant) the light membrane fraction on the 7% Ficoll to 30% w/ 

w sucrose gradient and the 2 fractions derived from the latter by free 

flow electrophoresis. The K +ATPase activity is the difference be- 

tween activity in the presence and absence of K. The K +ATPase + 

valinomycin activity is the difference between the activity in the 

presence of K+ and valinomycin and in the presence of Mgt+ alone. 

5'-AMPase Mgt+ATPase K+ATPase K+ATPase + 

valinomycin 

µmol P, mg -' h -' 
Total homogenate 0.5 ± 0.3 6.2 ± 0.6 2.0 ± 1.0 3.6 ± 1.8 

Microsomal frac- 
tion 

1.5 ± 0.6 15.9 ± 1.5 7.1 ± 4.3 16.7 ± 4.0 

Light membrane 
fraction (GI) 

4.6 ± 0.1 6.4 ± 1.3 32.5 ± 3.2 62.9 ± 1.7 

Electrophoretic 
fraction (FI) 

0.6 ± 0.2 2.7 ± 0.6 64.1 ± 3.9 87.6 ± 2.5 

Electrophoretic 
fraction (FII) 

14.7 ± 1.2 16.6 ± 2.0 17.3 ± 1.2 19.4 ± 1.7 

K+ 100:Rb+ 76:Cs+ 16:Na+ 7:Li+ 4:choline 0, and this was the 

same relative sequence as for p- nitrophenylphosphate hydrol- 

ysis (Table IV). 
In analyzing the transport function of an enzyme present in 

the membrane of ion -impermeable vesicles, the effect of iono- 

phores or lipid -permeable ions on ATPase activity gives in- 

sight into the electrical characteristics of transport. Thus in- 

crease of activity with both classes of compound suggests that 

conductance plays a role in pump action i.e. that the pump is 

electrogenic. An increase in activity due to a K+ selective 

ionophore but no increase of activity with lipid -permeable ions 

suggests a requirement for K+ inside the vesicle but is not 

consistent with a change in pump activity simply due to a 

conductance change in the membrane, as would be expected of 

an electrogenic mechanism. A larger increase with K+ iono- 

phores and a smaller increase of activity with lipid -permeable 

ions would suggest both an electrogenic mechanism and a K+ 

requirement in the vesicle interior. 
The addition of 10 -5 M valinomycin stimulated ATPase ac- 

w 
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tivity by 78% in the density gradient fraction and by 40% in 

the free flow FI fraction (Table I), but had no effect on p- 
nitrophenyl phosphate hydrolysis. Protonophores such as 
CCCP or 3, 3 ',4,5'- tetrachlorosalicylanilide at 10 -5 M did not 

affect ATPase activity and had no additional effect on the 
valinomycin stimulation. Lipid -permeable ions such as tri- 
phenylmethyl phosphonium or dimethyldibenzyl ammonium 
did not increase ATPase activity at 10 -3 M even in the presence 
of SCN -. 

Dipicrylamine, Zn2 +, F -, pCMBS, and DCCD all inhibited 
the K +ATPase activity (Table II), but SCN- and dimethyldi- 
benzyl ammonium were without effect on enzyme activity. 

H+ Uptake -The presence of an ATPase in these vesicles 
and the absence of any detectable oxidation- reduction activity 
such as oxidation of NADH or NADPH suggested that ATP 
was probably the required substrate for transport. 

The addition of ATP did indeed produce a rapid but tran- 
sient alkalinization of the medium (Fig. 4). The reversal of the 
alkalinization was due to the consumption of the added ATP 
(1.7 x 10 -5 M) followed by leaks of the accumulated H+ back 
into the medium. The dissipation of the gradient was acceler- 
ated by ionophores such as valinomycin or nigericin but only 
transiently accelerated by protonophores such as tetrachloro- 
salicylanilide. 

The effect of ionophores is strong evidence for the presence 
of a gradient of H+ across the vesicle membrane. This was 
further established by the effect of varying the vesicle volume 
which would be expected to affect uptake but not binding. Fig. 
5 shows that the H+ uptake (maximum uptake) was a function 
of the medium osmolarity. This also allowed assessment of the 
amount of H+ bound due to ATP addition. Extrapolation to 
infinite osmolarity showed that binding was quantitatively 
small in relation to transport of H +. 

To relate uptake to ATPase activity, various experiments 
were performed. Uptake of H+ occurred only with ATP and not 
with GTP, CTP, ITP, TTP, or ADP. ß,y- Methylene ATP was 
also inactive and p- nitrophenyl phosphate up to 10 mm had no 
effect on Ht distribution. ATPase inhibitors such as Zn2 +, F -, 
DCCD, and pCMBS inhibited H+ uptake at 1 ram. Alkali 
cation was required for H+ uptake and different rates of H+ 
uptake were obtained with different cations. The sequence of 
effectiveness found (with K+ set to 100) was K+ 100:Rb+ 60:Cs+ 
45:Na+ 0.24:Li+ O.1:choline 0 (Table IV). All these data were 
consistent with the hypothesis that ATPase activity was re- 
quired for the H+ uptake. 

Measurement of the H+ uptake and ATP hydrolysis over the 
initial 10 s following addition of the vesicles to the uptake 
medium allowed calculation of the ratio of moles of H+ trans- 
port to moles of ATP hydrolyzed. Considering only the K+ 

TABLE II 
Effect of inhibitors on K +ATPase 

The action of various inhibitors on K +ATPase activity. ATPase 
was assayed as described in the text. 

Inhibition 

pCMBS (10-5 M) 72 
DCCD (10-3 M) 82 
F- (10-2 M) 80 
Zn2+ (10-3 M) 90 
Dimethyldibenzyl ammonium (10-3 NO o 
SCN- (10-2 M) o 
Dipicrylamine (10-3 M) 100 
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activated component of the ATPase, the value for this ratio 
was 4.1 ± 0.2 (n = 10). Using a value of 2 µl mg-' for vesicular 
volume, the minimal pH inside the vesicles based on the 
quantity of H+ disappearing was 1.7. The actual value is 
probably higher due to the buffer present as well as due to the 
intrinsic buffering capacity of the inside surface of the vesi- 
cles. 

The electrical characterisitcs of H+ transport were investi- 
gated using ionophores and lipid -permeable ions. The finding 
that the H+ gradient could dissipate spontaneously and that 
this dissipation could be accelerated by valinomycin in the 
presence of an inward K+ gradient suggested the presence of 
an H+ conductance in the vesicle membrane (Fig. 4). The 
relative ineffectiveness of a protonophore such as tetrachloro- 
salicylanilide, in the absence of an added K+ conductance 
argues for a low inherent K+ conductance or indeed anion 
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FIG. 4. H+ uptake by the vesicles. Curve A, vesicles were added to 
a solution of 150 mm KC1 with additions as in text followed by 1.7 x 
10 -5 M ATP. At times indicated tetrachlorsalicylanilide (TCS) and 
valinomycin (VAL) were added. Curve B, valinomycin was added 
immediately after the addition of the vesicles from the same prepa- 
ration, then ATP at 1.7 X 10 -5 M was added. 
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FIG. 5. The effect of vesicular volume on H+ and Rb+ uptake. The 
vesicles were added to a solution containing 90 mm KC1 with appro- 
priate addition of mannitol to vary the osmolarity and other addi- 
tions as detailed in text. ATP (1.7 x 10 -5 M) was added, and the H+ 
uptake measured ( -). 88Rb+ uptake was measured by adding 
the vesicles to a medium containing 75 IBM RbC1 with mannitol 
added to vary the osmolarity and other additions as detailed in the 
text (x -x). 
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conductance. This finding also suggests that K+ conductance 
or penetration may be rate limiting for H+ uptake. This was 
confirmed by the finding that valinomycin added before ATP 

increased the uptake rate of H+ (Fig. 4). This effect is not due 
to a nonspecific conductance increase in the membrane result- 
ing in shunting of a potential due to electrogenic H+ transport. 
This is shown by the finding that a lipid -permeable cation 
such as dimethyldibenzyl ammonium did not influence H+ 

uptake at concentrations as high as 10 -3 M. SCN- inhibited H+ 

uptake by 40% at 10 -2 M but this appeared to be due to a more 
rapid dissipation of the gradient since the efflux of H+ was 
accelerated. Other lipid -permeable ions such as TPMP+ or 
dipicrylamine inhibited H+ uptake but also inhibited ATPase 
activity by the same amount. 

The effect of valinomycin is therefore due to the specific 
effect of increasing the K+ penetration into the vesicle. This is 
substantiated by the finding that preincubation of the vesicles 
in KC1 prior to addition of ATP has a similar accelerating 
effect on H+ uptake. In fact, the K+ gradient is an important 
factor in determining the rate and magnitude of H+ uptake 
(Table III). The smallest apparent KA for K+ (32 mM) is ob- 

tained in the absence of an initial K* gradient and is of the 
same order of magnitude as the value of 20 mM found for the 
ATP at pH 6.1 under the same conditions. An outward K+ 
gradient considerably increases the rate and magnitude of the 
H+ uptake also suggesting that the cation gradient is related 
to the H+ ion gradient developed in the presence of ATP. 

Coupling of movement of cation to movement of H+ can be 
obtained also in the absence of ATP. For example, adding KC1 
preincubated vesicles to choline chloride produced no change 
in medium pH. This is expected from the finding of a low K+ 
conductance in the vesicles. The addition of valinomycin, or 
more effectively valinomycin and tetrachlorosalicylanilide but 
not tetrachlorosalicylanilide alone induces an H+ uptake. Con- 
versely, adding valinomycin to the KC1 medium before vesicle 
addition results in an acidification of the medium (Fig. 4) 

when vesicles are added due to the inward K+ gradient. The 
overshoot obtained with valinomycin addition following ATP 
and tetrachlorosalicylanilide is also explained by electrical 
coupling of the inward K+ movement to H+ efflux. Since 
tetrachlorosalicylanilide alone does not induce H+ movement 
in response to a K+ gradient this confirms what was suggested 
above, namely, that the intrinsic H+ conductance of the vesi- 
cles is larger than the intrinsic K+ conductance. 

These data then suggest that H+ uptake is a function of the 
ATPase, is probably nonelectrogenic, and may well be coupled 
to an efflux of cation, rather than associated with an influx of 
anion. 

Rb+ Transport -To assess whether cation efflux or anion 
influx accompanied H+ uptake, Rb+ movement across the 
vesicle membrane was measured. Isotope methods had to be 
used since the cation selective electrodes available were not 
sensitive enough for these measurements. 

The passive uptake of Rb+ was temperature dependent and 
also osmotically sensitive (Fig. 5). The t112 of uptake was 12 h 
at 4 °, 40 min at 22 °, and 10 min at 37 °. Incubation for prolonged 
periods of time at 22° and short periods of time at 37° damaged 
the vesicles as assessed by the maximal H+ gradient obtained. 
ATP transiently reduced influx presumably due to accelera- 
tion of efflux. To study this further the vesicles were therefore 
preloaded with 26Rb+ before ATP addition for the efflux stud- 
ies. 

Incubation at 4° resulted in equilibration in terms of trapped 
radioactivity by 48 h. The quantity trapped allowed calcula- 

tion of the intravesicular volume with the value found being 
2.0 ±0.3Idmg'(n =23). 

Although efflux could be measured by diluting the vesicles 
into nonradioactive medium, the conditions of zero gradient 
were more appropriate for determining the effect of ATP on 
Rb+ efflux. Thus if there is a decreased trapped radioactivity 
found with ATP addition directly to the preincubation medium 
followed by re- equilibration to the previous value after the 
ATP is hydrolyzed, this can be taken as evidence for active 
cation extrusion. 

As shown in Fig. 6, the addition of ATP to the Rb +- loaded 
vesicles did indeed result in rapid cation extrusion followed by 
a slow re- uptake. The re- uptake rate had a similar t1j2 to 
uptake found in the experiments where the vesicles were 
added to the radioactive medium. 

The relationship of this phenomenon to ATPase activity was 
established by the inhibition of Rb+ efflux by 1 mM concentra- 
tions of F -, Zn2 +, DCCD, and pCMBS. 

If Rb+ efflux were due to movement of Rb+ in response to a 
potential generated by an electrogenic H+ pump, then the 
distribution ratio of Rb+ between vesicle and medium would 
allow calculation of the potential. The vesicles lose 44 ± 7% 

(n = 16) of their radioactivity with ATP addition. This would 

correspond to a potential of 18 mV vesicle interior positive. 
However, this interpretation is in conflict with the data previ- 

ously presented on ATPase activity and H+ uptake which were 

TABLE III 
Effect of K + gradient and concentration on H* uptake 

The preincubation conditions were as detailed in the text and the 
ionic concentrations were varied from 1 to 150 mae, mannitol being 

used to maintain isotonicity. The initial gradient was kept constant 
Under two conditions (i.e. outward and zero) and only the i .ic 

concentrations were varied allowing calculation of apparentKA i m 

a best fit Lineweaver Burk plot. 
[K +]m /[K *]0 , Initial velocity K,, 

nmol H* mg-' min ' nmol H* mg' min ' mM 

0.006° 130 216 62 

1.0 163 218 32 

6.0 563 1,370 182 

° With the inward gradient, the gradient varied due to the condi- 

tions used. The value of 0.006 was the gradient under standard 
conditions, since a value of 1 mM K+ was found in the vesicle 

preparation before addition of K. The data above are obtained 
following a 3 -min preincubation, hence the magnitude of the inward 

gradient is only an estimate. All the experiments were carried out on 

the same preparation. 
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FIG. 6. The efflux of Rb +. Vesicles were pre -equilibrated for 48 h 

as detailed in the text and 2 mM ATP added to the suspension at zero 

time on the graph. It can be seen that there is a transient rapid efflux 

of Rb+ to about 50% of the measured equilibrium value (horizontal 
line) and with consumption of the ATP there is re- equilibration of 

the Rb +. 
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interpreted as excluding a significant K+ conductance. 

If indeed movement of Rb+ were due to a potential, then 

adding lipid -permeable cations would reduce Rb+ movement 

since the cation would efflux instead of the Rb +. Adding a Rb+ 

ionophore such as valinomycin would accelerate Rb+ move- 

ment since the Rb+ conductance of the membrane would be 

increased. In fact neither dimethyldibenzyl ammonium, a 

lipid -permeable cation (even in the presence of SCN- to in- 

crease its lipid solubility), nor valinomycin had any effect on 

Rb+ efflux. Valinomycin did increase the re- uptake rate of 

Rb +. 

Accordingly, it is unlikely that cation efflux is coupled to a 

potential but more likely that cation efflux is directly related 

to ATPase activity. 
Measurement of the ratio between moles of Rb+ transported 

and ATP hydrolyzed gave a value of 3.5 ± 0.4 (n = 4) using 
only the cation -stimulated component of the ATPase activity. 

Cl- Transport- Although from the studies on cation efflux 
it would seem unlikely that Cl- uptake accompanied H+ up- 

take, the efflux studies were performed on equilibrated vesi- 

cles. It was possible that under conditions of an inward K+ 

gradient, Cl- uptake occurred with addition of ATP. 
Cl- uptake had similar characteristics to passive uptake of 

Rb +. The t112 of Cl- at room temperature was 36 min as 
compared to the t112 of 40 min for Rb +. The equilibrium uptake 
volume was also 2.0 Al mg-' of protein. The addition of ATP, 
however, was without any effect on the uptake rate. Moreover, 
there was no effect of ATP on the Cl- distribution after the 
vesicles had equilibrated with 36Cl- in contrast to the data 
found with Rb +. The addition of valinomycin had no effect on 
Cl- uptake in the presence of a K+ gradient or following ATP 
addition showing that these vesicles had minimal Cl- conduct- 
ance. This had already been concluded from the effect of 
ionophores on the H+ gradient. 

Thus data on H +, Rb +, and Cl- movement across the vesicle 
membrane argue against the development of a potential dur- 
ing transport. 

Uptake of S19CN - -To determine whether the above indi- 
rect arguments excluding the development of a potential dif- 
ference were correct, the effect of ATP on the distribution of a 
lipid -permeable anion, SCN -, was determined. 

Thiocyanate is taken up in a time -dependent fashion (Fig. 7) 

into an osmotically sensitive space. The t112 of 2 min is very 
much less than the t112 for Cl- or Rb+ confirming the SCN - 
enters vesicles by an additional path presumably due to its 
lipid permeability. The apparent uptake of SCN- in the pres- 
ence of valinomycin is increased. This increased uptake re- 
quires the presence of K +. Presumably this is due to increased 
binding of SCN- in the hydrophobic phase due to the forma- 
tion of the lipid -soluble valinomycin K+ SCN- complex (Fig. 
7) since preincubation of vesicles in KC1 does not inhibit the 
valinomycin enhancement. This valinomycin increment is not 
osmotically sensitive confirming that this effect is on binding. 

The addition of ATP has no effect on the distribution of 
SCN- between vesicles and medium in the absence of valino- 
mycin. This suggests that no potential develops under these 
conditions. From Rb+ efflux studies a K+ gradient would de- 
velop with the addition of ATP and this K+ gradient would 
result in a potential difference only in the presence of valino- 
mycin. The enhanced uptake of SCN- obtained by ATP addi- 
tion in the presence of valinomycin is consistent with the 
development of a potential in the presence of valinomycin. 
This increased uptake is osmotically sensitive. 

Fluorescence of ANS -Radioactive isotope distribution may 
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have too long a lag phase to detect a transient potential. For 
example, an electrogenic H+ transport would result in devel- 
opment of an interior positive potential. This potential could 
result in the development of a K+ conductance and current 
which would then shunt the potential. Hence, a fluorescent 
probe of potential, ANS, was used on the assumption that 
optical detection would have a more rapid response time than 
trapping of radioactivity. 

The sequential addition of membranes ANS and ATP re- 
sults in the fluorescence changes shown in Fig. 8. The addition 
of ANS results in rapid increase in fluorescence with a t1j2 too 
rapid to measure with our instrumentation. This rapid fluo- 
rescence increase is followed by a second slow rise to a plateau 
after 30 min. The addition of ATP at any time under these 
conditions results in no change in fluorescence. Accordingly, if 
ANS is acting as a probe of potential, no potential change 
occurs. 
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Fin. 7. The uptake of S14CN- with time when added to vesicles 
alone (x -x) or vesicles in the presence of valinomycin (0 -). 
ATP was added to both sets of tubes at the time indicated, but 
enhanced SCN- uptake only in the presence of valinomycin 
(O-O). 
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Fra. 8. The ANS fluorescence events of the gastric vesicles. The 
initial addition is that of the membranes to the cuvette, followed by 
ANS. It can be seen that there is an initial rapid rise with ANS 
addition followed by a slow increase of fluorescence (x -x) which 
eventually reaches the valinomycin level (not shown). The addition 
of valinomycin (VAL) before the plateau results in a further rapid 
increase in fluorescence, and the subsequent addition of ATP (1.7 x 
10 -5 be) results in a transient fluorescent enhancement, which can be 
repeated with a second addition of ATP. Also shown is the effect of 
nigericin (NIG) on the ATP induced fluorescence, giving immediate 
inhibition of the fluorescence and inhibition of the effect of subse- 
quent ATP addition. 
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Quite different data are obtained in the presence of valino- 
mycin. The addition of valinomycin after the initial fluores- 
cence increment produces a rapid rise in fluorescence to the 
same level as occurs without valinomycin after 30 min. This 
increase in fluorescence requires the presence of K+ and the 
magnitude is a function of the concentration of K +, but not the 
K+ gradient. Hence this fluorescence change is due to the 
increased binding of ANS in the membrane because of the 
increased solubility of the ANS valinomycin K+ complex in 
the hydrophobic phase of the membrane. The presence of a 
positive interior potential as would occur with an inward K+ 

gradient in the presence of valinomycin is therefore insuffi- 
cient to produce a large enough change in fluorescence to 
obscure the fluorescence increase due to increased penetration 
of ANS. It should also be noted that an inward K+ gradient in 
the presence of valinomycin would produce an alkalinization 
of the vesicle interior. 

Addition of ATP in the presence of valinomycin produces a 
transient increase in fluorescence with precisely the same 
time course as the H+ uptake (Fig. 9). This is due to a combina- 
tion of a potential and a H+ gradient. From the Rb+ efflux data 
and the SCN- uptake, a cation gradient in the presence of 
valinomycin results in the development of a potential across 
the vesicle membrane. The requirement for valinomycin to see 
an ANS fluorescence response suggests that a change of poten- 
tial is necessary for the effect. Fig. 10 shows that the initial 
rate of change of fluorescence is a linear function of the log of 
the K+ concentration (r = 0.992). This would be expected of a 
Nernst diffusion potential due to a K+ gradient provided a 
fixed internal [K +] was reached with the addition of ATP. If a 
potential difference were the only factor involved in the ANS 
response in the presence of valinomycin then dissipation of the 
H+ gradient by nigericin which is a neutral exchange iono - 
phore would not be expected to abolish or completely inhibit 
development of the fluorescence. In fact, both nigericin and 
carbonyl cyanide p- trifluoromethoxyphenylhydrazone inhibit 
or abolish the response (Fig. 8). Moreover, if ANS was respon- 
sive only to a potential in this system, then valinomycin alone 
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FIG. 9. The time course of ANS fluorescence and H+ uptake was 
measured on the same preparation under identical conditions. 100 µl 
of vesicles (c 50 µg of protein) were added to 2 ml of a medium 
containing 150 mM KC1 and 5 mM glycylglycine (pH 6.1) followed by 
2.5 x 10 -6 M ANS and 5 x 10-6 M valinomycin (VAL). ATP (5 x 10 -6 
M) was then added and the pH change and fluorescence change 
monitored as detailed in the text. It can be seen that the time course 
of the change in fluorescence has virtually an identical time course 
to the H+ uptake showing the close relationship of the two effects of 
ATP addition. 

should enhance the fluorescence of ANS as a function of the $+ 
gradient, not the K+ concentration. ANS appears capable of 
rapidly responding to a potential difference and an H+ gradient 
in these vesicles. The lack of response in the absence of valino 
mycin is therefore reasonable evidence for the absence of a 

potential during transport by the gastric vesicles. The cation 
selectivity sequence is shown in Table IV which also shows the 
effectiveness of the cations in acid secretion. 

Effect of Cl- Removal -One of the more significant ap- 

proaches to the problem of electrogenic transport by the intact 
amphibian stomach has been the removal of Cl- and the 
substitution of S042- in the bathing solutions. Under these 
conditions, there is a linear relationship between development 
of a potential difference and acid rate (9). Accordingly, the 

effect of Cl- removal and 5042- substitution was determined 
on the ATPase, H+ uptake, cation efflux, and SCN- and ANS 
related properties of the vesicles. 

If in the absence of a Cl- conductance, the electrogenicity of 

W uptake was unmasked due to the slow diffusion rate of 

SO42- as opposed to Cl -, then effects of potential on the various 

parameters should be detectable. For example, ATPase activ. 

ity should decrease unless the potential is shunted by some 

other permeable ion. H+ uptake should decrease (if H+ move- 

ment is the electrogenic component) and Rb+ efflux increase (if 

Rb+ movement is compensating for a potential generated by 

the H+ pump). Changes in ANS fluorescence and SCN- distri- 

bution should occur in the absence of valinomycin. In fact 

ATPase activity was not affected by Cl- removal and RV- 
substitution. H+ uptake and Rb+ efflux were each reduced by 

40% and the valinomycin requirement for detection of a poten- 

tial difference was still present. Moreover, the magnitude of 
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FIG. 10. The relationship of the initial rate of change of ANS 

fluorescence with the addition of ATP to the log of the K+ concentra- 
tion. The rate of change of fluorescence (arbitrary units in the first 6 

s) is plotted against the log of the K+ concentration present in the 

medium to which the vesicles are added. The concentrations of ANS, 

valinomycin, and ATP added to the vesicles were 2.5 x 10 -6 nt, 5 x 

10 -6 M, and 5 x 10 -5 M, respectively, and the concentration of KO 

was varied between 5 and 150 mM. 

TABLE IV 
Cation selectivity of vesicle function and H+ secretion 

This shows the relative effectiveness of the alkali metal cation 

and choline in stimulating ATPase andpNPP hydrolysis, H+ uptake, 

and ATP -enhanced ANS fluorescence in gastric membrane vesicles 

with the effectiveness of K+ set to 100. These values are compared to 

the effectiveness of these cations and choline in supporting H+ secre- 

tion by the intact frog mucosa mounted in an Ussing chamber. 

ATPase /pNPP 
hydrolysis H* ANS H* Secretion 

K+ 100 100 100 100 

Rb+ 76 60 90 90 

Cs+ 16 4.5 30 3.4 

Na+ 7 .24 1 0 

Li+ 4 .1 1 0 

Choline+ 0 0 0 0 
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the potential difference was reduced by 40% as would be 

expected from the diminished cation efflux. Accordingly, Cl- 

removal and 5042- substitution results in reduction of trans- 

port activity of the ATPase but does not result in electrogenic 

transport by the ATPase. 

DISCUSSION 

To date, two types of transport ATPase have been described. 

One type is exemplified by mitochondrial ATPase and cata- 
lyzes an electrogenic H+ translocation. Examples of the other 
type are (Na+ + K +)- ATPase and Cat + -ATPase which catalyze 
cation translocation that is nonelectrogenic or partially elec- 

trogenic. In this work we have described a translocation of H+ 

by a plasma membrane ATPase from gastric mucosa that ap- 
pears to be nonelectrogenic and to have a mechanism similar 
to that of Ca"- or (Na+ + K+)- ATPase. 

This statement can be justified by comparing the character- 
istics of H+ translocation by mitochondrial ATPase as typical 
of one class of ATPase on one hand and by the gastric (H+ + 
K1- ATPase on the other. 

Historically one of the key features of coupling between 
respiration and phosphorylation was the absence of an identi- 
fiable covalently linked phosphorylated intermediate (8). It is 
now clear that the coupling between respiration and phospho- 
rylation depends on the generation of an electromotive force 
and an H+ gradient across the mitochondrial membrane (8). In 
contrast, plasma membrane ATPases (18) and the gastric (H+ 
+ K+)- ATPase (16, 19) form isolatable phosphorylated in- 
termediates. 

The transport of the hydrogen ion by mitochondrial ATPase 
is electrogenic. Membranes containing this type of ATPase 
develop both a potential and an H+ gradient (20, 21) and the 
ATPase is reversible with respect to both parameters. Accord- 
ingly, alteration of membrane conductance by ionophores or 
protonophores increases ATPase activity and abolishes the 
potential induced by the ATPase. The change of potential can 
be shown directly by measuring the distribution of lipid - 
permeable ions or by measuring changes in ANS fluorescence 
(20, 22). 

In contrast gastric (H+ + K +)- ATPase activity in the vesi- 
cles shows no stimulation by increments in membrane con- 
ductance such as induced by protonophores or lipid -permeable 
ions. 

Measurement of the moles of H+ transported per high en- 
ergy phosphate bond has given data between 2 and 4 (8, 23, 24) 
for the electrogenic type of H+ ATPase. Our measurements 
using the initial rate gave values close to 4, and it would 
appear that 2 Cat+ are transported per ATP hydrolyzed by the 
Cat+ ATPase, i.e. 4 charges per ATP. From our data however, 
it is not possible to conclude that the ratio is fixed and the 
value of 4 may apply only under the specific conditions of study. 

There have been suggestions that an H +:K+ exchange may 
occur in mitochondrial phosphorylation (3) but in reconsti- 
tuted vesicles (21) no specific cation requirement for H+ gra- 
dient formation by the mitochondrial ATPase has been estab- 
lished. 

It is evident from the data presented that gastric vesicle H+ 
transport is cation -requiring, similar to Na + transport by (Na+ 
+ K +)- ATPase (18). 

Valinomycin and other ionophores are capable of uncou- 
pling mitochondrial respiration, or stimulating mitochondrial 
ATPase activity in coupled particles. In a sense similar data 
are found for gastric vesicles (Table I, and Refs. 19 and 25) in 
that ATPase activity is stimulated by K+ ionophores. This 
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stimulation is reduced by K+ preincubation, K+ is required in 
the interior of the vesicles for H+ uptake and K+ dephosphory- 
lates the protein (16, 19). Stimulation by NH4 + is not increased 
by gramicidin' which increases membrane conductance to 
NH4 +. This would be expected if NH4+ was required in the 
vesicle interior and the permeability of NH3 was already very 
high. Since NH3 movement is nonconducting, gramicidin 
would stimulate NH4+- dependent ATPase activity if a poten- 
tial developed which would be reduced by the shunt conduct- 
ance provided by gramicidin. The effect of K+ ionophores is 
therefore not due to the provision of a shunt conductance for 
an H+ or K+ battery but is due to an increase of intravesicular 
K+ required for H +:K+ exchange and ATPase activity. 

Concomitant with the H+ uptake there is cation efflux. 
Lipid -permeable ions do not substitute for the alkali metal 
cation nor do they inhibit cation efflux or H+ uptake (in the 
absence of ATPase inhibition). This is in contrast to their 
inhibitory action on oxidation -reduction -dependent transport 
by bacterial vesicles (2). Thus, in contrast to the electrogenic 
H+ transport systems cation transport is a specific accompani- 
ment of H+ transport by gastric (H+ + K +)- ATPase. 

There are also considerable differences in the subunit com- 
plexity of the mitochondria) ATPase and the gastric ATPase 
transport system. The F,ATPase of mitochondria is a complex 
multisubunit structure (26) and on its own does not act as an 
H+ translocator. Other factors such as Fo (27) are required 
before H+ transport across a membrane can occur. The interac- 
tion between the F,ATPase and the membrane H+ conducting 
proteins is, however, specific in that DCCD or oligomycin 
block ATPase activity only of the intact complex (28). This is 
assumed to be due to inhibition of H+ translocation through 
Fo, since F,ATPase by itself is not affected by these inhibitors. 
This ATPase inhibition cannot be overcome by protonophores 
(i.e. uncouplers) hence the H+ ion exchange between 
F,ATPase and the Fo- transporting subunit is direct and provi- 
sion of alternate H+ pathways is not sufficient to bypass the 
blockade of H+ movement through Fo. 

The gastric H+- transporting system is considerably less 
complicated in subunit composition (Fig. 2). DCCD inhibits 
the ATPase activity of these gastric particles as well as H+ 
transport and also blocks formation of the phosphorylated 
intermediate.' Both the H+ and K+ component of transport are 
specifically required in this ATPase and as for mitochondria) 
ATPase transport, protonophores do not provide effective al- 
ternate transport pathways. 

It is possible by various means, including ANS fluorescence 
(22), to show the presence of potentials and changes of poten- 
tial in untreated mitochondria or submitochondrial particles. 
Changes in ANS fluorescence in submitochondrial particles 
show an increase in fluorescence with an increase of positive 
potential in the interior concomitant with an increase of H+ 
concentration (22). This is similar to the data obtained with 
ANS in the gastric system (Fig. 7), which also correlated with 
the data on SCN- distribution (Fig. 8). The interpretation of a 
change of potential and H+ distribution accounting for these 
findings is consistent therefore with data on mitochondria. 
However, for this potential to occur in the gastric vesicles 
valinomycin was required. This showed that the methods used 
were sufficiently sensitive to detect a potential but that the 
unmodified gastric ATPase particle did not develop a potential 
during transport activity. Cat +ATPase particles also show 
changes in ANS fluorescence with ATP addition (29) which are 
interpreted as being due to increased Cat+ binding. 

2 Unpublished observations. 
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From these considerations, although gastric ATPase trans- 
located H+ as do the electrogenic H +ATPases of mitochondria, 
chloroplasts, and bacteria, the gastric ATPase at least at this 
stage of analysis is similar to the plasma membrane type of 
ATPases as exemplified by the (Na+ + K +)- and Cat +ATPases 
(30). 

It should be possible to correlate the properties of the vesi- 
cles described above and the properties of the H+ secretory 
process of the intact gastric mucosa, For example, acid secre- 
tion should be K +- réquiring and ATP -dependent. The electri- 
cal conductance of the luminal (acid secretory) membrane to 
K+ or Cl- should be low and the process of H+ secretion should 
be nonelectrogenic. 

Most of the data on the electrical characteristics of acid 
secretion by the intact mucosa have been obtained on the 
amphibian stomach mounted in an Ussing chamber (9). K+ is 
required for the process (31) and addition of mucosal K+ more 
rapidly restores acid secretion after K+ has been removed from 
both sides of the tissue. Analysis of tissue K+ content after K+ 

removal from the bathing solutions showed that H+ secretion 
stopped when only a small amount of tissue K+ had been lost 
(32). The concept of a small K+ compartment involved in acid 
secretion was confirmed in experiments on intact dog (33). 
Flux studies show that the K+ flux from serosa to mucosa is 
only a fraction (c 10 %) of the H+ flux (34). This, however, 
would be compatible with a small K+ compartment that did 
not readily exchange with the bulk of tissue K. Measurement 
of change of transmucosal potential or change of potential 
across the luminal membrane (35) in response to changes in 
K+ and Cl- concentrations in luminal bathing solutions 
showed that the electrical conductance of the luminal mem- 
brane to K+ or Cl- was indeed low. Thus, the data from the 
vesicles are quite compatible with the data summarized above 
for the intact mucosa. 

The role of ATP in acid secretion by the stomach has been 
difficult to establish by direct approaches (10). Measurement 
of metabolites in the resting and secreting dog stomach (36) 
gave data which were difficult to interpret as being due to 
stimulation of a simple ATPase mechanism. However, the 
large quantities of mitochondria in the parietal cell (c 40% of 
cell volume) may maintain steady state ATP levels in spite of 
large changes in work load. 

Perhaps the major problem in accepting the vesicles as 
isolated as totally representative of the secretory apparatus of 
the intact stomach is the question of electrogenicity. It seems 
well established that in Cl- free, S042 -- containing solutions, 
H+ secretion by amphibian mucosa is electrogenic (9). More- 
over under these S042- conditions a K+ conductance is present 
on the luminal surface of the tissue (35). In the vesicles, 
although S042- substitution reduced both H+ and Rb+ flux by 
40% this effect was not overcome by ionophores or lipid- perme- 
able ions, suggesting that the effect was not due to unmasking 
of the electrogenicity of the H+ pump. Moreover, S042- re- 
duced the valinomycin- dependent ANS effect, but did not 
remove the valinomycin requirement, hence no evidence for a 
potential in the vesicles in S042- media was observed. 

Perhaps the effect of.C1f7 removal and SO42- substitution in 
the intact mucosa is not due to unmasking of an electrogenic 
H+ pump, but due to development of a K+ conductance on the 
luminal surface which can be shown to be present in S042- 
solutions (35). The potential across this surface will then de- 
pend on the fog of the concentration ratio of K+ cell to lumen. 
In turn the luminal concentration of K+ will depend on the 
activity of the (H+ + K +)- ATPase i.e. on acid rate. The lower 

the activity, the lower the potential, as is found (9). 

A model for acid secretion by the intact mucosa then re- 

quires a functional (H+ + K +)- ATPase, and the presence 
of 

luminal K +. This K+ diffuses into the lumen accompanying 

the active Cl- transport present in the tissue, and is es- 

changed for H +, resulting in the net secretion of HC1. 
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¡Summary 

A highly purified membrane fraction was derived from hog gastric mucosa 
's. by a combination of differential and density gradient centrifugation and free 

flow electrophoresis. This final fraction was 35 -fold enriched with respect to 
is' 

cation activated ouabain- insensitive ATPase. Antibody against this fraction was 
id shown to be bound to the luminal surface of the gastric glands. The addition of 

(ATP to this fraction or the density gradient fraction resulted in H+ uptake into 
n 

an osmotically sensitive space. The apparent Km for ATP was 1.7 10-4 M in 
J. the absence of a K+ gradient similar to that found for ATPase activity. The 

l reaction is specific for ATP and requires cation in the sequence K+> Rb+ > Cs+ 

> Na5 Li+ and is inhibited by ATPase inhibitors such as N,N'-dicylclohexyl- 
3, carbodiimide. Maximal H+ uptake occurs with an outward K+ gradient but the 

minimal apparent KA is found in the absence of a K+ gradient. The pH optimum 
1. for H+ uptake is between 5.8 and 6.2 which corresponds to the pH range for 
7 

phosphorylation of the enzyme, but is considerably less than the pH maximum 
L of the K+ dependent dephosphorylation. In the presence of an inward K+ gra- 

dient, protonophores such as tetrachlorsalicylanilide only partially abolish the 
Eí' gradient but valinomycin dissipates 75% of the gradient, and nigericin abol- 

' ishes the gradient. The vesicles therefore have a low K+ conductance but a mea- 
surable H+ conductance, hence a K+ gradient can produce an H+ gradient in the 

i) presence of valinomycin. The uptake and spontaneous leak of H+ are temper- 
ature sensitive with a similar transition temperature. Ultraviolet irradiation 

d inactivates ATPase and proton transport at the same rate, approximately at 
d twice the rate of p- nitrophenylphosphatase inactivation. It is concluded that H+ 

3 uptake by these vesicles is probably due to a dimeric (H+ + K +)- ATPase and is 
probably non -electrogenic. 

* To whom correspondence should be addressed. 
Abbreviation: DCCD, N,N'- dicyclohexylcarbodiimide. 
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Introduction 
'space' 

The generation and utilization of proton gradients by bacteria [1], bacterial dition 

vesicles [2], chloroplasts [3] and mitochondria [4] have now assumed prim 
ary 

per c] 

importance in understanding coupling of ion gradients to chemical synthesisor dient 
solute transport. In all these systems one is dealing in general with a complex ptake. 

series of redox reactions, a multi-subunit ATPase and a large number of puts. Gel el 

tive ion and organic solute carriers. The parietal cell of gastric fundic mucosaatRscribe 
rest contains a large number of smooth surfaced closed vesicular structuresb 2 lip 

the apical cytoplasm which fuse with the intracellular canalicular membrane Fl 
i 

during secretion forming a complex microtubular system [5]. In this state the orec 

cell is capable of generating a better than 106 : 1 H+ gradient. on was 

There are many indications that the purified membrane fractions of gastric 0.01 i 

mucosa are vesicular apart from the H+ transport studies to be reported. Thus 
The 

p 

the K+ ATPase activity [6] is enhanced in fresh preparations by the addition of 
mrxdr 

ionphores such as valinomycin [7] and electron micrographs show the prepara. ?ntity 

tions to be vesicular, often with a double membrane appearance [8]. Usinga lume. 

lactoperoxidase method, it has also been shown that only certain peptides can 
ded a. 

be iodinated in fresh preparations from dog mucosa and that additional peptides er su 

iodinate in frozen thawed fractions [9]. Recently, it has been shown that a 

molari 

crude microsomal fraction from dog stomach is capable of transiently alka 
add 

linising the medium at pH 6.1 with the addition of ATP, the alkalinisation being Pin 
( 

reversed only by adding both valinomycin and protonophore [10]. The impor ded it 

tance of this finding to proton secretion by the stomach and to studies relating medi 

proton gradients to ATP turnover makes it necessary to define the character. 4°C r 

istics of this gradient, such as its magnitude, location, ion requirements, sub 
e tim 

strate specificity, electrogenicity and relationship to ATPase activity. ioact 

the in 

Materials and Methods Contr 

TP did 

1. Vesicle preparation. Scrapings of hog gastric mucosa, after flooding wi lishe 

3 M NaC1 to remove mucus and large numbers of surface cells [11], were homy eased 

genized in unbuffered 0.25 M sucrose and the crude microsomal pellet prepared fact 
by centrifuging the post 20 000 X g supernatant at 78 000 X g (mean value) for In exl 

1 h. The pellet was resuspended at a concentration of 25 mg /ml protein again s had 
in 0.25 M sucrose, layered on top of a discontinuous gradient of 7% (w/v) ficoll tion 
and 30% sucrose, and centrifuged in a Z60 zonal rotor for 2 h at 59, 000 rev.I take a 

min. Three particulate fractions were obtained, one at the 0.25 M sucrose7 nts. 

ficoll interface, one at the interface between 7% ficoll -30% sucrose layers and The c 

one at the bottom of the gradient. Similar procedures applied to the hog antrum ation 

(with the exception that polytron (Brinkmann Instruments) homogenization 3. En 

was required) produced only two fractions, that at the sucrose ficoll interface roxir 

the other at the bottom of the tube. th or 

The fraction at the sucrose ficoll interface (GI) was used in most of th ume 

experiments. The step gradient produced a sufficiently concentrated fraction spha 

allow use without further centrifugation. Ficoll was found to be superior to cents 

sucrose in producing vesicles of low permeability. Ndtr 

In addition GI fraction was subjected to free flow electrophoresis on a Han- 6 a 

ning FF5 free flow machine (Biomedical Instruments, New York) using 811 er, p 
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acetate in 250 mM sucrose adjusted to pH 7.4 with 2 M NaOH with the 
;te dition of 0.1 mM MgATP in the curtain buffer with a voltage gradient of 100 

fm per cm and a flow rate of 180 ml /h at 7.5° C. This procedure separates the 

oc 

dient fraction into an FI and FII fraction. Both of these were studied for H+ 

nple 
Ptake. 

pub. Gel electrophoresis was carried out in sodium dodecyl sulphate as previously 

osaat scribed [9]. 

res ip`'2 H+ uptake. The experiments were carried out in a magnetically stirred ves- 

braneF1and the change of pH measured by a Radiometer pHM 64 pH meter with a 

tethe cvorecorder coupled to a REA 112 high sensitivity module. The amplifica- 
on was so arranged that a deflection of 1 cm corresponded to a change of pH 

lasinc 0.01 units. 

The pH of all solutions was adjusted to the exact pH of the experiment prior 
Thus 

ionol mixing any of the solutions and in general was adjusted to pH 6.11. The 
antity of membranes added gave a final concentration of 0.17 mg /ml in 6 ml 

sing a 
lume. The standard buffer was 5 mM glycyl glycine. KC1 (or other salt). was 

as can 
ded at 150 mM with 2 mM MgC12 to maintain osmolarity. Nucleotide or 

ptides 
er substrate was added usually at 1.7 10-5 M. For experiments in which 

that olarity was varied, salt concentration was reduced to 90 mM and mannitol 

alka. 
as added to the solution at various concentrations. Ionophores such as valino- 

being Fin 
(10-6 M) tetrachlorsalicylanilide (10-6 M) nigericin (1.7 pg /ml) were 

ded in 10 pl methanol to the final volume of the solution of 6 ml. The inter - 

lating 
medium of the vesicles was controlled by preincubating the vesicles for 48 h 

actec 
4 °C in appropriate medium such as 150 mM KC1 or other cation chloride. 

sub. 
e time to reach equilibrium was determined in separate experiments using 
ioactive tracers such as BfiRb+ [12], which technique also allows an estimate 
the intravesicular volume. 
Control experiments in the absence of vesicles showed that the addition of 

TP did not change the pH. Rupture of the vesicles or the presence of nigericin 
g wi lished the pH changes showing that these changes were not due to proton 
lomo- eased by breakdown of ATP. The pH of 6.11 was chosen to prevent any 
'per fact due to this phenomenon [13]. 
le) foc In experiments to determine the H+ /ATP ratio, 150 mM K+ equilibrated vesi- 
agi s had 0.3 mM ATP added and the data obtained at 10 s were used. For inac- 
ficol tion comparison, 6 10 -5 M ATP and 111 pg m1 -1 protein was used for H+ 
rev) take and 2 mM ATP and 20 pg m1 -1 protein was used for hydrolysis measure - 

cse7 nts. 

rs and The change in pH was converted to nmol H+ absorbed by the vesicles by back 
ntrum ation with 10-3 M HC1 under each experimental condition. 
ration g Enzyme assays. ATPase activity was measured in a medium containing 
rface roximately 10 pg protein, 2 mM MgC1, 2 mM ATP in 40 mM Tris /acetate 

th or without 20 mM KC1 at pH 7.4, following incubation at 37°C in a final 
of th unie of 1 ml. In some experiments pH 6.1 and room temperature was used. 
ion osphate released was measured as described elsewhere [14]. In others the 
for to centration of MgATP was varied. 

ip° Nitrophenylphosphatase was measured in a medium containing 10 pg pro- 
s Hallo, 6 mM MgC12 and .6 mM p- nitrophenyl phosphate in 40 mM Tris /acetate 
B mM ffer, pH 7.4 following incubation at 37°C [81. - 
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Protein was measured by the method of Lowry et al. [15] and all chemiCô 
ABLE I 

used were the highest purity grade available. 
oRIFIC. 4. Irradiation experiments. A vesicular suspension at a protein concentrati 

of about 2 mg /ml was diluted in 0.25 M sucrose to give a final concentrationou;Ir 
400 pg /ml. The sample was shielded with aluminum foil and kept in an ice ix 

at a constant temperature of 4° C. The mercury lamp, used as the ultraviolP 

light source, was placed 2.0 cm above the sample suspension. At 30 -s intety 

the ultraviolet lamp was turned off and 1.2 ml aliquots were removed f or 
0 uptake, ATPase and p- nitrophenyl phosphatase activity measurements, 

n4hon 

The data were interpreted based on the equation 
(Ihtme 

¢Nttoph 

a = a0 a VD 
,troph 

where a is activity at time t, a0 is initial activity, V is volume of target and1' 
dose of irradiation which was taken as proportional to the time of irradiation 

5. Localization of the active fraction. Antibody against the gastric K' -ATP 2. Li 

ase was produced in rabbits by injection of the frozen dried free flow FI for Ivas 

tion at concentration of 0.5 mg /ml, suspended in Freund's adjuvant. 'ill tral 

cation activated ATPase was shown to be inhibited by this antibody in studi I suri 

described in detail elsewhere (Saccomani, G., Sachs, G., Shaw, D. and Mihas, crov 

in preparation). on -im 

Immunofluorescence experiments were carried out using the method of in a ma 

rect staining [16]. Small pieces (about 1 cm2) of hog gastric mucosa from bo hich 

fundus and antrum were fixed in 95% ethanol for 24 h at 4°C, dehydrated no 3. U 

embedded in paraffin. Cryostat section measuring 6 -8 pm were cut after p e m( 

fin was removed by xylene, and incubated with the antibody for 1 h at 25' 1% 0. 

After washing in 0.1 M phosphaté buffer containing 0.15 M NaC1 at pH 7.8, 'vel), I 

sections were treated with fluorescein -isothiocyanate conjugated goat anti -rab TPasl 

7-globulin. Following three more washes in phosphate -saline buffer, the sectio Ion( 

were covered under buffered glycerine, sealed with nail polish and examined app, 

a Leitz fluorescence microscope. The specificity of the staining was determi e coi 

by using "pre- immune" rabbit serum and anti -IgG, anti -IgA and anti -IgM no e eft 

specific antibodies as controls. e rec 

trap 
Results take 

din. 

1. Purification of vesicles. H+ uptake dependent upon the addition of AT 4. C 

occurred in the microsomal fraction, the lighter density gradient fraction (G suite 

and in only the anodic peak of the free flow fractionation (FI). TP ti 

In accord with the H+ uptake activity, there was enrichment of cation ac nsur 

vated ATPase in these fractions associated with the cation activated phospha lease 

(Table I). At the same time there is a progressive enrichment of the 100 00 tions 

Mr peptide on the acrylamide gels (Fig. 1) so that the final free flow fractio icle 

contains more than 75% of its peptide at the 100 000 Mr location. This peptid 

region is phosphorylated by [y -32P] ATP and dephosphorylated in the presen for 

of K+ [9]. The fractionation technique is described in detail elsewhere [8 d m 

Antral membrane fractions contained neither the cation activated ATPase 
dll 

a 

Hr uptake properties with ATP addition. Fundic vesicles were stable up to ° inc 

days after preparation. boric 



emic ABLE 
I 

,URIFJCATI0N 
OF VESICLES 

atrat + 
{yy conditions as described in Materials and Methods. The K -ATPase activity is the difference between 

itien0 tGiity 
in presence and absence of 20 mM K (mean of 10 fractionations ± S.E.). 

ce ba Protein 5'- AMPase Mgt + -ATPase K +- ATPase K +- pNNPase 
raviole in mg (µcool Pi (µmol pNP 

mg-1 h -1) mg-1 h -1) 
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ntett 

I for homogenate 

Dcrosomal fraction 

ght membrane fraction (GI) 

ectrophoretic fraction (FI) 
ectrophoretic fraction (FII) 

of in 

m bo 

ted an 

rp 
t 25` 

/,8, 

i-rab 

ectio 

inedi 

rmin 

M no 

lf A 

ln (G 

m act 

lha 

00 00 

ractio 

iepti 

cesen 

re [8 

Pase 

Ip to 

4800 0.5 ± 0.3 6.2 ± 0.6 2.0 ± 1.0 3.1 ± 0.5 
360 1,5 ± 0.6 15.9 ± 1.5 7.1 ± 4.3 22.7 ± 3.9 

31 4.6 ± 0.1 6.4 ± 1.3 32.5 ± 3.2 51.6 ± 3.6 
16 0.6 ± 0.2 2.7 ± 0.6 64.1 ± 3.9 54.0 ± 4.0 

7 14.7 ± 1.2 16.6 ± 2.0 17.3 ±1.2 18.8 ± 2.4 

2. Localization of active fraction. Using the immunofluorescence technique, 
was possible to show fluorescence present in hog fundic sections, but not 
tral sections. The fluorescence appears to have mainly a supranuclei and api- 
surface localization which corresponds to the region of the tubulovesicles or 

crovilli of the parietal cell [5] (Fig. 2). Fluorescence was not obtained when 
on- immunized rabbit y- globulin was used. Longitudinal sections showed that 
e majority of the fluorescence was in the middle third of the gastric glands, 
hich is the region of the majority of parietal cells. 
3. Uptake of H+. No change of pH was observed with the addition of. ATP to 
e medium alone. Moreover, freeze drying the vesicles abolished more than 

0% of the pH change normally observed. Sonication of the vesicles progres- 
ely reduced H+ uptake with a much more rapid decline of W uptake than of 

TPase activity (Fig. 3). 
Ionophores also reversed the H+ gradient and all these data suggest that the 
appearance of W was due to uptake rather than binding of W. To quantitate 
e contribution of these two processes, the medium osmolarity was varied and 
e effect of this on H+ uptake measured. Plotting H+ uptake as a function of 
e reciprocal of osmolarity showed a good fit to a straight line (r = 0.992) and 
trapolation of the line to infinite osmolarity gave a zero intercept on the W 
take axis (Fig. 4). These data show that, under the conditions of study, 
ding of W does not contribute significantly to the H+ disappearance. 

4. Characteristics of ATP effect. The addition of vesicles to the KC1 medium 
ulted in no change of pH until the addition of ATP (Fig. 5). With addition of 

TP there is a rapid uptake of H +, followed by release of H+ when the ATP is 
nsumed. The addition of tetrachlorsalicylanilide results in a rapid but small' 
lease of W. Valinomycin alone results in a larger release of Wunder the con - 
tions of an inward WE gradient. This suggests that the K+ conductance of the 
icle is lower than that of W. If valinomycin is added before ATP to the vesi- 
s, then there is initially a slight acidification due to the K+ gradient exchanging 
for W. If ATP is added under these conditions there is a more rapid uptake 

d more rapid release of W. From the above, it seems that ion gradients as 
II as ATP can produce W gradients in these vesicles. This is confirmed 
incubating the vesicles in 1 M KC1 and diluting into equimolar choline, 

oride thus creating an outward K+ gradient. There is no change of pH as 
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Fig. 1. (a) Sodium dodecyl sulphate gel patterns of the microsomal fraction, the gradient fraction aodthejcs) 
c 

electrophoretic fraction showing the increasing purification of the 100 000 Mr band. (b) The free 0oui 
acid 

profile of the gradient fraction. I¡ 



ïg.2.''the appearance of a section of gastric gland from hog fundus following treatment with rabbit anti - 
mm to FI fraction of the free flow electrophoresis and the staining with fluorescein conjugated goat 
tirabbit gamma globulin (X 176). 

Time (min) 

1.3. The effect of various times of sonication of the vesicles priòr to addition to the standard uptake 
edium using a Labsonic microtip sonifier. This demonstrates progressive loss of H+ uptake and at 1 min 
here 75% residual ATPase activity is found actually no H+ uptake is seen. Again, tetrachlorsalicylanilide 

iandtht g5) only partially dissipates the gradient, and the subsequent addition of valinomycin (VAL) results in 
ice floui 

acid overshoot since these experiments were performed in the presence of an inward KCI gradient. 
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Fig. 4. The effect of vesicular volume on H+ uptake. The vesicles were added to a solution containing9 

mM KC1 with appropriate addition of mannitol to vary the osmolarity and other additions as in test i 
1.7 10 -5 M was added, and the H` uptake measured. 

would be predicted from the low K+ conductance inferred above. The additi 

of a protonophore, m- chlorocyano carbonyl phenylhydrazone produces only 

slight alkalinisation showing that H+ or Cl- conductance are not limiting, Th 

addition of valinomycin produces a transient alkalinisation (Fig. 6). 
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valinomycinin (VAL) were added. In curve B, valinomycin was added immediately following theaddii 
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an 11+ gradient in the absence of ATP. 
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5, Effect of cations. Since the cation conductance of the vesicles is low, the 

ect of varying the nature and distribution of the cations was determined. 

th the rate and maximal uptake of H+ was a function of the nature of the 
ion. The sequence was K+ > Rb+ > Cs+ > Na+ > Li +, using initial rate values. 

is the same sequence of activation as for the ATPase or p-nitrophenyl phos- 

atase [17]. 
The rate of uptake of H was increased by preincubating the vesicles in KC1 

the apparent KA for K+ was reduced from 62 to 32 mM. However, the KA 

the ATPase was about 7 mM under identical conditions. The maximum 

take and fastest rate was obtained with an outward K+ gradient i.e. when the 
ides were diluted into choline chloride. This suggests that when ATP is 

ed, the outward K4 gradient can contribute to the uptake of W. This can be 
lamed by the development of a K+ limitation due to efflux of K+ with the 
ition of ATP [12], and development of a K+ gradient even with preequili- 
ted vesicles. The outward K+ gradient would reduce the gradient limitation 
ble II). These data suggest that H+ uptake is accompanied by cation efflux as 

ed elsewhere [12]. 
6, Ef fect of anions. The conclusion that cation and cation movement is obli- 

ry for W uptake suggests that anion is not required for the process. 
e removal of CV and substitution by other anions gives a selectivity sequence 
anions of Cl- > Br > I > F. The latter anion is inhibitory in the presence 

Cl- since the ATPase is also inhibited [6]. 
It has been demonstrated that H+ secretion by gastric mucosa is electrogenic 
the presence of SO4- as a substitute for CV. Under SO4-, conditions in the 
ides W uptake was reduced by 40% even after preincubation: SO4 also 
aced cation uptake [12] and hence the inhibition might be due to reduction 
cation in the intravesicular medium. No evidence was found for development 

a potential in the presence of SO4 . 

SCN- has been much used as an inhibitor of acid secretion [19].. The addi- 
of SCN- partially inhibited H+ uptake but the results were - variable. The 
of H' leak from the vesicles was increased by SCN- which is a lipid perme -. 
anion [20,22]. No effect of SCN- was found on ATPase activity. 

. Effect of lipid permeable ions. The above data strongly suggest a non- elec - 

LEII 

ECT OF 1['+ GRADIENT AND CONCENTRATION ON H+ UPTAKE 

preincubation was carried out at 4°C for 48 h and the ionic concentrations were varied from 1 mM to 
mM, mannitol being used to maintain isotonici.ty. The initial gradient was kept constant uridèr two 
bons (i.e. outward and zero) and only the ionic concentrations were varied allowing calculation of 
nt KA from a best fit Lineweaver Burk plot. 

ml[K+lout 
KCI xi 

TC5)an 

addii 6 * 

solatisi 

woent 

Initial velocity KA 
(nmol H+ mg-1 min-1) (nmol H+ mg-1 min-1) (mM) 

130 216- 62 
163 218 32 
563 13.70 182 

With the inward gradient this varied due to the conditions used. The value of 0.006 was the gra- 
dient under standard conditions. 4 
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trogenic H+ : K+ exchange. If electrical coupling does play a role in this pb 

nomenon, then modification of membrane conductance by the addition 
ofGp' 

permeable cation or anion should increase H+ uptake. Dimethyldi.benzylatnm 
nium and SCN- at 1 mM concentration had no effect on H+ uptake. Thesedt, 

jp °0 

suggest that development of a potential does not limit H+ uptake under ill; 

conditions, contrary to what would be predicted for electrogenic H' uptat 
'8. Relationship to ATPase activity. The uptake of H+ was a saturablefus 

tion of the ATP concentration and was specific for ATP. The apparent 
K 

°°° 

the absence of a K+ gradient was 1.7 10-4 M with a V of 154 pmol H +.mo 

protein per h-'. 
The molar ratio of H+ uptake to ATP hydrolyzed measured in the firstlt 

under standard conditions was 3.1 ± 0.4 (n = 10) if the total ATPase activi 

was used and 4.1 ± 0.2 (n = 10) if only the cation activated componentofi 
ATPase was used in the calculation. Those ratios are to be compared to 

value of 4 obtained for H+ transport per high energy bond for chloroplasts( báeéa 
or mitochondria [4]. 

ATPaa 

The pH of the luminal solution of intact mucosa at maximal secretion isl °ri" 
than 1. From this, it can be calculated that transport of 1 mol of H' wou 

require about 9 kcal. From values for the energy available from ATP this wo rie w 

suggest a ratio of 1 mol H transported per mol ATP hydrolyzed. In the in 

mucosa this discrepancy with the vesicle data may be explained by a varia 
ect of 

coupling ratio of the enzyme as a function of the gradient. 
From the quantity of H+ taken up, and the vesicular volume 2 to ture protein), an internal pH of 1.7 can be calculated giving a ApH of 4 or so.l iun 

actual value is probably less due to buffering inside the vesicles. 
ale a 

The optimum pH of H+ uptake was found to be between 5.8 and 6.2,c 

re 

of 
recting for the change in H+ released by the ATPase reaction. This correspor. 

generally to the pH optimum of phosphorylation of the enzyme by [y- 32P]Ai 

not to the pH optimum of dephosphorylation. The correction at a pH 

7.0 and above due to H+ release by the ATPase is larger than the obsen. 

uptake. To establish that an H+ gradient is indeed present, the uptake of [14 

imidazole was measured, at pH 7.4. This depends on the assumption that 

protonated form of imidazole (pK 6.8) is charged and hence reactively impe 

meable, and thus the neutral form equilibrates across the vesicle membrao 

The increment of imidazole inside the vesicles is shown in Fig. 7. This allow 

calculation of a pH difference of 1.5 at this pH. The molar ratio of H` taken 

to ATP hydrolyzed would be much less at pH 7.4 than at 6.1. However, 
imidazole technique is much slower in response than the pH electrode, and 

also less sensitive and quantitation depends on the impermeability of the char 

form. 
Thus a pH gradient is developed across a broad range of pH but seems morr 

closely related to the phosphorylation stage of the overall ATPase reactio 

namely: 

ATP + H+ + ENZ - P- ENZ -H+ + ADP 
a. Tn 

P- ENZ -H+ + K+ -* P- ENZ -K+ + H+ 
'phwt, 

9. Effect of temperature. The availability of a plasma membrane derive ón 
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1mM ATP 

i I I 

40 80 120 160 

t (min) 

1. The uptake of 14C- labelled imidazole as a function of addition of 2 mM ATP. The vesicles were 
rated using 0.1 mM imidazole as determined by radioactivity trapped on a Millipore HAWP filter 

ATP added at zero time on the graph. There was a transient uptake as shown, which decayed over a 

of two and a half hours due to the large quantity of ATP used. 

ele with low permeability and active transport properties made the effect of 
perature on transport and ionophore action of interest. Fig. 8 shows the 

cet of increasing temperature on H+ uptake as a function of initial rate of 
hal uptake under zero K+ gradient conditions. Both parameters are tem- 
ture sensitive, but the rate of uptake is more sensitive with a temperature 

um of 37 °C, as for the ATPase activity. When the data for initial rate of 
and leak of H+ were plotted as an Arrhenius plot a transition temper - 

of 22°C was found, with an activation energy of 3.0 kcal /mol above the 

'env 

2.8 3.0 3.2 3.4 

1000 

T'6 
a. The effect of temperature on 11 uptake by gastric vesicles with the addition of 1 10-4 M ATP in 
bsence of a K° gradient with 150 mM KCl. The left hand side of the figure shows the Arrhenius plot 
initial rate (nmol H +min 1) with ATP addition ( ) and the leak (nmol H +min 1) (o 0). 

dght hand side shows the maximal if uptake observed ( 0) and the initial rate (o 0) as 
Won of temperature. 
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20 

10 

- 10 

- 15 

Fig. 9. The effect of various concentrations of the carboxyl reagent DCCD as compared to connotes 
H' uptake induced by ATP showing stimulation of rate and magnitude of H' uptake at 10 -5 and lo-4 

and inhibition of 10-3 M. TCS, tetrachlorsalicylanilide; VAL, valinomycin. 

transition temperature and 18.1 kcal /mol below that temperature for H' uptak 
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2]. 

The leak rate had a higher activation energy of 8.7 kcal /mol above the trans Maas 

tion temperature and a similar 19.4 kcal below. d] al 

The action of valinomycin disappeared below 20° C but nigericin was s 
ditioi 

effective in dissipating the gradient at 4°C. or 

10. Effect of ATPase inhibitors. Inhibitors of ATPase activity, such as Zn1 
echar 

F- and p- chloromercuribenzoate, inhibited H+ uptake. The action of N,N'dics It hl 

clohexylcarbodiimide (DCCD) was investigated in more detail since this reage 8] as 

also inhibits proton translocation in intact mitochondria [22]. Fig. 9 shoe Theo 

that low concentrations of DCCD apparently increase the rate and maximum :H+ 

H+ uptake, whereas at concentrations which inhibit the ATPase, DCCD inhibi This 

The action of this inhibitor is therefore complex, but confirms the role 

tic 

( 

H+ transport. 
ms 

the ATPase in H+ transport by these vesicles. oper 

11. Effect of irradiation. When the effect of irradiation on ATPase and und 

ms 
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Fig. 10. The effect of irradiation of the vesicie.s on Hi- uptake (o o) ATPase ( 
X 

), and PIlU 
th 

phenyl phosphate (X ) activities plotted as ln a /a0 against time of irradiation where a is actin 

at time t and ao is initial activity. t 11 
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trophenyl 
phosphatase was compared, as shown in Fig. 10, the rate of inac- 

ation of the ATPase was twice that of phosphatase. This suggested that the 
olecular weight of the ATPase was twice that of the phosphatase, hence that 
diaeric form of the enzyme was required for ATPase activity, but either half 
the dimer was effective in hydrolysing p- nitrophenyl phosphate. W transport 
inactivated at the same rate as the ATPase. Similar inactivation data have 

nfound for (Na ++ K +)- ATPase [23]. 

cussion 

The above data appears to establish that a vesicular preparation derived from 
e lumina' surface of the parietal cell is capable of taking up W with the addi- 

,trol on n of ATP. 
ndta+ The uptake of H+ is K+ dependent and appears to involve a K+ : H+ exchange 

established above and by direct measurement of cation and anion movement 
uptak; 2]. 

e to, , Measurement of metabolite levels in resting and secreting mucosa of frog 
4] and dog mucosa [25] showed a decline in phosphorylation potential. In 

was si dition the intramitochondrial pyridine nucleotide became relatively oxidized 
thonsetof acid secretion [26]. These data are compatible with an ATP based 

as Znl echanism of H+ secretion, as are data using inhibitors [27]. 
N' -die It has also been known for some time that K+ is required for W secretion 
reage ] 

and that this K+ is only a minor component of the total cellular K+ [29]. 
1 shoe These data derived from the intact mucosa are therefore compatible with a 

mum ;H +exchange ATPase being responsible for W secretion. 
inhib This H+ transport mechanism, occurring in the plasma membrane of a eukar- 

tic cell appears quite distinct from the H+ transport process of lower life 
role mis [1]. These latter are clearly electrogenic, do not require cation, involve 

operation of an ATPase and several other subunits [30] and no protein 
and and phosphate appears to be involved. In mechanism therefore this ATPase 

ins more related to the (Na+ +,K+)- or Cat + -ATPase of higher organisms, 
ere the hydrolytic and transport functions have been fused into a single pro- 

. Critical to their transport is the formation of a protein bound phosphate, 
for this ATPase. 
If this enzyme is the only component of the H+ pump of gastric mucosa, 
n the HC1 secretion of the tissue must be accounted for by an additional 
chanism. A possibility is the diffusional movement of KC1 across the mucosal 
mbrane with reabsorption of K+ in exchange for H+ with therefore net HC1 
eduction. 

The electrogenicity of W secretion by the intact mucosa also raises problems 
this ATPase mechanism. Various lines of evidence, such as measurement of 
ntials using SCN- [12] and 1 anilino -8- naphtosulfonate [31] and effects 
ionophores on ATPase activity and H+ uptake argue against electrogenicity 
the vesicle transport system. It is possible that this ATPase is only a pqrtial 
charism and another component, such as a redox component is lost during 
'fication. Another possibility is that the conductance of the pump changes 

Pin 

of, ti 
s 

cally at pH 7.4. 
It is interesting also that the ATPase functions -in its transport mode as a 
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dimer. The monomeric p- nitrophenylphosphatase reaction does not cat* saran, 

transport. On this basis, as for the (Na + + K +)- ATPase [ 32] it can be argued 
that '32n5-á 

the enzyme exists as a dimer of unlike conformation E, E2 rather than E,E, saen5, c 

or E2E2. Either E1 or E2 can react with p- nitrophenylphosphate. 10_2l 

gam If only E1 can bind and react with ATP and as a result bind H+ and E2P react R. 
with K+ and release H+ and then transport K +, the transport reaction may p9s6) 

written as cylleral 

reem, 

H +EIP E2PK+ -> H+E2P E1PK+ 91yaa, 

1baPr 

with release of H+ in the interior of the vesicle and K+ and Pi on the exterior sea, A. 

with reformation of E1. In this model therefore the translocation of H +andt 2s95az 

are strictly coupled. The electrogenicity is thus a function of the pump stoichi 

ometry as for the (Na + + K +)- ATPase [33]. 
Further evidence for the role of this ATPase will depend on the development 

of specific inhibitors such as ouabain. The enzyme is not a component of other 

cell membranes which catalyze the development of pH gradients such as the 

pancreas or the distal tubule of the kidney [34] and thus represents a gastric 

specialization for H+ secretion, if indeed it is the H+ pump of the stomach, 
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Summary. A vesicular microsomal fraction isolated from hog fundic mucosa demon- 

strates the capacity to take up equal amounts of RB+ and Cl . The amount of the 

Rb+ uptake is sensitive to the extravesicular osmolarity, and rate of uptake is sensitive 

to temperature. 
86Rb+ efflux is dependent upon the cation composition of the diluting 

solution. ATP, but not ß -y methylene ATP, induces a reversible efflux of 86Rb+ from 
loaded vesicles, and this is dependent upon a functional K +- ATPase. The ATP induced 
efflux is not affected by CCCP (carbonyl cyanide m- chlorophenylhydrazone) or TCS (tet- 
rachlorosalicylanilide) nor by lipid soluble ions or valinomycin. Nigericin inhibits the efflux 

by 40 %. Uptake of the lipid soluble ion 14C -SCN- has been demonstrated and is enhanced 
by ATP only in the presence of valinomycin. The results are consistent with a neutral 
or isopotential exchange of H+ for Rb+ mediated by K +- ATPase. 

The availability of a vesicular preparation from hog gastric mucosa 
has allowed an experimental approach to the role of K+ in gastric acid 
secretion due to the capacity of the vesicles to take up H+ in the presence 
of ATP, in a K+ dependent fashion. 

Work on the intact amphibian mucosa has shown that K+ is essential 
for acid secretion (Davis et al., 1965). Rb+ and Cs +, but not Na+ or 
Li +, can partially substitute for K+ (Forte, Forte & Saltman, 1967). 

In K+ -free solutions with complete inhibition of the acid rate, the in- 
tracellular K+ content remains high, falling only by 10 to 20% (Davis 
et al., 1965). This has been interpreted as evidence for a K+ compartment 
necessary for H+ secretion. In intact dog stomach, insulin inhibition 
is also reversed by injection of K+ or Rb +, and results of flux studies 
have also been interpreted as providing evidence for a K+ compartment 
(Hirschowitz & Sachs, 1967). In contrast, high K+ levels in the serosal 
solution of frog mucosa reduce active Cl- secretion significantly (Hogben, 
1968). Measurement of K+ movement across gastric mucosa showed 
that the unidirectional K+ flux is considerably less than the H+ rate 

* To whom correspondence should be addressed. 



362 R. Schackmann, A. Schwartz, G. Saccomani, and G. Sachs 

(Sachs et al., 1969) and this K+ flux was inhibitied by SCN- as was 

the H+ rate. In Cl- free, SO42- containing solutions, high mucosal 
[K +] results in a significant increase in H+ rate as well as in an inversion 

of the potential difference from mucosal positive to mucosal negative 

(Davis, Rutledge & Rehm, 1963). Passage of current to produce the 

same P.D. change as produced by K+ in SO4' solutions also stimulates 

H+ secretion. 
The discovery of a K p- nitrophenyl phosphatase (Forte et al., 1967) 

K +- acetyl phosphatase and K +- ATPase activity (Forte et al., 1975; Sachs 

et al., 1966; Saccomani et al., 1975) in fundic mucosa of various species 

suggested that the role of K+ might be as an activator of a proton 

transporting ATPase (Sachs & Hirschowitz, 1968). The demonstration 
of H+ transport by dog microsomes (Lee, Simpson & Scholes 1974) 

or hog gastric membrane fractions (Sachs et al., 1975, 1976) allowed 

a direct test of the transport functions of these preparations and the K. 
ATPase in particular. It was established that K+ (or Rb+ and Cs +) 

was necessary for H+ uptake (Sachs et al., 1976). In this work we establish 

that the role of K+ in the vesicle is not only as an activator of the 

K +- ATPase but that K+ (or Rb +) is transported in exchange for W 
by the K +- ATPase. 

Materials and Methods 

Preparation of Vesicles 

The method has been described in detail elsewhere (Saccomani et al., 1977). Fundic 

mucosa is homogenized_ in 0.25 M sucrose and centrifuged for 40 min at 26000 x g and 

the supernatant is centrifuged for 60 min at 100,000 x g to provide the microsomal pellet. 

This fraction was further separated on a discontinuous gradient of 7% ficoll and 20% 

ficoll both in 250 mm sucrose in a Beckman Z60 zonal rotor at 60,000 rpm for 2 hr. 

The fraction at the 7% ficoll interface was free of mitochondrial markers such as succinic 

dehydrogenase, monamine oxidase or cytochrome oxidase and was 20 -fold enriched in 

K +- ATPase, K +- pNPPase and 5'- AMPase activity. Further purification of this fraction 

was obtained by free flow electrophoresis using 8 mm tris -acetate buffer at pH 7.4, 0.1 nun 

MgATP in 0.25 M sucrose as curtain buffer and 100 mm tris -acetate pH 7.4 as electrode 

buffer. The separation was carried out at 7.5 °C with a voltage gradient of 120 vicm 

and a flow rate of 180 ml /hr distributed through 90 tubes. This fractionation produced 

a fraction 35 -fold enriched in K +- ATPase (FI) and another fraction enriched in 5'- AMPase 

(F11). The FI fraction was essentially free of 5'- AMPase or Mg' -ATPase and contained 

essentially only 1 peptide region of 100,000 M, on SDS gel electrophoresis. The zonal 

gradient or Fl fractions were used for the studied outlined as specified in the text (Table 1), 

but the majority of transport studies were carried out on the gradient fraction. 

ATPase Assay 

ATPase assays were performed in the same incubation medium as the Rb' efflux 

studies. The incubation contained in 1 ml : ca. 170 µg protein, 75 mm RbCI, 50 mm tris- 
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Cation Transport by Gastric H+ : K+ ATPase 

Table 1. Purification of gastric membranes 

µmole Pi mg - hr- 

363 

Mg' -ATPase K+-ATPasea 5'-nucleotidase 

Total homogenate 6.2+0.6 2.0+1.0 0.5 ± 0.3 

Microsomal fraction 15.9± 1.5 7.1 ± 4.4 1.5+0.6 
Gradient fraction (G1) 6.4+1.3 32.5+3.2 4.6 +0.1 
ElectroPhoretic fraction FI 2.7+ 0.6 64.1 ± 3.9 0.6+0.2 
Electrophoretic fraction Fll 16.6 ± 2.0 17.3 ±L2 14.7 ±1.2 

(n---5) 

' The K +- ATPase activity is the difference between activity is presence and absence of K. 

acetate or 5 mM glycylglycine buffer, pH 6.1, 125 mM sucrose, 2 mm MgC12 and 2 mM 

ATP. The reaction was carried out at room temperature for varying times between 10 sec 

and 15 min. The phosphate liberated was measured by butyl acetate extraction of the 
phosphomolybdrate complex (Yoda & Hokin, 1970) and protein by Lowry's method (Lowry 

et al., 1951). 

Transport Studies 

Uptake. For uptake studies vesicles obtained from the gradient at 
a concentration of 2 -6 mg /ml protein were added to an equal volume 
of a medium containing 150 mM RbC1 containing 10 [tCi ß6Rb +, 80 mM 

tris- acetate or 10 mM glycylglycine buffer pH 6.12 and 4 mM MgC12, 

to give a final volume of 400 µl. The pH of 6.12 was chosen so as 
to be able to compare the data with those of H+ uptake. Incubation 
was carried out at varying temperature and 2011l samples were taken 
and added to 1 ml of ice -cold " stop " solution containing 150 mM choline 
chloride and 40 mM tris- acetate buffer (or 5 mM glycylglycine) buffer 
pH 6.12. After vortexing the sample was filtered on a Millipore HAWP 
filter (0.45 µ). The filter was washed twice with 4 ml of the stop solution, 
dried and the radioactivity measured in a LKB 8100 scintillation counter. 
As necessary osmolarity was varied by adding mannitol to the incubation 
medium. 

Efflux. Efflux studies were performed on vesicles which had been 
equilibrated with radioisotope by incubating for 48 hr at 4 °C in the 
uptake conditions just described. This incubation time was necessary 
to achieve equilibrium at that temperature. High temperatures of preincu- 
bation even for times as short as 2 hr at 37 °C resulted in vesicular 
damage. Two types of efflux study were performed: efflux with a gradient 
of Rb+ or 86Rb +, and efflux induced by the addition of ATP with 
no initial gradient present. 
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For efflux with a gradient the preloaded vesicles were diluted into 

a medium containing different external cation such as choline, K +, Rb+ 

Cs +, Na' or Li+ as chloride salts at 150 mM with other constituents 

the same as in the equilibration solution. Sampling and washing were 

carried out as for the uptake studies. These efflux studies allowed mea- 

surement of the cation selectivity of the exchange efflux pathway. Iono 
phores such as valinomycin, 10-6m, nigericin, 1 mg /ml, tetrachlorsalicyl 

anilide (TCS), 10 -5 or 10 -6M, or carbonyl cyanide m- chlorophenyl 

hydrazone (CCCP), 10 -4 or 10 -5 M, were added in 4 pl methanol. 
Efflux in the equilibrium situation was assessed by adding ATP at 

pH 6.12 at varying concentrations directly to the vesicles in the equili- 

brated medium and sampling as usual. Ionophores as above or lipid 

permeable ions such as dimethyl dibenzyl ammonium (DDDA), dipicryl- 

amine (DPA), or SNC- were added as necessary at 1 or 10 mM con- 

centrations. 
Control experiments to determine binding of isotope to the filters 

were performed by solubilizing the vesicles with 1% triton X -100 in 

the stop solution, or by diluting the vesicles into H2O, rather than stop 

solution before filtration. The former procedure reduced the radioactivity 
by 95% and the latter by 85% in terms of the activity usually trapped 

on the filter. 
On occasion 22Na+ or 137Cs+ were used; and the experiments 

were performed as for 86Rb +. In other experiments 36C1- or 14C -SCN- 

were used, and with these 120 mM Li2SO4 was used as stop solution 

instead of choline chloride. For experiments in which SO42- replaced 

Cl -, 75 mM Rb2SO4 replaced the 150 mM RbC1 solutions. Sucrose was 

used to adjust the S042- medium to maintain isotonicity. 
H+ Uptake Studies. Vesicles preincubated in 150 mM salt as above 

were added to a medium containing 150 mM salt and 5 mM glycylglycine 

pH 6.12 in a stirred vessel at room temperature. The change of pH 

was measured by a combination pH and calomel electrode connected to 

a pHM64 pH meter and a Radiometer Servorecorder, with a sensitivity 

of 1 cm per 0.01 pH units. 0.3 mM ATP was added to initiate the reaction 

and ionophores were added as above in methanol. 
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Uptake of Cations a 

Kinetics. Uptake of Rb +, Cs' or Na' was temperature and time t 

dependent. Little difference was noted in uptake rate between the different 1 
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Fig. 1. Uptake of Rb+ at three temperatures. GI vesicles in 250 mm sucrose, 200 µl, were 
mixed with 200 µl of a solution containing 150 move RbC1, 10 mm glycylglycine, pH 6.12, 
415M MgC12, x -x, 37 °C; -, 21 °C; o -o, 4 °C. Sampling was performed in 
triplicate at times longer than 5 min and in duplicate up to five min. The final protein 
concentration was 1.9 mg /ml and the final levels of uptake were equal after 48 hr further 

incubation 

cations, and the final level reached was identical for the three cations 
studied. 

The uptake of 86Ró+ with time is shown in Fig. 1 for the same 
preparation at 3 different temperatures. It can be seen that the process 
is time and temperature dependent. At 37 °C, the uptake curve is fitted 
to a single exponential with a t112 of 16.5 min (r = 0.991). At room temper- 
ature, the equilibrium value is not reached except after several hours 
incubation, and this value is lower than that reached at 37 °C in 2 hr, 
suggesting that some impairment of vesicular impermeability has 
occurred. This is substantiated by the finding that H+ uptake is reduced 
and a greater leak of the ATP induced H+ gradient is observed. The 
1112 using the actual equilibrium value obtained at room temperature 
had a range of 28 to 51 min with a mean of 40 ± 9 min (n = 5). The 
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Fig. 2. Variation of osmolarity on S6Rb+ uptake. GI vesicles were added in 250 mm sucrose 

to a medium containing 150 mm RbC1, 10 mm glycylglycine, pH 6.12, 4 mm MgCl2 with 

varying amounts of mannitol to vary the medium osmolarity. The samples were taken 

in triplicate 10 min after mixing. The uptake was performed at 21 °C and the final protein 

concentration was 2.9 mg/ml 

variation from preparation to preparation is presumably due to a varying 

degree of permeability of the vesicles as they are prepared. Maximal 

final uptake was observed by incubating the vesicles at 4 °C for 48 hr, 

which procedure had the least effect on H+ uptake; hence, this procedure 

was used to load the vesicles with cations. The equilibrium level at 

this temperature allowed calculation of an intravesicular volume. of 

2.0 ±0.3 µl per mg protein (n = 23). 
Binding. Variation of medium osmolarity results in alteration of Rb +. 

uptake as shown in Fig. 2. It can be seen that there is minimal binding 

of Rb +, since there is no apparent uptake predicted at infinite osmolarity. 

The mannitol used as a nonpermeant species does, however, slowly pen- 

etrate the vesicles (t112 > 2 hr), hence only short exposures to the mannitol 

medium were used. 
A Scatchard plot of the Rb+ taken up at varying initial Rb+ concen- 

trations (Fig. 3) showed that above 10 mm a zero slope was observed 

as would be expected of uptake into a nonsaturating intravesicular 
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Fig. 3. Scatchard plot for equilibrium uptake of Rb +. Uptake was performed at 4 °C 

for 72 hr with varying Rb+ concentrations with 2 mM MgC12, 40 mM trisacetate, pH 6.1. 

Isotonicity was maintained by varying the sucrose concentration. Ordinate: nmoles Rb+ 

trapped /nmoles Rb+ in the aliquot. Abscissa: nmoles Rb+ trapped mg- n. The sampling 

was performed in quadruplicate at 21 °C. The final protein concentration was 0.82 mg /ml 

volume. Below 10 mM the slope of the line suggests that some binding 

may occur. Subtraction of the uptake of Rb+ allows calculation of the 

total of binding sites to be approximately 5 nmoles /mg protein. 
This value may be neglected when dealing with the usual uptake of 
150 nmoles or so. 

Nature of Vesicle. Uptake of Rb+ into the Fl and Fll fractions 
showed similar levels compared to the GI fraction (Table 2). The com- 

bined uptake of Rb+ in Fl and Fl l in this experiment was 191 nmoles /mg 
based on 72% of GI as Fl and 28% Fl (Saccomani et al., 1977). 

This level compares within experimental error to the 181 nmoles/ mg 
uptake by the GI fraction implying that during free flow electrophoresis 
little vesicular damage occurs. 

Tablet. 86Ró+ uptake and ATP -stimulated efflux from GI and GI free -flow electrophoresis 

Fraction Percentage of GI Equilibrium uptake ATP (2 mM) 

as protein nmole /mg protein induced efflux 
nmole /mg protein 

GI 100 181 79 
GI-FI 72 199 115 
GI-F]] 28 171 15 

Efflux was measured 10 min after the addition of ATP 
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Effect of ATP. The addition of 2 mrvi ATP to the uptake medium 

reduces the uptake in the first 30 min by 50 %. 

Uptake of Anion 

Chloride. The uptake of Cl - at room temperature is similar to that 

of Rb+ and reaches the same equilibrium level as Rb +. The mean tt2 

was 36 min. The ratio of the t112 shows that the permeability ratio of 

Rb+ to Cl- is approximately equal. However, addition of nucleotide 

is without effect on Cl uptake or distribution under any of the conditions 

of study. 
Thiocyanate. SCN shows a much more rapid uptake (t1/2= 2 min), 

This is probably due to the presence of an additional uptake path for 

SCN -, i.e., a lipophilic route (Scarborough, 1976). In the presence of 

valinomycin the uptake is further increased. This enhancement of uptake 

is independent of the initial K+ gradient. 
The presence of valinomycin and a K+ gradient would be expected 

to induce a potential which would increase SCN- uptake and result 

in a potential- dependent SCN- concentration gradient. This gradient 

would then dissipate at the same rate as the K+ gradient. This expectation 

is contrary to the experimental findings. Thus the enhanced uptake in 

the presence of valinomycin is present even in vesicles equilibrated in 

KC1 prior to S14CN- addition. The interpretation of the increase uptake 

of SCN- in the presence of valinomycin is problematic. It could be 

due to binding of SCN- to the membrane that is dependent on the 

presence of the lipophilic valinomycin -K+ complex. ANS shows a similar 

enhanced binding (Lewin et al., 1977). This binding could then obscure 

a transient due to the K+ gradient dependent potential. Alternatively, 

the combination of a lipophilic anion and the lipophilic valinomycin 

K+ complex could result in rapid equilibration of K. 
The addition of ATP has no effect on the equilibrium level of SCN - 

in the absence of valinomycin, as for 36C1 -. In contrast to Cl- however, 

in the presence of a valinomycin there is an enhanced SCN- uptake 

(Fig. 4). From the data presented below, there is a K+ gradient in- 

duced by ATP, which in the presence of valinomycin would induce 

a positive potential inside the vesicles. This is the simplest interpretation 
of the ATP induced redistribution. The ATP dependent SCN- uptake 

is osmotically sensitive, hence is not due to binding. Since the fraction 

of transporting vesicles is not known, calculation of the potential differ- 

ence gives a minimal value, assuming all vesicles are transporting equally 

(i.e., have an identical K+ gradient), of approximately 18 mV. 
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Fig.4. Uptake of S14CN -. G1 vesicles in 250 mm sucrose, 200 ml were mixed with 200 ul 

of a solution containing 150 mm KC1, 80 mM tris- acetate, 4 mat MgC12i and 1.8 mm NaSCN 
(4pCi 14C). Valinomycin was added in 4 µl methanol to give 10 -6 

M. ATP was added 
(arrows) to give a final concentration of 2 mM. x - x , -S' 4CN uptake with or without 
ATP; - -S14CN uptake with valinomycin; o -o -S14CN uptake with valinomycin 

and ATP added after 15 min 

Efflux of Cation 

Dilution Efflux 

This was performed as detailed in Materials and Methods. The rate 
of efflux of 86Ró+ was influenced by the cation composition of the 
external medium. The sequence of effectiveness of various cations (Ta- 
ble 3) in terms of the inverse of the t112 of efflux was, with the rate 
in the presence of K+ set arbitrarily at 100, K+ 100; Rb+ 82; Cs+ 

64; Na+ 20; Li+ 11; choline 2. This efflux seems to be due, therefore, 

Table 3. Exchange efflux of 86R1D+ 

External cation t112 (min) 

K+ 1.8 

Rb+ 2.2 
Cs+ 2.8 
Na' 9 

Li+ 16 

Choline 80 

The mean of three experiments. 
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Fig. 5. Exchange efflux of 86Rb+ in the presence of ionophores. Vesicles were equilibrated 

with 86Rb+ in 75 mM RbC1, 125 mM sucrose, 2 mast MgC12, 5 mM glycylglycine, pH6.12 

for 72 hr at 4 °C. The efflux of 86Rb+ was initiated by diluting 200 µl of the vesicles 

into 800 gl of solutions containing 150 mM MCI, 2 mM Mgcl2, 5 mM glycylglycine, pH 6.11 -, M =Na +; o -o, M =Na+ with 10 -6 M valinomycin; x -x, M =Na+ with 1 H 
ml nigericin; 0 -0, M =Rb+ with 10 -6 M valinomycin. The experiment was performed 

at 21 °C and the final protein concentration was 2 mg /ml 

to a cation /cation exchange process, the selectivity of this exchange corre- 

sponding to the sequence of activation of the ATPase or H+ uptake 

(Sachs et al., 1976). It seems possible, therefore, that the pathway is 

due to pump sites. 
Addition of ionophores affects the dilution efflux according to their 

known selectivities. Thus valinomycin (Fig. 5) enhances efflux of Rb' 

with Rb+ or K+ as external cation, but does not affect efflux with 

Na' as external cation. Nigericin also stimulates efflux in the presence 

of Na +. The permeability in uptake studies was calculated to be 10 -9cm 

sec -1 and for efflux with external K +, 2 x 10+8 cm sec - a at RT. 

Equilibrium Efflux 

Effect of ATP. Most of the studies were performed on efflux from 

an equilibrium situation. This transport may be primary active, but could 

be secondary active due to coupling to a potential of an electrogenic 

pump or due to contraction of the vesicles. The filtration technique 

can detect a transient efflux due to various possibilities. First, the treat- 

ment with ATP could result in a sudden increase in Rb+ permeability. 
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Fig. 6. Typical ATP stimulated efflux of Rb + from equilibrated vesicles. G1 vesicles were 

incubated in 75 mm RbC1, 125 mm sucrose, 2 mM MgC12, 5 mm glycylglycine, pH 6.12 

for 48 hr at 4 °C. ATP (2 mm) was added in 6.5 µl to initiate the efflux at 21 °C. Sampling 

was performed in triplicate at times over five min. and in duplicate up to five min 

Such vesicles placed in the stop solution would lose Rb+ more than 
untreated controls. However, there are several findings which exclude 
this possibility. Proton uptake studies show that the vesicles do not 
become extremely permeable to either H+ or K. With the addition 
of ATP Rb+ uptake is decreased by ATP. The effect of valinomycin 
on SCN- uptake and ANS fluorescence engendered by ATP can be 
most easily explained by the development of a K+ gradient (Lewin et al., 
1977). 36C1- efflux or S14CN- efflux would be expected with an increased 
leakiness and is not observed. Contraction of the vesicles would likewise 
enhance Cl- or SCN- efflux. A reduction of ATP induced efflux in 
the presence of nigericin occurs and this would not be expected of an 
increased wash out phenomenon. 

Alternatively, an actual concentration gradient develops in the solu- 
tion to which the ATP is added, and with loss of ATP due to hydrolysis, 
the previous equilibrium is reestablished. Fig. 6 shows the typical time 
course of the Rb+ efflux and reequilibration with ATP addition to the 
GI fraction. 

Kinetics. The efflux produced by ATP is rapid and the maximum 
efflux obtained is a function of the ATP concentration used. The KM 

calculated from the Eadie -Hofstee plot was 2.5 x 10-4 M. This value is 
similar to the KM for the ATPase and H+ uptake activities of the vesicles 
(Sachs et al., 1976). 
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Table 4. S6Rb+ Efflux as a function of high energy phosphates 

Nucleoside 
phosphate (2 mm) 

nmole /mg nmole /mg Percentage of ATP 
uptakea effluxb induced efflux' 

ATP 187 91 100 

CTP 168 56 87 

GTP 194 10 17 

ITP 182 16 28 

UTP 198 0 0 

ß -y methylene ATP 134 0 0 

Acetyl phosphate 118 8 15 

pNitrophenyl phosphate 117 1 2 

a Differences in uptake levels are due to the different preparations used. 
b Maximal efflux taken 10 min after the addition of the nucleotide. 

Percentages were based on the average ATP induced effluxes for the preparations used. 

Varying the ATP concentration also changes the initial rate of Rb+ 

efflux, but with the filtration technique used, the initial 15 sec values 

are close together and could not be adequately analyzed. 
The maximal efflux observed is a function of passive influx and 

passive efflux as well as of active efflux. The finding of a correspondence 

between the KM of the efflux process with respect to ATP and the H+ 

uptake and ATPase activity suggests that the active efflux is predominant. 

The long t112 values for both efflux and influx as compared to the 

ATP effect substantiates this suggestion. 
With increasing ATP the gradient is maintained for longer periods 

of time, as would be expected. The H+ gradient is similarly affected 

(Sachs et al., 1976). 

The efflux of Rb+ was relatively specific for ATP. Of the other 

nucleoside triphosphates tested (GIP, UTP, TTP, CTP) only CTP was 

capable of inducing Rb+ efflux, but at a slower rate (Table 4). ß -y meth- 

ylene ATP shows no transport activity though known to compete with 

ATP for the hydrolysis site (Saccomani et al., 1977). pNPP also shows 

no transport though hydrolyzed by the enzyme in the presence of K +. 

The average maximum efflux obtained for the GI fraction was 44 ±7% 

of the initial level of Rb +. The pH curve from 6.0 to 7.4 of the maximum 

transported Rb+ activity corresponded to the K +- ATPase curve. Inhib- 

itors of K +- ATPase activity such as Zn + +, F- (Forte et al., 1975) and 

DCCD at 1 mivi (Sachs et al., 1976) completely inhibited Rb+ efflux. 

Following efflux there is reuptake of Rb+ to the same level as found 

before ATP addition to the equilibrated vesicles. The reuptake can be 
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described by a single exponential with a t112 of 53 min which is to be 

compared to the t112 of 40 min under gradient conditions. This reuptake 

therefore presumably occurs by a single pathway into one type of vesicle. 

Stoichiometry. The stoichiometry of the Rb+ and H+ transported 

and ATP hydrolyzed, as well as a direct comparison of the moles H+ 

taken up as compared to Rb+ extruded have implications as to the 

electrogenicity of the pump mechanism. Since the only added ions are 

Rb+ (or K +) and Cl maintenance of electroneutrality of the H+ uptake 
process requires cotransport of Cl- or countertransport of Rb+ (or 
K+). Since no Cl - movement could be shown, the ratio of H+ and 

Rb+ transported is likely to be unity. Measurement of Rb+ efflux, H+ 

uptake, and ATP hydrolysis on the same preparations gave a value 
for Rb+ efflux of 6.5 µmole per mg per hr and an ATPase activity of 
3.6gmole Pi per mg per hr in the presence of Rb+ and 1.8µmole Pi 

per mg per hr in the absence of Rb +. The calculated ratio of Rb+ 
transported to ATP hydrolyzed is therefore 1.6 ± 0.2 using total ATPase 
activity and 3.5 ± 0.4 (n=4) using only the cation activated component. 
These studies were done at room temperature at pH 6.1, and this accounts 
for the relatively large contribution of "basal" ATPase activity. The 
same conditions, using the cation activated ATPase activity for the calcu- 
lation, the H+ transported to ATP hydrolyzed ratio was 4.1 ± 0.2 (n =10) 
(Sachs et al., 1976). It should be noted however, that the H+ measurement 
is electrometric, as compared to the filtration method for Rb +. The 
relative ratio obtained is reasonably close to one, as was predicted. This 
does not prove that the pump is nonelectrogenic. As discussed in more 
detail elsewhere, however (Sachs, et al., 1976; Lewin et al., 1977), the 
results with ionophores and probes of vesicle potential strongly suggest 
that the transport mechanism is different from the H+ ATPase of mito- 
chondria or neurospora, for example (Scarborough, 1976). 

Effects of Ionophores. lonophores have variable effects on ATP 
induced Rb+ efflux from preloaded vesicles (Table 5). Valinomycin and 
TCS did not affect Rb+ efflux but valinomycin accelerated the reuptake 
phase of Rb+ movement. Nigericin reduced Rb+ efflux by 40% at 1 µg/ 

ml. Lipid permeable ions such as DDA, DPA or SCN- had no effect 
on the level of Rb+ efflux at concentrations up to 10 mm, alone or 
in combination. 

Effect of Rb+ Concentration. Variation of Rb+ concentration does 
not alter the steady state ratio of Rb+ between vesicles and medium 
achieved by the addition of ATP. Moreover, it appears that the quantity 
of Rb+ transported is a linear function of the Rb+ concentration below 
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75 mM (Fig. 7). In contrast, ATPase activity is a saturable function of 
cation concentration, the apparent KA for Rb+ being 15 mM at pH 
6.1 at room temperature. 

Two interpretations may be suggested for these data. If the Rb+ 

movement were in response to electrogenic H+ uptake, then the final 

ratio would be independent of Rb+ concentration, and also the quantity 

Table 5. S6Rb+ Efflux in the presence of ATPase inhibitors and ionophoresa 

Efflux stimulus and concentration Total nmole /mg nmole 
uptake efflux 

% ATP 
stimulated 
effluxb 

ATP +TCS (0.9 x 10 -6m) 154 72 98% 
ATP +valinomycin (10 -6m) 152 70 92% 
ATP +SCN (10mM) 155 66 106% 
ATP +nigericin (1 g /ml) 151 39 63% 
ATP +F - (1 mM) 162 3 5% 
ATP +Zn2+ (1 mM) 161 1 1% 
ATP +DCCD (1 mM) 159 0 0% 
ATP + 10 mM DDA+ 1 mM NaSCN 152 75 90% 
ATP +10rmvt DDA +10mM NaSCN 192 117 127% 
ATP+ 10-5 M DPA 146 75 77% 
ATP +1 mM NaSCN +1 mM DDA 174 85 88% 

a Efflux measured 10 min after the addition of ATP. 
b Based on ATP stimulated effluxes for same preparation. 
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Fig. 7. ATP stimulated Rb+ efflux as a function of Rb+ concentration G1 vesicles were 

incubated at 4 °C for 48 hr in X mM RbCI, 125 mM sucrose, 2 mM MgCl2 5 mM glycylglycine, 
pH 6.12 and (75 -X) mM choline chloride. Efflux was initiated at room temperature with 

2 mM ATP and measured ten min after ATP addition. Samples were taken in triplicate 
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transported would be a linear function of Rb+ concentration. The distri- 

bution ratio would then suggest a value of 18 mV for the vesicular 

potential. 

However, there are many suggestive lines of evidence that argue 

against the idea that Rb+ is acting as a passive counterion for an electro- 

genic H+ ATPase. Thus increasing the conductance of the vesicular 

membrane to Rb +, by the addition of valinomycin would be predicted 

to increase Rb efflux rate, which does not happen. The provision of 

alternate conductance paths, such as with lipid permeable cations and 

anions such as DDA+ and SCN- should reduce Rb+ efflux, which 

again does not occur (Table 5). If a potential does develop during ATP 

hydrolysis, then ATP hydrolysis should be stimulated by increasing mem- 

brane conductance. In general this does not occur, unless K+ selective 

ionophores are used (Ganser & Forte, 1973 b). The activation of K+ 

stimulated ATPase by these ionophores is due to increased levels of 

intravesicular K +, since vesicular disruption abolishes the ionophore 
effect and NH4 + activation is not enhanced by valinomycin (NH3 being 

highly permeable) (Saccomani et al., 1977). 

An alternative interpretation of the final steady state ratio is that 
only a fraction of the vesicles transport as a function of the addition 
of ATP. This fraction then achieves a similar internal level of Rb+ 
independent of the initial level of ATP. Separation of the density gradient 
fraction by free flow electrophoresis produced two vesicular fractions 
which trap approximately the same quantity of Rb+ (Table 1). However, 
only the anodic fraction demonstrates Rb+ efflux with ATP addition, 
and a higher level of efflux (58%) is obtained as compared to the original 
zonal fraction (44 %). If there is a random orientation of the ATPase 
in the fraction, only half of this fraction will actually transport. Hence 

the approximate 3 :1 steady state ratio achieved may be misleading. When 

ANS was used as a probe of intravesicular potential, the initial rate 

of change of fluorescence with the addition of ATP in the presence 

of valinomycin was a linear function of the log of the added K + concen- 

tration (Sachs et al., 1976; Lewin et al., 1977). This implies that the 

internal cation reaches a fixed value. Hence the Rb+ ratio of the fraction 
of the vesicles transporting is likely to be greater than 3:1. 

H+ Uptake: Fig. 8 shows the H+ uptake induced with the addition 
of 0.3 mil ATP in vesicles equilibrated with RbC1 as for the Rb+ trans- 
port studies. The addition of a protonophore such as tetrachlorsalicylanil - 
ide (TCS) only partially dissipates the H+ gradient and the further addi- 
tion of valinomycin is required. This suggests the apparent absence of 
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Fig. 8. The uptake of H+ when 0.3 mm ATP was added to vesicles equilibrated with 

RbCI in 5 mm glycylglycine buffer pH 6.1 and the effect of addition of tetrachlorsalicylanilide 
(TCS) and valinomycin (val) 
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sufficient K+ or Cl- conductance to adequately dissipate the gradient \V 

even with an added H+ conductance. This is further evidence against 1! 

potential dependent redistribution of Rb +. In this particular experiment cl 

the initial 10 sec uptake rate of H+ was equivalent to 21.2 !mole per a' 

mg per hr, and the initial hydrolysis rate corresponded to 8.16 'mole 11 

Pi per mg per hr giving a ratio of H+ transported to ATP hydrolyzed I 

of 2.9. Correcting for basal ATPase activity in this particular experiment tl 

gave a ratio of 4.2 mole H+ transported per mole ATP hydrolyzed. el 

The sensitivity of H+ uptake to ATPase inhibitors is identical to that a 

of the Rb+ efflux. tl 

It should be noted that the maximal H+ gradient is developed at w 

about 30 sec under these equilibrated conditions as compared to about 

5 min for the Rb+ efflux. At 1 min, directly comparing H+ uptake and a 

Rb+ efflux, approximately a 2:1 ratio is obtained whereas the ratio n 

approaches 1:1 at longer time intervals. The interpretation of this result d 

is made difficult since the measurement of H+ uptake electrometrically p 

is more sensitive than the filtration technique used for Rb+ efflux. Cation p 

electrodes are insufficiently sensitive for cation efflux studies with these 

preparations. However, these data as compared to the calculated stoichio- e 

metry based on ATP hydrolysis suggest that the latter must be viewed e 

with caution. 
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Discussion 

From the data presented above, it has been possible to prepare, 
from hog gastric mucosa, a vesicular fraction which contains a cation 

activated ATPase (Ganser & Forte, 1973 a). This preparation contains 
vesicles of low ion permeability and this low permeability is maintained 

during the fractionation procedures including free flow electrophoresis. 

If these vesicles derive from the tubulo- vesicular system of the parietal 
cell, this implies that they are preformed in the cell and are not actually 
vesiculated by homogenization as would be necessary for plasma mem- 

branes of other cell types. The tubulovesicles fuse with the apical plasma 
membrane of the acid secreting cell with formation of microvilli (Sedar, 
1965) and presumably contain the acid secreting system. It is therefore 
striking that these vesicles contain few peptides revealed on SDS gel 

electrophoresis, more than 75% being accounted for in the 100,000 Mr 

region (Sachs et al., 1976). 

The vesicles, either the zonal gradient or the free flow fraction, take 
up H+ with addition of ATP as previously established for dog micro - 
somes (Lee et al., 1974). Since both a proton and a cation conductance 
were required to dissipate the H+ gradient (Lee et al., 1974; Sachs et al., 
1975, 1976) it was suggested that the uptake was nonelectrogenic. Since 
changes in membrane conductance such as those induced by lipid perme- 
able ions or protonophores did not affect ATPase activity (Sachs et al., 
1976) and since no potential was detected during transport (Fig. 4 and 
Lewin et al., 1977) also using lipid permeable ions it was likely that 
the mechanism of H+ uptake was not by a mechanism similar to the 
electrogenic H +- ATPase (Mitchell, 1966). Since cation and chloride ion 
were the only additions to the H+ uptake medium which could satisfy 
the ionic requirements for the uptake process, pathways for these ions 
were presumed to be present in this vesicular preparation. 

Both cation and chloride were taken up by this preparation into 
an osmotically sensitive space at about the same rate. The low interactio- 
nic selectivity of uptake is typical of channels such as gramicidin (Goo- 
dall, 1973) or of noninteractive sites such as large diameter waterfilled 
pores. Both of these structures have a high H+ permeability, and if 
present in these vesicles must be few in number. 

Efflux of Rb+ into choline solutions was very slow as would be 
expected from the slow uptake observed, but external cation stimulated 
efflux considerably and selectively although the discrimination between 
K+ and Na' was less than that for H+ uptake or ATPase activity (Sachs 
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et al., 1976). Carriers of the valinomycin type are more selective and 

conductive whereas nigericin is less selective and essentially neutral (Hen. 

derson, McGiven & Chappell, 1969). The selectivity of this exchange 

process suggests that it is distinct from the nonselective uptake pathway 

revealed by the influx studies. It is also likely to be neutral since cation 

gradients do not result in H+ movement across the vesicle membrane 

even in the presence of a proton conductance (i.e., in the presence of 

TCS). 
From both these types of studies the cation permeability and conduc- 

tance of the unenergized membrane preparation is low as is the anion 

permeability. 
The addition of ATP significantly affects cation but not anion move- 

ments in the untreated membranes. Thus influx is apparently reduced 

and efflux stimulated. Studies of Rb+ movement following equilibration 

showed that Rb+ was transported uphill following ATP addition. The 

cation requirement for H+ uptake and the identical effects of inhibitors 

on ATPase, H+ uptake, and Rb+ movement suggested that these 

processes were interlinked. Indeed, the absence of Cl - redistribution 
under identical conditions implied that countertransport of cation was 

probably obligatory for H+ uptake and that the ratio of cation efflux 

to H+ uptake would therefore have to be 1:1. Studies on H+ uptake 

showed that intravesicular cation was required (Sachs et al., 1976) and 

the evidence against electrogenicity of H+ uptake or ATPase activity 

and against a cation conductance path made it likely that cation transport 

was due to direct coupling to the pump rather than due to indirect 

coupling by a potential due to electrogenic H+ transport. This was sub- 

stantiated in these studies by the finding that shunt conductances (e.g., 

lipid permeable ions) added to the vesicles did not affect Rb+ efflux; 

and that SCN- did not detect a positive interior potential with the 

addition of ATP. 
However, the final steady state ratio achieved by the vesicles for 

the gradient fraction (c2:1 and 3: 1 for the electrophoretic fraction) 

could be interpreted as evidence for an 18 -25 mV potential gradient 

The data derived for the stoichiometry of the pump showed close to 

a 1:1 ratio if the ratio relative to ATP hydrolysis was used. A discrepancy 

did exist comparing pH measurements directly to Rb+ movement al 

short time intervals, which might be due to the lower sensitivity and 

longer response time of the filtration technique. 
Thus the ATPase of these vesicles simultaneously translocates H` 

and cation in a directly coupled reaction. 
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From other studies cations dephosphorylate the ATPase as they do 

the Na+ + K+ ATPase (Tanisawa & Forte, 1971). This ATPase therefore 

can be classified as an H+ :K+ ATPase in analogy to the Na+ + K+ 

or Ca 
++ ATPases (Skou & Hilberg, 1969; Martonosi, 1969). A major 

difference between the preparation described here, and similar prepara- 

tions of the other enzymes is the ion tightness of the vesicle. Ca + +- 

ATPase containing vesicles have a high anion permeability (Duggan 

& Martonosi, 1970) making it very difficult to determine the electrical 

characteristics of the pump. With this enzyme analogs such as carbamyl 

phosphate energize transport in contrast to the H+ : K+ ATPase. Most 
preparations of Na+ +K+ ATPase are too leaky for transport studies, 

and this enzyme is usually present in membranes of a more complex 

peptide composition than the H+ : K+ ATPase (Walter, 1975). Reconsti- 
tuted vesicles containing this enzyme do exhibit Na+ and K+ transport 
(Hilden & Hokin, 1975). 

Although from these studies it would appear that the H+ : K+ ATPase 
catalyzes a transmembranal neutral K+ : H+ exchange, results with frog 
gastric mucosa in SO42 - solutions are compatible only with an electroge- 
nic process in the gastric mucosa (Davis et al., 1963). Metabolic data 
in dog gastric mucosa (Sarau et al., 1975) and spectroscopic observations 
(Hersey, 1974) are also not incompatible with a redox energy source 
for secretion. On the other hand, based on antibody studies (Saccomani, 
unpublished observations) it is clear that this H+ : K +- ATPase is a specific 
component of the parietal cell and is a transport enzyme requiring K +, 

which cation is essential for acid secretion (Davis et al., 1965). One 
might suggest that the electrogenic properties of the intact tissue reside 
in the Cl- pump (Hogben, 1951) and perhaps in another membrane 
associated component removed by our isolation procedures or absent 
from the plasma membrane in nonsecreting tissue. 

The authors are grateful for the assistance and discussion given by Dr. E. Rabon, 
Ms. H. Hung Chang and Mr. H.B. Stewart. 
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mary. The interaction of 1- anilino -8- naphthalene -sulfonate (ANS) with vesicles 
from hog fundic mucosa was studied in the presence of valinomycin and with 

eition of ATP. Evidence was found for two classes of sites, those rapidly accessible 
3 with a KU of 7.5 µM and those slowly; accessible, but rapidly accessed in the 

of valinomycin with a KD of 2.5 11M. ATP transiently increases the quantum 
lithe latter ANS binding sites only in the presence of valinomycin, but does not 
he number of KD of those sites. The time course of this increase correlates with 
takeand Rb+ extrusion by those vesicles and H+ carriers such as tetrachlorsalicylanil- 
nigericih abolish the ATP response. With ATP addition in the presence of SC14N 
linomycin there is transient uptake of SCN -. It is concluded that ANS is acting 
obeof a structural change dependent on a potential and Hy gradient. 

vesicular membrane fraction isolated from hog gastric mucosa 
een characterized in some detail (Forte, Ganser, Beesley & Forte, 
and further subfractionated using ficoll- sucrose or ficoll- ficoll den - 
radients (Sachs, Ration, Chang, Schackmann, Lewin & Saccomani, 
.It has been shown in several species (Ganser & Forte, 1974a; 

, Ganser & Tanisawa, 1974; Spenney, Strych, Price, Helander & 
,1974b) that the membrane fractions isolated from gastric fundus 
in a cation or K +- stimulated ATPase which is insensitive to oua- 
but is also capable of forming a phosphorylated intermediate sensi- 

K+ (Tanisawa & Forte, 1971). The ATPase activity is also en- 
d by valinomycin, gramicidin or nigericin (Ganser & Forte, 1973 h) 
ore recently it has been claimed that a proton gradient is generated 
the addition of ATP (Lee, Simpson & . Scholes, 1974) in a dog 
omal preparation. 

e unique capacity of the gastric mucosa to generate a H+ gradient 
.1, across the membrane of the parietal cell in the mammal, 
m correspondence should be addressed. 
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combined with the observations outlined above, make this membrane 
fraction a particularly interesting model because of the apparent lack 
of the complex redox system associated with other H+ transport vesicles. 
Since it has also recently been shown that these smooth membrane frac- 
tions are probably randomly oriented and are also, in the case of hog 
fractions, capable of absorbing H' and ejecting Rb+ (Sachs, Saccomani, 
Rabon & Sarau, 1975; Sachs et al., 1976) with the addition of ATP, 
it seems important to approach the problem of the membrane changes 
or energization induced by ATP. Some years ago, it was shown that 
ATP produced conformational changes in membrane fraction derived 
from dog mucosa by the use of corrected CD spectra (Masotti, Long, 
Sachs & Urry, 1972). 

1- anilino -8- naphthalene- sulfonate (ANS) is a fluorescent membrane 
probe which has two major properties of interest for this study. First, 
fluorescent enhancement and a bathochromic shift occur with change 
of the environment from high to law dielectric constant which enables 
assessment of the change of hydrophobicity of the ANS environment 
(Stryer, 1965); and second, being negatively charged, the movement of 
ANS is sensitive to the alteration of potential gradients across a vesicular 
membrane such as mitochondria (Azzi, Chance, Radda & Lee, 1969 a, 

Chance & Lee, 1969) everted submitochondrial particles (Azzi et al., 
1969a) or single layer liposomes (Bakker & Van Dam, 1974). It has 
also been suggested that site protonation may account for increased 
ANS binding (Chance, 1970). 

In this paper we report significant effects on ANS fluorescence 
induced by ATP, that appear to be dependent on H+ and potential 
gradients across the membrane and correlate these effects with the prop- 
erties described elsewhere of H+ and Rb+ transport induced by ATP. 

Materials and Methods 

Smooth surface gastric vesicles (SGV) were prepared from hog gastric mucosa as 

described in detail elsewhere (Spenney;= ̀Sáccomani, Spitzer, Tomana & Sachs, 1974a; 

Saccomani, Shah, Spenney & Sachs, 1975) but with the modification of teflon -glass homoge- 

nization. Using a 7 -20% ficoll density step gradient (15 hr, SW 25, 23,000 rpm), the microso- 

mal fraction was separated into three fractions,'GI, GII and GIII (Saccomani, Stewart, 
Shaw, Lewin & Sachs, 1977), GI being the band obtained at the 7% ficoll interface. 

The rationale for using the GI fraction and the avoidance of sucrose in the gradient 
is that GI is more active in ternis of H+ transport (Sachs et al., 1976) and Kb+ efflux, 

and is also more active when prepared with pure ficoll gradients as compared to ficoll /sucrose 

gradients. 
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This GI fraction has been shown to contain a 20 -fold enrichment of K+ p- nitrophenyl 

pins; (pNPPase) or K +- ATPase (Sachs et al., 1976) and to contain less than 5% 

microsomal content of RNA, succinic dehydrogenase, monamine axidase or cyto- 

coxidase. Electronmicrographs showed it to be a smooth -surfaced vesicular fraction. 

;stored in the refrigerator until use. 

Ihr fluorescence of ANS was measured in an Aminco Bowman spectrofluorimeter 

hermostatted cuvette at an excitation wavelength of 375 nm and an emission wavelength 

nm. Under each experimental condition repetitive scans were carried out to ensure 

V of the scatter and emission peaks. Fluorescence was measured at a sensitivity 

of 30, and expressed as arbitrary units (FU). " 

e standard conditions were the additíoñ successively of 100.tí of GI suspension 

ining 5 mg protein /ml) to a quartz cuvette containing 2 ml of a solution of 150 mm, 

SO mnt, Tris acetate buffer, pH 6.1 at 27 °C. ANS was added in 10 µl methanol 

eve a final concentration of 2.5 x 10- Ent, followed by valinomycin (10 pl solution 

se a final concentration of 5 x 10-6m) and Mg ATP (10 µl solution to give a final 

niration of Mg ATP of 5 x 10- 5M). In some experiments the concentration of each 

constituents was varied independently as -was the pH of the suspending medium. 

the protein concentration was varied at a fixed ANS concentration (Fig. 7), the 

cence calculated at infinite protein concentration was assumed to be the fluorescence 

etotal quantity of ANS added. This allowed calculations of the quantity of ANS 

d under conditions of varying ANS concentration and hence the free ANS from 
;Terence between total added and amount bound. "Aging" of the SGV preparation 

/carried out at refrigerator temperature for a period of five days. Other additions 
its nigericin (i pg /ml), in- chlorocyanocarbonylphenylhydrazone (CCCP) (10_.5M), tet- 

(orsalicylanilide (TCS) (10 -6M) were dissolved in 10 pl methanol before addition to 
'arette. Ten pl methanol was without any action. Analogs of ATP were used 
esame final concentration as ATP and dicyclohexylcarbodiimide (DCCD) was added 
oncentration of 10 -3M also in 10 pl of methanol. 

titis ethidium bromide, a positively charged fluorescent marker, all the conditions 
he same, except that 10 -6M ethidium bromide was used and 530 nm was the excitation 
;9Onm was the emission wavelength. No effect of K +, valinomycin, or ATP was 
sed. 

he generation of a proton gradient was measured as described elsewhere (Sachs 
1975). 

:he distribution of SCN- between vesicles and medium was assessed by adding 200 µl 
side suspension to 200111 of a solution containing 150 mm KCi, 80 mm tris- acetate 

1, 2mm MgCI? and 1.82 mm S14CN (41tCi) at room temperature. At the start of the 
invent to one set of tubes in a final volume of 400 µl, valinomycin was added in 
nethanol at 10 -6M. 

Ifter incubation and sampling for 15 min, ATP was added to both sets of tubes 
sapling (20 III) continued. The samples taken at various times before and after ATP 

n were injected into 1 ml of a 120 mm Li2SO4 solution at pH 6.1 and 0 °C. The 
e was filtered on a Millipore HAWP 0.45 microfilter, washed once with 4 ml Li2SO4 
n, the filters were dried and counted in an LKB 81,000 scintillation counter. In 
er,periments 36C1- was used instead of SCN -. 

0I chemicals were the highest purity available; nigericin was a gift from Eli Lilly 
ny. ANS was obtained from Eastman Kodak. Hog stomachs were obtained fresh 

slaughterhouse through the courtesy of Lumberjack Meat Company and the fractions 
ed on the day of the slaughter. 
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Results 

Initial Observations 

Prior to ANS addition, the SGV suspension had negligible emission 
at 480 nm (Fig. 1). The addition of ANS at a final concentration of 
2.5 x 10- 6M resulted in an increase of 12 FU rapidly (t112 too small 
to measure with our technique) followed by a second slow phase which 
reached a plateau after 20 min (Fig. 1) at 22 FU. Omission of membranes 
gave, with addition of ANS, an emission at 575 nm. 

Valinomycin added at 1 min after the addition of membranes resulted 
in an increase of fluorescence to 29 FU (Fig. 1). Without membranes 
at the standard concentration of valinomycin (5 x 10-6m) no change 
in FU was observed, but at higher concentrations (5 x 10- 5M) a change 
of 5 FU was found, as has previously been described for several iono- 
phores such as valinomycin or nigericin (Feinstein & Felsenfeld, 1971). 

Subsequent addition of ATP produced a large transient increase in 
fluorescence (Fig. 1), 69 ± 2 FU, n=8 being the mean ± sEM for a given 
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Fig. 1. The effect of additiòn of ANS to gastric vesicles on fluorescence at 480 nm showing 

an initial rapid rise followed by a slow increment. The addition of valinomycin prior 

to the slow rise results in rapid attainment of the final level. Addition of ATP only 

in the presence of valinomycin results in a transient fluorescent enhancement 
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preparation and ranged from 45 to 90 with different preparations. 
maximum fluorescence was reached in 30 sec, the mean 11 /2 being 

n ±1.2(n =8). The maximum is followed by a slow decrease, expressi- 
as a simple exponential, to the basal value, the mean 11 /2 being 
sec. The fluorescence enhancement can be obtained again by the 
dition of ATP following the decay, but a progressive decrease is 
d with successive additions of ATP. 
Under these conditions, no change in emission wavelength or in inten- 
of the scatter peak was found (Fig. 2). 

K+ Valinomvcin Requirement 

he 4FU obtained with the addition of ATP was absolutely depen- 
on the presence of valinomycin, of the ionophores tested and on 
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0 50 100 
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Fig. 3. The effect of varying the KCI concentration on (a) the fluorescence induced by 
ANS, (b) ANS + valinomycin, and (c) ANS -valinomycin +ATP 

150 

alkali cation. Thus with valinomycin in choline media no effect was 
detected. Other cations substituted for K+ in the sequence K+ (100) > Rb 
(90) > Cs (30) > Na, Li (1). The lipophilic cation triphenylmethylphospho- 
nium (TPMP +) was able to partially (50 %) substitute for valinomycin, 
in terms of the valinomycin dependent ANS fluorescence enhancement, 
but did not substitute in the ATP effect where valinomycin was still 

required. Preincubation of the vesicles in KCl did not remove the 
requirement for valinomycin, and other ionophores such as nigericin 
or gramicidin also were unable to substitute for valinomycin. 

Since there were two phases of ANS- induced fluorescence, the possi- 
bility that the addition of valinomycin served to accelerate the slow 
phase of ANS binding wás examined by adding valinomycin after 20 min 
following ANS addition. Indeed this resulted in a 90% reduction in 

the effect of valinomycin, but the ionophore was still required for the 
ATP effect. 

The effect of variation of KC1 concentration was examined in some 
detail. The effect of valinomycin was sensitive to KC1 concentration. 

*. ,: ;` -'x'; 
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1 /CATPJ (MA) 
A Lineweaver Burk plot of the effect of varying the ATP concentration of the 

maximal fluorescence obtained 

ever, varying the K+ gradient by preincubating the vesicles in KC1 
adding the vesicles to equimolar KC1 or choline chloride instead 
CI did not alter the fluorescence obtained when KC1 was present 

lallÿ only on the exterior of the vesicles. The apparent KA for valino- 
in- induced fluorescence was 5 x 10- 21ví (Fig. 3). 
Variation of KO also affected the ATP -induced ANS fluorescence 
ncement. Two effects were noted. The maximal fluorescence as Plot- 
in Fig. 3 gave a good fit to Michaelis -Menten kinetics (r= 0.996) 
an apparent K4 of 1.5 x 10- 2m. However, K+ also affected the 
decreasing the t112 of excitation and decay. If the initial rate of 
escence change was used the data did not conform to Michaelis - 
ten kinetics but instead the change in fluorescence was linearly re- 
tothe log of the K+ concentration (r= 0.992) and the zero fluores- 
'e intercept corresponded to I mm K +. The slope corresponded to 
FU for a 10 -fold change in K+ concentration. In the ATP situation, 
direction of the initial gradient had slight, variable effects on the 
escence obtained. 
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Fig. 5. The variation of maximal fluorescence obtained with ATP addition as a function 
of medium pH (. -.). Superimposed is the K +- ATPase activity as a function of pH 

under identical conditions 

Substrate Specificity 

At various concentrations GTP, UPT, ITP, TTP, ADP; acetylphos- 
phate, and pNPP were all shown to be ineffective in promoting a fluores- 
cence enhancement. 

Variation of ATP concentration had significant effects on the time 
course and maximum fluorescence obtained. A double reciprocal plot 
of the effect of ATP on maximal fluorescence is shown in Fig. 4, giving 

an apparent KM of 1.1 x 10- 5M.,and a calculated maximal FU of 46.5 

for this preparation. A change of fluorescence could readily be detected 
with concentrations of ATP as low as 5 x 10-6m. 

Dependence on K +- ATPase Activity 

The effect of pH is shown in Fig. 5 where it can be seen that there 
is a linear decrease of ATP -induced AFU from pH 6.1 to pH 7.4, whereas 
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' TPase activity increased over this range, being optimal at pH 7.4, where 
e 9FU is not detected. /3 -y methylene ATP, a nonhydrolyzable analog 

"ATP did not produce a 4FU. DCCD blocked the ANS response 
.ad also inhibited the K+- ATPase activity. 

Effect of lonophores 

Fig. 6 shows the effect of the addition of nigericin which is similar 
iithe effect of addition of CCCP (10- Srt) or TCS (10 -64 Thus, prior 
dition of nigericin blocks the response to ATP, or addition of nigericin 
the peak of fluorescence rapidly collapses the dFU observed (Fig. 6). 

gramicidin also inhibited the fluorescence, due to the H+ /K+ exchange 
taracieristics of this ionophore. 

,.. 
. .. ...'-.b` ... ... ... . . , ., 
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1 /protein (mg-1 ml) 
Fig. 7. A double reciprocal plot of the variation of fluorescence intensity at a fixed ANS 
concentration with alteration in membrane concentration: n -n ANS alone; o -o ANS+ 

valinomycin; e -e ANS +valinomycin +ATP 

Effect of Vesicle Integrity 

Aging the vesicles by maintaining them at refrigerator temperature 
results in gradual loss of response to ATP, but does not significantly 
change the response to valinomycin. Two cycles of freeze thawing also 
sharply reduced the response to ATP, but again not the valinomycin 
effect. 

Effect of Protein Concentration 

At a fixed concentration of ANS (5 x 10-6m), increasing the protein 
concentration resulted in a fluorescence that was a hyperbolic function 

of protein concentration under all conditions studied: ANS, ANS + vali- 

nomycin and ANS +valinomycin +ATP. Fig. 7 shows this finding in 
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ig.8. A Lineweaver Burk plot of the variation in fluorescence produced by a variation 
i ANS concentration: ANS alone; o o ANS +valinomycin; o 

ANS + valinomycin +ATP 

ouble reciprocal form, from which it can be calculated that at infinite 
rotem concentration, since all the ANS can be assumed to be bound, 
,NS or ANS +valinomycin show the same maximal fluorescence (50 FU) 
ut the addition of ATP increased the maximal fluorescence for the 
me quantity of ANS to 125 FU, i.e., increased the quantum yield 

ar ANS by a factor of 2.5 (Brocklehurst, Freedman, Hancock & Radda, 
970). 

Effect of ANS Concentration 

The effect of varying the ANS concentration on the total fluorescence 
btained with the membranes alone, the membranes with valinomycin 
Id with, in addition, ATP is shown in double reciprocal form in Fig. 8. 
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Fig. 9. The time course of development of the ANS response to ATP addition (dotted 
line) and the medium alkalinization developed in response to an identical ATP concentra- 
tion (solid line) in the same preparation under otherwise identical conditions. The bar 

on the right corresponds to 10 nmoles of H+ 

The raw data suggest that there is little effect of valinomycin on the 
affinity of the sites as compared to ANS alone, but there is an apparent 
increase in the number of sites. ATP apparently augments the number 
and affinity of these sites. - 

It has been suggested, based on nanosecond decay studies, that satura- 
tion of membrane "sites" by ANS is only apparent, and that the satura- 
tion observed is due to electrostatic shielding preventing ANS access 

(Fortes, 1976). If correct, and also for the gastric vesicles, calculation 
of the number and affinity of the ANS "sites" based on the above 
data will underestimate the true valfles. However, one may assume that 
there are two types of sites -one type, superficial, binding ANS rapidly 
and the other type binding ANS slowly to which access is increased 

by valinomycin. Considering these as independent and noninteracting, 
it is possible to consider the fluorescence of each site independently 
by subtracting the basal ANS fluorescence from the valinomycin- induced 

fluorescence. If this is done, it can be concluded that the number of 
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10. The time course of SCN- uptake by the gastric vesicles in the absence of valinomycin 
ercurve) and the presence of valinomycin (upper curve). The addition of ATP enhances 

SCN- uptake only in the presence of valinomycin (upper curve) 

rfcial sites is the same as the number of sites dependent on lipid 
table cation, such as K+ valinomycin. The superficial sites have 
apparent affinity of 7.5 x 10- 6M and the "slow" sites an affinity 
.S x 10-6m. 

Further, since the ATP effect is to increase the quantum yield of 

I 

tANS bound, and if the assumption is also made that ATP has no 
t on the superficial sites, it is possible to calculate corrected values 
he ATP- induced fluorescence. Such a plot is curvilinear (concave 
ards) on the double reciprocal plot at high ANS concentrations, 
6 may be due to ANS inhibition of the ATPase (K1 =75 gm) or 
use ATP also affects the superficial sites. As a first approximation, 
ever, this manipulation of the data suggests that ATP does not 
t the number or affinity of the valinomycin- dependent sites but 
ly increases the quantum yield of the ANS bound at those sites. 

Relation to H+ Gradient 

here the uptake of H+ was measured under identical conditions 
e same preparation on the same day, and compared to the fluores- 
change induced by ATP, the curves of Fig. 9 were obtained. It 

be seen that the time course is very similar and that the decline 
r. lorescence corresponded to the decline of the H+ gradient. 
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SCN- Uptake 

Fig. 10 shows the uptake of SCN"- by the gastric vesicles. It can 
be seen that valinomycin enhances uptake of SCN- as compared to 
control conditions. The addition of ATP in the absence of valinomycin 
has no effect on the uptake of SCN -, whereas in the presence of valino- 
mycin there is an additional SCN- uptake, increasing the uptake by 
100%. 

Discussion 

The changes in ANS fluorescence following the primary binding reac- 
tion to hydrophobic groups have been interpreted generally in two ways, 
either due to changes in the ANS sites, or due to movement of ANS 
into the medium due to changes of an electrochemical gradient in the 
vicinity of those sites (Jasaitis, Kuliene & Skulachev, 1971). The data 
presented are best interpreted as due to the former, namely a character 
change in the binding site of the gastric membranes, an interpretation 
which is now more generally accepted for other systems as well. 

As in other work (Friedman & Radda, 1969) there are two phases 
of ANS binding, most likely due to two classes of sites. The rapid 
binding sites are likely to be on the external face of the membrane, 
whereas the slower sites are either within the membrane, or located 
on the inner face of the membrane. At varying concentrations of ANS 
after prolonged incubation, the binding achieved was almost the same 
as that in the presence of valinomycin, and the effect of the ionophore 
was apparently to increase the rate of ANS binding. Calculation also 
showed that the affinity of the valinomycin- dependent sites was greater 
than the affinity of the initial ANS sites and that the affinity of the 
"slow" sites was similar to the valinomycin sites ". At high protein 
concentrations there was also an overshoot of fluorescence with the 
addition of valinomycin, which may be a function of the K+ gradient 
present upon adding the vesicles. 

On the other hand, the quantum yield was not changed by the addition 
of valinomycin, hence it may be concluded that the action of valinomycin- 
K+ complex is to allow a more rapid access of ANS to restricted, higher 
affinity sites located within the membrane or within the vesicle. 

The effect of valinomycin may be due to several factors. The presence 
of a lipophilic cation, the valinomycin-K+ complex, may facilitate the 
transport of the anionic ANS. Clearly, neither gramicidin nor nigericin 
could then substitute and this explanation is substantiated by the finding 
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it TPMP+ can mimic the effect of valinomycin when added to the 
ore of ANS and membranes. Moreover, a mixture of ANS and 

alone results in enhanced fluorescence when valinomycin is added, .. 

hough quantitatively much less than the effect in the presence of 
rebranes, and this shows the possible formation of a valinomycin -K+ 

K complex (Feinstein & Felsenfeld, 1971). The increased binding of 
N- in the presence of valinomycin is then formally similar to the 

kct of valinomycin on ANS. -" ` 

An important point which has often been considered is the movement 
ANS due to the development of a membrane potential. Under the 
idard conditions of our assay, the prevailing K+ gradient would 

dlt in a potential such that the vesicle interior was positive with the 
portant reservation that a K +- selective conductance has to be present. 
Since protonophores do not dissipate a preformed pH gradient nor 
uce a pH gradient in the presence of K+ gradients it is reasonable 
conclude that a cation -selective conductance is not present in the 
reated gastric membranes. However, even in the presence of valinomy- 
varying the direction of the K+ gradient does not affect the valinomy- 
component of the fluorescence; hence this component is not depen- 
t on potential. At 27 °C, in the presence of valinomycin, the initial 
and K+ gradient would dissipate rapidly (t112 =2.5 min) so that at 
ime of ATP addition only a small residual gradient would be present. 
have shown (Sachs et al., 1976) that addition of ATP under these 
itions (i.e., cationic equilibrium) generates a gradient (medium to 
le) of cations such as K+ or Rb +. 

he cationic enhancement of ANS fluorescence has been described 
any authors in other systems (Rubalcava, deMunoz & Gitler, 1969) 
has been interpreted as being due to charge redistribution within 
braves or hydrophobic regions. The effect is not restricted to the 
li metal cations, Ca' being more effective than K +, for example 
alcava et al., 1969). With the gastric membranes cation alone is 

sufficient, but a lipophilic cation is required due to, perhaps, the 
icted permeability of these particles. The fluorescent enhancement 
d by valinomycin is a function of the K+ concentrations (as shown 

ig. 3 with an apparent KA of 50 mm) but not of the K + gradient. 
Uthough, as discussed above, the stimulation of ANS fluorescence 
alinomycin appears independent of the potential gradient, this is 
the case with the ATP effect. Indeed both a potential gradient and 
creased vesicular H+ concentration appear to be required. 
he rate of change of fluorescence with the addition of ATP is a 
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function of the log [K +J, as would be expected of a Nernst diffusion 
potential due to the K+ electrode characteristics of the valinomycin- 
treated vesicle and the appearance of a K+ gradient due to ATP. Using 
radioactive SCN -, the only evidence for development of a potential 
was obtained in the presence of both valinomycin and ATP. Studies 
of cation efflux (Sachs et al., 1976) have shown that a cation gradient 
develops in these vesicles with ATP addition. Studies of dissipation of 
a preformed H+ gradient have shown that these vesicles have a low 
K+ conductance in the absence of valinomycin (Sachs et al., 1976). 
It is reasonable, therefore, to consider that only in the presence of valino- 
mycin would a potential develop across the vesicle membrane due to 
the ATP -induced K+ gradient. 

Since the fluorescence enhancement due to valinomycin alone does 
not seem to be sensitive to a potential an additional factor is required. 
The H+ gradient generated by ATP would seem the most likely candidate.. 
It can be calculated that a pH of less than 2 may be achieved inside the 
vesicle with the addition of ATP (Sachs et al., 1976). Nigericin would 
dissipate a H+ gradient without necessarily affecting the K diffusion 
potential (Markin, Sokolov, Boguslaysky & Taguzhinsky, 1975) and ni- 
gericin inhibits the ATP effect. The fluorescence of ANS is increased 
by addition of H+ to the vesicle in the presence of valinomycin. 

Hence, it is proposed that the valinomycin and ATP -dependent ANS 
fluorescence enhancement is due to the establishment under these condi- 
tions of a simultaneous H+ and potential gradient. Both of these are 
required for the fluorescent shift, and this results in an alteration in 
the ANS site giving an enhanced quantum yield which accounts for 
most of the fluorescence increase. - 

A similar change in ANS fluorescence is observed in mitochondria 
and submitochondrial particles (Azzi, Gherardini & Santato, 1971) which 

also appears to depend on at least the development of a change in 

potential across the membrane. On the other hand, a change in ANS 

fluorescence is also obtained with the addition of ATP to sarcoplasmic 
reticulum vesicles in the presence óf Ca' (V- anderkooi & Martonosi, 
1971). The anionic shunt conductance of these membranes is such that 
a development of a potential is unlikely. Hence, this latter phenomenon 
has been explained as due to increased binding of ANS by the internally 

accumulated Cat +., 

The increase of quantum yield of ANS would imply a shift of binding 

to a more hydrophobic region. This could be due to a change in confor- 

mation dependent on the proton concentration at the inner surface as 

well as on the membrane potential. 
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Summary. Purified vesicular fractions from hog gastric mucosa have been incorporated 
into phosphatidyl serine bilayers. In the presence of MgATP on one side and symmetrical 
Na2SO4 solutions, a short circuit current (SCC) away from that side is observed increasing 
exponentially with time, while the corresponding open circuit potential (OCP) is maintained 

1 
constant for > 30 min. In K2SO4 solutions the SCC time course is essentially unchanged, but 
the OCP falls to almost zero after 15 -20 min. In Na -K gradient there is a similar SCC away 
from the K -side whose exponential rate is increased by ATP added to both sides. The time 
course of these events depends only on the time from the formation of the black film. These 
results are interpreted as showing: (1) There is an ATP -driven proton pump generating a 
constant potential EH in series with a time dependent conductance gHcx er". (2) There is a 
shunting K- conductance gK x e'`'`. (3) In the presence of ATP k' > k. (4) This time dependence 
is due to thickness changes in the bilayer. A model relates these results to those obtained with 

j the intact vesicles. 

The microsomal or plasma membrane fraction of dog or hog gastric 
imuc6sal homogenates take up H+ into an intravesicular space with the 
addition of ATP (Lee, Simpson & Scholes, 1974; Sachs et al., 1976a, b). 

1 
Redox substrates are neither oxidized by the purified membrane fraction 

inor show any observable effects on ion distributions (Sachs et al., 1976 b). 

The uptake of H+ and simultaneous efflux of K+ (Sachs et al., 1976a) 
seems to be a property of the K +- ATPase (Ganser & Forte, 1973) which 
is 40 -fold enriched in the purified membranes. Much of the evidence 

1 relating to this H+ /cation exchange suggests that the pump mechanism is 

neutral or, if electrogenic, then isopotential (Lee et al., 1974; Sachs et al., 
1976a, b). Although techniques are available for potential measurements 
in vesicles and for short circuiting vesicles using a combination of 

I ionophores or lipid permeable ions (Skulachev, 1976), measurements of 
j conductance in vesicles is considerably more difficult. Data using iono- 
;,phores to dissipate H+ gradients or to alter rates of H+ uptake or K+ 

ii 
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efflux suggested that proton conductance was predominant in these 

membranes and that the inherent K+ or Cl- conductance was low, 

Cation exchange efflux studies provided evidence for a cation -selective 

path corresponding to sequence V (Eisenman, 1961) in the nonenergized 

membrane. A similar selectivity was obtained for H+ uptake dependent 

on ATP and for AT Pase activity and these data suggest the possibility 
of 

a cation conductance pathway, although from the above, of low magni. 

tude. The low conductance of artificial bilayers may allow a more exact 

analysis of these properties. 
This work reports on the conductance properties of planar bilayers 

following incorporation of the gastric vesicles and on the electrical events 

associated with ATP -induced transport in the artificial system. 

Materials and Methods 

Hog gastric membrane vesicles were prepared as described in detail elsewhere 

(Saccomani et al., 1976). Briefly, this involved separation of the vesicular fraction of the 

gastric homogenate on a ficoll- sucrose density gradient (Fig. 1) and the lighter of the 2 

membrane peaks was used in these studies. The anodic peak from free flow elea 

trophoretic fractionation of this peak (Fig. 2) contains the highest activity of the K'. 
ATPase (Saccomani et al., 1976) and was used on occasion (Table 1). The fractions were 

used either on the day of preparation or following freezing and storage at -84 °C. The 

suspension was added to one side of the bilayer chamber at a final concentration of 

approximately 10-25 µg protein m1 -' after formation of the bilayer, with an activity of 

60-90 ¡mole Pi mg -' protein hr -'. 
The electrical properties of the bilayer were measured as described previously 

(Goodall, 1973). Open circuit potential difference or short circuit current were recorded 

under conditions of constant stirring from the time of film formation. Thus there i9 a 1/2 

to 2 -min period before the appearance of the black bilayer region and this is completed 

within 1 -3 min. In view of the thickness dependence of the phenomena to be described, Fig. 1 

the time course in all records is measured from the initial formation. The outside gastric 

chamber was connected to ground through the current amplifier and is referred to as step b 

"trans" with the sign conventions corresponding. The acceptable limit for bilayer fic 

background conductance was 2 -3 x 10- a 
S2 -' cm-2. Thinning of the bilayer was moni- 

tored visually to the black stage (1 -3 min) and thereafter by the current voltage (I -V) 

curve plotted on an X - Y recorder (Esterline Angus 2411 TB) using a triangular wave 

form from a battery operated function generator (Krohn -Hite 5600). This showed a soluti( 

continuous and approximately linear increase of capacity to 50 % at 20 min. the lit 

Bionic potentials were measured with 100 mM SO4 - salts of alkali metal cation pairs Selene 

present on either side of the bilayer. For thallous ion 10 mM concentrations were used A 

because of solubility limitations. Solutions were buffered with 2 mM tris acetate pH 7.4. of the 

For cation /anion selectivity a 10:1 concentration gradient of the Na salt was used. criteri 

For studies of ATP -dependent transport 10 mm Na2SO4 buffered with 2 mM tns (1 

acetate pH 7.4 was present on both sides of the bilayer and MgATP or other nucleotide perme 

buffered to the same pH was added at a final concentration of 0.75 mM to the "cis" side, (2 

i.e., the side containing the vesicles. Inhibitors such as p- chloromer curibenzoate charat 

(pCMBS) (10-4 M) were also added to this side. 50 mM K2SO4 was added to both ,bilaye 
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Fig. 1. The profile of protein obtained by fractionating the microsomal pellet of hog 
gastric mucosal homogenate on a step gradient in .a Z60 zonal rotor. G1 corresponds to a 
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solutions as necessary in the presence of ATP. The temperature of study was 34 °C and 
the lipid used was bovine phosphatidyl serine (chromatographically pure, Applied 

r pairs Science Labs) at 3 -5 mg /ml in decane (Eastman Kodak). 
e used Apart from the difficulty of incorporation, a major problem has been the sensitivity 
1H7.4. of the low conductance bilayer to artifacts of various types. The following pragmatic 

criteria of successful incorporation were used in this study: 
M tris 

I 
(1) A low conductance membrane with only H+ permeability and virtually no 

eotide permeability to anions or cations was used throughout. 
" side, I (2) With incorporation the increment in conductance was smooth or otherwise well 
zoate !characterized rather than the irregular noise which often occurs with contaminated 

both Ibilayers prior to breakage. 
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Fig. 2. The profile of protein obtained by fractionating the initial (G 1) peak from the 

zonal gradient by free flow electrophoresis showing 2 peaks, F1 and Fll, Fl containing 

the transport activity and the highest H+ +K+ ATPase activity as well as the bilayer 

activity of Gl 

Table 1. AM Pase and ATPase activity of gastric membranes 

!moles Pi mg -1 hr- 

ATPase AMPase 

Mg++ 

Total homogenate 6.2 ±0.6 2.0± 1.0 0.5 ±0.3 
Microsomal pellet 15.9 ± 1.5 7.1 ± 4.3 1.5 ±0.6 
GI Fraction 6.8 ±1.1 35.8 ±2.2 8.8 ±0.2 
FI Fraction 2.7+0.6 66.8+1.4 0.8 ±0.2 
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(3) The bilayer was generally stable for at least 30 min after or during incorporation. 

(4) The increment in conductance was at least two or more orders of magnitude and 

was dependent on the concentration of material added. 
(5) The denaturation of the protein resulted in an inactive preparation. 
(6) The conductance modification corresponded in selectivity to the conductance possil 

selectivity of the natural membrane. the ve 
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(7) The incorporation was reproducible qualitatively from batch to batch. 
(8) Pump activity as determined by potential or current development had the same 

substrate, activator and inhibitor selectivity as the pump in the natural membrane. 
(9) The material consisted of few components and was derived from a single 

structure of defined composition to allow further analysis. These criteria were met by 
fresh preparations of the gastric membrane fraction. 

Results 

Conductance 

Addition of either the gradient or electrophoretic fraction produced a 

smooth, time -dependent and ion -selective conductance change in a lipid 

bilayer composed of a variety of lipids, the most activity occurring in 

phosphatidyl serine bilayers. The increase of conductance with time was 

exponential (gt = g0 ekt). The conductance obtained was dependent on 
protein concentration. The rate of increase of conductance, k, was largely 

independent of protein concentration (Fig. 3). Hence this time de- 

pendence, as subsequent results also show, does not appear to be due to 
rate limitation by incorporation. The actual value of the conductance at 
any given time is a function of the concentration of protein added, 
typically the conductance level reached before breakage was between 2 

and 3 orders of magnitude above background, and the rate of change 
had a Q10 of about 2. Hence all experiments were performed at 34 °C. 

The incorporation and pump characteristics were obtained with G1 and 
Fl (Figs. 1 and 2). F2 did not show any transport characteristics in the 
bilayer or in the original preparation. 

The selectivity sequence of the specific conductances (Table 2) was 
determined to be H+ >K+ > Rb+ > Cs+ >Na, Li > Tl+ > CI-. This se- 
quence corresponds to that found for H+ uptake and for K +- ATPase 
activity with the exception of Tl" which is the most active cation for the 
latter process. The relative intracationic activity for the different vesi- 
cular transport (i.e., H +, K+ and ANS) processes and bilayer con- 
ductance is also consistent with the supposition that the same groups are 
involved in the natural and artificial membrane. 

ration . 

le and Transport 

Results using the intact vesicles (Sachs et al., 1976a) indicated the 
ctance possibility that the addition of ATP resulted in a K+ :H+ exchange by 

the vesicle fraction. Of the different alkali cations tested Na+ was only 
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Fig. 3. The effect of addition of G1 fraction on the development of conductance in the 

bilayer. In the absence of addition no change in conductance was observed. At pH 7, in 

the presence of 10 mm Na2SO4 an exponential increase in conductance with time was 

observed o o. Altering the protein concentration o o altered the conductance 

level but had a much lesser effect on the time course of the conductance change. 
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1% as effective as K+ in the vesicles, hence Na2SO4 solutions were used 

for the bilayer experiments in the ATP studies to possibly unmask an 

electrogenic H+ pump. 

The addition of 0.25 mm ATP to the cis side of the phosphatidyl 

serine bilayer resulted in the development of a negative potential (Fig. 4). 

This orientation is compatible with a proton electrogenic pump directed 

away from the ATP and vesicle side. The dissipation of the potential by 

the addition of a protonophore such as tetrachlorsalicylanilide (TCS) 

would therefore be expected but the conductance increment induced by 

the ionophore would serve to shunt the potential whether due to H+ 

transport or not. The magnitude of the potential was a function of the 

nature of the lipid. The mean potential obtained with phosphatidyl serine 

was 33.4 ±4.7 mV (n =17). The effect of ATP may be due to two factors, 

the effect of ATP on the pump and the effect of adsorption of ATP on 

the bilayer surface. ß -y methylene ATP and ITP also adsorb on the 

bilayer and produce a transient potential corresponding to 20 % of the 

ATP -dependent potential. The addition of ATP in addition to ß -y 

0 15 30 45 60 

min 

Fig. 4. The effect of ATP addition (upper 3 curves) and ITP addition (lower curve) on one 
side of the bilayer with incorporated G1. The addition of ATP at 0 time resulted in - development of a potential of - 50 mV which was well maintained in the presence of 
Na2SO4 ( ). ITP produced only a fraction of the potential. The results of addition of 
50mm K2SO4 to both sides of the bilayer showed that ATP produced essentially the 
same potential, but after 15 min there was a sharp decline in the potential to about 10 

of the peak value ( ) 
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methylene ATP produces a normal ATP response. An inhibitor of the 

ATPase, pCMBS markedly reduces the potential obtained to about 20% 

of the initial value, but does not reduce the prevailing conductance (Fig, 

6). Addition of ATP to the trans side produces a potential of opposite 

orientation, though of lesser magnitude (see Fig. 8 below), showing that 

although the orientation of the current flow is determined by the 

sidedness of ATP the incorporation of the protein is not completely 

m 0 

E 

10 
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15 30 45 

Fig. 6. 
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Fig. 5. The increase of short circuit current with time in the presence of Na (x x ) 0e alters Na + +K+ (o -o). Zero time is the appearance of the initial black region. It should be 

noted that the presence of K+ allows a similar exponential current increase which argues poter 

against an EK being present After 
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Fig. 6. The effect of 4 x 10 -4M pCMBS on short circuit current. The current in the 
absence of pCMBS is shown on the dashed line (o o). The increase of current is 

blocked with the addition of pCMBS and decays. Higher concentrations of pCMBS result 
in a more rapid fall of current 
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symmetric, the inside of the vesicle presumably being incorporated 
preferentially away from the side of addition, i.e., the vesicle opens to the 
trans surface. 

The short circuit current obtained under these conditions is what one 
would expect from a constant emf imposed on the exponentially increas- 
ing conductance (Fig. 5). The maximum (before breakage of the bilayer) 
corresponds to 12.1 ± 1.7 nA cm- 2 and is about 1 % of the maximal 
current calculated from the H+ uptake rate of the native vesicles (Sachs 
etal., 1976a). 

The presence of a short circuit current appears to exclude the 
possibility of adsorption of the ATPase and the generation of a local H+ 
concentration gradient. 

i Effect of K+ 

The presence of K+ symmetrically in both solutions characteristically 

u.xld b¢ 

)or 
alters the ATP response. Thus initially with the addition of ATP a 

argue potential is obtained similar in magnitude to that observed with Nat 
After some 15 min there is a fall in the potential to 7 ± 3 mV (n =10) (Fig. 
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4), but with maintenance of the steady increase of the short circuit 

current (Fig. 5). Hence associated with the fall of potential there is a 

corresponding increase in conductance. With a further increase in K+ 

concentration, the sign of the final potential does not change. 

Effect of ATP on Conductance 

It is an important question as to whether ATP affects the various 

conductances of the bilayer in addition to inducing an H+ pump 

potential. The problem in answering this question is the finding that the 

conductance of the bilayer in the presence of vesicles continues to increase 

exponentially in the presence and absence of ATP. Hence, ATP could effect 

the conductance by altering the rate of change or the initial value. These two 

possibilities can be separated by the following analysis. 
In a membrane containing two parallel limbs a proton pump with an 

emf, EH+ and a conductance gH+ and a K+ pump with an emf EK+ anda 

conductance gK+ (Fig. 7) the transmembrane potential, EM is given by 

gHEH-gKEK Em= 
gH+gK (1) 

This equation can be simplified based on the observation that varying 

the K+ concentration does not change the final potential and that the 

short circuit current which would be given by the equation 

ISc =IH -IK 

does not fall as would be predicted by the presence of an IK. From these 

it would appear that EK is very small, or that 4 /II= d IK, i.e., a neutral 

Em 

EH(S) 

g 

INSIDE OUTSIDE 

(SUBSTRATE) 

Fig. 7. An equivalent circuit illustrating a possible model for the pump which consists of 

2 parallel patterns for K+ and H+ with their corresponding emfs and resistances 
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gH EH 
EM 

gH + gK 

Since the conductance changes exponentially with time, i.e., 

gx(t)= gx(o) ekt 

the potential at time t can be given by 

gHo ekHt EH EM (t) 
+ gKo 

, (4) 

EH EM() 
1 +ek(t -to)' (5) 

295 

(2) 

(3) 

where k, a rate constant is equal to the difference between the rate 
constants for the change in K+ and H+ conductances namely 

k=kK-kH 
and 

k t0 = - In 
gKo /gHo 

where gKo, gHo are the initial conductances. 
Fitting Eq. (5) to the data for open circuit potential in the presence of 

ATP we find k= 0.002 sec-1 and gHo /gKo = 6.5. Assuming a constant EH 
with the appearance of a K + conductance, kH = 0.004 sec -1 and thus kK 
=0.006 sec -1. These data are obtained in the presence of ATP. 

It is also possible to derive the rate constant for change of K+ 
conductance from other experiments. Addition of ATP to symmetric 
solutions and on both sides of the bilayer results in only a small change 
of potential, i.e., there is only a small H+ emf. Assuming that the H+ emf 
can be neglected when ATP is added to both sides of a membrane in the 
presence of a K+ - Na+ trans -cis gradient, then current flow under these 
conditions is due to K+ movement from trans to cis. The exponential 
rise of current without ATP gave kK = 0.0044 sec-1 increasing to kK 
=0.010 sec -1 on the addition of ATP (Fig. 8) in fair agreement with the 
above value. 

In the absence of ATP kK = 0.002 sec-1 and gHo /gKo -10 (pH 7.4, 50 
mequiv K +). Thus ATP increases the rate constant for changes of K+ 
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Fig. 9 shows that the rate -limiting factor for transport is not in reasc 

corporation of vesicles but rather something which takes place in the suco 
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0 15 30 45 mins 

Fig. 9. The effect of bilayer status and sidedness of G1 and ATP on short circuit current. 
In curve 1, in the presence of ATP, the bilayer was formed at zero time and G1 added at 
the arrow A. It can be seen that there is less than a 5 -min lag before development of 
current. In curve 2 GI and ATP are both present, arrow B, from the time of formation of 
the bilayer. It can be seen that there is a 15 -min lag before development of current. Curve 
3 shows the effect of adding G1 to the side opposite to that of ATP (arrow B) showing a 
lower current hence an asymmetry of the ATP site in the original preparation, as well as 

an even longer lag phase, indicating an additional restriction of incorporation of the ATP 
site in this configuration 

bilayer prior to their addition. When ATP is present it is the time from 
the formation of the bilayer that is the determining factor in develop- 
ment of short circuit current. The analogous experiment with gramicidin 
is shown in Fig. 5 in Goodall, 1971. Also shown in Fig. 9 curve 3 is the 
SCC when the vesicles are added on the opposite side to ATP. 

Discussion 

Incorporation of membrane located pumps into synthetic membrane 
has been successfully achieved in many instances using liposomes 
(Kagawa, Kandrach & Racker, 1973; Hilden, Rhee & Hokin, 1974). In 
these instances the transport and electrical characteristics of the pump 
processes have been ascertained by the use of ionophores, lipid perme- 
able ions, and ion flux measurements which, although informative, lack 
the sensitivity and resolution of direct electrical measurement. The 
suitability of the planar bilayer for electrical rather than chemical 
probing of transport events has led to much effort being expended in 
attempts to incorporate pumps into planar membranes. For various 
reasons connected with the criteria listed under Materials and Methods, 
success has been limited (Jain et al., 1972). 
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Our studies on the gastric membrane material essentially fulfill the 

criteria as listed in the methods section. The initial conductance changes 

obtained in the absence of ATP show that if there are step changes these 

are less than 5 x 10 -13 Ç 1 This suggests that the gastric membranes 

contain a carrier -like or shuttle mechanism. The selectivity of the con- 

ductance change corresponds closely to the measured selectivities 
of 

cation exchange efflux, H+ uptake and K +- ATPase activity in the 

original preparation (Sachs et al., 1976a). The substrate selectivity and 

inhibitor sensitivity of the ATP dependent potential or current is the 

same as for ATPase activity. The incorporation, in contrast to the report 

on Na+ + K+ ATPase (Jain et al., 1972) seems reproducible to the extent 

that in fresh preparations 80 % of the experiments are successful. The 

most important factor found in this study is the freshness of the micro - 

somes. The best results obtained here were with microsomes at 16hr 

from slaughter. Aging at 0 °C resulted in loss of ability to modify bilayer 

conductance after about 48 hr. The material that is used for the in- 

corporation experiments is usually density gradient purified fraction. 

This has been purified further by free flow electrophoresis and this 

material incorporates with the same characteristics as the density gra- 

dient fraction. The highly purified material has 75 % of the Coomassie 

Blue staining material associated with the 100,000 dalton region of SDS 

polyacrylamide gels (Sachs et al., 1976a). 
Previous work on reconstitution of pumps in artificial membranes 

has been confined largely to reconstitution in liposomes. Reconstitution 

of the electrogenic ATPase of mitochondria results in retention of the 

electrogenic properties of that ATPase. The electrogenic properties of 

Na + +K+ and Ca ++ ATPases are more doubtful in the intact biological 

membrane. That a property change does occur on reconstitution of this 

type of ATPase is shown by the high anion permeability of the native SR 

vesicles and the low anion permeability of the reconstituted pump 

vesicles. 
The evidence for nonelectrogenicity of the H+ + K+ ATPase in the 

isolated mature vesicles is convincing by the techniques used, namely 

effects of change of conductance of the membranes and redistribution of 
lipid permeable ions (Sachs et al., 1976a). The most striking features of 

the bilayer reconstituted system on the other hand are (a) the presence 

of an electrogenic H+ pump and the nonexistence of active K+ trans- 

port, i.e., EK 0; (b) the exponential increase of all conductances with 

time; and (c) the increase of the exponential rate kK in the presence of 

ATP. 
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Il the It seems to us that the discrepancy as to active K+ transport can be 
anges explained by considering the possibility that the pump exists as a dimer 
these 1 

in the natural membrane, but may dissociate to a monomer in the 
raves artificial membrane. If the monomer has two configurations E1 and E2, 
con which are H+ and K+ transporting, respectively, obligatory coupling in 

es of the form E1 E2 could give neutral exchange. 
r the The evidence for existence of a dimer in the intact vesicles depends on 
' and (1) the demonstration of a Hill coefficient, n, of 1.8 when p- nitropheñyl 
s the phosphate is the substrate, (2) the doubling of the effectiveness of ATP as 
eport a competitive inhibitor of p- nitrophenylphosphatase with rupture of the 
xtent vesicular structure (Sachs et al., 1976a), (3) The twofold more rapid 

The inactivation of ATPase and H+ transport compared to inactivation of 
dero. pNPPase (Hung et al., 1976). 

16hr Evidence for E1 and E2, i.e., 2 sites or forms of the enzyme in the 
layer bilayer, comes from the different behavior of the exponential increases in 
e in gN and gK in presence and absence of ATP. Previous results obtained 
:tion. with gramicidin A (Goodall, 1971) show a similar exponential increase 

this where it seems that the effect is due to a further thinning of the bilayer 
gra- from 50 A, at the initial collapse to the bilayer state, to 27 A after a 

assie period of 10-20 min. The activation energy for gramicidin dimer for - 
SDS nation, i.e., the conducting state, depends on thickness and is about 

kT /A. In the present case one can suppose the ion transporting sites 
anes require an activation energy to reach the bilayer surface. Then the results 
Rion for gK show that the dependence of this activation energy on thickness 
f the (1 /4kT /A) is increased (to 1/2 kT /A) in the presence of ATP. 
es of Our model assumes that only the E1 E2 form exists in the dimer. As 
gical pointed out elsewhere, (Glynn & Karlish, 1976) this implies that only 
'this half the sites are reactive with ATP and that H+ and K+ binding sites 
e SR coexist. The transport sequence can then be written, where the asterisk 
,ump identifies the same subunit: 

i the 

mely 

in of 

es of 

,ence 

cans- 

with 

ce of 

H2O+El' E2 4-41+PEiE2P+ADP 
H+PEiE2P+K+--H+PEi E2PK+ 
H+PEiE2PK+ HH+PEZE1PK+ 
H+PEZEIPK+ HH++PEZ E1+Pi+K+ 

H+ binding 
K+ binding 
translocation 
dissociation 

As written, this is an obligatory neutral exchange pump. 
At the pH of 6.1 the actual ratio of H+ or Rb+ exchanged per mole 

ATP hydrolyzed seems to be 4 (Sachs et al., 1976a). As the intracation 
stoichiometry varies so will the degree of electrogenicity. However, it may 
be simpler to develop a scheme for the transition between nonelec- 
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trogenic transport in the vesicle to electrogenic transport in the planar 

bilayer when we consider dissociation of the imer to the monomeric 

form. In this case the transport reactions may be written 

H2O+E1 +ATP H H+E1 P 
H+E1P H H+E2P 
H+E2P H H++E2P 
E2P+K+ H K+E2P 
K+E2P H K+E1P 
K+E1P H K++E1+P 

phosphorylation 
H +- translocation 
dissociation 
association 
K +- translocation 
dissociation /dephosphorylation 

From this scheme the movement of H+ is now dissociated from the 

movement of K +, provided an additional thickness dependent reaction 

E2 P ± E1 P (thickness increasing-) 

is allowed; whereas in the dimer situation, this transformation can occur 

only during the H+ and K+ exchange. K+ serves to accelerate this 

interconversion hence the K+ conductance will increase as a function of 

phosphorylation. In the absence of K +, in the presence of Na +, for 

example, H+ transport will result in a potential. K +, due to the con- 

ductance of the reaction K +E2P,K +E1P will serve to shunt the H+ 

emf but will not produce a K+ emf. Hence there will not be a drop in the 

short circuit current associated with the presence of K +. Also in the 

monomer, H+ and K+ sites sequentially, not simultaneously. 

This work was supported by U.S. Public Health Service grants NIH NS 12279, NIH 

ATPase AM15878, and NSF GB31075. 

References 

Eisenman, G. 1961. Cation selective glass electrodes and their mode of operation. Biophys. 

J. 2(2) :259 
Ganser, A., Forte, J.G. 1973. K +- stimulated ATPase in purified microsomes. Biochia 

Biophys. Acta 307:169 
Glynn, I.M., Karlish, S.J.D. 1975. Different approaches to the mechanism of the sodium 

pump. In: Energy Transformation in Biological Systems. Ciba Foundation 
Symposium. p.31. London 

Goodall, M.C. 1971. Thickness dependence in the action of gramicidin A on lipid 

bilayers. Arch. Biochem. Biophys. 147:129 
Goodall, M.C. 1973. Action of two classes of channel forming synthetic peptides on lipid 

bilayers. Arch. Biochem. Biophys. 157:814 
Hilden, S., Rhee, H.M., Hokin, L.E. 1974. Na' transport by phospholipid vesicles 

containing purified Na' +K+ ATPase. J. Biol. Chem. 249:7342 

Hung 

ga 

Jain,] 

th 

J. 

Kaga 

ph 

Lee. J 

pl 
Cs 

Sacco 

ga 

Sachs, 

no 

25 

Sachs. 

sec 



nar 

!ric 

n 

the 

to 

cur 

this 

t of 

for 

on- 

H 

the 

the 

VIH 

him. 

ium 

tion 

ipid 

ides 

Reconstitution of a Proton Pump 301 

flung 
H.H., Saccomani, G., Rabon, E., Schackmann, R., Sachs, G. '1977. H+ transport by 

gastric membrane vesicles. Biochim. Biophys. Acta 464:313 

Jain,MK, White, F.P., Strickholm, A., Williams, E., Cordes, E.H. 1972. Studies concerning 

the possible rèconstitution of an active cation pump across an artificial membrane. 

J. Membrane Biol. 8 : 363 

Kagawa, Y., Kandrach, A., Racker, E. 1973. Partial resolution of the enzymes catalyzing 

phosphorylation. J. Biol. Chem. 248:676 

Lee. J., Simpson, G., Scholes, P. 1974. An ATPase from dog gastric mucosa. Change of 
pH in membrane vesicles accompanying ATP hydrolysis. Biochem. Biophys. Res. 

Commun. 60: 825 

Saccomani, G., Stewart, H.B., Shaw, D., Lewin, M., Sachs, G. 1977. Fractionation of hog 

gastric mucosa. Biochim. Biophys. Acta 465:311 

Sachs, G., Hung, H., Rabon, E., Schackmann, R., Lewin, M., Saccomani, G. 1976a. A 

non- electrogenic H+ pump in plasma membranes of hog stomach. J. Biol. Chem. 

251:7690 

Sachs, G., Rabon, E., Saccomani, G., Sarau, H.M. 1976b. ATP and redox in acid 

secretion. Ann. N.Y. Acad. Sci. 264:456 



IG,MsNTEaotocv 
73:931 -940, 1977 

copyright 
© 1977 by the American Gastroenterological Association 

Vol. 73, No. 4, Part 2 

Printed in U.SA. 

METABOLIC AND MEMBRANE ASPECTS OF GASTRIC II+ TRANSPORT 

G. SACHS, M.B., CH.B., H. CHANG, M.A., E. RABON, PH.D., R. SHACKMAN, PH.D., 
H. M. SARAU, PH.D., AND G. SACCOMANI, PH.D. 

Laboratory of Membrane Biology, University of Alabama in Birmingham, Birmingham, Alabama 

Metabolic properties of dog gastric mucosa, investigated by substrate level measure- 
ments, implicate the Krebs cycle as the major energy- yielding metabolic pathway but 
are equivocal in terms of an ATP -based H+ secretion. Purification of gastric membranes 
by centrifugation and free flow electrophoresis results in a class of membrane vesicles 
enriched in K +- ATPase and capable of ATP -energized H+ uptake. Immunohistochemis - 
try shows these to be derived from the parietal cell. H+ uptake by the vesicles is 
accompanied by K+ efflux, and movement of either ion is not potential -coupled. The 
simplest interpretation of these transport studies is uptake of KC1 by the vesicles by 
passive diffusion followed by active H +:K+ exchange. In some respects, however, this 
model fails to conform to the expectations from in vitro studies. It may be, therefore, 
that another pump (i.e., redox) or another membrane component (i.e., Cl- conductance) 
is lost during purification. The properties of the vesicles are such, however, as to 
establish their role in H+ secretion by the stomach. 

1 Gastric secretion of H+ is caused by the reaction of the 
parietal cell to stimuli. Of these, histamine, gastrin and 
acetylcholine are the ones most frequently considered as 
being primary. There is considerable dispute as to the 
nature of interaction between these stimuli as well as to 
their action on the parietal cell. In this paper we are 
concerned with the response of the cell to changes of 
second messengers, whether Ca2t, cAMP, or some un- 
known component. 

The response of the parietal cell can be divided into 
three components: a metabolic response, a possible 
membrane fusion reaction, and H+ secretion accompa- 
nied by Cl -. 

Metabolic Response 
The changes in metabolite pattern occurring in the 

sarietal cell between rest and secretion were deter- 
mined in histological sections of parietal cell regions of 
bog gastric mucosa by comparing the steady state levels 
if glycolytic, glucose oxidative, lipolytic, and Krebs cy- 
:Ie intermediates.1 -3 
Glycolysis. There were significant changes in parietal 

ell levels of intermediates of this pathway. There was 
lao crossover in levels of any of these, but the relative 
Changes of fructose -6- phosphate and fructose 1,6- diphos- 
shate imply activation of phosphofructokinase. The rise 
n pyruvate and lactate also implies some regulation at 
he pyruvate dehydrogenase reaction, as suggested by 
studies of the effect of lipoate on acid secretion by frog 
ucosa.4 The small change in glycogen indicates that 

;lycogenolysis is not a major energy source in this mam- 
Address requests for reprints to: Dr. George Sachs, Laboratory of 

Membrane Biology, University of Alabama Medical School, Univer- 
sly Station, Birmingham, Alabama 35294. 

This study was supported by Grants AM 15878 and CA 16722 from 
the National Institutes of Health. 

malian tissue. The increase of glycolysis must then be 
attributable to increased glucose entry into the cell, 
presumably Na + gradient -controlled. The rise in phos- 
phoenol pyruvate was also large but the level of phos- 
phoenol pyruvate was very low. 

Glucose oxidation. The measured intermediates of 
this metabolic chain increased with onset of secretion. 
However, the total NADP +:NADPH ratio did not 
change and the calculated cytoplasmic ratio fell. This 
suggests that a major activation of this pathway does 
not occur and that moreover, because there is an in- 
crease of intermediates, control of this pathway may be 
elsewhere than in the triphosphopyridine ratio. 

Lipolytic and other intermediates. There was a 
marked rise of glycerol with onset of secretion, support- 
ing the concept that there might be some activation of 
triglyceride lipase. There was also a rise in acetyl coen- 
zyme A (CoA), CoA acetoacetate, and f3- hydroxy butyr- 
ate, indicative of some increase in fatty acid oxidation. 

Krebs cycle and related intermediates. From the data 
in figure 1 it seems fairly clear that the onset of acid 
secretion is associated with a large increase in the 
steady state levels of most of the citric acid cycle inter- 
mediates. The increase in citrate suggests an increase 
in citrate synthetase activity, attributable to the in- 
crease in oxaloacetate and acetyl CoA rather than to an 
activation of the enzyme per se. The large rise in fuma- 
rate and malate relative to succinate implies activation 
of succinic dehydrogenase. 

Summary of metabolic pathways . Clear evidence has 
been obtained for the activation of glycolysis and mito- 
chondrial metabolism owing to stimulation of acid se- 
cretion. Partial evidence is available that fatty acid 
oxidation may also be implicated. However, only the 
phosphofructokinase and succinic dehydrogenase reac- 
tion intermediates show sufficient change to suggest 
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FIG. 1. The percentage change observed in Krebs cycle and related 
intermediates in parietal cell regions of dog gastric mucosa. 

primary activation at those sites. One may speculate, 
based on these data, and on observations of the redox 
changes found in the chambered amphibian mucosa,5-7 
that gastric mitochondria may be defective in one or 
several of the metabolic anion transport systems.8 This 
would not be unique to gastric mitochondria, because it 
is also found in insect muscles and heart muscles mito- 
chondria. Control of mitochondrial metabolism may 
therefore be exerted at the entry step of substrate, fatty 
acetyl CoA, or at pyruvate transport, for example. 

Changes in pyridine nucleotides . Spectroscopic obser- 
vations have suggested that there is a generalized re- 
duction of the observable components of the redox 
chain.s' 7, 10, 11 There may, however, be a relative spar- 
ing of the pyridine nucleotide component.' This may 
implicate the reactions of complex I of the mitochondrial 
respiratory chain in acid secretion.12 Direct measure- 
ment of NAD+ and NADH levels in the parietal cell 
area during the transition from rest to full secretion 
showed a fall in the total ratio of NAD:NADH, as would 
be predicted from spectroscopic studies. Assuming equi- 
librium operation of lactic dehydrogenase in the cyto- 
plasm and glutamic dehydrogenase in the mitochon- 
dria, one can calculate the ratio in these two compart- 
ments. There was a fall in the cytoplasmic ratio and an 
increase in the mitochondrial ratio, implying a flow of 
reducing equivalents into the cytoplasmic compart- 
ment. This flow is in the energetically favorable direc- 
tion and may be interpreted as evidence for utilization 
of these reducing equivalents for the process of H+ secre- 
tion. 

Changes in adenine nucleotides and phosphocrea- 
tine . There was a fall in the phosphorylation potential 
(ATP:ADP P1), but this was due usually to an increase 
in inorganic phosphate. The levels of ATP, ADP, and 
phosphocreatine changed very little. This finding is 

somewhat unexpected if the sole mechanism of g+ 
cretion is dependent on ATP and the metabolic stimiilu 
resulting in the large increase in 02 consumpti.on'aisa 
fall in the phosphorylation potential. Moreover, 

the 
source of the increase of Pi is obscure. Perhaps there is 

large change in phospholipids such as phosphatidyl 
ino. 

sitides associated with secretory stimulus. 
An alternative explanation for the constancy of the 

high energy phosphate pool is that although the total 

adenine nucleotides do not change, the mitochondria) 
compartment changes very differently from the cyto 
plasmic pool. However, calculation of the change in 

phosphorylation potential using the glyceraldehyde 
phosphate equilibrium in the cytoplasm provides data 

quantitatively identical to the change found by calcula. 

tion using measured nucleotide levels. 

Summary of Metabolic Response 
A combination of the data from spectroscopic and 

metabolite measurements in the gastric mucosa does 

not give a resolved picture of either the metabolic path. 

way(s) or the energy source for H+ transport in the 

mucosa. It may therefore be suggested that both ATP 

and a redox substrate are involved. To resolve this 

question further, one can consider the membranes in. 

volved in gastric proton transport. Before describingth 
compositional and transport features of the secreten 

membrane, we shall digress briefly into an anatomical 

description of the morphology of the parietal cell. 

Morphological Changes 
It appears that the resting parietal cell contains large 

quantities of cytoplasmic membranes named tubuloves. 

ides. With stimulation of secretion, these fuse with the 

apical membrane of the cell, producing amplification of m 

the secretory surface, which persists during secretion. 

This process is reversed with cessation of stimulus. The 

alteration seems quite complex" in that there are dou- 

ble membrane forms (hexa- and pentalaminar) observed l 

both in the intact tissue15 and in isolated membrane 

fractions." These double membrane forms are an unex- 

pected feature of a simple fusion membrane -recycling 

system. 
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Isolation and Composition of Gastric 
Plasma Membranes 

As in any other tissue, purification of the plasma 

membrane fraction is not entirely straightforward. FIG. 

Classically, the procedure involves separation of a 
traction 

smooth membrane fraction from other cellular partita- 
activity 

late material by differences in mass and density, and (Rep odi 
defining markers (enzymic, receptor, and composi permissi 

tional) for this membrane fraction. In the case of hetero' 

cellular epithelia, the problem is complicated by hetera 

geneous plasma membranes both with respect to cell 

type and cell surface, the apical, basal, and latead 

surfaces subserving different functions. Gastric mucosa 

contains four major cell types; surface, neck, parietal 

and peptic cells. Flooding the cell surface with hyper. 

tonic NaCl results in selective removal of most of th, 

surface and neck cells, leaving the parietal and pepbt 
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cells. Homogenization and differential centrifugation of 

the homogenate results in a microsomal pellet. This can 

be fractionated further by density gradient centrifuga- 

tion in a zonal rotor using sucrose or Ficoll sucrose 

gradients, resulting in two fractions consisting of 

smooth surface membrane vesicles uncontaminated by 

mitochondrial markers and a third fraction containing 
mitochondrial markers and RNA. 

As previously described," there is enrichment of 5'- 

nucleotidase (5'- AMPase), a K +- activated ATPase that 
s ouabain- insensitive,16 and Mgt+ ATPase in both 

smooth membrane fractions. A HCO3 activation of a 
dg2+ ATPase is also present in both membrane frac- 
tions, 17 

Further fractionation of these membranes is possible 
using free flow electrophoresis producing two and three 
membrane fractions from the lighter And heavier mate- 
rial, respectively. As shown in figure 2 and table 1, this 
fractionation provides a separation between the K +- 

ATPase on one hand and the Mgt+ ATPase and 5'- 
AMPase on the other. Two other activities of interest 
are the presence of cytochromes and HCO3- activation 
of ATPase activity. 

With respect to cytochrome, there is, in the presence 
of dithionite, the appearance of an absorbance at 431, 
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520, and 561 nm, with an additional shoulder at 555 nm 
(fig. 3). The similarity to complex III and to the cyto- 
chrome b561 present in chromaffin granules]$ is striking. 
However, the cytochrome b561 component is separated 
from the K +- ATPase by free-flow electrophoresis. 

HCO3- activation of the ATPase is present in the K +- 
ATPase fraction. This activity is insensitive to the pres- 
ence of mitochondrial ATPase inhibitor, in contrast to 
the HCO3- activation of the mitochondrial ATPase, 
which is highly sensitive to the inhibitor. 

The significance of this activation by HCO3- is not 
known. Surveying the occurrence of HCO3 activation 
of a Mgt+ ATPase that is nonmitochondrial, such as in 
colon19 or distal tubule2°' 21 of kidney, it is tempting to 
assign a role for this enzyme in Cl- or Na+ transport 
across the apical membrane of the cell. There seems to 
be some question as to whether Cl- transport occurs 
actively across the cell membrane, or down an electro- 
chemical concentration gradient from an accumulated 
Cl- cellular pool.22 If so, it is possible that the HCO3 
activation reflects a role of this enzyme in Cl- transport 
as originally suggested.17 

The major emphasis is on the presence and purifica- 
tion achieved of the K +- activated ATPase."' 16 Associ- 
ated with about a 50 -fold increase in specific activity of 
the ATPase as compared to the original homogenate is a 
purification of the 100,000 mol wt region of the peptides 
present in sodium dodecyl sulfate -polyacrylamide gel 
electrophoresis (SDS -PAGE) (fig. 4). From this it can be 
seen that the membrane fraction labeled contains at 
least 80% of the peptide in this 100,000 mol wt region. It 
is this region that is phosphorylated by y- [32P]ATP.23 

There are several characteristics which distinguish 
this enzyme from the other plasma membrane ATPases 
which have been previously described, such as the Cat+ 
ATPase27 and Na+ + K+ ATPase24 as well as similari- 
ties. 

Thus Na+ is not required for activity, Cat+ is inhibi- 
tory to the enzyme, and ouabain is without effect on 
enzyme activity, as examples of differences. 

All three enzymes contain a major peptide of 100,000 
mol wt as the catalytic subunit,14, 24.27 as well as, in the 
case of the Na + K ATPase, a glycoprotein of about 
55,000 mol wt. 

All three enzymes show a complex pattern using isoe- 
lectric focusing, and their patterns differ characteristi- 
cally. The significance of this complexity is unclear, but 
may represent postsynthetic modification of the trans- 
port protein. 

The gastric ATPase occurs in vesicles with transport 
characteristics, which makes their study a particularly 
relevant area in investigating acid secretion. 

TABLE 1. Purification of GII gastric membrane fraction° 
Fractions Mg=* ATPase K* ATPase° K* p-nitrophenyl phosphatase 5'-AMPase 

GII (zonal) 19.4 ± 1.8 63.6 ± 2.0 61.2 ± 4.2 2.2 ± 0.3 

GII-FI 4.4 ± 1.0 110.7 ± 2.6 68.0 - 2.5 0.3 ± 0.06 

GII-FII 31.0 ± 3.1 20.0 ± 0.7 9.4 ± 1.0 5.4 ± 1.0 

GII-FIII 2.8 ± 0.4 50.1 ± 3.2 31.0 ± 2.2 0.1 ± 0.1 

° Activities are expressed in micromoles per milligram of protein per hour (mean of nine fractionations ± sE). 

° Activity in presence of 20 mm -KC1 minus the basal rate. 
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or glucuronate. This does not happen; thus, models 2 3, and 6 of figure 7 are unlikely. An electrogenic H+ ATP. 
ase of the mitochondrial type would be uncoupled by the 

addition of an H+ conductance by a protonophore 
such 

as tetrachlorsalicylanilide (TCS); hence, ATPase activ. 
ity would increase. Because this does not happen, 
models 3 and 4 are not favored. An electrogenic 
pump with a limiting H+ conductance should also in 
crease activity with the addition of an H+ conductance, 
unless there is a high Cl- conductance. In this case, the' 

sensitivity to TCS should increase in S042- solutions, 
and it does not. An H +:K+ exchange pump with a pas. 

sive KC1 limb should increase in activity when the 

internal K+ of the vesicles is maintained, because after 

a time the vesicles become depleted of K +. This seems to 

be borne out by the frnding2" that K+ ionophores, in 

contrast to lipid -permeable ions, increase ATPase activ. 

ity if the enzyme is present in vesicular form. The 

internal K+ requirement suggested by these data is not 

fully satisfied by preincubation in K+ medium. Hence, 

just from these data, one might suggest that K+ efflux 

occurs from the vesicles with the addition of ATP, 
Conductance of the vesicle membrane. The relative 

conductances of the vesicle membrane can be assessed 

by imposing ion gradients across the vesicle membrane 
and measuring the efflux or influx of H +. For example, 

imposing a KC1 gradient from inside to outside will 

result in a potential across the membrane if the conduct. 

ances to K+ and Cl- are unequal. If gK+ > gel-, H+ will 

tend to move into the vesicle. In the presence of an H' 

conductance, endogenous or induced by the addition of a 

protonophore, H+ will then enter the vesicle. The oppo 

site holds true if gcr- > gK +. In fact,22 very little H- 

movement occurs even with a protonophore. This tends 

also to rule out a K +:H+ exchange carrier such as nigeri 

cin. From this result we can conclude that the relative 

conductances to K+ and Cl- are about equal, or too low 

to méasure by this technique. Substituting choline for 

K+ or 5042- for Cl- leads to essentially a similar result. 

This supports the view that the conductance for both 

ions is low. 
In contrast, using the same gradient experiment, the 

addition of a K+ ionophore such as valinomycin pro- 

duces H+ movement even in the absence of an added H- 

conductance. The implication of this finding is that, no 

the unenergized vesicle, gH+ > gK+ - gcr- (fig. 8). 

The permeability of the vesicle membrane to various 

anions and cations can also be estimated by measuring 

uptake or efflux of radioactive ions. 
From the formula 

Origin of Fraction FI Vesicles 

Injection of fraction FI into rabbits provided an anti- 
serum which had the properties of (1) giving a single 
precipitation line on immunodiffusion plates against 
Triton X -100 solubilized microsomal or FI membrane 
protein, (2) inhibiting both the K +- activated ATPase 
and p- nitrophenylphosphatase, and (3) inhibiting H+ 
transport by gastric vesicles. 

Staining of gastric antral and fundic sections with 
this antibody, as compared to staining with nonimmu- 
nized serum, showed that it was specifically an antipa- 
rietal cell antibody and probably bound more firmly to 
the supranuclear region of the cell. This would be ex- 
pected of an antibody against the apical tubulovesicular 
system (fig. 5). 

Transport by Gastric Vesicles 
In a medium containing only KC1 and MgC12 with no 

or minimal buffering capacity, gastric vesicles (fraction 
GI or FI) take up H+ from the medium25 with ATP 
addition (fig. 6). 

From this observation one can predict a series of 
possibilities relating to the proton transport mecha- 
nism. For example, the pump could be electrogenic K+ 
outward or electrogenic Cl- inward, resulting in H+ 
movement in response to a potential. Alternatively, an 
electrogenic H+ pump could be present, moving Cl- 
inward or K+ outward through a membrane K+ conduct- 
ance. The pump could also be a coupled HC1 inward, or 
KC1 could enter passively followed by an H +:K+ ex- 
change (fig. 7). 

It is possible, using ionophores to change membrane 
conductance and then follow passive and active ion 
movements, or ATPase activity in nonleaky vesicles, to 
decide between most of these models. Moreover, using 
radioactive or fluorescent lipid -permeable ions, it is pos- 
sible to obtain an estimate of potential difference 
changes across vesicle membranes. 

ATPase. Considering first the information obtainable 
using ATPase activity, we can provisionally exclude 
many of these models. A model requiring a Cl- pathway 
as a conductance or a pump component would then 
predict that ATPase activity would change when Cl- is 
substituted for by a less permanent anion such as S042- 
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FIG. 3. A dithionite reduced profile of the membranes obtained on 
the second free flow peak (FII) showing the absorbance at 431 and 561 
nm characteristic of the membranes. 

p = (0.693/tr12) r 
the permeability in centimeters per second can be est. 

mated, where r is the radius of the vesicle and tus is the 

half -time. As described previously,28 the net uptake raft 

of Rb +, Cs +, Na +, and Cl- are about equal, with a Lily(' 

the order of 40 min, giving p - 10 -8 cm sec -'. 
The addition of a K+ ionophore accelerates the uptake 

of cation such as Rb+ and is due to both an i.ncreasd 

entry of Cl- and an increased efflux of H +. This result 

shows that there is a finite Cl- conductance; hence, from 
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tressed 
FIG. 4. SDS -PAGE gels of, from left to right, the gastric microsomes, the deeper gradient band, and the three free flow electrophoresis 

brane peaks, FI, FII, and FIII. FI is active in H+ uptake and was used for immunization. (Reproduced from Biochim Biophys Acta 465:311 -330, 1977, 
mple, with permission.) 
e will 

+duct. 
above, because gK+ - gc, -, there is also a finite K+ 

will conductance. Bilayer studies also indicate agK +, butgK+ 
an H+ 

> go-.29 

The efflux of radioactive ions is also relatively slow. 
The addition of external cation selectively increases 
efflux of radioactive 86Rb +. The sequence for this ex- 
change efflux is K+ > Rb+ > Cs+ > Na +, Li +, a sequence 
identical to the activation sequence of the ATPase activ- 
ity and the intracationic selectivity determined in bilay- 
ers. It seems to be a reasonable speculation that this 
exchange efflux reflects some characteristic of the ATP- 
ase peptides.28 

From these data we can conclude that the unener- 
gized vesicle membrane contains selective conductance 
paths for cation and for Cl- but that these are of rela- 
tively small magnitude. It should be emphasized that 
these data refer to the unenergized membrane and may 
or may not be relevant to the membrane upon the 

trions 
addition of ATP. 
H uptake . The uptake of H+ due to the addition of 

ATP clearly reflects the function of the K+ ATPase.22. ao 

The uptake observed by a pH electrode (i.e., the disap- 
pearance of H+ from the medium) can be due to (1) 
binding of H +, (2) H+ movement into an intramem- 
branal region, or (3) uptake of H+ into intravesicular 
water. Classically, the way to distinguish these has 
been the demonstration that either ionophores can re- 
verse or inhibit the phenomenon or the uptake is sensi- 
tive to vesicular volume, i.e., medium osmolarity. H+ 
uptake is dissipated by ionophores, and apparently 
there is zero H+ uptake at infinite osmolarity.22 How- 
ever, this latter experiment must be interpreted with 
caution if a K +:H+ exchange is taking place. Then the 
effect of vesicular volume is to reduce the quantity of 
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intravesicular K +; hence, the effect on H+ uptake is 
secondary. Otherwise, with intravesicular buffer pres- 
ent, the buffer concentration would also increase with 
declining volume and the H+ uptake would stabilize. 
With 5 mm buffer present in the medium, 10 nmoles 
would be present in 2 Al of vesicle volume, and this 
should be detected as a finite intercept on the line 
relating uptake to the reciprocal of the osmolarity. 

The effect of ionophores can be studied in three phases 
of the experiment, addition before ATP, during the 
action of ATP, and after the ATP is utilized and an H+ 
gradient is slowly dissipating due to the endogenous H+ 
leak of the membranes. In the latter case, nigericin, 
which acts mainly but not exclusively as a neutral 
cationic exchange ionophore, rapidly dissipates the gra- 
dient, presumably exchanging H+ for K +. Both a proton - 
ophore (TCS) and a K+ ionophore are required to dissi- 
pate the gradient. If a high Cl- conductance were pres- 
ent, a protonophore alone would dissipate the gradient; 
this would be equally true of a high K+ conductance. 
The action of TCS is less than the action of valinomycin 
and exhibits the peculiar feature that there is only a 
transient increase in the dissipation rate. This is diffi- 
cult to interpret on the basis of a single compartment of 
H+ with a uniform K+ or Cl- conductance because this 
would produce an exponential decline of the gradient. 

If the vesicle conductance to K+ or Cl- were depend- 
ent on the intravesicular pH, a low pH increasing con- 
ductance to one of these ions, and at a certain pH the 
conductance suddenly fell, then the effect of TCS would 
be different depending on the magnitude of Cl- as com- 
pared to H+ conductance. 

Protonation of the membrane would tend to increase 
Cl- conductance, and because the K+ conductance is 



936 SACHS ET AL. 

FIG. 5. The immunofluorescence of a gastric section after treat- 
ment of an alcohol -fixed paraffin- embedded longitudinal section of 
hog fundic mucosa with anti -FI antibody and fluorescein -conjugated 
anti -rabbit y- globulin. The parietal cell fluorescence shown is not 
obtained in antral sections or with nonimmunized serum. 

low, the initial efflux of H+ -TCS would be associated 
with Cl- efflux. At higher pH, the Cl- conductance 
would fall, and the movement of H+ -TCS would return 
to the rate limited by conductance of other ions. 

The effect of valinomycin alone, after consumption of 
the ATP, is larger than that of TCS, and depends on the 
H+ conductance of the vesicle membrane. Because this 
is relatively high compared to Cl- and K+ in the resting 
membrane (see above), considerable dissipation of the 
gradient occurs. 

Gramicidin, a channel- inducing ionophore, consist- 
ently shows a slower effect on the H+ gradient than 
valinomycin, valinomycin and TCS, or nigericin. This is 
in sharp contrast to its effectiveness in stimulating 
ATPase activity, where it is considerably more effective 
than a combination of valinomycin and TCS. 

Amphotericin B is without measurable effect on H+ 
leaks in these vesicles. 

As a class, lipid -permeable cations such as dimethyl 
dibenzyl ammonium have variable effects. They are 
considerably less effective than valinomycin, even at 10 
mm concentration, but do appear to increase the leak of 
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(TCS). In the presence of TCS, valinomycin now dissipates the e 0r] gradient, as does nigericin in the first experiment. 
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H +; the increased leak tends to have the same time 
course as the protonophore effect. 

Lipid -permeable anions such as SCN- (up to 20 mid) 
also appear to increase the leak of H+ in some, but not 
all, experiments. 

The variability of some of these data implies that 
there are tissue or preparative variations in the passive 
conductance properties of the vesicles. Because the pres- 
ence of the pump is invariant, the variation is therefore 
not due to the properties of the pump itself. 
Addition of ionophores or lipid -permeable ions before 

the addition of ATP allows some deductions to be made 
about the characteristics of the pump. 

extra. Pretreatment with valinomycin when a K+ gradient 
TP, The out to in is present increases the rate and magnitude of 
rease in j+ uptake and dissipation. This may be due to the 
cation, provision of a shunt conductance for an electrogenic H+ 

de 

an )the 

pump or to a.n increased supply of K+ to external sites. If 
the former is the case, a lipid -permeable cation should 
have the same effect. Dimethyl dibenzlyammonium at 1 

mil or 10 mm has no effect in some preparations and 
inhibits in others. This can be explained on the basis of 
I A+ varying from preparation to preparation, or the 
magnitude of the H+ gradient induced by ATP varying. 
However, the rate and magnitude of H+ uptake are not 
ncreased. Hence, the action of valinomycin is not due to 
he provision of a cationic shunt conductance, in con- 
rast to bacterial vesicles.31 
Preincubation of the vesicles in KC1 allowing the 

nternal K+ to accumulate markedly accelerates H+ 
iptake (fig. 9). This indicates that internal (vesicular 
pace or intramembranal sites) K+ is required for H+ 
iptake. Adding valinomycin before ATP under these 
onditions has less effect on H+ uptake, which can be 
xplained by the increased leak of H+ induced by valino- 

take by 

dienti 
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FIG. 9. The effect of varying the intravesicular K+ on ATP - 
lduced H+ uptake, and the effect of Na+ substitution. The lowest 
true shows H+ uptake in the presence of equal concentrations of 
h+ inside and outside the vesicles. This small H+ gradient is 
issipated by gramicidin. In the presence of K+ initially only on the 
lutside of the vesicles, H+ is taken up with no overshoot. With K+ 
vtially present in the vesicle interior, there is a much increased H+ 
;take and an overshoot. In all three cases, valinomycin increases 
i' uptake in the continuing presence of ATP, suggesting that either 
'has been transported out of the vesicle or H+ uptake is potential 

!atricted. Because lipid -permeable cations do not mimic valinomy- 
x, the former possibility is indicated. 
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mycin balancing the removal of the K+ movement re- 
striction. H+ uptake is only slightly increased by valino- 
mycin under these conditions. 

On this basis, valinomycin thus increases access of K+ 
to critical sites, and its action argues against the pres- 
ence of an outward electrogenic K+ pump. 

If the H+ pump were electrogenic, then the addition of 
protonophores before the addition of ATP should result 
in a reduction of the H+ transport, which does occur by 
up to 40 %, but the magnitude of the inhibition varies 
from preparation to preparation (fig. 6). Because TCS 
does increase the dissipation of the gradient, presum- 
ably owing to efflux along with Cl -, the partial inhibi- 
tion is not unexpected. This, taken along with the ATP - 
ase data, argues against a simple electrogenic pump for 
H +. 

Addition of ionophores during pump activity may also 
be informative. Thus, as shown in figures 6 and 9, 
valinomycin added during the presence of ATP, 
whether the vesicles were preequilibrated with K+ or 
not, results in an increased H+ uptake. Lipid permeable 
cations do not do this; hence again, the simplest inter- 
pretation is increased access of K+ to intravesicular 
sites. 

Anions clearly play a critical role in secretion by the 
intact mucosa. As shown in figure 10, monovalent an- 
ions are excellent substitutes for C1 -. 5042- restricts H+ 
movement, and this effect is independent of K+ in the 
vesicle interior. However, subsequent entry of K+ might 
be restricted. The addition of valinomycin would in this 
case accelerate K+ entry only as far as the reduced anion 
conductance would allow. There is indeed a stimulation 
of H+ uptake with valinomycin addition. Also shown in 
this figure is the inhibitory action of 150 mm SCN. As 
pointed out before, the effect of SCN- varies from prepa- 
ration to preparation. In some cases virtually no inhibi- 
tion is seen. In others, 20 mm results in significant 
inhibition. In no case, however, is there inhibition of the 
ATPase. 

Cation efflux. As discussed in detail elsewhere,28 it 
can be shown that Rb+ efflux accompanies H+ uptake at 
pH 6.1 and follows the pH profile of the enzyme's activ- 
ity (fig. 11). Rb+ efflux is inevitable whether the pump is 
electrogenic H+ or not, provided that go- is not much 
greater than gRb +. Evidently, if go- is zero, the H +:Rb+ 
ratio will approach unity. 

However, one would expect valinomycin to increase 
Rb+ efflux if go- were finite, and lipid -permeable cat- 
ions to decrease efflux if this efflux were dependent on a 
cation path elsewhere in the membrane. Neither event 
happens; hence, not only must go- be close to zero, but 
also the gcatlon must be high. Probably neither of these is 
true, based on the data already discussed; hence, the 
cation movement must be through specific pump path- 
ways, i.e., the pump is a truly H +:K+ coupled pump at 
pH 6.1. Modeling this pump electrically is considered in 
the following section. 

This concept also explains the greater H+ transport in 
the presence of K+ in the vesicle. Figure 9 shows that 
the rate of H+ uptake is much higher with no K+ gra- 
dient than with an inward K+ gradient. In this figure 
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FIG. 10. The effect of varying the anion composition of the vesicle 
medium shows that Cl -, Br-, I -, and NO,- are almost equivalent. 
S042 -, however, inhibits the uptake rate and magnitude, and 150 mm 
KSCN also inhibits H+ uptake. The effect of TCS or valinomycin is 
much reduced in S042- showing a Cl- requirement for K+ entry or H+ 
exit in the ionophore- treated vesicles. 
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FIG. 11. The pH activity profile of the K+ ATPase at room temper- 
ature and the efflux of Rb+ as a function of pH. 

and in figure 6, there is a significant overshoot of the H+ 
(no K+ gradient) gradient owing to the biphasic action of 
ATP. Thus the initial effect is to remove the intrave- 
sicular K+ resulting in a rapid H+ uptake. At this point, 
the ATPase reaction is rate limited by KC1 influx, and 
the H+ leak and the new H+ uptake balance at a lower 
steady state. As shown in Figure 9, when the vesicles 
are not preequilibrated with KC1 no overshoot is ob- 
served. 

Vesicle potential. This can be measured by lipid - 
permeable ions, either fluorescent or radioactive.28.32 
The distribution of these ions does not appear to change 
at pH 6.1 with the addition of ATP unless valinomycin 
is also present. This argues against the development of 
a large potential. Because Cl- removal and S042- sub- 
stitution does not alter this conclusion at pH 7.4, the 
absence of a potential does not appear to be due to a 
large gc,- . The use of lipid -permeable ions, especially 

the highly soluble aromatic types such as anilinonaph 
. 

thosulfonic acid or acridine orange, alters the proper. 
ties of the membrane; thus, the cationic shunt conduct. 
ance increases, and if the dye binds, induction of surface 
charge may also alter the ion permeability of the mein. 
brane. This may be particularly important when deal. 
ing with a membrane of low permeability, as appears 

to be the case with gastric vesicles. 
Taken altogether, there is no evidence for a potential 

or conductance limitation for this H+ transport phenom. 
enon. One can consider two electrogenic explanations: 
an electrogenic H+ pump with an inherent K+ conduct. 
ance, or coupled electrogenic H+ and K+ pumps. 

General consideration of vesicle studies. In the former 
case the potential across the vesicle membrane would be 

given by 

E = EH gH /(gH + gK + gx) 

where EH is the electromotive force of the proton pump, 

and gH and gK are specific pump conductances, and gx is 

all other conductances. In the absence of K +, the poten. 

tial across the membrane would be given by EH. The 

rate of the pump is considerably slowed in the presence 
of Na +. Increasing membrane conductance should then 

increase pump rate and H+ uptake. As shown in figure 

9, the addition of gramicidin, which activates ATPase 

but only slowly dissipates the gradient, does not result 

in increased uptake, but the gradient is dissipated, 
Measurements of vesicle potential using S" CN or 8. 

anilino -l- naphthosulfonic acid do not provide evidence 

for the development of a potential when Na + is substi. 

tuted for K +28.32 at pH 6.1. 
Current flow in this model is given by 

IH =(Egx) 
Adding a g'K (increase gx) will increase IH as found. An 

addition of proton conductance g'H, because this will 

result in H+ leak, will decrease IH as found. The absence 

of a potential under K+ conditions must mean that gs- 

> gH +, when the membrane is activated. 
A more complex model, coupled electrogenic pumps, 

gives a potential 

E _ (EHgH - EKgK) /(gH + gK + gx) 

and a current 
IH= (EH - E)gH 
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vary about either side of zero, or be zero. Again, elimi. rould 1 

nation of K+ should result in a potential, and increasing Relat 

gx by any maneuver, provided that H+ conductance is ations 

not increased, should increase current flow. Removal of (fives a 

a component of gx (i.e., S042- for Cl -) will reduce In or Milan 

ATPase activity. Ich.33 I 

Many more examples could be taken, and although 1-, ho' 

some data fit these types of model many do not. Accarf netabo 

ingly, from these data, one has to consider the nonele then ti 

trogenic H +:K+ exchange model with a passive 11f lectrog 

entry into the vesicle. As illustrated in Figure 12, the iynami 

pump requires K+ in the vesicle interior and there are The t 

shunt pathways for K+ and Cl- in the membrane. ¡Ole of 
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could have what might be regarded as a trivial explana- 
tion. With onset of acid secretion, there is a fall in pH of 
the cell surface. Groups on this surface (glycocalyx) 
protonate, thereby increasing the surface positive 
charge. This restricts the movement of K+ away from 
the surface and allows Cl- to move away. This will 
facilitate K +:H+ exchange. At onset of secretion, before 
a large change in pH occurs, the initial secretion will 
therefore contain higher quantities of K+ than later. 
There are many other possible explanations, such as the 
presence of a dissociable Cl- conductance. 

The evidence against a pure ATPase scheme is fairly 
formidable. Perhaps the most cogent is the finding that 
menadione can reverse amytal inhibition of Cl- secre- 
tion by elevation of ATP levels, but not amytal inhibi- 
tion of H+ secretion." The maximum OpH we have been 
able to observe in the vesicles using aminoacridine as an 
indicator is about 3. Perhaps a second pump in series is 
necessary to achieve the 106 H+ gradient. 

Studies on vesicles isolated from secreting tissue are 
needed to evaluate some of these possibilities. However, 
at worst, it seems clear that in these vesicles we are 
studying a critical component of the acid secretory 
mechanism; at best, it is the gastric proton pump. 

FIG. 12. A conceptual model of the ATPase, illustrated as a 
former transducing unit FT(E,E2) and associated conductances F.. The FT 
mild be form transports H+ to the conductance unit, converting to E2, and K+ 

moves through another conductance to allow conversion of E2 back to 
E. KCl enters the vesicle by other pathways. 
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Bilayer studies as detailed elsewhere provide a clue as 
to what might cause some of the difficulties with the 
vesicle studies.29 

In the presence of K +, the addition of ATP generates a 
potential when pump is incorporated into a planar bi- 
layer. This potential decays in a thickness- dependent 
fashion, so that when the bilayer is thin, only a small 
potential develops. The continuing increase of current 
during this voltage decay suggests the model of an 
electrogenic H+ limb with a specific pump conductance 
for K+ which exceeds the H+ conductance during pump 
activity. 

Bilayer studies using a novel technique of forming the 
bilayer from the vesicle membranes themselves for the 
gastric ATPase and purified Na+ + K+ ATPase (kindly 
provided by Drs. Lois Lane and A. Schwartz) show 
different results. Here for the gastric K+ ATPase an 

od. An 
increase of conductance is produced, but no change in 

Is will 
(potential; however, for the Na + + K+ ATPase, an in- 

mare .crease in conductance and potential are observed. The 
ate farmer effect is inhibited by p- chloromercuribenzene 

sulfonic acid (pCMBS), the latter by ouabain (M.C. 
umps 

Goodall and G. Sachs, unpublished data). 
These data can be explained by considering the model 

n figure 12 showing the pump as a dimer. If the E, to E2 
and E2 to E, conversion were linked and K+ dependent, 

1the 

pump would be conductive but nonelectrogenic, with 
11:1 stoichiometry, even if the K+ limb were essentially 
r conductance. If the pump could dissociate into the 

al may monomer form, then the standard planar bilayer data 
elinú would be explained. 
easing Relationship of vesicle studies to intact tissue. Calcu- 
ince is ations of the H+ flux rate across the vesicle membranes 
wal of 

elHor 

pues a figure of about 5 x 105 molecules sec-1 µ 2, 
bmilar to calculations made for the intact rat stom- 
ch,u K+ is a known requirement for acid secretion.34 

houe 
r',1 

, however, plays a critical role, and as discussed, the 
,ccor. netabolic data suggest the involvement of a component 
rnebe titer than ATP. '2 In S042 -, H+ secretion appears to be 
e gfi lectrogenic35 and an H +:ATP ratio of 4 exceeds thermo- 
2, tb lynamic possibility. 
re an The two evident defects in the vesicle picture are the 

tie of Cl- and the role of the redox systems. The former 
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oortb OCT: Antibodies have been obtained which specifically interact with 

3 -327 ¡transport 
enzyme (H+ + K +)- ATPase. The antigen used was a highly 

live gastric plasma membrane preparation from hog fundic mucosa purified 

lectro. ¡homogeneity 
as judged by polyacrylamide gel electrophoresis. Gamma 

mom. Win from immunized animals, but not from control animals or pre - 

rnesera, inhibited the K -ATPase activity up to a maximum of 80 %. In- 

AS as 
lotion of alcohol fixed, parafin embedded section of hog fundus and 

77 
true with immune and preimmunesera as well as isolated rat parietal 

holog 
followed 

latter ( 1)J onlyefollowingbbmmunegeraul (2)sonlyd 
'3:956- 

thefundus, (3) only in the parietal cells, (4) mainly in the apical 

icmu 
.lion. These data confirm that the site of origin of the (H+ + K +)- 

iesevesicles derives from the gastric parietal cell and is compatible 

tha role of this system in gastric H+ secretion. 
solo 

Over the past several years the complex mechanism of gastric acid se- 

ction by the gastric mucosa has been the subject of much research 

rough electrophysiological (1, 2, 3), metabolic (4, 5, 6) and ultra - 

ructural studies (7, 8, 9, 10) of this heterocellular epithelium. 

To date it seems well established that the acid secretory cell of the 

stric mucosa contains an elaborate system of smooth membranes (tubulo- 

sicles) which are abundant in the apical region of the parietal cell 

Vare directly involved in the secretory process (11, 12, 13). 

Evidence has previously been presented to support the suggestion that 

lietabulo- vesicular membranes are isolated with a purified gastric 

Acta physiol. scand. Special Suppl. 1978, p. 293 -305 
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microsomal fraction derivated from fundic homogenate either from amphi. ,n)by 

bian or mammalian tissue (14, 15, 16, 17). 
Fri 

Such purified microsomes possess an ATP hydrolyzing system, perhaps 
iosfi 

unique for the gastric tissue, which is cation dependent and is capable odd 

of catalyzing a K +:H+ exchange across the vesicle membranes and to act as svolur 

an electroneutral proton pump (18, 19). 
s th 

Based on these findings, it is important to define the cell type and pal to 

the region of the cell from which the active fraction originates. Intheholubi 

present work immunological techniques were used for this purpose. Thef 

MATERIALS AND METHODS: O.( 

1. Membrane Isolation: Gastric membranes from hog fundic mucosa were Ina] 

prepared as previously described (17) by differential centrifugation, 0orpti 

density gradient separation on zonal rotor and free -flow electrophoresis, iquots 

The final three fractions designated FI (vesicular structure associates Chem 

with K 
+- 
ATPase and K 

+- 
pNPPase activities), FII (membranes containing the ry, e 

basal Mg2 +- ATPase and 5'- nucleotidase), and FIII (essentially membrane previ 

fragments containing K +- ATPase and pNPPase activities) were routinely Fore 

lyophilized and stored at -80 °C prior to use for antibody study. 

2. Preparation of antisera to membrane protein: New Zealand white 

rabbits were pre -bled and sera were obtained after clotting at r.t. forl 

hour and overnight at 4 °C, then centrifuged at 3,000 x g for 15 minutes, 

Two weeks after pre -bleeding, the rabbits were immunized using in 

of FI membrane protein fraction suspended in 1 ml of 0.9% NaC1 solution 

and mixed with an equal volume of Freund's complete adjuvant. 

s stud 

°C for 

trots 

Cell 

s perf 

rietal 

otion 1 

Subsequent injections were administered bi- weekly for eight weekser: Par 

five days after the second injection the rabbits were bled and sera pre. dc d( 

pared as described above. Thereafter, rabbits were bled weekly and sea , 
Immt 

tested for immunreactivity towards the respective antigen (membrane prosrried 

Acta physiol. stand. Special Suppl. 1978 



Localization of gastric membranes by antibody technique 295 

phi .5) by double immunodiffusion (20). 

Fractionation and purification of antisera: Preparation of y- glo- 

iaps ins from preimmunesera as well as antisera were carried out by drop - 

'able ,;eaddition at 4 °C of a volume of saturated (NH4)2SO4 solution equal to 

act as volume of the sera. After centrifugation at 10,000 x g for 30 min- 

the precipitate was resuspended in a volume of deionized water 

and Mal to 50% of the original volume of the sera. The precipitation and 

In thesolubilization cycle was repeated three times. 

The final y- globulin fractions were dialyzed against 150 mM Tris -Cl 

lfier (pH 7.4) at 4 °C for a period of 72 hours. 

ere In all experiments the antibody fractions were further purified by 

n, (sorption on insoluble antigens (21). Antibodies and preimmunesera 

resis, iquots of about 0.5 nil each were stored at -20 °C until use. 

:iatel Chemical determination: Protein was determined by the method of 

Jthe y, et al, (22). ATPase, 5'- nucleotidase, and pNPPase were analyzed 

ene previously described (17). 

ly For experiments in which the effect of antibodies on enzyme activities 

es studied, antigens either fresh or lyophilized, were pre- incubated at 

. °C for 30 minutes with the purified antibodies and preimmunesera as 

forlantrols, in the assay medium before substrate addition. 

rtes. Cell isolation from rat fundic mucosa: Cell isolation and separation 

mg sperformed following the method of Lewin et al., (23). Separation of 

ion srietal cells from other cell types was achieved by a serial centrifu- 

3tion technique carried out at 100 x g for 45 seconds (24). 

as: Parietal cells were identified by the dark blue granules after suc- 

pre-' Pic dehydrogenase stain, using nitrotetrazolium blue (25). 

ser: Immunohistochemical studies: Immunofluorescence technique was 

pro arried out using the method of Sainte -Marie (26). Fifty to 100 pi of 
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SUET`. antibodies (1.5 to 3.0 mg of protein) were applied to 5 - 6p thick sec- 

tions and incubated in moist atmosphere at r.t. for 45 minutes. The 

i one After washing in phosphate- buffered saline, the sections were stained 

by 'indirect method' (27) and fluorescein -isothiocyanate conjugatedgoat aosa 

anti- rabbit y- globulin (Hyland Lab., Los Angeles, CA.) reconstituted 
in 

od fr 

1.0 ml of sterile distilled water, using 50 - 100 pl of a 1 /10 dilute 
stin 

solution. 
dme 

Following incubation at r.t. for 45 minutes, the sections were washed 

overnight and mounted in buffered ethanol. Stained sections were examines 
p 

with a Leitz fluorescence microscope and photographed. The specificity 

of the staining was determined by using the preimmunesera and rabbit anti. 
racti 

IgG, IgA, and IgM as controls. 
lI 

For the immunofluorescence study, enriched preparations of rat parie- 
11 -F: 

tal cells were washed twice in phosphate- buffered saline containing 11 
;11F'. 

bovine serum albumin and 0.03% Na azide. Two hundred pl of cell suspen 
;il -F 

sion containing about 1 -5 x 106 cells were incubated at r.t. for 1 hour ,Acti 

with 100 pl of antibodies or y- globulin from non -immunized rabbit. 

After being spun down at 100 x g for 5 minutes, the sediment was washed 
brig 

twice. The pellet was resuspended in 200 pl of phosphate- buffered salirearf 

and 100 pl of 1 /10 dilute fluorescein conjugated goat, anti -rabbit y- 
'xtru 

globulin were added. After 30 minutes incubation at r.t., the cells were 

washed and the final pellet dispersed in a few drops of buffer. The 
I:ontt 

suspension was examined under the fluorescence microscope. 
cram 

7. Polyacrylamide gel electrophoresis: Gel electrophoresis was per- 
=.vide 

formed with 5.6% acrylamide (28) in 0.1% SDS. Samples were solubilized 
the 

S 

in 1.0% SDS - 1.0% ß- mercaptoethanol and 10 - 15 pg of protein were 

applied to each gel. Staining and distaining for protein and carbohy- 
iul 

char 

drates were carried out as previously described (16). 
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k sec 
SdtiS AND DISCUSSION: 

lhegastric 
K -ATPase is a membrane -bound enzyme composed of about 95% 

fone glycoprotein of 105,000 M.W. It has been purified from hog fundic 
tained 

ucosa 
(17) using differential centrifugation, density gradient separation, 

' -d goat 

ndfree 
-flow electrophoresis. The fractionation procedure yielded a 

:ed in 

stinct 
separation between membranes carrying Mg2 + -ATPase and 5'- AMPase 

ate 

idmembranes containing K 
+- ATPase (or p- nitrophenyl phosphatase)(Table I). 

TABLE I 

washed 

PURIFICATION OF GII GASTRIC MEMBRANE FRACTION 
examiner 

Activities are expressed in pmoles Pi and pNP /mg protein /hr 

icity - 

it anti,ractions 

5'-AMPase Mg2+-ATPase K+-ATPase* K+-pNPPase 

III (zonal) 2.2 t 0.3 19.4 
t 

1.8 63.6 
± 

2.0 61.2 ± 4.2 

urie 
;II -FI (FFE) 0.3 ± 0.06 4.4 

t 
1.0 110.7 

t 
2.6 68.0 

t 
2.5 

1 1% 
;f1 fII (FFE) 5.4 ± 1.0 31.0 ± 3.1 20.0 ± 0.7 9.4 t 1.0 

rspen 
;II -FIII (FFE) 0.1 

± 
0.1 2.8 

t 
0.4 50.1 ± 3.2 31.0 ± 2.2 

hour 
ttivity in presence of 20 mM KC1 minus the basal rate. 

washed'long 
with the 40 -fold enrichment in K +- ATPase activity (17), this vesicu- 

saline 
ar fraction FI responded to ATP addition in terms of H+ uptake and K+ 

xtrusion (18, 19). 
Y- 

s were 

Although ultrastructural evidence indicates that the parietal cell 

pntains an abundant intracytoplasmic vesicular system (11, 12) and H+ 

Transport is a property of the isolated FI vesicles (18, 19), direct 

evidence that these vesicles derive from the acid secretory region of 

zed 

'.he parietal cell has been lacking. 

Y- 

Since enzyme- specific antibodies have proven to be sensitive and power - 

ful probes for the purpose of elucidating structural and functional 

haracteristics of certain enzymes (29, 30, 31) as well as their locali- 
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zation into the particular biological system from which they derive (32) 

we used immunochemical studies directed to determine the tissue and cell 

origin of the purified K +-ATPase membrane fraction. 

Antibodies were obtained from the serum of rabbits injected with 

several preparations of purified and highly active native enzyme. The 

y- globulin obtained from anti -serum was purified by adsorption to and 

elution from the enzyme in the native membrane fraction and the antigen - 

antibody reaction was tested by double diffusion technique. 

Immunodiffusion of purified anti K 
+- ATPase y- globulin (FI AB) against 

Triton X -100 solubilized enzyme (FI Ag) gave single precipitation band, Fig. 2 

while no immunoreactivity was detected when FII and FIII membrane frac- iti -K4 -1 

tions were used (Fig. 1). Serum and y- globulin from non -immunized rabbitspaseas 

did not give any precipitation bands. 
resu' 

These results indicate that specific complex formation is only ob- rtiona 

tained between FI Ag and FI AB. iut80' 

It is known that antibodies may produce inhibition or stimulation of tivate 

enzyme activity, may alter certain physical characteristics, or may react :bit d 

with the enzyme without causing detectable changes in enzymatic activity asal M 

(31) . tivati 

4 

3 

5 

2 
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FI AB. Peri- 
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FI Ag; (2) ity, 

FII Ag; (3) 

FIII Ag; (4) ,und si 

control globu. 

lin; (5) con- )se, F 

trol globulin 
Antigens were FI A 

sol ubi 1 ized 
1% Triton X -F. 
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Inhibitory 

(32) effects of vary- 

ing concentra- 

cell tion of FI AB 80 
preparation on 

K +- ATPase and z 
pNPPase activi- ° 60 

ties. In these 

studies, 5 pg 

he of enzyme were ? 40 

used. 

d 

20 

gen- 

einst 

- K+- ATPase 

o--o K pNPPase 

20 40 60 80 
FI ANTIBODY (ugVFI ANTIGEN (I.tg) 

nd, Fig. 2 shows the effects of varying concentration of the purified 

cc- (ti-K +- ATPase y- globulin obtained from two different rabbits, on K 
+- 

abbitspase and pNPPase activities of the native enzyme. It is evident from 

aresults that the degree of inhibition of enzyme activities was pro- 

olive' to the increasing amounts of antibody with maximal inhibition of 

:nit80% for the K 
+- 

stimulated ATPase and approximately 30% for the K 
+- 

of ;riveted pNPPase. The control y- globulin fraction from non -immunized 

'eact :Ibit did not inhibit the enzyme activities. Since no inhibition of the 

ity .asalMg2 +- ATPase' was detected, this antibody is specific for the K+ 

:tivation step, consistent with its effect on the phosphatase. 

However, antibodies obtained from two other rabbits did not affect the 
fu ' 

re vie activities, although showing immunreactivity when tested by 

:airs Fuble- diffusion technique against solubilized FI Ag. i 
s Since in this case the antibodies did not inactivate the enzyme acti- 

ty, it was necessary to provide convincing evidence that they were 

mid specifically to the enzyme and not to impurities. For this pur- 

n 
)se, FI Ag in native form was incubated with different concentrations 

it 

rl FIAB at 37 °C for 30 min. The mixtures were allowed to stand at 4 °C 
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i. 

11( 

;nS 

Fig. 3. SDS -polyacrylamide gel elec- :rat 

trophoresis. (FI), purified 
K +- ATPase membrane fraction; th 

(AB), FI specific antibody; 
(C) FI Ag- FI AB complex. Tie 

Experiments were carried out 
as described in the text. ánl 

re 3 

Se 

3bb 

tan 

tai 

act 

overnight and were then centrifuged at 100,000 x g for 60 min. After the 

pellets were washed by resuspension in water followed by centrifugation 1 

for three times, the final immunoprecipitates were dissociated in 1%SDS ec 

and electrophoresed as described (28). 

Fig. 3 shows the gel pattern obtained from a typical experiment. It J! 

can be seen that the immunoprecipitate contains only two polypeptides 

corresponding to FI Ag and FI AB, indicating a specific non -covalent 

binding between the two proteins. When FII membrane fraction was incu- 

bated with FI AB and experiments carried out as described above, the gel 

pattern of the immunoprecipitate showed only the presence of FII poly - 

peptides pattern indicating once more that FI AB was specifically pro- 

duced against FI Ag. This is in agreement with the fact that greater 

than 95% of the protein in the immunizing FI Ag was K 
+- 

ATPase. 

The availability of antibody specifically directed against the membrane- 

bound K +- ATPase made it possible for us to determine the localization of 
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¡santigen 
and its specificity among different tissues. 

indirect immunofluorescence technique was applied on hog fundic sec- 

15, using the purified anti- K +- ATPase. The staining pattern Mu- 

'let- :rated 
in Fig. 4 shows that the majority of the fluorescence is localized 

¡fled 

:ion; the middle third region of the gastric gland where the majority of 

rietal 
cells is present. This strong fluorescence appears also to have 

I out 

,iolya supranuclear apical region distribution which corresponds to 

reregion of the tubulo- vesicles or microvilli of the parietal cell. 

Sections treated with y- globulin obtained from sera of non -immunized 

;obits were uniformly negative. Antrum sections as well as sections 

-oaten other different tissues did not show any positive fluorescence 

;wining confirming the specificity of the FI AB only for the fundic 

,cosa. 

er the It is often difficult to determine with accuracy the cell type and cell 

:ion egionfrom which a particular antigen derives just by fluorescent tissue 

sos tions, especially when it is a complex system like the gastric mucosa. 

nnunofluorescence studies performed on isolated and separated cells from 

It erdic mucosa could be more informative. 

I1hen suspensions of isolated cells from rat stomach were treated with 

:u- 

g. 4. Indirect 

gel immunofluore- 
scent staining 
of hog fundic 
mucosa gland 
in the middle 
third region, 
with FI AB 

(x270). 

ane 

of 
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Ïcif 

Fig. 5. Staining 
voce 

pattern 
ob. 

served in regin 
isolated 
parietal ecif 
(right) and 
chief (left) In 

cells with 
FI AB (x775)aes n 

nti-k 

tratE 

Beca 

han I 

purified anti -K +- ATPase antibody and goat anti -rabbit y- globulin fi wore. 
:nt1 -I 

scent reagent, only the parietal cells shows a strong positive staining 
;aono 

(Fig. 5). On some parietal cells of the same preparation, fluorescence 
Thy 

was distributed on the entire surface, while on most of them a more rega.!ten 

lar perimeter membrane staining was observed. The intensity of the stain,tain 

was quite pronounced in one region of the cell, probably the apical surIris 

face (Fig. 6). Suspensions treated with y -globulin from non -immunized -CIN) 

rabbit were uniformly negative. 
Th 

In conclusion, we have demonstrated that antibody raised against and 1-7 
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ecific 
for a gastric K +- ATPase membrane system, stains by immunofluore- 

;pcecells 
derived from fundic epithelium and does not stain cells 

b- 

rattiginating 
from other tissues. Thus, this antibody appears to be organ - 

;xific. 
nd 

ft) Jo addition, 
the antibody may well be cell- type- specific because it 

h 

75)Icesnot 
stain cells other than parietal. The antigen detected by the 

ti-K +- ATPase antibody is located on the parietal cell surface as demon - 

hated by 
the perimeter -type of immunofluorescence staining. 

Because viable, intact cells were used in the present experiments rather 

Mnfixed cells, the possibility that the surface antigen detected by 

e- ti -K +- ATPase is also present in the intracytoplasmic vesicular system 

g ;aonot be ruled out. 

The recent technique of ultracryotomy (33) for locating antigens and 

lu- Determining their distributions within cells 
ultrastructural intact, by 

iiotaining them with ferritin- conjugated antibodies, will definitely prove 

'ilspoint. Such studies are presently in progress. 

CKNOWLEDGMENT: 

This work was supported in part by grants NIH AM 15878 and NSF 

1-77- 18951. 

1 

Acta phvsiol. scand. Special Sappl. /978 



304 G. Saccomani, S. Crago, A. A. Mihas, D. W. Dailey and G. Sachs 

REFERENCES: 
(l' 

1. Rehm, W.S. (1965) Fed. Proc. 24: 1387. 
Ou 

2. Harris, J.B. and Edelman, I.S. (1964) Am. J. Physiol. 206: 769. 
Ilc 

3. Heinz, E. and Durbin, R.P. (1959) Biochim. Biophys. Acta 31: 246, Sc 

4. Hersey, S.J. (1974) Biochim. Biophys. Acta 344: 157. 
Lc 

5. Durbin, R.P. (1973) Curr. Top. Mem. Transport 4: 305. 

6. Sarau, H.M., Foley, J., Moonsamy, G., Wiebelhaus, V.D., Sachs, G, 
LE 

(1975) J. Biol. Chem. 250: 8321. G. 

7. Sedar, A.W. (1961) J. Biophys. Biochem. Cytol. 10: 47. 
6 

8. Helander, H.F. (1964) J. Ultrastruct. Res. 10: 160. 

9. Ito, S. (1961) J. Biophys. Biochem. Cytol. 11: 333. 
B 

10. Sedar, A.W. and Wiebelhaus, V.D. (1972) Am. J. Physiol. 233: 1088, 
f 

11. Helander, H.F. and Hirschowitz, B.I. (1972) Gastroenterology 63: 

951. 

12. Forte, T.M., Machen, T.E. and Forte, J.G. (1975) Gastroenterology 

69: 1208. 

13. Forte, J.G., Forte, T.M. and Ray, T.K. (1972) IN: Gastric Secretion 

(Sachs, G., ed), pp. 37, Academic Press, N.Y. 

14. Ganser, A. and Forte, J.G. (1973) Biochim. Biophys. Acta 307: 

Forte, J.G., Forte, T.M. and Saltman, P. (1967) J. Cell. Physiol, 

69: 293. 

16. Saccomani, G., Shah, G., Spenney, J.G. and Sachs, G. (1975) J.Bici,, 

Chem. 250: 4802. 

17. Saccomani, G., Stewart, H.B., Shaw, D., Lewin, M. and Sachs, G. 

(1977) Biochim. Biophys. Acta 465: 311. 

18. Sachs, G., Chang, H.H., Rabon, E., Schackmann, R., Lewin, M. and 

Saccomani, G. (1976) J. Biol. Chem. 251: 7690. 

19. Chang, H.H., Saccomani, G., Rabon, E., Schackmann, R. and Sachs, G, 

Acta phçsiol. scand. Special Suppl. 1978 



Localization of gastric membranes by antibody technique 305 

(1977) Biochim. Biophys. Acta 464: 313. 

Ouchterlony, 
0. (1948) Acta Pathol. Microbiol. Scand. 25: 186. 

IlcCans, 
J.L., Lane, L.K., Lindenmayer, G.E., Butler, V.P. and 

6. Schwartz, 
A. (1974) Proc. Nat. Acad. Sci. 71: 2449. 

Lowry, 0.H., 
Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) 

J. Biol. Chem. 193: 265. 

Lewin, M., Cheret, A.M., Soumarmon, A. and Girodet, J. (1974) Biol. 

Gastroenterol. 7: 139. 

Soumarmon, A., Cheret, A.M. and Lewin, M. (1977) Gastroenterology 

On press). 

Blum, A.L., Shah, G., Wiebelhaus, V.D., Brennan, F.T., Helander, H.F., 

8, Ceballos, R. and Sachs, G. (1971) Gastroenterology 62: 189. 

Sainte- Marie, G. (1962) J. Histochem. Cytochem. 10: 250. 

Winchester, R.J. IN: In Vitro Methods in Cell Mediated and Tumor 

V Immunity (1976) (Bloom, B.R., ed), pp. 171, Academic Press, N.Y. 

Fairbanks, G., Steck, T.L. and Wallach, D.F.H. (1971) Biochem. 

m 10: 2606. 

Ilartonosi, A. and Fortier, F. (1974) Biochem. Biophys. Res. Comm. 

60: 382. 

Jean, D.H., Albers, R.W. and Koval, G.J. (1975) J. Biol. Chem. 250: 

1035. 

. Celada, F. and Strom, R. (1972) Quart. Rev. Biophys. 5: 395. 

Kyte, J. (1974) J. Biol. Chem. 249: 3652. 

Tokuyasu, K.T. (1973) J. Cell. Biol. 57: 551. 

-783951 Acta physiol. scand. Special Suppl. 1978 



Proc. Symp. Gastric Ion Transport, Uppsala 1977 

Transport Parameters of Gastric Vesicles 

Edwin Rabon, Hsuan Hung Chang, Gaetano Saccomani 
and George Sachs 

From the Laboratory of Membrane Biology, University of Alabama in Birmingham, 
University Station, Birmingham, Alabama 35294 U.S.A. 

Received 4 October 1977 

3STRACT: 
Studies are reported using the effects of osmolarity on 

astric 
vesicle uptake of H +, indicating that an exchange of H for K+ 

rasymport of K+ with OH -, is the major mechanism of H+ ion uptake. 

singcarbocyanine 
dyes and other techniques the only potentials detected 

nthe vesicles are those due to 
secondary diffusion potentials. Studies 

1019 amino -acridine show that there 
is a discrepancy in the ApH by this 

ethod as compared to electrode or imidazole uptake measurements. The 

action of SCN- appears to be inhibition of a forward reaction in the 

transport, rather than increase of leak 
paths, and there is a discrepancy 

sing acridine orange both quantitatively with ApH measurements and with 

'aspect to SCN- action, in that the AO signal is more sensitive to SCN - 

;han ApH. 

31 SIC OBSERVATIONS: In the last few years, the study of the enzyme 

°eactions and transport properties of gastric vesicles has become a major 

` rontier in an attempt to understand H+ transport by the stomach (1, 2, 3, 

;,5). The key observations are illustrated in Fig. 1 where it is seen 

that the addition of ATP (at pH 6.1) results in alkalinization of the 

iedium. After the ATP has been utilized, a combination of a protonophore 

tetrachlorsalicylanilide, TCS) and a K+ ionophore (valinomycin) are 

required to dissipate the formed H+ gradient. Alternatively, nigericin, 

aneutral exchange cation ionophore abolishes the gradient. 
Since two 

conductance pathways must be provided, it is tempting to conclude that 

1 +uptake by the vesicles is non -electrogenic. It must be emphasized 

Acta physiol. scand. Special Suppl. 1978, p. 409-426 



410 E. Rabon, H. H. Chang, G. Saccomani and G. Sachs 

140 

120 

00 

; 80 

_ 60 
É 

40 

20 

TCS 

20 40 60 80 100 120 140 160 

TIME (sec) 

-48 0 I 2 3 4 5 

TIME (hr) 
6 7 8 

NCI 

- 

e sol e 

Fig.l The upper part of ied in 
the figure shows 
that with the addi- 'p1C H ) tion of 1.7 X 10'5M 

ductan ATP, H+ disappears 
from the medium and ii both TCS and valino- 
mycin are required 

take is to dissipate the 
gradient. The lower 

iport a part of the figure 
shows that "Rb+ 

0s is extracted from 
pre- equilibrated 
vesicles with the above 

addition of ATP. 

that this assumes the addition of ATP does not change the conductance 

properties of the vesicles which, based on bilayer studies, is not correct 

(6), since ATP increases the K+ conductance. 

Also in fig.l, the efflux of 86Rb+ is measured, from an equilibrium 
situation with ATP addition, showing that efflux of cation accompanies up- 

take of H+ (or appearance of 0H1. Again, on this basis, we may conclude 

that an H 
+:K+ exchange occurs with the addition of ATP. However, if the 

pump were electrogenic, driving 11+ into the vesicle, and the only conduc- 

tance were K +, an efflux of K +(Rb +)would be associated with the H+ uptake. 

Alternatively, the H +:K+ countertransport could be a direct result of an 

H +:K+ exchange pump similar in principle to the Na+ + K+ ATPase. Since 

it has been shown that Rb+ efflux is insensitive to protonophores, valino- 

mycin, buffer strength or lipid permeable cations, the latter conclusion 

was made more likely (3,5) but not definite. Moreover, the existence of 

an H +:K+ exchange does not determine whether the exchange is electrogenic 

or neutral. 

TRANSPORT MODELS: Considering that the ion movements are observed with 
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a sole addition 
of KC1 to the medium, the possible mechanisms are class- 

led in fig.2. The simplest type of pump would be an H+ uniport(electro - 

,oicH +) 
with the electrical requirements satisfied by a Cl- or K+ 

ductance. 
In this situation there is net flux of ions independent of 

'initial ion content of the vesicles. Hence, osmotic sensitivity of 

;take 
is always independent of the time of KC1 equilibration. A C1- 

diport associated with a H conductance would give the observed H+ up- 

;(e. Osmotic sensitivity would also not be altered by KC1 preincubation. 

1eabove two uniports, however, would be readily distingusihed by the use 

I9.2 A series of con- 

ceptual models 

illustrating the 

possible ways in 

which H+ uptake 
occurs due to the 

ATPase with only 

KC1 added to the 

medium. For brev- 

ity OH- mechanisms 
are not illustrated 

UNIPORT /SYMPORT 

gK,CI, X 

H+ Uniport 

gH+ 

CI- Uniport 
- + 

K+ 

H+ 

gH+ 

KCI Symport 

K+ Uniport 

Cl- 

H+ 

CI 

HCI Symport 

H+ UPTAKE 

ANTI PORT 

H+ 

K+ 

KCI 
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+ - 

H+ 
K+ 
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K+ 
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- + 

H+ 
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CI 

K+ 
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H/K<I 
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ICI K+< I 
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of ionophores prior to, or in the presence of ATP, as well as a different 

sign of the vesicle potential. An HC1 symport would also provide H+ up. ig, 
3. 

take and show maintained osmotic sensitivity, but would not result in the 

development of a vesicle potential. Not illustrated is coupled H+ and cr 
uniport. These would show identical properties to the HC1 symport, ex- 

cept that with the absence of anion pumping, the vesicle would develop an 

internal positive potential. 

All of these mechanisms would maintain osmotic sensitivity in spite of 

internal KC1. The next group of mechanisms would show progressive loss of 

osmotic sensitivity as the vesicles equilibrate with medium K +. 

The simplest of the latter is the K+ uniport mechanism which would 

generate an interior negative potential and H+ uptake due to an associated 

H+ conductance. Antiport processes would be neutral or electrogenic. 

In theory the neutral type would show total loss of osmotic sensitivity 

as the internal [K +] reached the maximum [H +] achievable. Electrogenic 

o bindü antiport systems where the H + /K+ ratio exceeded unity would only partially 

sootic lose osmotic sensitivity. 

OSMOTIC EFFECTS: Figure 3 illustrates the finding that with progressive 
Fig. 4. time of incubation with KC1, there is a loss of osmotic sensitivity of H+ 

uptake. The incubation is carried out at 4 °C, and in previous work it 

was shown that Rb+ requires 72 hours incubation to reach equilibrium (5), 

in the presence of C1-. 

A second group of mechanisms involves OH /C1 antiport which experi- 

mentally is equivalent to H +C1- symport but is conceptually different. 

However, osmotic sensitivity would be maintained with this mechanism. 

Figure 4 shows the osmotic sensitivity of H+ uptake where vesicles 
esicl E are placed in KC1 solution and ATP is added two minutes later. It can be 

iractic seen that uptake is completely sensitive to vesicle volume and apparently 
Acta physiol. scand. Special Suppl. 1978 
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nt 100 

3, The osmotic sensiti- 

vity of H+ uptake 

he 
with progressive pre- 

incubation times in 

Cl- 
KC1: x x 5 min., 

i-- 24 hrs., o---o 

48 hrs, mi---111 72 hrs. 

Medium osmolarity was 

an 
varied with mannitol. 2 

of 

60 

= 40 

20 

-20 

x 
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1000 
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:binding occurs. However, if one is dealing with a K +:H+ antiport, the 

' :smotic sensitivity is due to restriction on the K+ content of 
the 

Fig. 4. The osmotic 

sensitivity 
of H+ uptake 
following 
only 2 min. 

preequilibra- 
tion with 
KC1. 

30 

20 

10 

0.001 0.002 0.003 0.004 0.005 

m osm 1 

+esicles. With a reversible H+ uniport, trapped buffer would result in a 

'raction of the uptake being osmotically insensitive, since the buffer 
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content would remain the same although vesicle volume is decreasing. 

However, with K +:H+ antiport the buffering capacity would be obscured Howev 

by the effect on K+ entry. The data presented here are consistent 
with ;chas 

an antiport mechanism, that is probably non- electrogenic. rdjSC 

Direct measurements of vesicle buffering capacity indicates that it is dentica 

quite low until about pH 2. However, the possible buffering capacity Inth 

makes it quite difficult to calculate the internal pH reached by the 31(tí/ 

vesicles. 
apidly 

QUANTITATION: In six experiments 173 nmoles H+ were taken up by 1 mg :xternal 

vesicle protein. This corresponds to a vesicular volume of 2 pl and xchange 

hence the theoretical pH reached by the vesicle is 1.06. The initial 
K+ ;CCCabs 

content of 1 pl is 150 nmoles indicating that only about half of the K+ ;heATPa 

is exchanged. Assuming that therefore only half of the vesicles trans port,ap (Fi 

the pH achieved could be as low as 0.8, close to the maximum attainable 

a se 

slower t 

by mammalian mucosa. 
edium) 

Measurement of the initial stoichiometry of the H+ uptake showed that the time 

the H+ /ATP ratio was close to 4 (3). This rate is thermodynamically cation, 

impossible for a reasonable value for the AG of ATP hydrolysis, at a retivelO 

final ApH of 5.3 in the vesicle experiments or 6.6 in the intact mucosa, If thi 

To reconcile this, one is forced to postulate that either the H+ /ATP additio 

ratio is not fixed or that the ApH calculated above is much higher than directl, 

actually the case. 
prior a 

VESICLE POTENTIAL: To further investigate the role of potentials or to decline 

quantitate the ApH, one is forced into the use of lipid permeable ions. tripher 

We have shown previously that 14C -SCN redistributes across the vesicle change 

membrane only in the presence of valinomycin and ATP (3, 5). Similar showinç 

data were obtained for 8- anilino -napthalene -l- sulfonate (7). This was than pi 

interpreted as showing that the only potential generated by the vesicles buffer, 
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ca secondary 
K+ diffusion potential in the presence of valinomycin. 

However, 
our observations were extended to other lipid permeable ions 

chasthe 
carbocyanine dyes (8) either diethyloxadicarbocyanine (DOCC) 

rdi- SC(3) -5. 
The results with these two dyes were qualitatively 

is dentical. 

Lithe absence of any ionophore, 
the addition of ATP produces a grad- 

31 R112 > 60 sec) decline in the absorption of DOCC. This change is 

epidly reversed by the addition of nigericin and more slowly by lowering 

eternal pH. On the assumption that nigericin acts as a neutral cation 

change ionophore (i.e. K for H) this indicates that this change of 

JOCCabsorption is due to the presence of ion gradients established by 

;heATPase, rather than due to a potential generated directly by the 

ort,aump 
(Fig. 5). However, the time course of the optical change is much 

slower than the time course of H+ uptake (or disappearance from the 

-edium) and would suggest that the ratio of g /gK+ is increasing over 

the time of change of DOCC absorbance. Since DOCC is a lipid permeable 

cation, the vesicle interior is apparently becoming negative. Alter - 

oatively, the vesicles could be developing a Cl- conductance. 

1f the membrane conductance for H+ is drastically increased by the 

addition of a protonophore, TCS, then the membrane potential should 

directly reflect the H+ gradient developed. As shown in Fig. 6, the 

prior addition of TCS followed by the addition of ATP produces a rapid 

decline in DOCC absorbance. This change is reversed by valinomycin, 

triphenylmethylphosphonium (TPP1P +) and nigericin indicating that the 

change is due to an H+ diffusion potential. An alternative way of 

showing that changes are due to secondary diffusion potentials, 
rather 

than primary pump potentials is to use, in the case of H +, penetrating 

buffers such as imidazole. As in Fig. 6, increasing imidazole inhibits 
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the DOCC signal. Since imidazole does not inhibit the ATPase, the simpleS.aslcles 

explanation is that, with the unprotonated form being freel y permeable, 
aneupc 

, 

imidazole reduces the ApH across the vesicle membrane. Accordingly, 
if 

the vesicles possessed a reversible electrogenic H+ pump, potential 

would be maximized as ApH minimized since (9) 

DOCC +TCS 
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6,5 = MY'- FT ApH 

Imidazole 
would maximize the potential if we were dealing with an 

estrogenic 
H+ pump. The additional assumption for this conclusion is 

the protonated form of imidazole is very much less permeable than 

um ,neutral form and therefore imidazole does not act as a good uncoupler 

the system. 
Since imidazole in the absence of TCS does not mimic TCS, 

is assumption 
is probably correct. 

Me data, therefore, with ANS as 
a liphophilic anion and DOCC as a 

phophilic cation indicate that although 
secondary diffusion potentials 

nbe generated by the H:K ATPase, the enzyme present in hog gastric 

: sicles does not of itself generate 
a potential across the vesicle mem- 

ales 

ease upon energization. 

It is also possible to use the TCS dependent H+ diffusion potential 
to 

estthe effect of osmolarity on the H+ 
gradient. If it is true that 

ecreasing vesicular volume by osmole addition 
fixes K+ content, but 

screases K+ concentration and thereby increases the 
[K +] driving the H+ 

schange, then, with the quantity of H+ uptake being constant, the H+ 

; radient will increase. According to this picture, increasing the osmo- 

srity will increase the H+ diffusion potential in the presence of TCS, 

ad, if this dominates the picture, will increase the DOCC signal. As 

shown in Fig. 6, this appears to be the case. 

iSICLE pH: Fluorescent dyes or pH indicator dyes may also be used 
in an 

attempt to quantitate the intravesicular pH. 

One of the dyes most frequently used is 9 -amino acridine (9 A.A.] (10). 

'he following equation is used 

H+i - 
_ .v 

1 

H +o 1 -Q 

Ave H +i /H +o is the H+ concentration ratio, Q is the fractional quench, 

?7- 783951 
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and v-1 is the reciprocal of the fraction of total volume that is intra. Is of 

vesicular space. The use of this equation rests on several assumptions, 
,¡ butin 

such as that the dye which enters the vesicle in response to an H+ 
isshc 

gradient is free and not bound; that all the intravesicular dye is 

quenched; that entry of the dye does not change intravesicular volume 

and that the dye does not act as an uncoupler. 
k 

A typical 9 A.A. response is shown in Fig. 7. The action of inhibi- loe(e 

tors, ionophores and imidazole shows that the 9 A.A. is responding to a 
aa bec 

ppH. Quantitatively, this corresponds to a tpH of 3 units, i.e. an up- 
ore, t 

take of 1 nmole H+ pl -1 vesicle space. This low value could be due to 
;artial 

intravesicular buffering capacity or because some of the above assumptionsacan 

are incorrect. In separate experiments it was shown that the signal was ,f9A 

only partially osmotically sensitive ánd the degree of osmotic sensiti- Use 

vity was critically dependent on 9 A.A. concentration. Accordingly, 
;ion 

there are binding sites for 9 A.A. induced by ATP addition. At concentra -,000 
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TO epH 
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Fig. 7. The response of 9 -amino 

acridine fluorescence 
to ATP addition, 
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in the presence of Are 
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buffer. 
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'a 
oos 

of 9 A.A. such as 10 iM, where binding makes a less significant con - 

s, *don, the 
ApH as measured by the pH electrode technique decreases. 

oshows that another problem 
exists, since the efflux of H+ 

H+out = ki[H+] + k2[AH+] 

Ierek1 
is the H+ permeability and k2 is the permeability of protonated 

se(eg. 9 A.A.). Even if k2 « kl, as [AH ] increases, the second term 

1 aobecone significant. The loss of pH signal provides evidence, there- 

ore, 
that 9 A.A. at concentrations adequate to obscure binding, can 

ertially uncouple these vesicles. 
It is therefore questionable whether 

ons;ecan accept that ApH of 3 as being true of the situation in the absence 

s :f 9 A.A. 

Use of the weak base 14C imidazole, and measuring trapping by filtra- 

hongave data in our best experiments showing uptake of better than 

raiOnmoles H+ from calculation of the buffering capacity of imidazole and 

0 

from the equation 

Ii KA+Hi 

Io KA + H+o 

where I refers to imidazole concentration (11). This is less than that 

found by direct ApH measurements, but considerably more than that found 

by the 9 A.A. technique. 

VESICLE DYE BINDING: Membrane changes can also be monitored by binding 

ofa dye such as acridine orange (AO). This has been shown to undergo 

binding dependent quench of fluorescence in various vesicle preparations 

(12) including hog gastric vesicles and frog gastric 
vesicles (13). 

There are several noteworthy features about these reactions. Since 

ecridine orange is positively charged, binding is to negative sites in- 

duced by the addition of ATP. The signal reproduces many of the proper- 
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ties already established by the pH electrode i.e., K dependent, en- 
ot,l 

hanced by internal K +, dissipated by nigericin and other ionophores )sacs 

(Fig. 8). It depends on intact vesicles but is not quantitatively related'or 

to the amount of H+ uptake. Thus, although hog vesicles take up about 20 1K+ 

times more H than frog, the AO signal is approximately the same. Another Acc 

feature of the AO response is that it is partially osmotically sensitive, 
(ini 

indicating that not all the response is due to binding. 
shib 

AO thus senses the development of negative binding sites in the vesicleIa 

membrane that are related, but not quantitatively,to H+ (or OH -) movement ssh 

across the vesicle membrane. The site, being sensitive to buffer, is in As 

the outside region of the membranes. she 

ACTION OF SCN : SCN action has been a constant problem in gastric phy- 
lrad' 

siology for more than 30 years. The use of gastric vesicles perhaps might alpa 

be expected to solve the mechanism of action of this compound. When 
port 

vesicles are placed in a KC1 medium and ATP is added, based on the O.:H+ 04 

antiport (or K +:OH- symport) hypothesis, prior to proton gradient develop. 

ACRIDINE ORANGE RESPONSE IN FROG MICROSOMAL 

VESICLES 

o 
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KC1 has to enter the vesicle. A considerable amount of evidence 

;Saccumulated 
that in the absence of ATP, vesicle conductance to either 

ted'orCl- is low. This suggests that a KC1 symport pathway is involved 

20 .1Kt uptake for the transport reaction. 

her Accordingly, inhibition of transport 
by the vesicles could occur (a) 

e, ?inhibition of the ATPase, (b) by increasing the H+ leak and (c) by 

ohibition 
of the KC1 symport. When vesicles are placed in KC1 solution 

cleirashort time and then ATP is added, H+ uptake occurs in two phases, 

it ;;shown in Fig. 9 with two clearly different rate constants. 

1 As shown in Fig. 9, SCN does not affect the fast uptake, but blocks 

eleslow uptake phase. SCN- added subsequent to the development of an H+ 

' gradient does not increase the leak of H 
+, 

nor does SCN inhibit the 

Iht lIPase of hog gastric vesicles. Thus, SCN interferes with the KC1 sym- 

Jortstep in some manner. The AO signal is also sensitive to SCN -, being 

completely abolished if 30 mM SCN is added prior to the addition of ATP. 

o- 

le 

is 

9. An exponential analysis 

of H+ uptake by non - 

equilibrated vesicles, 

showing two kinetic 

constants. The slower 

of these is blocked by 

SCN -. 

ó 
8 

-1.0 

8 
° -0.5 

°18 
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If the SCN- is added subsequent to the signal, the decay of the signal 

is somewhat faster than usual, but not as fast as is obtained with iono- 

phores. This indicates that SCN- inhibits a forward step in the trans- 

port process, but does not induce sufficient leak to account for the in- 

hibition. 

SCN- has been shown to inhibit mitochondrial F1 ATPase at concentra- 

tions which also inhibit gastric secretion. There is also considerable 

10 

dispute as to whether all the HCO3 activated SCN- inhibitable ATPase 

present in gastric mucosa is localized to mitochondrial fractions or is 

also present in the plasma membrane. 

The action of SCN in inhibiting the AO response, reducing the KC1 

entry dependent component of H+ uptake and the sensitivity of the AO re- 

sponse to external buffer indicates that the simple H +:K+ antiport model 

oi 

/-C 

ogre 

ane t 

ducti 

Isenc 

might require elaboration. H+ 

In the intact mucosa another component might be required for activating 
iptako 

an 0H -/C1- antiport. A model consisting of an OH - /C1-, K + /H+ antiportsin 
igeri 

series is difficult to distinguish experimentally from a model consisting 
pries 

of a K + /0H symport and H + /C1- symport in series. In these models, an 
:cumu 

intermediate compartment is produced. A condensed version of these is 
4 w 

also shown in Fig. 10, where the OH - /C1- exchange component is visualized ;fou 

as a binding site reaction. If AO binds to the OH-, and SCN- displaces vet 

OH-, then the Cl- available for KC1 symport would be reduced, and the AO mbr+ 

signal would be inhibited (Fig. 10). ILCI 

EFFECT OF Cl- REMOVAL: The action of Cl- removal and SO4 or isethionate ort 

substitution could perhaps be understood by restriction of K2SO4 entry ma 

as compared to KC1 entry. Tracer uptake measurements show that this is 
In 

the case (5). However, even after 72 hrs. incubation, H+ uptake is still ei 

slower in the absence of Cl and remains osmotically sensitive. Fig. ll me 
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H20 
Oli H+ H+ 

OH H" 

te- CI- CIy K4-( 
CI- - K+CI- ?K+ 

K+C I- I 

g. 10. Possible models involving intransmembranal compartments of H +, 

OH- or K classified as series models, or a model involving an 
0H -/C1- exchange site on the membrane surface. 

apares control conditions where KC1 is present on both sides of the mem- 

aueto the situation where SO4 is internal and Cl- external, showing a 

sduction in rate and magnitude of H+ uptake. Also, in this figure, the 

resence of SO4 only on both sides of the membrane shows a slower 'uptake' 

'H +. The addition of Cl- in the presence of ATP increases uptake. The 

19iptake is difficult to dissipate with protonophores, valinomycin or 

9 igericin, but is dissipated by tributyltin (a C1 - /0H- antiport). In the 

ries type of model, SO4 would not substitute for Cl- with consequent 

ccumulation of OH- or H+ in a membrane compartment. In the single model 

J4 would reduce the cycling of K +. It is surprising that an H+ gradient 

sfound in the vesicle preparation since intact piglet mucosa does not 

secrete H+ in the presence of SO4 (14). Certainly the permeability of the 

anbrane vesicles to K2SO4 is very low. 

ELL MODEL: It is possible to provide a rather simple conceptual scheme 

or transport in hog vesicles and piglet gastric mucosa. The vesicles are 

nsualized as containing an active KH +antiport and a passive KC1 symport. 

In the intact parietal cell, the basal surface contains the well known 

la ++ K+ ATPase, with 3:2 Na +:K+ coupling. An neutral NaC1 symport on the 

one cell surface allows the cell to accumulate KC1. The excess Cl- moves 
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Fig. 11. The H+ uptake of hog vesicles in the KC1 equilibrated condition AÇTI 

(A), K2SO4 inside KC1 outside (B) and with K2SO4 on both sides 
of the membrane (C). 

across the luminal membrane by a Cl- uniport, the circuit being completed 

by Na+ moving across the paracellular shunt. This predicts that 'active' 
Hg. 

Cl- transport is ouabain sensitive and Na+ dependent; the former being true 

of piglet (14), the latter of frog (15). 

The accumulated KC1 is used for the K +:H+ exchange by having the KCl 

symport present on the luminal surface allowing KC1 exit, followed by 

K +:1-1+ exchange (Fig. 12). 
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Hg. 12. A general model for gastric vehicles and the gastric parietal 
cell using the H 

+:K+ 
and Na +:K ATPases to drive all the 

known transport processes. 
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I. INTRODUCTION 

Gastric ATPase purified either partially by differential 
and zonal density gradient centrifugation or more extensively 
by free flow electrophoresis (1) has been shown to accumulate 
N (2 -4) and extrude K+ (5) with addition of ATP. The use of 
ionophores (6), dye probes such as carbocyanine dyes (7), oxo- 
nols (unpublished ob:ervaions) or ANS (8) seems to indicate a 

non- electrogenic H+ for K exchange as the transport mechanism 
of this enzyme. The KA for activation by K+ however is at 

least an order of magnitude lower than the KA for the K+ re- 

quirement for H+ transport. Further, the reconstitution of the 
enzyme into planar bilayer shows the presence of a thickness 
dependent K+ conductance (9). The H+ gradient developed by 
the vesicles is in the range of 3 -4 units at pH 6.1 or 7.4 
respectively (7) assuming equal transport by all the vesicles, 
less than the 6.6 achieved by the intact stomach. Also, the 
e disappearance from the medium is less than the H+ appearance 
internally (7), although the enzyme- containing membrane is lo- 
calized to the apical surface of the parietal cell (10). 

The enzyme seems to be at least a dimer present in 105,000 
Mr group of peptides (1,4). A phosphorylated 'intermediate' is 

formed (11,12) in the presence of ATP, discharged by K+ and a 
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reaction mechanism similar to the Na+ + K+ ATPase has been 

suggested (6,9,11). 

In this investigation, a correlation of structure and 
function is initiated using tryptic modification of the enzyme. 

II. MATERIALS AND METHODS 

-.0 

-.o 

Vesicles from hog gastric mucosa were purified by previous- 
-,i 

ly published methods (1,7). For studies of transport, the 

gradient fractions were incubated for two hours at room tempe- 3 

rature as described previously (7) and either acridine orange 

or diethyl oxocarbodicyanine (DOCC) dye with or without tetra- e 

chlorsalicylanilide (TCS) used to measure pH gradients. Either 

75 mM K2SO4 or 150 mM KC1 in 2 mM PIPES -Tris, pH 7.4 were used 

for the preincubation. Transport was initiated by the addition 

of MgATP and measurement of dye signal was carried out in an á 

Aminco DW2 dual beam spectrophotometer (7). Nigericin was 

added in 10 pl methanol at 1 u9 /ml to dissipate the pH gradient. 

For studies of tryptic modification of the enzyme, the vesicles, -. 

as above, were incubated with trypsin (Sigma or Worthington, 
high purity grade) at a protein to trypsin ratio between 60 

and 480. Incubation was carried out at 22 °C for 20 minutes and 

the reaction terminated by adding a 30 -fold weight excess of 

trypsin inhibitor and the addition of MgATP followed. The 

protein was always 0.3 mg ml -1. For studies of enzyme activity, 
the electrophoretically purified material (1) was incubated for 

various times at 30 °C at a 100 /1 ratio, inhibitor added, the a 

washed and resuspended for assay of ATPase and pNPPase activity rated 

by previously published methods (1). Phosphorylation was figur 

carried out using [y -32P] -ATP and SDS -6- mercaptoethanol gel 

electrophoresis was carried out as in reference 1. In some altho 

experiments the vesicles were preincubated for 5 minutes with zero. 

2 mM ATP, ADP, TTP or 100 mM KC1 or NaCl before trypsin addi- plain 

tion. Control studies showed that addition of trypsin inhibi- acrid 

tor before trypsin was completely effective in blocking pro- leak 

teolysis, loss of transport signal or enzyme activity. been 

duced 

charg 

III. RESULTS both 

the n 

subst 

1. Transport: Under control conditions, in fresh vesicles, that 

H+ transport in the presence of KC1 always exceeded the rate ef tr 

and maximum achievable with K2SO4. This has previously been lates 

interpreted as due to low permeability to the K2SO4 (13). The 

acridine orange signal was more resistant to trypsin than the aspe 

signal of the cyanine dye in the presence of TCS (Figure 1), speci 
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FIGURE 1. The effect of varying trypsin /protein ratios on 

theacridine orange (upper) or DOCC + TCS signal (lower) gene- 

rated by ATP in KC1 (right) and K2SO4 (left). Lower 1/2 of 

figure was aged vesicles. 

although with increasing trypsin both signals eventually fell to 

zero. The relative sensitivity of the two signals was ex- 

plained by two further experiments. The addition of TCS to the 

acridine orange protocol was without significant effect on the 

leak rate (dissipation of the signal) unless trypsinization had 

been carried out. This would suggest that trypsinization in- 

duced a conductance leak eg. OH-, Cl -, K to compensate for the 

charged translocation of TCS -H. In the presence of K2SO4, 

both signals (DOCC or AO t TCS) increased and became more like 

the normal KC1 signal in fresh untrypsinized vesicles. This 

substantiates the conductance hypothesis and indicates further 

,that Cl- conductance is the basis for this discriminatory effect 

of trypsin or aging. The appearance of this conductance corre- 
lates with the breakdown of the ATPase peptide. 

It is difficult to decide whether this conductance reflects 
a specific property of the membrane embedded protein or a non- 

specific leak, since liposomes also discriminate between SO4 -- 
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and C1-. A latent protein conductance shielded by a trypsin 
sensitive bond would partially explain the stimulation by val - 
inomycin of the H+ transport. Different types of experiments 
have argued against a significant K+ conductance or anion con- 
ductance in the vesicle membrane. Such a conductance would be 
required for the movement of the valinomycin - K+ complex. A 

valinomycin - K +:H+ exchange has been demonstrated (3) but 

obviously would not account for the stimulation of H+ uptake by 

the ionophore in the presence of ATP. The Cl- conductance de- 

tected here, if capable of interacting with valinomycin - K +, 

could account for the stimulation of transport. Normal C1- 

entry into the vesicles is coupled to cation influx by a sym- 

port process and H+ leak is by HC1 efflux. Phlorizin, an in- 

hibitor of Cl- - OH- electroneutral antiport in red cells, has 

a dual action on gastric vesicles, an initial stimulation of 
the ATP dependent transport, due to leak reduction (8.5 uM) and 

then inhibition due to KC1 entry blockade, but continued leak 

inhibition (0.5 mM). 

2. Effect on Enzyme Activity: Inhibition of the ATPase 
activity occurs in two phases, and can be expressed as the sum 

of 2 expopentials, with rate constants of 0.1 x 10 -2 sec-1 and 

1.8 x 10- sec' (Figure 2). A similar pattern emerges for 
the pNPPase activity. This indicates that at least two groups 

of lysine or arginine bonds are involved in the ATPase activity. 

3. Effect on Peptide Pattern: The purified gastric vesi- 

cles show a single peptide region of 105,000 Mr on SDS -8- mer- 
captoethanol PAGE. Treatment with trypsin for varying times 
produces a complex series of peptides ranging from 87,000 Mr to 

47,000 Mr, with the major peptide being 78,000 Mr (Figure 3). 

At 15 minutes when essentially complete inhibition of ATPase 
is observed, and continuing largely unchanged to 30 minutes, 
40% of the 105,000 Mr glycopeptide remains, showing that region 

is inhomogeneous. From phosphorylation studies, assuming 1 Pi 

group incorporated per 2 mol 105,000 Mr and given a maximum treat 

phosphorylation of 1500 pmol Pi mg -1 protein (unpublished prese 

observations), we would anticipate ca. 50% of the peptide to 

be the ATPase catalytic peptide. 
With increasing time of incubation, the peptides produced 

leadi 

initially also are hydrolyzed to peptides of very small Mr of th 

which are not detected in the gel. mains 

K -ir 
4. Effect on Phosphorylation: In contrast to the ini- tent 

tial rapid inhibition of ATPase or pNPPase activity, the level 
the E 

of phosphoprotein obtained from [y -32P] -ATP increased follow- phory 

ing trypsin treatment and then declined, but remained higher 
than control. Figure 4 shows the level of acid precipitated 
phosphoprotein. This would suggest that one of the steps 
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FIGURE 2. The % inhibition of ATPase with time of trypsin 
treatment at a protein /trypsin ratio of 100 /1 (s-s) and in 

presence of ATP (o o) and ADP (A-A). 

leading to dephosphorylation 4s blocked by the initial action 
of the proteolytic enzyme. K -dependent dephosphorylation re- 
mains relatively fixed in terms of nmole Pi discharged but a 

K 
+- insensitive EP form is produced. An interpretation consis- 
tent with the above data would be that the initial action of 
the enzyme is to interfere with the interconversion of 2 phos- 
phorylated forms of the enzyme (see below). 

5. Effects of Ligands: 
a. Enzyme activity: If the vesicles are preincubated 
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FIGURE 3. The disappearance of the 105,000 Mr region 

(o o) on PAGE and the appearance of 87,000 (s s), 84,000 

(A- A), 78,000 (o (3), 65,000 (A A), 47,000 (g___) Mr 
peptides. 

with ATP or ADP at substrate levels, then figure 2 shows that 
the first phase of enzyme inhibition is essentially unaffected, 

whereas the slower phase is abolished. pNPPase activity is 

also protected by these ligands. In contrast to ATP or ADP, 
TTP, AMP, R -y methylene ATP or pNPP exert virtually no pro- 

tective effect on the enzyme. From these data one can conclude 

that not only are there specific sites for ATP or ADP, but 

that although ATP and pNPP binding sites interact, a conclusion 

based on the mutual competition by these substrates they are 

non -identical in that pNPP exerts no protective effect. The 

overall enzyme reaction can thus be written 

ENZ + ATP < 
Pig 

++ > ENZ - ATP 
ENZ - ATP < > ADP - ENZ - Pi 

ADP - ENZ - Pi < > ENZ - PiI + ADP 

ENZ - PiI < 
H+ 

> ENZ - PiII 

ENZ - PiII< 
K+ 

> ENZ + Pi 

obt 
rat 

In 

tie 
sec 
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FIGURE 4. The level of acid precipitable phosphoprotein 

obtained with time of $rypsin treatment (100:1 protein /trypsin 

ratio) in absence of K (o o) and in presence of K (o---e). 

In contrast to the nucleotide or phosphate substrate specifics 
ties, the cations, although they are also protective of the 

second phase, are non -specific in the sense that both Na+ and 

K+ protect, high concentrations are required and peptide pat- 
terns do not change. 

b. Peptide pattern: The peptides produced by trypsin, 
in the presence of ATP or ADP, are changed. Only two peptides 

are present on the gel, at 78,000 Mr and 30,000 Mr. At 5' 

loss of the 105,000 Mr peptide is maximal and corresponds to a 

loss of about 40% of this region. CHO staining indicates little 

change in the 105,000 Mr band. Accumulation of the two frag- 
ments account for about 36% of the original 105,000 Mr band. 

At this point, 60% of the initial ATPase activity remains. 
Two interpretations may be suggested. Firstly, that ligands 

protect the 105,000 Mr component of the ATPase against degrada- 
tion, and hence the 78,000 and 30,000 fragments are generated 
from a non -ATPase peptide. Alternatively, and consonant with 
the 40% inhibition of activity found, the residual 105,000 Mr 

peptide is not the catalytic protein of the ATPase, but the 
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catalytic peptide is degraded to 78,000 and 30,000 fragments 

which remain associated in the membrane and retain 60% of the 
activity. Conformational changes due to ATP are also visible 

in CD spectra of the intact enzyme (14). 

6. Peptides Phosphorylated: If the membranes are tryp- 

sinized and then phosphorylated (2 pM ATP32), 3 peptides on the 

gel are labelled, the original 105,000 Mr and also a peptide at 
87,000 Mr and 47,000 Mr. If phosphorylation is allowed first 

and then trypsinization, the 105,000 Mr and 47,000 Mr regions 
phosphorylate. 

IV. DISCUSSION 

The gastric H +:K+ ATPase is an enzyme which has many 

characteristics in common with the Na+ + K+ or Ca ++ ATPases 
(15,16) such as the sensitivity of the enzyme to trypsin and 
protection exerted by ligands (17). The relatively simple 
pattern found with trypsinization of the Ca""-ATPase (18) is not 

reproduced by the H +:K+ ATPase, except in the presence of ATP 
or ADP. 

Associated with conformational changes, transport +reactions 
occur within the protein resulting in electroneutral H for K 
exchange. Presumably, the binding of ATP or ADP converts the 
enzyme into a transport active form which is followed by the 
phosphorylation -dephosphorylation cycle. The changes occur 
within an individual subunit of the enzyme complex. A pre- 

viously undetected Cl- conductance appears, which may play a 

physiological role. This can also be obtained by aging vesi- 
cles. 

Two transport components are known in the stomach, that of 

HC1, which may be accounted for by KC1 symport (passive) and 

active H +:K+ antiport, pathways clearly present in the vesi- 
cles and that of NaC1, driven by the Na + + K ATPase in the 

basal -lateral membranes conjugated with an apical Cl- conduc- 
tance and a paracellular Na shunt. It may be this latter 
conductance that is revealed by proteolysis. 

Evidence for this can be obtained directly in rabbit gas- 

tric glands (19). Here ouabain reduces the potential, based 
on 3H -TPMP distribution, and inhibits acid secretion. This 
latter effect is reversed by increasing medium K +. This can 
be interpreted as the Na + + K+ ATPase being (a) electrogenic, 
(b) required for intracellular K +, (c) this K+ is in turn re- 

quired for H+ secretion, (d) the electrogenic component is re- 

quired for 'pseudoactive' or rheotrophic Cl- transport. 
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FIGURE 5. A tentative model of the trypsin sensitive sites 
on the enzyme, with and without protective ligands. 
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Summary 

ATP- induced transport by fractions of frog gastric microsomes prepared 
either by density gradient centrifugation or by free flow electrophoresis were K' 
dependent and hence considered due to a K'- activated ATPase. Significant 
activity of this enzyme was, however, only found in the anodic peak of the free 
flow electrophoretic separation, which in addition to separating transporting 
from non -transporting particles, also separated membranes containing a phos- 
phorylatable peptide (Mr = 105 000) region as the major peptide on SDS -poly- 
acrylamide gel electrophoresis from those containing a peptide (Mr = 44 000) 
on SDS -polyacrylamide gel electrophoresis. H' uptake, measured either by 
acridine orange or 3,3'- diethyloxadicarbocyanine + tetrachlorosalicylanilide 
absorbance changes was dependent on K' intravesicularly. Using 86Rb', active 
extrusion of the cation followed ATP addition. SCN-, an inhibitor of acid 
secretion did not affect the latter, but blocked signals due to H' uptake, in 
contrast to mammalian preparations. 

Introduction 

Frog gastric mucosa is the best studied in vitro model of acid secretion 
[1-4]. Several conclusions have been drawn from observations of the function- 
ing gastric mucosal sheet and metabolite assays of parietal cell regions. These 
findings may be summarized as follows: (a) the H' pump may be electrogenic 
[1]; (b) an independent Cl- pump is present [1,5]; (c) H' secretion is abso- 

* Present address: Departsn t ,. _..ysiology, Georgetown University, Washington, DC 

** To whom correspondence should be addressed. 
Abbreviations: TCS, tetrachlorosalicylanilide; DOCC, 3,3'- diethyloxacarbodicyanine; DiBac4(5), bis -[1,3- 
dibutyl-barbituric acid- (5)]pentamethinoxonol; Pipes, piperazine -N,Ñ -bis(2 -ethanesulfonic acid). 
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utely 
02 dependent and while changes in the redox state of mitochondria 

geceed the onset of acid secretion these component changes do not indicate an 

'TP- dependent pump [4,5]; (d) changes in high energy phosphates are not in 

favor of such a pump [7]; (e) microsomal fractions contain a K +- activated 
TPase [8]. 
Although analysis of metabolite profiles in the dog [9] also do not provide 

direct evidence for an ATP -driven H+ pump, studies of mammalian gastric 

membranes show the presence of an electroneutral ATP -dependent H+ for K+ 

exchange in membrane vesicles, clearly implicating an ATP -driven H+ pump 
[10,11]. This pump is present in dog [12,13] rabbit [14], hog [15,16] and 
an [17]. 
Characterization of the frog microsomal system which indicates the exis- 

tence of K +- sensitive ATPase, has previously been described [8,14]. Since the 
K'- ATPase of gastric mucosa in other species exhibits transport properties, 
membranes isolated by centrifugal and electrophoretic techniques have been 
studied. Significant similarities and differences exist between preparations of 
mammalian and amphibian membranes. 

Olaterials and Methods 

Preparation. Following the 3 M NaCl lysis of surface cells [18] the deeper 
cell layers from the gastric fundic mucosa of seven large bullfrogs (Rana 
catesbina) were removed by scraping with a microscope slide. These scrapings 
mere homogenized with 10 strokes at 2000 rev. /min in a teflon -glass homoge- 
nizer in cold 0.3 M sucrose, 5 mM Tris -HC1, pH 7.4. Differential centrifugation 
of this homogenate included spins of 10 min at 800 X g, 15 min at 10 000 X g 
and 1h at 100000Xg. 

Free flow electrophoresis. The crude microsomal pellet was resuspended in 
0.3 M sucrose, 8 mM acetic acid and 8 mM Tris -HC1, pH 7.4, spun down once 
for 1 h at 100 000 X g and resuspended in the same buffer. This suspension was 
loaded on the FF5 free flow electrophoresis unit developed by Hannig et al. 
[19] (Biochemical Instruments, NY) and separation was carried out as previ- 
ously described [16]. The sample which was injected at 1 ml /h was separated 
into 90 fractions which were collected at 4 °C. Electrophoresis was interrupted 
every 30 min to remove mucous build -up at the curtain entry port. Conditions 
in the run were: 120 ± 10% V /cm, 147 mA, temperature 7.4 ± 0.2 °C and 
electrophoresis buffer flow 4 ml /fraction per h. The resolved protein peaks, 
monitored as 280 nm absorption profiles were pooled, spun down for 1 h at 
100 000 X g and resuspended in 0.3 M sucrose, 2 mM piperazine N,N'- bis(2- 
ethane sulfonic acid) (Pipes) /Tris, pH 7.4. 

Density gradient centrifugation. In other experiments, 2 ml of the micro - 
somal fraction was loaded onto step gradients consisting of successive 5 -ml 
steps of 7% Ficoll (w /w) in 0.3 M sucrose, 22% sucrose and 30% sucrose (w /w). 
Centrifugation was carried out in a Sorvall AH -627 swinnging bucket rotor 
spun at 25 000 rev. /min for 14 h. The bands were removed by Pasteur pipette. 
Protein was determined by the method of Lowry et al. [20]. 

Phosphorylation. 20 µg of membrane protein was added at 4 °C to 0.5 ml of 
a mixture containing 150 mM choline chloride, 5 µM ATP containing 0.2 µCi 



434 

[y- 32P]ATP, 10 uM MgC12 and 5 mM Pipes /Tris (pH 7.4) with or without 20 Iodide 
mM KC1. After a 15 s incubation, 0.5 ml of ice -cold 12% trichloroacetic acid methi 
containing 0.1 mM P; and 1.0 mM ATP was added to stop the reaction. The Whore 

precipitate was then filtered on HAWP (0.45 um) millipores and washed three Ng in 

times with 3.0 ml of 150 mM choline chloride, 10 uM MgCl2 and 5 mM Pipes/ previc 
Tris, pH 7.4. Radioactivity was measured by an LKB 81000 liquid scintillation 

KCI, 
counter. For gel electrophoresis, 20 ug of membrane protein was added at 4 °C cion. 
to 80 u1 total volume containing 0.1 uM ATP, 2.0 uCi [y- 32P]ATP, 10 uM KCl a 
MgC12 and 20 mM Tris /HC1 (pH 7.4) with or without 20 mM KC1. Followinga 5µM 
15 s incubation at 4 °C, the membranes were solubilized with 80 ill of 2.0% 4µM 
SDS /2.0% ß- mercaptoethanol and gel electrophoresis carried out immediately 7.4) 
at 4° C. 

absor 
Polyacrylamide gel electrophoresis. Gel electrophoresis was performed 

orang 
as previously described [13]. Briefly, in this procedure 20 ug of solubilized 86b 

membrane protein (80 ul) was layered on a a 1.0 cm stacking gel system consist- jag o. 
ing of 3.5% polyacrylamide, pH 6.8, layered on top of 10% polyacrylamide, pH final 
8.6. A current of 1 mA /gel was applied for 1 h to run the sample through the used. 
stacking gel. Afterwards, the current was increased to 2.5 mA /gel, until the mead 
completion of the gel run. At this point, the 32P- labelled gels were sliced into 500 j 
1.5 -mm sections and incubated in 200 ul of 50% H2O2 overnight at 60 °C. 

2 
ml 

In the morning the samples were cooled, diluted in 10 ml of Aquasol and filter, 
counted in the LKB 81000 liquid scintillation counter. The gels to be stained lowir 
with Coomassie blue were washed overnight in a solution of 7.5% acetic acid remo 
and 30% methanol and then stained with 0.25% Coomassie blue in 7.5% acetic min 
acid /30% methanol for 6 h. After 48 h of destaining, the gels were scanned at dryir 
550 nm in a Gilford 2400 Spectrophotometer equipped with a gel scanner at coup 
1.0 cm /min scan rate using a slit width of 0.05 mm. Mi 

ATPase assay. ATPase activity was assayed in 1 ml of medium containing from 

10 ug membrane protein, 40 mM Tris -HC1, pH 7.4, 2 mM MgC12 and 2 mM ATP 
a gif 

(disodium salt). Optional additions to the assay included 20 mM KC1, 20 mM Bulli 
Na+ or KHCO3, 20 mM NaSCN and 10 ug of oligomycin. NaSCN and oligo- 

mycin were incubated with the membrane protein for 10 min at room temper- 
ature before the start of the assay. After incubation at 37 °C for 15 min, the 

inorganic phosphate released was measured either by the method of Yoda and Rest 
Hokin [21]or Fiske -Subarrow [22]. The term `basal ATPase' refers to the 

activity observed when the only activating ion present was Mg'. Res( 
Dithionite- reduced spectrum. 0.5 mM sodium dithionite (Na2S2O4) was F, 

added -to a 350 ul sample in a microcuvette containing 1 mg /ml membrane outl 
protein suspended in 20 mM Tris -HC1, pH 7.4. After manually deriving a base- who 
line for reference and sample cuvettes, solid Na2S2O4 was added to the sample this 
cuvette to a final concentration of 0.5 mM. The absorption difference between 7.4, 
this and an untreated reference membrane sample was scanned from 400 to sepa 
650 nm in the Aminco DW -2 split -beam spectrophotometer. Wavelength pairs reso 
and extinction coefficients used in the calculation of pigment concentration Prei 
were those published by Chance and Williams [23]. two 

Transport activity. Proton gradient formation was assessed by measurement L 
of the absorbance change of 5 uM acridine orange and potential difference was sucr 
assessed by the absorbance changes of 4 /LM 3,3'- diethyloxadicarbocyanine on 
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iodide (DOCC) or the oxonol dye bis -[1,3- dibutyl -barbituric acid- (5)]penta- 
methinoxonol (diBAC4(5)) following ATP addition. The addition of a protono- 
phore in the presence of DOCC and ATP induced H+ diffusion potential result- 
gig in dye absorbance changes quantitatively related to the H+ gradient. As 

previously described [24], the membrane material was suspended in 150 mM 

KCI, 2 mM MgC12 and 2 mM Pipes /Tris (pH 7.4) to 0.3 mg /ml final concentra- 
tion. For chloride -free experiments, K2SO4 and MgSO4 were substituted for 
KCI and MgC12, respectively. After 2 h room temperature preincubation, either 
5µ acridine orange, 4 µM DOCC ± 6 µM tetrachlorsalicylanilide (TCS) or 
4 M diBAC4(5) was added to 350 µl of the suspension. Either MgC12 /ATP (pH 
9.4) or MgSO4 /ATP (pH 7.4) (0.6 mM final concentration) was added and 
absorbance changes monitored at the appropriate wavelength pairs (i.e. acridine 
orange, 496 to 446 nm; DOCC, 588 -636 nm; diBAC4(5), 600 -640 nm). 

"RV efflux. The membrane fractions were suspended in a solution consist- 
ing of 75 mM RbC1, 2 mM MgC12, 2 mM Pipes /Tris, pH 6.1, 6.6 µCi 86Rb+ at a 

final protein concentration of 1 mg /ml. In some experiments 75 mM KC1 was 
used. After a 2 h room temperature preincubation, total uptake of 86Rb+ was 
measured by placing duplicate 20 -µl aliquots in a stop solution consisting of 
500 pl of ice -cold 75 mM choline chloride, 2 mM MgSO4, 0.135 M sucrose and 
2 mM Pipes /Tris, pH 6.1. This suspension was filtered on HAWP millipore 
filters (0.45 pm) and washed four times with 2.5 ml ice -cold stop solution. Fol- 
lowing the addition of 2 mM MgATP, pH 6.1, further 20 -µ1 aliquots were 
removed and filtered as above at different times. For some experiments, a 10 
min 23 °C incubation with 20 mM NaSCN preceded the addition of ATP. After 
drying, the filters were placed in 10 ml of Amersham ACS counting fluid and 
counted on an LKB 81000 liquid scintillation counter. 

Materials. 3,3'- Diethyloxadicarbocyanine (DOCC) iodide was purchased 
from Eastman. diBAC4(5) was a gift from Dr. A. Waggoner, acridine orange was 
a gift from Dr. J. Mentor. 86RbC1 was purchased from New England Nuclear. 
Bullfrogs were purchased by Animal Services from Jaques Wiel Co. Chemicals 
used in biochemical assays were obtained from Sigma. All chemicals were of 
reagent grade. 

Results 

Resolution of microsomal membranes 
Free flow electrophoresis. The amphibian microsomal pellet, prepared as 

outlined in Materials and Methods, was a heterogeneous material containing 
what appeared to be both clear and pigmented membranes. Fig. 1 indicates that 
this material, when washed and resuspended in isotonic, Tris /acetate buffer, pH 
7.4, could be resolved by the free flow electrophoresis procedure into two 
separate protein peaks with some additional material between these peaks. This 
resolution was characteristic of every amphibian microsomal sample tested. 
Preparational variations were restricted to changes in the proportions of these 
two major peaks. 

Discontinuous sucrose gradient. Membrane material designated GI (Ficoll- 
sucrose), GII (20% sucrose) or GIII (29% sucrose) was found at each interface 
on the step gradient. The lightest band (GI) produced the smallest yield of 
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Fig. 1. Electrophoretic resolution of membrane -bound proteins utilizing the Hannig model 5, free flow 

electrophoresis apparatus. Material from the two major 280 nm absorbance peaks, FFI (tubes 11 -25) and 

FFII (tubes 31-43) was pooled and prepared as detailed in Materials and Methods. 

materials. This membrane fraction, trapped on the top of the Ficoll- sucrose 
interface was cleanly separated from the heavier material. The GII material was 

trapped at the sucrose -ficoll -22% sucrose interface. Like the GI material, the 
quantity of this material was low in comparison to the GIII fraction. The 22% 

sucrose layer contained a diffuse cloud of membrane material concentrating in 

the 29% sucrose interface. The material at the 29% interface (GIII) was the pre- 

dominant band on the discontinuous gradient. The 30% sucrose layer also 

contained a diffuse cloud of material. A pellet was formed at the bottom of the 
tube. 

There appeared to be little color in the ficoll- sucrose band. However, pig- 

mentation progressively increased in the heavier gradient bands. The pellet under 
the 30% sucrose was heavily pigmented. 

Dithionite- reduced spectrum. Fig. 2 shows a dithionite- reduced spectrum for 

each of the electrophoretically separated fractions (i.e. FFI and FFII). Charac- 
teristic absorption peaks identify flavoprotein, cytochromes b, c + cl, a and a3. 

The components identified by those spectra are listed in Table I. This com- 

parison indicated a substantial mitochondrial contamination within the crude 
microsomal material which was enriched in the second peak. This enrichment 
in the second fraction was greater for complex IV (i.e. cytochromes a and a3) 

whose average values increased 3.4 -fold over the anodic peak (FFI). For com- 

plex III (i.e. cytochromes b and c1) the average increase was 1.8 -fold. Absorp- 
tion peaks characteristic of other microsomal redox systems were not detected 
in either FFI and FFII. 

ATPase activity. Basal Mgt + -ATPase activity was present in every microsomal 
membrane fraction isolated. The large variations in this activity indicated the 

presence of a heterogenous population of ATPases. Table II lists this basal 

Mgt + -ATPase as well as the activity in the presence of the stimulating ions K' 

and HCO3 for both free flow and discontinuous sucrose gradient procedures. 
Comparison of the basal Mg'-ATPase activity in the sucrose gradient 
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Fig, 2, Comparison of the Na2S204- reduced spectrum of FFI and FFII- See Materials and Methods for 
details of procedure. For both FFI and FFII membranes, full scale absorbance on the Aminoc DW -2 split 
beam system was set at 0.02 absorbance unit. The first bands (shorter wavelengths) in the FFII membrane 
system were recorded with full scale absorbance sensitivity decreased to 0.1 absorbance unit. 

fractions (i.e. GI, GII, GIII) showed that the basal Mgt + -ATPase activity was 
enriched in the membrane fractions which equilibrated in progressively denser 
sucrose. Table II shows that the membranes at the 29% sucrose (i.e. GII) inter- 
face had an 11 -fold increase in activity over the material equilibrated at the 
sucrose -ficoll interface (i.e. GI). This separation of basal Mg'-ATPase into 
fractions with either low or high activity (i.e. GI or GIII) was also achieved by 
free flow fractionation. At 92.1 tmol mg -1 h -1, the Mgt + -ATPase activity 
of the FII membranes was the highest obtained by either purification proce- 
dure. 

Enrichment of the HCO3- stimulated component of the ATPase activity 
coincided with that of the basal Mgt + -ATPase. Within the density gradient 

TABLE I 

IDENTIFICATION OF REDOX COMPONENTS REDUCED BY Na2S204 

Values are given as pmol/mg membrane protein. Wavelength pairs and extinction coefficients used were 
those determined by Chance and Williams [23]. 

Flavo- 
protein 

Cytochrome 

6 c+cl a a3 

Microsomal 0.304 0.151 0.132 0.296 0.289 
FFI 0.204 0.098 0.074 0.112 0.078 
FFII 0.296 0.141 0.158 0.311 0.309 
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TABLE II 

ATPase ACTIVITY IN GRADIENT AND FREE FLOW ELECTROPHORESIS FRACTIONS 

Values are expressed as µmol mg -1 h -1. 

:ABLE 

ppEC7 

¡y OF 

Fraction Basal Mgt+ Mgt ++ 20 mM K+ AK+ Mgt ++ HCO3 AHCOj 
u.______- 

Microsomal 62.3 ± 6.2 64.4 ± 7.5 2.1 100.5 ± 10.3 38.2 

n= 5 n= 5 n= 3 

GI 5.2 ± 1.2 7.0 ± 1.7 1.8 9.8 ± 2.6 4.6 
n =6 n =6 n =4 

GII 42.4 ± 10.8 39.2 ± 7.1 - 68.9 ± 14.4 26.5 
nasal M'. 

n =4 n =4 n =3 
GIII 58.2 ± 5.94 56.6 ± 4.2 - 83.5 ± 12.8 25.3 

n =7 n =7 n =4 gl'+ 

FI 18.0± 5.3 23.7 ± 5.9 5.8 21.9 ± 20.3 3.9 

n =4 n =4 n =2 
FII 92.1 ± 6.2 96.4 ± 9.5 4.3 124.9 ± 4.75 32.8 

n =5 n =3 n =2 6lige 

14 0( 

lICOI 

material this increase in activity was approximately 6 -fold from GI to GII. As 25% 

with the basal Mg'-ATPase activity, the highest activity obtained was in the and 1 

free flow fraction, FFII. In the free flow fractions, there was depletion of peak 

HCO3 stimulation in the FFI fraction with concomitant enrichment in the FFII the r 

membranes. weig] 

The results of an experiment which assayed the sensitivity of the compo- Toge 

nents of the ATPase reaction to the mitochondrial inhibitor protein are dis- they 

played in Table IV. Clearly, most of the activity in the GIII fraction, regardless in th 

of the stimulating ion, is sensitive to the mitochondrial inhibitor protein. The cula] 

GI fraction differs somewhat from the inhibitory pattern observed with the Grac 

GIII material. In the GI fraction, that component of the ATPase reaction which M 

is stimulated by KHCO3 is partially insensitive to the mitochondrial inhibitor [ry'' 

protein. Only 40% of the KHCO3 stimulation is lost by incubation with the mat 

mitochondrial inhibitor protein. indi 

K 
+- stimulated ATPase activity was highest in the membrane fraction FFI the 

isolated by free flow electrophoresis. In the FFI fraction the K +- stimulated 201 

activity was approximately 6 limo' mg -1 h -1. This exceeded that observed in the 

any of the sucrose gradient fractions. In membranes isolated by sucrose of c 

gradient fractionation, a slight K+ stimulation is present in the lightest fraction, 'I 

but was smaller than that of the FFI. K +- stimulation does not appear present in 

the 20% and 29% sucrose fractions, but a small activation could be obscured by 

the high basal Mg' activities of these fractions. 
TAI 

The K +- stimulated ATPase of the FFI fraction was insensitive to both 20 mM 
ATI 

NaSCN and oligomycin (2.8 : 1). Table III emphasizes the disparity between PR( 

Mg'- and K +- ATPase sensitivities. The basal Mg'-ATPase activity was 89% 
Act 

inhibited by oligomycin and 62% by 20 mM NaSCN. This was in contrast to - 
an apparent 16% stimulation of the K+ component by oligomycin and 36% 

stimulation by SCN- of this activity. 
sas. 

Polypep tide pattern. Fig. 3 shows the complex polypeptide pattern of the 

membrane fractions resolved by free flow electrophoresis. In the microsomal 11g' 

fraction there were two major polypeptide peaks representing 100 000- and 
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'ABLE III 

'iTECT OF SCN- AND OLIGOMYCIN ON BASAL Mgt+ AND THE K +- STIMULATED ATPase ACTIV- 
ry OF THE FFI MEMBRANE FRACTION 

ctivity expressed as µmol mg -1 h -1 

Specific activity % sensitivity 
.2 

Control 20 mM NaSCN Oligomycin * 20 mM NaSCN Oligo- 
.6 mycin 

5 
3asalMg2+ 

21.1 ± 2.7 
n=4 

8.1 ± 4.2 
n=2 

2.35 ± 0.8 
n=3 

-61.6 -88.9 

3 
qg2++ 

l{+ 29.4 ± 3.4 
n=3 

19.4 ± 10.2 
n=2 

11.9 ± 1.9 
n=2 

-34.0 -59.5 

9 lK' 8.3 11.3 9.6 +36.1 +15.6 

8 
.OBgomycin/protein, 2.8 : 1. 

24000-dalton polypeptides. In addition to these major peaks, four bands 
accounting for 30% of the total stained protein and five bands accounting for 

. As 25% were located between the 100 000 and 44 000 molecular weight region 
the and below the 44 000 molecular weight region, respectively. The first anodic 

of peak (FFI) was enriched both in the 100 000 molecular weight region and in 
FII the region between 44 000 and 100 000. In this fraction the 100 000 molecular 

weight region accounted for approximately 53% of total stained protein. 
Ipo- Together with the peptides of molecular weight range 44 000 and 100 000, 
dis- they accounted for approximately 86% of the Coomassie blue- stained protein 
less in this fraction. The major protein peak of the FFII fraction, the 44 000 mole - 
rhe polar weight peak, was 35% of the protein in the FFII membrane fraction. 
the Gradient fractionation showed only poor resolution of those peptides. 
Lich Membrane phosphorylation. Incubation of the anodic free flow fraction with 
itor [7-32P]ATP, labelled a component of the trichloroacetic acid precipitate of this 
the material. In FFI, 226 pmol /mg of membrane protein were labelled with 32P. As 

indicated in Table V, this label was partially sensitive to 20 mM KC1. 46% of 
FI the 

32P -label was lost if the membranes were phosphorylated in the presence of 
ted 20 mM KC1. In contrast to the FFI material, there was little phosphorylation in 
1 in the FFII fraction. Table V indicates formation of a K +- insensitive component 
ose of only 16 pmol /mg. 
on, The 10% polyacrylamide gel peptide pattern of the 1% SDS /1% ß- mercapto- 

in 

by 

TABLE IV 
IM 

ATPase SENSITIVITY OF SUCROSE GRADIENT FRACTIONS TO MITOCHONDRIAL INHIBITOR 
'en PROTEIN (MIP) 

a% Activity expressed as µmol mg -1 h -1. 
to 
3% Untreated MIP- treated 

Basal Mg2+ GI 0.14 0 
he GIII 84.6 0 

lai hlg2++ KHCO3 GI 6.4 3.8 

nd GIII 138.0 1.7 
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Fig. 3. Polypeptide pattern resulting from 1% SDS /1% ß- mercaptoethanol solubilization of the crude 
microsomal, FFI and FFII membrane systems. See Materials and Methods for details. Molecular weight 
determinations were calculated by relative mobility in comparison to a series of standards of known 
molecular weight. (A) Represents the crude microsomal material; (B) the FFI membrane fraction and (C) 

the FFII membrane fraction (T.D. = tracking dye). 

ethanol -solubilized phosphorylated FFI system is presented in Fig. 4. Two 
areas of the gel were heavily labelled. The first was the 100 000 molecular 
weight - peptide region. From the counts recorded in Fig. 4 in this region 57% of 
this phosphoprotein was sensitive to 20 mM KC1. The second region was at the 
end of the gel and did not correspond to an area of peptide stain. These counts 
are due to free inorganic 32P and low molecular weight glycolipids which are 
labelled at alkaline pH [13,25]. 

Transport experiments 
Acridine orange. Absorbance signals consistent with the generation of a 

proton gradient are dependent on previous incubation of the anodic material 
(FFI) with KC1. The KC1 requirement can be fulfilled by prolonged incubations 
at 4 °C, 2 h room temperature incubations or the addition of valinomycin to 
non -equilibrated material. Under these conditions, ATP addition to the vesicles 
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ggLE V 

r,32NATP PHOSPHORYLATION OF MEMBRANE FRACTIONS SEPARATED BY FREE FLOW 

;LECTROPHORESIS 

'12- labelled protein is expressed as pmol Pi /mg membrane protein. 

l'- labelled protein Mgt+ only Mgt ++ 20 mM K % Ke sensitive 

FFI 

FFII 

266 144 46 
16 19 

RI the presence of 5 p acridine orange resulted in the absorption changes 
;hown in Fig. 5. This nigericin and tributyltin- sensitive signal (latter results not 
;hown) exhibited an 80 s tmax followed by a slow decay to baseline. 10 min 
equilibration with SCN- reduced the magnitude of the absorbance change by 
16 %. The same equilibration procedure with 10 pg of oligomycin (10 pg oligo- 
mycin /105 µg protein) reduced the acridine orange signal by 47 %. In the 
presence of oligomycin, the tmax was shifted to 140 s. Acridine orange changes 
were not observed in FFII. 

The development of an acridine orange response to the ATP -dependent 

LO - 

E 

c 0.8 - 
o 
n 

7 
-32P label bound to the FFI membrane 

protein in the presence of 20mM KCL 

7 
-32P label bound to the FFI membrane 

protein in the absence of KCl 

100000 
_J-/T.D. 8 

7 

a 

al 

is 

;o 

as 

1 

2 3 4 5 6 7 

qel length (cm) 

Fig. 4. [y- 32P]ATP phosphorylation pattern of the FFI membrane system. 40 pg of FFI protein was 
added at 4 °C to an 80 pl total volume containing 0.1 pM ATP, 2.0 pCi [y 32P]ATP, 10 mM MgCl2 and 
20 mM Tris -HC1, pH 7.4, with or without 20 mM KC1. After a 15 s incubation at 4 °C, the membranes 
were solubilized in 1.0% SDS /1% ß- mercaptoethanol and this material applied to the gel system detailed in 
Materials and Methods. Absorbance of the Coomassie blue-stained proteins was measured at 550 nm. 
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Fig. 5. Absorbance of acridine orange in energized FFI. Following the preloading procedure detailed in 

Materials and Methods, a 350 pl aliquot was transferred to a microcuvette to begin a 10 min incubation in 

either 20 mM NaSCN or 10 pg oligomycin. 5 pM acridine orange was added and at zero time, 0.8 mM 

MgATP, pH 7.4, addition produced the absorbance changes (sample 496 nm, reference 446 nm) moni- 

tored. The control signal was incubated similarly but in the absence of NaSCN or oligomycin. 

energization in each microsomal equilibrium density fraction is presented in 

Fig. 6a. While there were preparational differences in the rate of development 
and magnitude of the acridine orange signal, the large response of this probe in 

each equilibrium density fraction was a consistent finding. This signal, qualita- 
tively identical to signal development in the FFI fraction, was characterized by 

its dependence on prior KC1 equilibration, its dissipation by nigericin or 
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Fig. 6. Absorbance of acridine orange and DOCC (with TCS) in energized sucrose gradient fractions. Aliquots 
of each membrane fraction were prepared as detailed in Materials and Methods. (a) 5 pM acridine orange 

was added to each fraction. At zero time, 0.8 mM ATP, pH 7.4, addition produced the absorbance 
changes monitored at, sample 496 nm, reference 446 nm. (b) The procedure was identical as in (a) except 
that 4 pM DOCC and 6 pM TCS were substituted for acridine orange. DOCC absorbance was measured at 

sample 588 nm, reference 636 nm. GI, GII and GIIl are the membrane fractions designated in the text. 
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ributyltin and its enhancement when valinomycin was added before ATP 
lepletion. 

Diethyloxadicarbocyanine. The DOCC + TCS measurement of the ability of 
ach fraction to generate a potential upon ATP addition is recorded in part b of 
N. 6. In contrast to the activity observed with acridine orange in each frac- 
tion, the DOCC + TCS measured potential did show a gradient resolved 
enhancement. As shown in Fig. 6b, the largest DOCC + TCS absorbance changes 
sere generated in the lightest fraction. The inverse relationship between 
DOCC + TCS signal development and the equilibrium density of the fractions 
cas a consistent observation between preparations and could be accounted 
or by a progressive increase in other conductances with density. As noted for 

log vesicles [24] this signal development was dependent upon the inclusion of 
ICS in the reaction media and prior equilibration with KC1. In the absence of 
p M TCS, the ATP -dependent absorption changes of DOCC were of small 
magnitude and slow in development (results not shown). This signal was 
reversed by the addition of valinomycin or nigericin. 

The TCS- dependent DOCC response was also present in the anodic free flow 
peak. In this fraction, the magnitude of the DOCC + TCS signal was small in 
comparison to the acridine orange response of the same material. Fig. 7 com- 
pares the ATP -dependent signal in the anodic peak after substitution of K2SO4 
for KC1. In K2SO4 media the absorbance maximum increases 28% over that 
obtained in the KC1 media, while the tmax of the signal was delayed from 80 s 

KC1 to 120 s in the K2SO4. In both cases the signal was nigericin sensitive. 
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Fig. 7. Comparison of the DOCC (with TCS) absorbance signal in KC1 and K2SO4 media. The FFI mem- 
brane fraction was incubated in either KC1 or K2SO4 media as outlined in Materials and Methods. 350 -a1 
aliquots were transferred to microcuvettes and 4 µM DOCC and 6 AM TCS added. At zero time, 0.8 mM 
MgATP (pH 7.4) was added and the absorbance monitored at sample 598 nm, reference 636 nm. Curve a, 
the absorbance signal of the FFI material incubated in KC1 media; curve b, material incubated in K2 SO4. 
media. 

Fig. 8. 2 mM MgATP (pH 6.1) was added at zero time to the FFI membrane fraction previously incubated 
with 86Rb+ as detailed in Materials and Methods. Each point, representing the amount of trapped 86Rb+ 
remaining at that time, is the average of two experiments. 
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TABLE VI 
1171 

w 

NaSCN SENSITIVITY OF 86Rb+ EFFLUX 1 

ion hi 

FFI membranes Trapped 86Rb +following ATP addition (nmol) mit p' 
accord; 

0 90 s 10 min 32P] 

Control 105 80.7 56.5 iç One 

+20 mM NaSCN 105 79.1 53.6 rylatio 

centrif 

partial 
With a 10 min incubation, 20 mM SCN- inhibited the DOCC + TCS signal by Bot 
greater than 90 %. that, t 

K+ efflux. The identification of K+ as a transported ion was observed as the for ho 
ATP -dependent loss of trapped 86Rb+ from vesicles previously incubated in fractic 
86RbC1. Preincubation of the material for 2 h at room temperature was used for of tot 
equilibration of the isotope within the membrane -bound space. Calculation of ton c 

the counts trapped by the FFI material at this time gave an apparent volume of spond 
1.3 N.1 /mg. The addition of 2 mM Mg2+ -ATP caused a rapid loss of trapped iogly, 
86Rb+ which accounted for 62% of the initial equilibrated 86Rb +. The kinetics of Al 
of this S6Rb+ disappearance from the anodic material are shown in Fig. 8. 71% Thy 

of the total counts sensitive to ATP were lost within the first 90 s. A slow loss electr 
during the subsequent 8.5 min accounted for the remaining efflux. After 10 orang 
min (ATP depletion occurs about this time) there is a slow re- equilibration of probe 

the 86Rb +). Similar data were obtained when 86RbC1 was used in the presence of brane 
KC1. gener 

In another preparation, the normal ATP -dependent loss of trapped 86Rb+ was chon, 

compared to vesicles previously incubated with 20 mM NaSCN. Table VI devel 

indicates virtually no effect of the NaSCN on either the 90 s or 10 min values mem 
following ATP addition. In 

tions 
Discussion ing v 

was 

Fractionation of frog gastric mucosal homogenates by differential and den- nega 
sity gradient centrifugation has been described previously [8]. We were unable, the 

by a variety of procedures to separate a K +- activated ATPase from an ATPase W 

which had mitochondrial ATPase characteristics, such as oligomycin sensitivity the 
and inhibition by mitochondrial ATPase inhibitor protein [26,27]. However, elect 

using free flow electrophoresis, separation of two groups of particles was this 
achieved. The anodic fraction was enriched in K+- ATPase, whereas the men 
cathodic fraction was enriched in HCO3- activated ATPase. The level of the two pare 

ATPases in the microsomal fraction was such that less than 5% (3.4 %) could be T 
accounted for as the K +- activated component, whereas in the anodic fraction of t 
32.0% was due to the K+ component. This K +- component insensitivity to 20 exte 

mM SCN- and oligomycin was similar to hog enzyme [10]. Spectral analysis of con 
the two fractions showed the continued presence of mitochondrial redox com- effli 

ponents, but significant depletion in the anodic fraction compared to the 7 

cathodic fraction. A more striking segregation of markers was found using poly- accl 

acrylamide gel electrophoresis in SDS. The 100 000 dalton peptides, which HC] 

characterizes the K +- ATPase of dog [12,13], hog [15,16], rabbit [14] or man Cl- 
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17] was found exclusively in the anodic fraction, whereas the cathodic frac- 
ion had a 44 000 dalton peptide as its major component. The expected sub- - mit pattern of the mitochondrial F1 ATPase, however, was not observed. In 
accordance with expectation, the phosphorylation of membrane peptide by 
i3211ATP occurred in the anodic fraction. The level found, 266 pmol /mg 32P 

is one fifth of that found in hog enzyme [31], but only 46% of the phospho- 
rylation is discharged by K. Thus, the above data indicate, that in contrast to - centrifugation methods, in our hands, free flow electrophoresis is capable of 
partially resolving ATPase activities of frog microsomes. 

by Both particulate fractions isolated by free electrophoresis are vesicular, in 
that, based on 86Rb+ uptake, an equilibrium volume of 1.3 al /mg is found. As 

he for hog, Rb+ loss dependent on the presence of ATP occurs only in the anodic 
in fraction [11]. This loss occurs in two phases, a rapid phase accounting for 71% 

'or of total loss occurring within 90 s, and a slower phase lasting until the deple- 
of Lion of ATP. The efflux was insensitive to SCN- and thus these data corre- 
of sponded in large measure to those already described for hog [10,11]. Accord- 
ed ingly, frog gastric vesicles are capable of generating K+ gradients in the presence 
cs of ATP. 
% There are several means of measuring proton gradients in vesicles such as 
ss electrometric techniques, potential dye probes, binding dyes such as acridine 
f0 orange and weak bases such as 9- aminoacridine. Except for the potential dye 
DI' probes, these techniques do not in general discriminate between plasma mem- 
Df brane or everted mitochondrial vesicles since both types could be expected to 

generate a ApH with the addition of ATP. However, in the case of the mito- 
chondrial ATPase the pump mechanism is electrogenic and gradient or potential 

'I development is independent of added K+ [28] whereas the hog gastric plasma 
?s membrane ATPase transport is neutral and K+ dependent [10]. 

In the gradient fractions, acridine orange responses are found in all the frac- 
tions. Everted mitochondrial vesicles also show increased acridine orange bind- 
ing with ATP addition [29], but since in the gastric vesicular experiments, K+ 

was an absolute requirement and results from potential- sensitive dyes were 
negative, there is a question as to whether the mitochondrial contamination of 
the denser peaks was responsible for the dye signal. 

With free flow fractionation, the only transport responses were observed in 
the K +- ATPase enriched, HCO3- ATPase depleted fractions. It is possible that 
electrophoresis separates normally fused membranes, but it is more likely that 
this method simply enriches plasma membrane as distinct from other vesicular 
membrane structures. In the anodic fraction, therefore, it is possible to com- 
pare transport by frog membranes to those of hog. 

The vesicular volume /mg protein of the frog preparation is about half of that 
of the hog. Using FFI membrane material and the pH electrode the change in 
external pH corresponds to an uptake, in equilibrated vesicles, of 19 nmol /41, 
considerably less (1/5) than an average hog preparation. However, the Rb+ 
efflux is close to that of the hog in terms of nmol /pl transported. 

The presence of an HCl leak path and the absence of a large Rb+ leak could 
account for the discrepancy, the H+ being exchanged for Rb+ by the pump and 
HC1 leaking by an unspecified pathway. A back leak of OW in exchange for 
CI would also result in this discrepancy. 
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The signal generated by the addition of ATP in the presence of acridine is stil 
orange was similar in magnitude compared to that found in hog [24] in spite of comp 
the lower proton uptake values. The acridine orange signal is due to binding of H` + 

the dye to negative sites induced by a pH gradient. The number of those sites Th 
could be a function of the phospholipid composition of the membrane (e.g. the and I 

per cent and orientation of phosphatidylserine residues) and hence quantitative phor 
correlation may not be anticipated betweeen species. The time of formation of prop 
the maximum dye signal was considerably delayed compared to the hog, but trans 
correlated with the fast Rb+ efflux phase. This, coupled with the Rb+ efflux 
found, would lead to the conclusion, as for the hog, that a K' for H+ excìlange Ackr 
is the transport mechanism. 

An unequal stoichiometry, in the absence of shunting conductances would Ti 

result in development of a potential difference. Positively or negatively charged NSF 

dyes, such as DOCC or diBAC4(5) (oxonol) would then show a response to 
ATP addition. This was not the case, but as for the hog, the addition of a Ref( 

protonophore to the DOCC experiment, resulted in the development of a 

potential difference, interior negative, explained as due to H` diffusion paten- i R 

tial across the protonophonic conductance [24]. This indicates the develop- 2 S. 

ment of a H+ gradient, and also the absence of a large enough shunting conduc- 
a 

(1 

tance to short circuit the HE diffusion potential. 45- 

The in vitro frog mucosa, in the absence of Cl -, but in the presence of SOá -, 
s F shows an inverted potential difference interpreted as due to the electrogenic 
7 

H+ pump [1]. In hog vesicles, replacement of Cl- by SO4- reduced the rate of 8 E 

development and magnitude of all the transport signals [10], unless the vesicles 9 

had been aged or treated with trypsin or chymotrypsin [30]. In this case, to 
partial restoration of the signals could be achieved by Cl- removal and S0á - 
substitution. In the case of frog free flow fraction I, the signal generated by 11 

12 DOCC in the presence of TCS was increased by the SOá- substitution. This is 18 

explained as being due to removal of a Cl- conductance which, in the presence 14 

of a TCS- induced H+ conductance, partially shunts the H+ diffusion potential. 15 

Thus, frog vesicles may contain a significant CF conductance perhaps contrib- is 

uting to the discrepancy between H+ and Rb+ fluxes, as noted above. The 17 

absence of Cl- however, did not result in a response of the negatively charged 18' 

diBAC4(5) which would have occurred had an electrogenic pump been 19 

unmasked. 20 

Another difference between hog and frog, qualitative rather than quantita- 21 

tive, was the abolition of the acridine orange and DOCC + TCS response by 20 
22 

g P Y 23 

mM SCN -. Since the K 
+- ATPase hydrolytic activity was insensitive to this ion 24 

it seems reasonable that the action of SCN- influences the coupling of ATP 25 

turnover to H+ or Rb+ transport. As Rb+ transport was unaffected, SCN- 27 

apparently uncouples H+ from Rb+ transport in frog vesicles. The simplest inter- 28 

pretation is that SCN- provides an anion conductance path allowing H+ to leak 29 

across the whole membrane, or uncouples an intramembranal transport corn- 31 

partment of bound H. Since SCN- addition after the signal had developed was 

less effective than a 10 min incubation with SCN- before ATP addition, we 

favor an uncoupling action at an intramembranal site, rather than induction of 

a transmembranal leak. Indeed the latter would require an associated large H' 

conductance, and although the H+ conductance exceeds the K+ conductance, it 
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ine is still too small to be detected by DOCC alone. A series pump model, using 
of components (e.g. a2 ß2) of the mitochondrial F1 ATPase and the specific gastric 
of H +1C+)-ATPase would show many of the above properties. 

tes Thus, frog mucosa, as for hog, contains a membrane which is capable of H+ 

he and K' transport, as well as having an associated K +- ATPase activity and a phos- 
ve phorylatable Mr 100 000 peptide. Differences between hog and frog membrane 
of properties are both quantitative and qualitative, but the general aspects of the 
ut transport phenomena are similar. 
ax 
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Quantitation of Hydrogen Ion and Potential Gradients in Gastric 
Plasma Membrane Vesiclest 

E. Rabon, H. Chang, and G. Sachs* 

ABSTRACT: The ATP -dependent uptake of H+ by hog gastric 
parietal cell vesicles was quantitated by using the pH indicator 
dyes bromcresol green and malachite green, the weak bases, 
aminopyrine and 9- aminoacridine, and the pH electrode. A 
K +- dependent H+ uptake was found, with a significant dif- 
ference between the quantity of H+ disappearing from the 
medium (AH0) and the quantity appearing inside the vesicle 
(OH;). 9- Aminoacridine gave a lower value for the ¿H; than 
any of the other probes. Probes of potential such as diethy- 
loxadicarbocyanine or oxonol dyes showed that only secondary 
diffusion potentials occurred during H+ uptake and that the 

Purified hog gastric vesicles derived from the acid secreting 
(parietal) cell of gastric epithelium (Saccomani et al., 1978) 
contain as a major protein a K +- activated ATPase (Forte et 
al., 1974; Sachs et al., 1976) distinct from the Na+ + K+ 
ATPase (Skou, 1965). These vesicles, due to the ATPase, are 
capable of simultaneously translocating H+ and K+ (Sachs 
et al., 1976) apparently by an electroneutral exchange 
(Schackmann et al., 1977; Lewin et al., 1977). These vesicles 
are oriented so that the cytoplasmic side faces the external 
medium (Saccomani et al., 1977). In the absence of ATP the 
vesicles have a low permeability to K+ and Cl- and a low, but 
measurable H+ conductance (Chang et al., 1977). 

Since these vesicles provide a unique opportunity to study 
the transport activity of a plasma membrane ATPase of a eu- 
karyotic cell, a variety of probes were used in order to quanti- 
tate the pH gradient and any primary or secondary potentials 
generated by the transport process. 

Osmotic gradient experiments have proved useful in dis- 
tinguishing uptake and binding (Kinne et al., 1975) and are 
also helpful in discriminating between net uptake and exchange 
mechanism. 9- Aminoacridine has been used extensively in 
detection and quantitation of H+ trapped in vesicles (Schul- 
diner et al., 1972; Fiolet et al., 1974). pH indicator dyes are 
useful in discriminating pH changes in the medium or in the 
vesicle space (Chance, 1975). Uptake of a weak base or weak 
acid has been employed for studies of pH gradients in gastric 
glands (Berglindh, 1977) and in vesicles (Ramos & Kaback, 
1977). Carbocyanine dyes as probes of potential have been 
applied to intact tissue such as cornea (Graves et al., 1978), 
squid axon (Waggoner, 1976) or chromatophores (Pick & 
Avron, 1976), red cells (Sims et al., 1974), and mitochondria 
(Laris et al., 1973) and appear to be useful probes of potentials 
across membranes. Acridine orange appears to alter its binding 
characteristics in mitochondria (Dell'Antone et al., 1972) and 
gastric vesicles (Lee et al., 1976) as a function of what has been 
termed energization, or more probably H+ gradients. All of 
these probes may act as ATPase inhibitors, or as uncouplers; 

t From the University of Alabama in Birmingham, Laboratory of 
Membrane Biology, Birmingham, Alabama 35204. Received January 11, 
1978. Supported by National Institutes of Health Grant No. AM 15878 
and National Science Foundation Grant No. PCM 77- 18951. 

cationic dyes in the presence of protonophores could also be 
used to quantitate H+ uptake. The potential in the presence 
of protonophore indicated a OH; greater than that found with 
the other probes. Binding sites for acridine orange were gen- 
erated either by ATP or an artificial pH gradient and corre- 
sponded to the ¿H; indicated by aminopyrine. SCN- (30 mM) 
only partially inhibited the H+ gradient, and this, coupled with 
the failure to detect the physiological OpH of 6.6, indicated 
that these vesicles may be an incomplete model of gastric acid 
secretion. 

thus optical measurements are combined with measurement 
of enzyme activity and measurement of AHo using the pH 
electrode. 

The application of these techniques to gastric vesicles, as 
described herein, indicates that a quantitative discrepancy may 
exist between the amount of H+ disappearing from the medium 
and the quantity of H+ appearing inside the vesicle with dif- 
ferent probes. As concluded previously, the H+ pump appears 
to have nonelectrogenic characteristics. SCN- did not inhibit 
transport by these vesicles to the extent expected from its action 
in the intact tissue. 

Materials and Methods 

A. Vesicle Preparation 

The purified gastric vesicles were obtained as detailed 
elsewhere (Chang et al., 1977). The fraction used was obtained 
at the sucrose- ficoll interface in a Beckman Z60 rotor. 

For studies of transport parameters, the vesicles were rou- 
tinely incubated in a suspension at a final concentration of 150 
mM KCI, 2 mM MgCl2 and 1 -20 mM buffer (pH 6.1 or 7.4) 
for 2 h at room temperature. The suspension was then placed 
on ice and used within 3 h. Longer times of incubation at room 
temperature resulted in increased leak by the vesicles. On oc- 
casion vesicles were used which had not been KCI equilibrated. 
Ionophores were added as described and SCN -, when used, 
was present at 30 mM final concentration. Vesicle protein was 
set to a final concentration of 0.25 to 0.3 mg /mL, corre- 
sponding to 0.50 to 0.66 µL of vesicle volume mL -I. Protein 
was measured according to Lowry et al. (1951) and ATPase 
as previously described (Saccomani et al., 1977). The probes 
were added at concentrations identical with those used in the 
optical experiments. 

B. Measurements 

1. Proton Uptake Measurements. Proton uptake with a pH 
electrode was measured as described elsewhere (Chang et al., 
1977), using a Radiometer pHM 64 meter. Proton uptake was 
measured in the presence of each probe used under conditions 
identical with those chosen for the optical assays, at p1-I 6.1. 

For measurement of the effects of osmolarity on proton 
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uptake, two conditions were chosen. In one set of experiments 
vesicles were added to 150 mM KCI in 5 mM glycylglycine 
buffer containing increasing concentrations of mannitol giving 

an osmolarity range of 310 mosM to 770 mosM. Since OH° 
was measured in these experiments, a weak buffer was used 

in the medium. ATP (0.6 mM) was added 2 min later. Alter- 
natively, vesicles were preequilibrated in 150 mM KCI at 4 °C 
for 24, 48, and 72 h before the addition of the mannitol and 
ATP. At 4 °C the vesicles were virtually equilibrated between 
48- and 72 -h incubation (Schackmann et al., 1977). The 4 °C 
temperature was chosen in order to maintain vesicle function 
over the prolonged period required to achieve equilibration of 
KCI. In each case the maximum transport was measured and 
plotted as a function of the reciprocal of the osmolarity. 

Calibration of the pH signal was carried out in all experi- 
ments by measuring the deflection caused by the addition of 
10 nmol of HCI in 10µL to the final mixtures, or by returning 
the external pH to the initial value, by successive additions of 
10 nmol of HCI in 10µL volumes. 

2. Measurements Using Bromcresol Green. Absorbance 
changes of this dye were measured in the Aminco DW2 spec- 
trophotometer in the dual beam mode set at 617 and 680 nm. 
The reaction mixture consisted of 1.0 mg /mL vesicle suspen- 
sion incubated for 2 h in 150 mM KC1, 2 mM MgCl2, and 5 

mM glycylglycine buffer (since external pH is being moni- 
tored), pH 6.1, also containing bromcresol green at 15 AM. 
ATP was added to a final concentration of 0.6 mM to initiate 
the reaction and ionophores were added in 4µL of methanol. 
Calibration was carried out using additions of 10 -4 aliquots 
of 10 -3 M HCI and measuring the absorbance change, since 
this dye monitored extravesicular pH. 

3. Aminoacridine. Fluorescent quenching of 9- aminoacri- 
dine was measured in a Perkin -Elmer MPF 44 scanning fluo- 
rometer with 398 -nm excitation and 430 -nm emission wave- 
lengths. The standard experimental sample consisted of a 
500 -µL aliquot of vesicles (0.25 -0.3 mg mL -1) equilibrated 
in 150 mM KCI, 2 mM MgC12, and 2 mM Pipesl -Tris (pH 6.1 
or 7.4); then 3.5 µL of aqueous 1 mM 9- aminoacridine was 
added and 7 µL of 30 mM Mg ATP at identical pH was added 
to initiate the reaction. Ionophores such as nigericin, vali- 
nomycin, or tetrachlorosalicylanilide (TCS) were added in 3.5 
µL of methanol. Control experiments showed that this quantity 
of methanol was without effect. In experiments designed to 
shrink the preequilibrated vesicles, the volume of the initial 
suspension, with concentrations as above, except for twice the 
protein, was 200µL to which was added 200 µL of a solution 
containing 150 mM KCI, 2 mM MgCl7, 2 mM Pipes -Tris (pH 
6.1 or 7.4) and 67 -333 mM mannitol, the mannitol being 
added to vary the osmolarity. Subsequent additions were as 
above. In nonequilibrated experiments, only 15 min exposure 
to the KCI solution was allowed before ATP addition. 

For direct calibration of the ATP -induced signal since this 
was due to a change in intravesicular pH, the vesicles were 
incubated in 0.25 M sucrose containing 5 mM sodium succi- 
nate (pH 5.5) for 30 min at room temperature. The succinate 
was used to increase the proton capacity of the intravesicular 
space. At this point 100µL of 100 mM Pipes -Tris buffer ad- 
justed to pH 6, 6.5, or 7 and 100 mM Tris buffer adjusted to 
pH 8, 8.5, 9, 9.5, or 10 was added to 350 µL of this suspension 
giving a final protein concentration of 0.3 mg mL- 1. The 
pulse -generated change in fluorescence was recorded. Varying 

I Abbreviations used: TCS, tetrachlorosalicylanilide; DOCC, 3,3'- 
dimethyloxadicarbocyanine iodide; di- S- C3 -(5), 3,3'-dipropyl-2,2'- 
thiodicarbocyanide iodide; Pipes, piperazine-N,N'-bis(2-ethanesulfonic 
acid); Ans, 8- anilino -l- naphthalenesulfonate. 
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sucrose concentrations were used with each pulse to maintain 
constant osmotic pressure and a plot made of the log of fluo- 
rescence quenching ratio against the change of pH. Parallel 
experiments with appropriate volume increments were used 
to measure the exact pH change induced by buffer addition, 
using the pH meter. The principles of this method have been 
worked out for other subcellular particles (Schuldiner et al., 
1972). 

4. Measurements Using [14C]Aminopyrine. Twenty mi- 
crograms of the vesicles was suspended to a final volume of 450 
µL in 150 mM KCI, 2 mM MgC12, 5 mM glycylglycine (pH 
6.1) or 5 mM Pipes -Tris (pH 7.4) for 24 h at 4 °C. This time 
was chosen since an equivalent KC1 equilibration occurred as 
compared with the 2 h at room temperature used with the other 
probes. After warm up to room temperature, the reaction was 
initiated by addition of 50 µL of ATP and [14C]aminopyrine 
giving a final concentration of 2 mM ATP and 5µM amino - 
pyrine with 100 000 cpm mL -1. At timed intervals, the sus- 
pension was placed directly on a Millipore filter (HAWP, 0.45 
gm) and immediately washed with 10 mL of 150 mM KCI, 2 

mM MgC12, and 5 mM glycylglycine (pH 6.1) or 5 mM 
Pipes -Tris (pH 7.4) at 0 °C. Each time point was repeated in 

triplicate; the filters were dried and suspended in 10 mL of 
Aquasol. An LKB 81000 scintillation counter was used to 

measure radioactivity remaining on the filters. The OH; was 
calculated from the equation, ratio in /out = 1 + I OPK-PHI /l 
+ 10PK -PH0. This distribution ratio method has been used, for 

example, in bacterial vesicles (Ramos & Kaback, 1977). 
5. Measurements Using Malachite Green. The experiments 

were carried out, also with the dual beam spectrophotometer 
set at 623 and 680 nm. Vesicles at 0.3 mg mL -1 were incubated 
with 15 µM malachite green, 150 mM KCI, 2 mM MgC12, and 
2 mM Pipes -Tris buffer at pH 6.1 and 7.4 for 2 h at room 

temperature. ATP was added to a final concentration of 0.6 

mM to initiate the reaction. Ionophores were added as usual 
in 3.5 µL of methanol. 

6. Potential Measurements. Absorbance of 3,3'- dieth- 
yloxadicarbocyanine iodide (DOCC) and di- S- C3 -(5) was 

monitored in the Aminco DW 2 scanning spectrophotometer. 
Absorbance changes were measured at 598 -636 nm for DOCC 
and 661 -714 nm for di- S- C3 -(5). The reaction suspension 
consisted of vesicles (0.3 mg mL -I; incubated for 2 h) in 150 

mM KCI, 2 mM MgC12, and 2 mM Pipes -Tris at pH 6.1 and 

7.4. Dye additions (4 ALM) were made from a 400 µM solution 
in McOH. ÀTP, 0.6 mM (adjusted to pH), was added at zero 

time to a 350 -µL aliquot of the reaction suspension with or 

without 6 µM tetrachlorosalicylanilide (TCS). of 

For osmotic experiments, 386 mM mannitol was added rc 

immediately before the ATP. Calibration of the cyanine dye it 

signal due to a change in intravesicular pH was carried out by a 

suspending the vesicles (0.3 mg mL -1) in a solution of 5 mM u 

sodium succinate (pH 5.5) in 238 mM sucrose with 4µM dye c 

and adding 100 µL of 100 mM Pipes -Tris buffer adjusted to 2 

pH 6, 6.5, or 7 and at 100 mM Tris buffer adjusted to pH 8, 

8.5, 9, 9.5 to 350 µL of the suspension. Absorbance was re- 

corded for 20 s and then 6 AM TCS was added and absorbance 
recorded for a further 40 s. The actual change of pH was 
measured on a pH meter with the volume of reaction mixture 
scaled up to 2.0 mL. The standard curve was generated from 
a plot of the total absorbance change at each pH increment. 
The principle of these experiments was the same as used else- 
where, except that valinomycin -K+ gradients have been more 
generally used for calibration (Waggoner, 1976). 

7. Measurements Using Acridine Orange. Absorbance 
changes of acridine orange were measured in the DW2 spec- 
trophotometer in the dual beam mode set at 446 and 496 nm. 
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FIGURE I: Vesicles were incubated with 150 mM KCI, 5 mM glycyl- 
glycine, 2 mM MgC12 at 4 °C for varying lengths of time [(X -X) 2 min; 
(0 -0) 24 h; (O -O) 48 h; (0 -0) 72 h], and 0.6 mM ATP was added 
with varying concentrations of mannitol. The maximal H+ uptake mea- 
sured by the pH electrode (calculated as % of control) was plotted as a 
function of the reciprocal of total medium osmolarity. 

To 350 µL of a vesicle suspension (0.3 mg mL -I) incubated 
for 2 h with 150 mM KCI, 2 mM MgC12, and 2 mM Pipes -Tris 
buffer (pH 6.1 or 7.4), ATP at identical pH to the incubation 
buffer was added to give a final concentration of 0.6 mM. 
Acridine orange was present at 5 AM final concentration. Io- 
nophores were added in 3.5 µL of methanol before or after 
ATP addition. 

Two methods were used to calibrate the absorbance change. 
Again, since the change was due to an increase in H +1, vesicles 
were incubated in 250 mM sucrose containing 5 mM sodium 
succinate at pH 5.5, 6, 6.5, 7, 7.5, 8, 8.5, and 9 and the pH was 
increased abruptly by addition of 100 AL of 100 mM Pipes - 
Tris buffer adjusted to 1 pH unit greater than the 350 µL of 
the vesicle suspension containing 5 µM dye. Alternatively, 
350 -SL vesicles (0.3 mg mL -I) equilibrated with 238 mM 
sucrose containing 5 mM sodium succinate at pH 5.5 were 
pulsed with 100 µL of Pipes -Tris buffer at pH 6.0 and 6.5 or 
100 mM Tris buffer adjusted to pH 7, 7.5, 8, 8.5, 9, and 9.5. 
Again, varying sucrose concentrations were used to maintain 
isoosmotic conditions. The exact pH gradient was calibrated 
in a volume of 2.0 mL using a pH meter as before. The methods 
used were similar to those previously applied (Lee et al., 1976; 
Dell'Antone et al., 1972). 

8. ATPase. ATPase was measured as previously described 
(Saccomani et al., 1977). The conditions in the measurement 
of Pi release were 40 mM Tris -Cl (pH 7.4), 2 mM MgCl2, 2 
mM ATP, and 10 µg of enzyme per tube. The material was 
incubated for 15 min at 37 °C in 1 mL total volume. Probe 
additions were added at concentrations identical with those 
used in the optical experiments. In the presence of SCN- the 
conditions were 50 mM Tris- acetate (pH 7.4), 2 mM MgC12, 
2 mM ATP, and 20 g of enzyme per tube and incubation time 
was increased to 30 min at 37 °C. 

C. Chemicals 

ATP was purchased from Sigma, 3,3'- diethyloxadicarbo - 
cyanine iodide from Eastman, and 9- aminoacridine from Al- 
drich. Di- S- C3 -(5) was a gift from Dr. A. Waggoner. Acridine 
orange was a gift from Dr. J. M. Menter. Malachite green was 
a gift from Dr. T. Christian. Ionophores were purchased from 
Sigma Chemical Co. or obtained as gifts from Dr. H. A. Lardy. 
Tributyltin was purchased from K & K Lab, Inc. All other 
chemicals were the highest purity grade available. Hog 
stomachs were donated by R. L. Zeigler Meats, Tuscaloosa, 
Ala. 
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TABLE t: A Comparison of the OpH Obtained Using Various 
Probes of pH Inside or Outside the Vesicles at pH 6.1 or 7.4. 

transport measurement 

pH electrode 
fluorescent quench 9- aminoacridine 
[14C] aminopyrine accumulation 
absorption of (DOCC + TCS) 
absorption of acridine orange 
absorption of bromcresol green 

pH 6.1 pH 7.4 

4.92 
2.2 °, 
3.37 
3.7 
3.2 
4.89 

1.9b 
c 

2.8°, 
4.41 
5.9 
4.6 
c 

2.8 b 

a This value was calculated from the equation in text. b This value 
was obtained from the standard curve. The values given here were 
obtained on the same vesicle population for which the calibration 
curves were generated but reflect the average signal obtained in several 
experiments. c Not measurable at this pH. The values of OpH were 
obtained directly from the calibration curves as shown in the figures 
and are typical of the different probes used. 

Results 

A. Probes of pH 
(a) External. Here two methods, the pH electrode and 

bromcresol green, were used. 
1. pH Electrode. Under the standard conditions (2 -h incu- 

bation, room temperature) the addition of 0.6 mM ATP re- 
sulted in a change of pH of the external medium equivalent to 
the uptake of 69 nmol of H+ AL-1 vesicle space (Table I). 
These data have been detailed elsewhere (Chang et al., 
1977). 

The osmotic sensitivity of vesicular transport may be used 
to distinguish various aspects of uptake. It was previously 
shown that uptake of 8610 was time and temperature depen- 
dent, and 48 h or more at 4 °C was required for equilibration 
in the presence of Cl- (Schackmann et al., 1977) but consid- 
erably longer was necessary in the presence of SO4-. As shown 
in Figure 1, the time of equilibration with KC1 has marked 
effects on osmotic sensitivity. With only 2 -min incubation, at 
infinite osmolarity, zero H+ uptake is predicted. As the vesicles 
approach equilibrium, osmotic sensitivity is progressively re- 
duced, and essentially disappears after 72 -h incubation. If 
K2SO4 was used, even after 72 h, partial osmotic sensitivity 
was retained. The addition of lipid permeable ions did not re- 
duce the osmotic sensitivity in 5042- solutions (data not 
shown), suggesting the presence of a KCI symport pathway, 
rather than a coupled K+ and Cl- conductance. 

2. Bromcresol Green. The addition of ATP to the preincu- 
bated vesicles resulted in a rapid shift of the dye absorbance 
(Figure 2). Calibration of this dye signal showed that the 
change of pH indicated by this dye corresponded almost ex- 
actly to the change measured by the pH electrode, that is, a 
change of 4.89 at pH 6.1 (Table I). Partial inhibition of AT- 
Pase activity occurred with this dye, which probably accounts 
for the small inhibition of H+ uptake seen using the pH elec- 
trode in the presence of this dye. The OD change shown by 
bromcresol green was reversed by nigericin or a combination 
of valinomycin and TCS. Addition of a stronger buffer to the 
medium (10 mM Pipes -Tris) abolished the OD response. 

(b) Internal. 1.9- Aminoacridine. ATP addition to incubated 
vesicles in the presence of 9- aminoacridine resulted in 
quenching of the fluorescence as would be predicted from the 
development of intravesicular acidity (Schuldiner et al., 1972) 
and hence trapping of the dye. Nigericin reversed the change 
of fluorescence (Figure 3) and, after exhaustion of ATP, the 
addition of valinomycin also reversed the signal. In contrast 
to the enhancement obtained with the pH electrode (Sachs et 
al., 1977) the addition of valinomycin in the presence of ATP 
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FIGURE 2: Change in absorbance of 15 µM bromcresol green resulting 
from addition of 0.6 mM Mg -ATP to 350 AL of incubation medium. As 

in text, incubation medium consisted of 150 mM KCI, 2 mM MgCl2, 5 

mM glycyglycine (pH 6.1) incubated for 2 h at room temperature with 
GI at a final protein concentration of 1 mg mL -t. The OD difference 
between 680 and 617 nm was monitored. The calibration signal corre- 
sponds to the addition of 10 nmol of HCI. The lower curve shows the optical 
change in the presence of 10 mM Pipes -Tris buffer (pH 6.1). 
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FIGURE 3: The vesicles were incubated with 150 mM KCI, 2 mM MgCl2, 
and 2 mM Pipes -Tris buffer (pH 7.4) for 2 h at room temperature. Fol- 
lowing 9- aminoacridine addition to a 250 -µL aliquot of the incubated 
material, 0.6 mM Mg -ATP was added and the reaction followed in a 
fluorimeter set at excitation 398 nm, emission 430 nm. Nigericin (1 µg 
mL -1) was added at the point of maximal fluorescent quenching. The 
insert shows the plot of log of quench ratio as a function of an applied pH 
gradient by addition of external base, the initial pH being 5.5. When the 
ratio is unity, the vesicular volume is calculated as 1.9 µL mg-1. 

resulted in a slight reduction of the signal. This dye has a 
slightly larger effect on the quantity of H+ transport as corn- 
pared with the inhibition of ATPase activity (Table II). 

The response to 9- aminoacridine was maximal in 90 s, in 
contrast to the 30 -s maximum given by the pH electrode, 
bromcresol green, and acridine orange. However, the rate of 
reversal by nigericin was as fast as with the other methods. 
Imidazole at 0.3 mM reduced the signal observed, without an 
effect on ATPase activity, but with a reduction in H+ uptake 
as also measured by the pH electrode (Table II). 

SC- (30 mM) partially inhibited the dye signal (Table 
III) in contrast to the complete inhibition of H+ transport 
observed in the intact mucosa (Rehm, 1972) and isolated 
glands (Berglindh, 1976). 

The magnitude of the signal was linearly dependent on 
protein concentration in the range of 0.125 -0.5 mg of protein 
at 10µM aminoacridine. Above that concentration, the degree 
of quench was reduced. 

RABON, CHANG, AND SACHS GAST 

TABLE II: The Effect of Different Probes and Other Additions on 
ATPase Activity and H +0 of Gastric Vesicles at pH 6.1.° 

additions to controls 
% of control activit 

proton transport K +- ATPase 

6 µM TCS 70.3 77.5 
50 µM TPMP+ 68.4 77.5 
4 µM DOCC 80.2 83.0 
4 µM acridine orange 73.0 97.6 
0.3 mM imidazole 76.0 95.3 
3 mM imidazole 19.0 97.0 
10 µM 9-aminoacridine 87.0 94.0 
15 µM malachite green 87.3 85.0 
15 µM bromcresol green 90.0 84.5 
0.5 µM tributyltin 10.0 46.0 
5 µM aminopyrine 94.5 101.4 

a The concentrations of material used were the same as used in the 
experiments in the text. Proton transport was measured using the pH 
electrode with vesicles preincubated with KCI for 2 h at room tem- 
perature, and the compounds of interest were added before ATP. 
ATPase activity was measured at 37 °C and reflects the effect of the 
compounds on the K+ increment of activity. 

TABLE III: The Effect of SCN- (30 mM) on the Transport 
Parameters of Gastric Vesicles at pH 6.1 and 7.4. 

% inhibition with 30 mM 
SCN - 

transport measurement pH 6.1 pH 7.4 

10 µM 9- aminoacridine 39.7 40.0 
4µM DOCC ( +TCS) 77.5 73.3 
4 µM acridine orange 7.9 29.0 
5 µM aminopyrine 36.8 30.7 
pH electrode 48.8 a 

a Could not be measured at this pH. These experiments were done 
on a single preparation of vesicles but are generally representative of 

the effects found, following addition of SCN- before the addition of 

ATP. The inhibitory action of SCN- on ATPase under these condi- 
tions was minimal. 

Osmotic sensitivity of the dye signal, using 10 M dye, was 

measured under conditions where AH0 was osmotically sen- 

sitive. The signal was partially osmotically sensitive, the in- 

tercept at zero vesicular volume corresponding to the bound 
component, constituting about 20% of the total signal. With 
preincubated vesicles, no effect on the signal was observed due 

to an osmotic gradient showing that the decrease in trapping 
volume was exactly balanced by the increase in [H +;]. 

From the equation 

Ai [H +1] Q V 
A. [H +o] 100 -Q v 

(where Ai and A. are internal and external aminoacridine 
concentrations, [H +;] and [H +o] are internal and external H+ 

concentrations, Q is the % quench, V is medium volume, and 

v is vesicle volume), the AH; can be calculated (Table I). 

Equivalently, the OH; can be obtained directly from the cali- 

bration curve of aminoacridine (Table I). It can be seen that, 
although the maximum pH gradient was observed at pH 7.4, 

more than two orders of magnitude difference was obtained 
with this technique comparing OH; and AHo at pH 6.1. In part, 
this may be due to uncoupling by the dye (Table II) or due to 

internal buffering capacity of the vesicles or other H+ binding 
sites. 

2. Aminopyrine Uptake. Since the data using aminoacridine 
did not agree quantitatively with the pH electrode observations, 
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FIGURE 4: Vesicles were incubated 24 h at 4 °C in 150 mM KCI, 2 mM 
tgCl2, and either 5 mM glycylglycine (pH 6.2) or 2 mM Pipes -Tris (pH 

1.4); protein concentration was 44 µg mL -t. For each point, a 450 -µL 
aliquot was removed and equilibrated to 23 °C. At zero time, 50 AL of 
solution containing 20 mM Mg -ATP (pH 6.1) and 50 µM aminopyrine 
with 100 000 dpm) was added to the incubated vesicles. At the indicated 
lime intervals, the reaction mixture at pH 6.1 (O -O) or pH 7.4 ( -) 
was placed directly on a HAWP (0.45 µm) Millipore filter and washed, 
dried, and counted as detailed in the text. 

uptake of [14C]aminopyrine was measured under identical 
conditions. As shown in Figure 4, this base was rapidly accu- 
mulated by the vesicles at pH 6.1 or 7.4 with an accumulation 
ratio of 209 and 160, respectively, upon the addition of ATP. 
Aminopyrine did not affect ATPase activity and slightly in- 
hibits H+ uptake at these concentrations (Table II). Again, 
as shown in Table I, the OH; calculated from the distribution 
ratio was considerably less than that found using the pH 
electrode; this corresponds to a OpH of 3.37 units, larger than 
(hat calculated with 9- aminoacridine. 

3. Malachite Green. This dye was chosen because of its low 
pK (0.8 -1.2) and because it was shown to rapidly bind to the 
vesicles (95% within 10 min, 22 °C). As shown in Figure 5, the 
addition of ATP produced an acid shift of the dye absorbance, 
which was reversed by nigericin. At the concentration neces- 
sary for an observable optical signal, the dye showed partial 
inhibition of ATPase and H+ transport activity (Table II). The 
response time of the dye, either at pH 6.1 or 7.4, was consid- 
erably slower than the pH electrode response. While the signal 
was reversed by nigericin, the rate of reversal was slow com- 
pared with the effects of nigericin using other probes. This slow 
effect was also produced by acid or base pulses or valinomycin 
addition at the point of maximum absorbance shift. This could 
be due to a slow displacement of the dye from membrane 
binding sites into intravesicular space or slow conformational 
changes in the vesicle membrane. Slow responses of malachite 
green have also been observed in squid axon (Cohen et al., 
1974), explained as due to scattering changes. 

B. Probes of Potential 

It was shown previously that uptake of lipid permeable an- 
ions such as [14C]SCN (Schackmann et al., 1977) or changes 
in fluorescence of 8- anilino -l- naphthalenesulfonate (Ans) were 
dependent on the presence of both ATP and valinomycin 
(Lewin et al., 1977). Moreover, in the case of Ans a sharp pH 
optimum was found at 6.1 in contrast to the transport of H+ 
or Rb +. Because Ans responses are highly pH dependent and 
certain ambiguities exist in the interpretation of the Ans signal 
(Aiuchi et al., 1977; Williams et al., 1977), carbocyanine dyes 
(Waggoner, 1976) were used in this study. Essentially identical 
data were obtained using either diethyl oxadicarbocyanine 
(DOCC) or Di S- C3 -(5); hence we will only describe the results 
'using DOCC. 
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FIGURE 5: The vesicles (0.3 mg mL -a) were incubated in 150 mM KCI, 
2 mM MgC12, and 2 mM Pipes -Tris (pH 7.4) for 2 h at room temperature. 
Following a 10 -min incubation of 350 µL of this material with either 15 

AM malachite green or 4 µM DOCC, 0.6 mM Mg -ATP was added. Ab- 
sorbance was monitored at 623 -680 nm for malachite green (left -hand 
axis) and 588 -636 nm for DOCC (right -hand axis). Curve 1 shows the 
change of OD of malachite green upon addition of Mg -ATP. The shift 
corresponds to an acid shift of the dye. Curve 2 shows the slow DOCC 
signal resulting from Mg -ATP addition. Nigericin (1 µg mL -1) addition 
in both curves was at the point of the maximum absorbance shift. 
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FIGURE 6: GI vesicles (0.3 mg mL -r) were incubated in 150 mM KCI, 
2 mM MgCl2, and 2 mM Pipes -Tris (pH 7.4) for 2 h at room temperature. 
For each experiment, 4 AM DOCC and 6 µM TCS were added to 350 -µL 
aliquots of the incubated material. Following addition of 0.6 mM Mg- 
ATP, the absorbance change at 588 -636 nm was monitored. (Curve 1) 
Control signal for DOCC and TCS; (curve 2) 10 -min incubation with 0.3 
mM imidazole before addition of Mg -ATP; (curve 3) 10 -min incubation 
with 50 µM TPMP+ before addition of Mg -ATP; (curve 4) addition of 
Mg -ATP immediately after addition of 286 nM mannitol. According to 
details in the text, the insert shows a calibration curve obtained with the 
vesicles by adding a pulse of base to vesicles preincubated at pH 5.5 in 
sodium succinate. 

(1) Slow Changes. Whether a ApH is applied chemically 
in the absence of a K+ gradient, or ATP added to preincubated 
vesicles, a slow change in the absorbance of DOCC occurred 
which was rapidly dissipated by nigericin. The time course of 
the slow change, as shown in Figure 5, was slower than that 
observed under the same conditions with 9- aminoacridine, 
bromcresol green, or the pH electrode, but similar to that of 
malachite green. 

No transient increase of absorbance was seen, and the de- 
velopment of this slow change, antagonized by nigericin, argues 
against an electrogenic H+ pump. Moreover, oxonol dyes were 
altogether unresponsive to ATP addition arguing against de- 
velopment of a positive potential (data not shown) due to pump 
activity. 

(2) Fast Changes. The addition of a proton conductance, 
in the form of TCS, drastically altered the time course of the 
reduction of DOCC absorbance and increased its magnitude 
(Figure 6). Under these conditions, the addition of ATP, or a 
pulse of base, produced a rapid change of absorbance, with a 
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FIGURE 7: The change in acridine orange absorbance following the ad- 
dition of 0.6 mM Mg -ATP to vesicles preincubated as in the text at pH 
6.1 for 2 h at room temperature. At the maximum absorbance change 
dissipation was induced by addition of 5µM tributyltin. The upper insert 
shows the calibration curve obtained by applying an increasing pH gradient 
to vesicles initially at pH 5.5 in sodium succinate. The lower insert shows 
a curve obtained by applying a constant pH pulse of 1 unit to vesicles 
preincubated at varying pH. 

80 

time course consistent with the development of the H+ gradi- 
ent. Imidazole reduced the DOCC signal indicating that the 
source of the signal is indeed an H+ gradient (Figure 6). By 
comparison of the ATP -induced absorbance shift to the cali- 
bration curve determined by alkaline pulses on the same ma- 
terial, the pH gradient developed with ATP addition at pH 6.1 
was 4.1 pH units and at pH 7.4 was 5.9 pH units, a higher value 
than observed with other probes. 

When the vesicles are equilibrated with KC1, approximately 
doubling the osmotic gradient would transiently double the H+ 
ion concentration inside the vesicles given an electroneutral 
H +:K+ exchange. This would result in an increase of the dif- 
fusion potential by a factor of 58 log 2, i.e., 17 mV, and a cor- 
responding doubling of the dye concentration inside the vesicle, 
which would balance the decline in volume if dye uptake were 
the sole mechanism for potential sensitivity of this probe. 
Accordingly, as for 9- aminoacridine, no net change in signal 
would be expected. But, as shown in Figure 6, there is a more 
rapid and a larger change in absorbance. 

TPMP+ abolished the signal when added before ATP, as 
expected of a lipid permeable cation dissipating the potential 
in preference to the dye. This cation did not, under these con- 
ditions, abolish the H+ gradient (Table II). Valinomycin (10 -6 
M) in the presence of TCS prevented or abolished the pH 
electrode response (Chang et al., 1977) and the dye signal. 
Imidazole also reduced the signal as with the pH electrode 
(Figure 6 and Table II). The dye reduced ATPase activity by 
17% at 4µM (Table II). SCN- significantly reduced the sig- 
nal, both at pH 6.1 and 7.4. Apparently, the action of SCN - 
was additive to the action of TCS on H+ uptake (48% + 30%) 
(Table III). Hence, the direct action of SCN- on the H+ 
gradient sensed by DOCC was similar to that found with other 
probes. 

Substitution of K+ with Na+ abolished the response, and 
of Cl- by S042- reduced the response, as observed previously 
with the pH electrode and all the other probes. In aged vesicles, 
the substitution of Cl- by S042- increased the response slightly 
and reduced the leak rate of the gradient. 

RABON, CHANG, AND SACHS 
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C. Probes of Energization 

Acridine orange has been used in several vesicular systems 
as a probe of energization (Dell'Antone et al., 1972) and also 
in gastric vesicles (Lee et al., 1976). In the latter system, the 
interaction of the dye with the vesicles has been interpreted as 
being due to binding of the positively charged dye to negative 
sites generated by the energization process (Lee et al., 
1976). 

The application of a ¿ pH resulted in a linear change of the 
signal as a function of the magnitude of the pH gradient, al- 
lowing calibration of the signal. In addition, the acridine orange 
signal was sensitive to the pH of the experiment. As shown in 
the insert in Figure 7, there was an increase of the signal with 
increase of pH, at a constant H+ gradient. The two types of 
signal were reversible with nigericin, but not with TCS indi- 
cating the absence of an endogenous conductance other than 
that for H+ in nonenergized vesicles. 

The addition of ATP produced a rapid metachromatic shift 
of acridine orange as shown in Figure 7. Calibration of this 
response by comparison of the shifts produced by standard pH 
pulses of the same vesicle material indicated a OH; of 3.2 units 
at pH 6.1. As with pH electrodes and other probes of pH, K+ 
was required in the vesicle interior for the ATP dependent 
signal. Valinomycin with TCS, or nigericin alone, dissipated 
the signal. The effect of valinomycin was to increase the ab- 
sorption change if added prior to the addition of ATP or in the 
presence of ATP. This effect was not given by TPMP+ and, 
as before, the action of valinomycin (Sachs et al., 1976; Rabon 
et al., 1978) was interpreted as due to increased access of K+ 
to the exchange sites. The signal under conditions where AH, 
was osmotically sensitive was also osmotically sensitive. 

SCN- had a more variable effect on this dye than on any 
other signal studied. At pH 7.4, depending on the preparation, 
inhibition with 30 mM SCN- ranged from 13 to 78 %. Addition 
of SCN- before ATP addition was required for the inhibition. 
Added after ATP, no effect was observed. It was also noted 
that in some preparations the relative size of the signal did not 

correlate with the pH electrode measured transport capaéity 
of the vesicles, i.e., OHO. Signals of similar magnitude could 
be obtained with vesicles transporting 10 or 50 nmol µL -t, as 

indicated by the pH electrode. 

D. Probes of OH -:C1- Exchange 

There are few anion selective ionophores known. Tributyltin, 
however, has been shown to be an OH -:C1- exchange iono - 
phore in mitochondria (Dawson et al., 1972). In the gastric 
vesicle, this compound had a dual action. It was a potent in- 
hibitor of the ATPase apparently binding irreversibly (Kas- 
bekar et al., in preparation) (Table II), but, in addition to in- 
hibiting the ATPase, it was also capable of dissipating the H+ 
(or OH -) gradient when added after exhaustion of the ATP. 
Its action was also more rapid in abolishing the ApH than ex- 
pected of an ATPase inhibitor (Figure 7), the rate being 
comparable to that of nigericin. Tributyltin also rapidly re- 
versed the signals obtained with DOCC or acridine orange, as 
well as with the pH electrode. As expected of an OH -:C1- 
antiport, replacement of Cl- with S042- prevented the action 
of tributyltin. 

E. Summary 
Figure 8 summarizes our current concepts of the modes of 

action of the ATPase, ionophores, and the probes used in this 
work. 

Iisc 

V 

fesc 

by@ 

use( 

resi. 

use 

dye; 

B 

und 

cher 

Iras 

rest 

zzc 

tivi 

be' 

buf 

H+ 

bra 

wh 

of 

tin 

rie 

dy 

is 

ror 

sh, 

sei 

of 

bi, 

se 

fo 

nt 

gr 

st 

h 

9 

tl 

d 

IN 

] 



CHS 5ASTRIC PLASMA MEMBRANE VESICLES VOL. 17, NO. 16, 1978 3351 

Discussion 

stems Various techniques have been applied to attempt to further 

d also Describe the mechanism and quantitative aspects of H+ uptake 

I, the by gastric vesicles. In most cases, the approaches have been 

ed 

a 

sed previously in other vesicular systems, but the gastric 

ative icsicles have properties which result in modifications of the 
t ale use of, for example, osmotic shrinkage or potential probe 

Dyes. 

If the Based on an H +:K+ exchange mechanism for H+ uptake, 

t, al- and a slow efflux of trapped K+ (Schackmann et al., 1977), 

ange !hen as the vesicular K+ content increases, shrinking the in- 

n in ravesicular space by application of an osmotic gradient will 

with result in a progressively higher K+ content being available for 

cs of exchange. This will lead to a progressive loss in osmotic sen- 

ndi- sitivity, as was found. The finding of complete osmotic sensi- 

han tivity in nonpreincubated (2 min) vesicles may therefore not 
be interpreted as showing absence of binding or nonpermeant 

hift buffers, but rather as evidence of K+ entry being necessary for 

this 
H+ uptake. The absence of osmotic sensitivity at KCI equili- 

pH bration (ca. 72 h at 4 °C) supports an exchange mechanism, 

nits which would be osmotically insensitive, rather than net uptake 
K+ of HCI. The sensitivity of the technique does not allow dis- 

ent unction between equal or unequal exchange stoichiomet- 

ted tics. 

Ib- These osmotic data also allow predictions to be made about 
the dye responses to changes in vesicular volume. For a dye that 
Id is trapped by partition between vesicle water space and the 
ron medium due to a pH gradient, osmotic sensitivity of dye uptake 
(+ should be observed in nonequilibrated vesicles, where osmotic 
ya sensitivity of H+ uptake persists. Partial osmotic sensitivity 

of the 9- aminoacridine signal was found indicating some 
ny binding (ca. 20%) of the dye. In equilibrated vesicles no osmotic 
In, sensitivity of this signal would be predicted and was not 
3n found. 

n. As the K+ content of the vesicles increases, although the 
number of protons taken up will increase, this is into a pro - 

ot gressively smaller intravesicular volume. The pH gradient 
ty should increase in exact proportion to the change of volume; 
Id hence no change in signal would be found with a dye such as 
Is 9- aminoacridine in preincubated vesicles. This is not the case 

however, for a potential sensitive probe such as DOCC. Al- 
though some of the signal generated by this dye may be due to 
diffusion of the dye from bulk aqueous phase into intravesicular 
water, driven by the H+ diffusion potential in the presence of 
TCS, a considerable fraction of the signal is due to dye moving 

' from the hydrophobic phase to the membrane surface in re- 
sponse to a potential difference (Waggoner, 1976). This latter 
component will be volume independent, and hence a larger pH 
gradient which will generate a larger potential will give an 
increased response. Since this was found (Figure 6), this fur- 
ther substantiates the concept of an H +:K+ exchange in these 
vesicles, and also shows that the pH gradient can be elevated 
above control levels by the osmotic gradient. The leak rate is 
also increased, showing that the steady -state gradient capacity 
of the vesicles is in part leak -rate limited. 

The use of any probes in transport studies requires a careful 
analysis of their mechanism in a given system, before mecha- 
nistic or quantitative conclusions can be drawn. 

The pH electrode has a relatively slow response, due to the 
mechanical stirring system used and only measures changes 
in medium pH. The actual H+ gradient formed is unknown. 
Often, an optical probe of changes of external pH is convenient, 
especially for rapid kinetics. In the case of gastric vesicles, 
bromcresol green was shown to monitor exclusively the ex- 
ternal pH. Inhibition of transport activity by this dye correlated 
with inhibition of ATPase activity. 

KCI 

pH Electrode 

BCG 

CCI 

Slow DOCC 

Malachite green 

KCI 

KCI 

Aminoacrìdine 
Aminopyrine 

KCI 

Fast DOCC 

OH 

AO 

Acridine orange 

K. 

lonophores 

FIGURE 8: Models illustrating the mechanism of the different probes used 
to monitor pH changes and the different ionophores used to modify the 
signals. Abbreviations not used elsewhere are: MG, malachite green; BCG, 
bromcresol green; tbt, tributyltin; nig, nigericin; O pump; O, carrier; ( ) 
conductance; R, NH2, 9- aminoacridine or aminopyrine. 

For measurement of changes of internal pH, several probe 
types are available: weak bases which accumulate in the vesicle 
space, potential probe dyes used in the presence of protono- 
phores and dyes which bind to the membrane as a function of 
the presence of a pH gradient. 

The weak base, 9- aminoacridine, gives a rate of response 
significantly slower than the pH electrode. The rate of response 
is a function of the pump rate, the efflux of H +, and the rate 
of penetration of the neutral form of the dye. The latter is ex- 
cluded as rate limiting by the rapid dissipation of the signal by 
nigericin. Thus, given the greater reduction of the proton 
transport signal as compared with ATPase activity, this probe 
appears to act as an uncoupler of H+ transport due to signifi- 
cant permeability of the protonated form. This is also shown 
by the reduction of the signal by valinomycin in the presence 
of ATP. Imidazole antagonizes the signal, due in part to the 
buffering effect of the accumulated imidazole, and at higher 
concentrations due again to the permeability of the protonated 
imidazole. Although we had previously used uptake of 
[14C] imidazole as our index of intravesicular pH, these data 
showed that it was unsuitable (Ration et al., 1978). 

[14C] Aminopyrine, on the other hand, accumulated in the 
vesicles with the addition of ATP and at the concentrations 
used showed slight uncoupling activity. As such, it was there- 
fore more suitable than imidazole as a probe of internal pH. 

Malachite green gave a slow acid shift with the addition of 
ATP, which was slowly dissipated by ionophores. Given the 
almost complete binding of the dye, and its low pK, it may be 
that this dye responds to a region of intramembranal acidity. 
However, it did not appear possible to calibrate this signal with 
pH pulses. 

The probes of potential, DOCC or di- S- C3 -(5), which are 
positively charged, or oxonol dyes which are negatively 
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charged, gave no indication without added protonophore, of 

the development of a potential with a time course consistent 

with an electrogenic pump either in the H+ or K+ direction. 

In the absence of ionophore, a slow change in signal was ob- 

served. The inhibition by nigericin, at 1µg mL -t, at which 

concentration the ionophore acts as a neutral K +:H+ exchange 

carrier, indicates that this signal is due to a diffusion potential, 

rather than an electrogenic pump. Since a ApH artificially 

imposed also gave this slow response, and the H+ conductance 

of the vesicles exceeds the K+ conductance (Sachs et al., 1976), 

it is likely that this response is due to a H+ diffusion potential, 

with development of interior negativity, calculated equal to 

-85 mV. A change in primp stoichiometry with an increase in 

internal [H +] could also account for this potential. 
The response is increased, and accelerated by the protono- 

phore TCS, and this response has the time course of the ApH 

sensed by the pH electrode. It is therefore reasonable to assume 

that the potential is due to the H+ conductance induced by 

TCS, and the resulting H+ diffusion potential. It is possible, 

however, that TCS -modified membrane structure and un- 

couplers have been shown to modify membrane structure 
(Zimmer, 1977) and TCS in particular partially inhibits 
ATPase activity (Table II). The use of this type of dye, in as- 

sociation with TCS, allowed calibration of the pH gradient by 

a means less dependent on vesicular volume, and independent 
of an uncoupling effect of the dye since it cannot act as a proton 
carrier. However, the dye on its own had significant effects on 

ATPase activity and H+ transport and, hence, as in other 
systems (Waggoner, 1976) affects the membrane to which it 
binds. 

Acridine orange has been shown to bind to gastric vesicles 
with development of an H+ gradient (Lee et al., 1976). With 
a change of external pH, at a fixed pH, the increase of signal 
shows that deprotonation of a membrane group increases 
binding of this dye. Since both ATP and a ApH induce these 
binding sites, it suggests that these binding sites for acridine 
orange are in some way related to the transport activity of the 
membrane. In a given vesicle preparation, the size of the signal 
is quantitatively related to the magnitude of the H+ gradient. 
It should be pointed out, however, that if the DOCC + TCS 
signal is compared with the acridine orange signal, different 
results may be obtained since the former signal is more sensi- 
tive to the presence of, for example, a Cl- conductance. Also, 
since the latter signal depends on the presence of binding sites, 
such as phosphatidylserine, variation in content of this phos- 
pholipid from species to species, or preparation to preparation 
will alter the ratio of the acridine orange signal as compared 
with other probes. 

An anion -exchange ionophore, such as tributyltin, has two 
apparently independent actions on the gastric vesicles, inhi- 
bition of ATPase activity, and a true ionophore effect that is 

Cl- dependent. Hence, this compound can be used in this 
system to detect an active Cl -:OH- antiport which may coexist 
with the H +:K+ antiport. 

Previous conclusions about the neutrality of the pump 
contained reservations since, if the addition of ATP activated 
a K+ conductance, the vesicle potential would be given by, 
neglecting all other conductances: 

PD = EHgH 

gH + gK 

where EH is the EMF of the H+ limb of the ATPase, and gH 
and gK are the specific conductances for H+ and K +, respec- 
tively. Thus, if gK > gH, a low potential would be observed as 
the gK increased. Thus, perhaps only a transient would be 
observed. The absence of such a transient with either type of 
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charged cyanine dye argues against this possibility. The re- 
moval of Cl -, and substitution by S042 , an impermeant 
anion, also does not elicit a cyanine dye measurable potential. 
The experiments shown here are therefore not consistent with 
an electrogenic mechanism. 

The electrochemical gradient obtained from an H+ pump 
can be defined as (Mitchell, 1966) 

0H + = - 2.3RT µ z ApH 

The intact mammalian stomach generates a pH of 0.8 and a 
potential difference (correcting for diffusion potentials) of 
about 60 mV lumen negative, due to Na +K+ ATPase depen- 
dent Cl- transport (Rabon et al., 1978). Thus, the 0µH +an - 
ticipated from the isolated gastric H+ pump is 333 mV, or a 
ApH of 5.74 units. 

At pH 6.1, since no H+ is released from the ATPase reac- 
tion, it is possible to compare directly the change of H+ in the 
medium and in the vesicles. The loss of H+ from the medium 
was calibrated with the pH electrode or the absorbance change 
of bromcresol green. The data indicate a possible pH change 
of 5 units in the intravesicular space, on the assumption that 
all vesicles transport H+ equally and that there is no significant 
buffering capacity. However, when probes of internal pH are 
used, such as weak bases (9- aminoacridine and aminopyrine) 
or probes of H+ gradient dependent sites (acridine orange), 
the change in internal pH is in the range of 2.2 to 3.7 units 
giving a final internal pH of about 2 to 4. This discrepancy 
between OH; and AH0 may be explained by intravesicular 
buffer. If the gastric ATPase were capable of generating a 

ApH of 5 units, intravesicular buffering would result in an 
increase in OHo but a final [H +1] still equivalent to the gradient 
capacity of the pump. Thus, it must be concluded that the 
maximal gradient capacity of the vesicles is 3.7 units, almost 
two orders of magnitude less than expected. Another expla- 
nation is the presence of membranal bindings sites for H +. 

Since the majority (ca. 90%) of membrane protein (Saccomani 
et al., 1977) has a subunit Mr of 105 000 containing 25% 

carbohydrate (Saccomani et al., in preparation), this would 

correspond to 10 mol of H+ bound mol protein. Alterna- 
tively, a leak pathway may be responsible but this would not 

account for the discrepancy between OHo and OHi. 
At pH 7.4, although OH +O cannot be calibrated, the ApH 

found with the probes ranged from 3 to 4.5 (with the exception 
of DOCC + TCS), giving the same internal pH as at 6.1. This 

constancy of [H +1] with varying [H +0] could be interpreted 
as due to a buffering component at that pH or a pH dependent 
leak pathway fixing the internal pH. The application of an 

osmotic gradient in equilibrated vesicles increased the ApH 

showing that the gradient capacity of the vesicles was not 

limited by the leak path for H +. Since the vesicles were 

preincubated with 150 mM KCI in these experiments, the 

initial uptake was not K+ limited. 
Of all the probe methodologies, only DOCC in the presence 

of TCS generated a large enough signal to approach the AH0 

and even the predicted gastric H+ pump gradient at pH 7.4. 

Although a probe of potential, it was converted to a probe of 

pH by the addition of a protonophore, TCS. The protonophore 
may provide a conductance across the whole vesicle membrane 
and perhaps also between a compartment of H+ and the vesicle 

exterior. In this model, however, since the vesicle can be rep- 
resented as two EMF's in parallel, no additional potential will 

be found, other than that expected from the pH gradient 
probed by the weak bases. This probe may also be pH sensitive 
at pH <2. 

Considering the various probes, it seems that, at the least, 
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6e expected OpH of 5.3 at pH 6.1 is not achieved and a dis- 

;repancy of about two orders of magnitude is found, when 

measuring intravesicular pH (Table I). In general the same 
,true at pH 7.4, although the OpH increases by one unit. This 
nay indicate that the vesicles may not contain the complete 
;vstem. 

Another line of evidence which leads to caution in accepting 

he H+ + K+ ATPase as a complete model of the parietal cell 

proton pump is the lower effectiveness of SCN- in blocking 
H+ transport in these vesicles. Thus, although 30 mM SCN - 
has a significant inhibitory action when added before, but not 

after ATP, the inhibition is not complete in contrast to the 
rction of this compound in the intact tissue (Rehm & Sanders, 

1977) or gastric gland (Berglindh, 1976). Moreover, imidazole 

can reverse the action of SCN- on the intact tissue (Rehm & 

Sanders, 1977) which does not occur in the vesicles. 
In conclusion, probes of pH and potential show that, in 

contrast to data obtained for intact frog mucosa (Rehm, 1972), 

In evidence can be obtained for an electrogenic H+ pump in 

these vesicles and that the gradient achieved by the ATPase 
is less than expected based on the gradient capacity of the in- 

tact organ. This H+ pump mechanism therefore is in contrast 
to the better known electrogenic H+ pumps of mitochondria 
and chloroplasts (Mitchell, 1968). 
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SUMMARY 

Much evidence has been accumulated that gastric ATPase is 

critically involved in acid secretion by the stomach. As 

an H+ pump this enzyme appears to be unique in that it is 

cation requiring and exchanges K+ for H+ without develop- 

ment of a potential. As such, this appears to be the 

first non -- electrogenic H+ ATPase described. Since it 

contained a 100,000 Mr subunit which is phosphorylated, 

it appears to belong to the class of ATPases containing 

the Na+ + K+ and Ca ++ ATPases. However, it has not been 

established that this ATPase is the complete gastric 

proton pump and some of the data would indicate the contrary. 

The availability of this type of ATPase in non -leaky vesicle 

preparation free of any other major contamination is an 

exciting prospect for structure function studies of this 

type of pump. 
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