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PURPOSE AND OUTLINE OF THIS STUDY 

The purpose of this study is to determinate whether the 
Na-K activated ATPase system plays a role in the gastric se
cretion process. This enzyme system, which is specifically 
inhibited by digitalis glycosides like ouabain, has been shown 
in a great variety of animal cells to represent the active 
cation transport system. It has also been shown in many tissues 
to mediate secondarily the transport of water and of many cell 
nutrients. 

This has led us first of all to establish its presence 
and properties, since the previous evidence for its presence 
in gastric mucosa was conflicting and uncertain. The accom
panying Mg activated ATPase has been studied for its stimula
tion by anions in view of the alleged role of a bicarbonate 
stimulated ATPase in gastric secretion. 

The role of the Na-K activated ATPase in the maintenance 
of cation gradients in gastric mucosa has been established by 
determining the effects on sodium and potassium levels during 
incubation of the tissue in the presence of ouabain. 

By means of the Ussing chamber the effect of ouabain on 
transmucosal potential, short circuit current and acid secre
tion rate has been studied. In order to facilitate the inter
pretation of these experiments the nature of the transmucosal 
potential has been determined by substitution experiments, 
while the nature of the short circuit currend has been inves
tigated by means of ion flux determinations in the Ussing 
chamber. 

The conclusion which is reached is that the Na-K activated 
ATPase system plays a crucial but indirect role through its 
maintenance of the cation gradientsin thegastric mucosa cells. 
Once the potassium/sodium ratio in the cells falls below a 
crucial level, the acid secretion process appears to fail. 
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1. INTRODUCTION 

1.1. MORPHOLOGY OF THE GASTRIC MUCOSA 

The stomach is a specialized segment of the alimentary 
tract between the esophagus and the small intestine. The wall 
of the stomach consists of four layers : mucosa, submucosa, 
muscularis and serosa. Gastric acid secretion is performed by 
the mucosa. 

The oxyntic cell is among the various cell types of the 
mucosa, the most important one in terms of the acid secretion 
process. Two different types of oxyntic cells have been des
cribed. The first type, mostly called the oxynticopeptic cell, 
occurs in the gastric mucosa of birds, reptiles and amphibians, 
while the latter type, mostly called the parietal cell, occurs 
in the mammalian gastric mucosa. The fine structure of the 
oxynticopeptic cell before and after histamine stimulation has 
been studied in detail, and changes in ultrastructural organi
sation have been correlated with the secretory behaviour of the 
gastric mucosa in amphibia (VIAL & ORREGO 1960, 1963, SEDAR 
1961a, 1961b, 1962a, 1962b, 1965, SEDAR & FORTE 1964), and in 
chicken (TONER 1963, 1964). The description of the reptilian 
gastric mucosa by WRIGHT et al (1957) suggests that their 
oxynticopeptic cell is similar to the corresponding amphibian 
cell, but no study of the ultrastructure of the reptilian gastric 
mucosa has been carried out. 

In fig. 1.1 a generalised diagram of a parietal cell from 
the mammalian stomach is shown. A striking difference between 
the oxynticopeptic and the parietal cell is the absence of the 
intracellular secretory canaliculi in the first. There are, 
however, microvilli-lined canaliculi between the oxyntico
peptic cells which are continuous with the glandular lumen. An 
other difference between the oxynticopeptic and the parietal 
cell is the occurence of pepsinogen granules in the former. 
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LU 

Fig. 1.1. Generalised diagram of a parietal cell from the mam
malian stomach. Lu = lumen, Tu = tubuli, Ca = canaliculus 
Ly = lysosomes and N = Nucleolus 
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The reptilian gastric mucosa does not markedly differ from 
that of the amphibians, as illustrated by the figures (fig. 1.2 
to fig. 1.3). Surface mucous cells line the luminal surface and 
the gastric pits or foveolae. The apical borders of the mucous 
cells are joined by junctional complexes or desmosomes, sug
gesting that a closed cell layer is important in gastric phy
siology. Transmural ionic transport is generally located in 
epithelial cells. If other ionic transport in the gastric mucosa 
occurs in addition to the ionic transport by the oxynticopeptic 
cells, it should be located in the mucous cells, since other 
cell types are rare. In this context, it is important that 
microscopic and submicroscopic studies on regenerating gastric 

Fig. 1.2. Micrograph of the lower part of a gastric pit ; some 
oxynticopeptic and mucous cells are visible. 



Fig. 1.3. Micrograph of typical oxyntico-peptic cells as found 
in the lizard. 

mucosa, neonatally grafted in the subcutaneous tissue of litter 
mate mice, have revealed that immature mucous cells are toti
potent ; ultimately they differentiate into mature mucous, 
parietal, argyrophil and chief cells in the gastric glands 
(MATSUYAMA & SUZUKI 1970). 

Mucous cells of a slightly different type line the upper 
part of the gastric pits, while the intercellular canaliculi 
between the oxynticopeptiс cells discharge into the lower part 
of the gastric pits. The primary acid secretion of the oxynti-
copeptiс cells can also be modified by the mucous cells, and 
back diffusion, reabsorption or exchange is completely possible 
for some ions. Argentaffin cells, described in the gastric mu
cosa of other species and generally thought to have an endocrine 
function (ITO 1967), are also present in the lizard gastric 
mucosa. 
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1.2. REGULATION OF GASTRIC SECRETION IN REPTILES 

Little is known about the regulation of gastric secretion 
in reptiles. LANGLEY (1881) observed in the water snake a de
crease of secretory granules of the gland cells during digestion. 
KAHLE (1913) showed that administration of pilocarpine diminis
hes the number of granules of the fundic glans in Testudo. 
KENYON (1925) observed high acidity in the stomach of a bull 
snake (PituopHs aatenifer sayi) containing the remains of two 
mice, whereas no acid could be demonstrated in the stomach of 
a fasting bull snake. In tortoises (Testudo graeoa), whose 
stomachs contained small residues of vegetable material, the 
stomach contents were found to have a pH of 2 (WRIGHT et al 
1957). The mucosal fluid of empty stomachs had a pH of 7.5 -
8.0. Apparently, stimuli eliciting gastric acid secretion ori
ginate from the food. Histamine evokes acid secretion in the 
tortoise, but only at relatively high body temperatures. Com
bined injection of histamine and pilocarpine greatly decreases 
the number of secretory granules and produces a viscous fluid 
of pH 1. Vagal stimulation causes a slight secretion with a high 
pepsin content. Specimens of the Australian lizard Tiliqua 
nigro-lutea, provided with a gastric fistula, secreted a clear 
fluid of high acidity (pH 1) in response to intramuscularly 
administered histamine. These observations suggest that nervous 
and humoral influences may control the secretion of gastric 
juice in reptiles (SMITH 1967). 

In our experiments with Lacerta viridis and Lacerta galoti 
we found a non-secreting stomach when no food was present (pH 
7.5 - 8.0). The secretion of the active gastric mucosa discon
tinued upon mounting the mucosa in the Ussing chamber, when no 
histamine was present in the incubation media. Addition of his
tamine generally stimulated the acid secretion, both at 20CC 
and at 30oC. 

1.3. HYPOTHESES CONCERNING THE GASTRIC SECRETION 
MECHANISM 

The secretion of a hydrochloric acid solution of very low 
pH has attracted the attention of many biologists. Since hy
drochloric acid is the most important component of gastric 
juice, the secretion or reabsorption of other ions in the 
stomach has been studied less extensively. Considerable efforts 
have been expended, however, on the elucidation of the secre
tion or reabsorption of Na+, K+ and CI" by the gastric mucosa. 
From an analysis of the rise and fall of ion concentrations in 
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the gastric juice different hypotheses concerning the nature 
of gastric secretion have been formulated (HUNT & WAN 1967). 
Four of these hypotheses will be reviewed here. 

I) The two-component hypothesis (HOLLANDER 1932, 1952) 
assumes that there is an acid and an alkaline secretion compo
nent. Maximal acidity corresponds to pure acid secretion from 
the parietal cells. Variations in acid concentration in the 
gastric juice depend on changes in the proportion of the acid 
and the alkaline component, which mix in the stomach. When the 
rate of secretion increases, it is mainly the formation of the 
acid component which increases, so that the proportion of al
kaline secretion decreases and the acidity of the mixture 
increases. Since the alkaline secretion is the sole source of 
sodium, its concentration decreases as the concentration of acid 
increases. As the concentration of acid increases, so does the 
concentration of chloride, but more slowly. 

II) ROSEMANN (1907) found, in contrast to HOLLANDER, that 
the concentration of chloride in gastric secretion did not 
change with acidity. He suggested that the gastric glands re
moved from plasma a solution of sodium chloride of constant 
concentration and converted a varying proportion of it to 
hydrochloric acid. 

III) HIRSCHOWITZ (1960) suggested that the pepsin-secre
ting cells, which in the dog are numerous at the base of the 
gastric tubules, secrete a solution containing sodium chloride. 
As this solution passes through the region in the tubule where 
the parietal cells are numerous, a varying proportion of the 
sodium ions are exchanged for hydrogen ions. This process, in 
which the absorption of sodium is comparable to that in the 
proximal tubule of the nephron, HIRSCHOWITZ envisages as 
occuring in the gastric tubule, which he therefore names the 
"gastron". Thus the secretory tubules within the parietal cells 
would be the site of the exchange of Na+ for H+. 

IV) In the TEORELL hypothesis (TEORELL 1933, 1947, LINDE 
& OBRINK 1950, HEINZ & OBRINK, 1954) the primary secretion is 
regarded as a solution, isosmotic with plasma, consisting of 
hydrochloric acid and a fairly constant concentration of 
potassium chloride. It is postulated that in the course of the 
secretion process the hydrogen ions exchange across the mucosa 
for sodium ions. At low rates of secretion the back diffusion 
of hydrogen ions from lumen to plasma greatly exceeds the 
movement of chloride from lumen to plasma which imbalance is 
compensated by the movement of sodium from plasma to lumen. A 
secondary movement of sodium into the lumen would be expected 
as a result of the electrical forces set up by the faster dif
fusion rate of hydrogen ions relative to that of chloride ions. 
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Sirice the morphology of the mammalian gastric mucosa is 
different from that of the lower vertebrates, the gastron-
concept is not applicable to the amphibian, reptilian or avian 
gastric mucosa. The acid secretion mechanism as described in 
the amphibians is, so far as known (HOGBEN 1965), comparable 
to that found in the mammals. 

When the results are examined over the range 0 - 170 mM 
HCl, the relation between acid and chloride is curvilinear 
(COOKE & GROSSMAN 1965) and not linear as suggested by the 
results when only high secretion rates are envisaged. This de
prives the two-component hypothesis of its main merit, simoli-
city, for this assumes a linear relation between the concen
trations of chloride and of acid. There is, however, some evi
dence for an alkaline gastric secretion (GARDHAM& HOBSLEY 1970, 
HOBSLEY & SILEN 1970). On the other hand a back-diffusion of 
hydrogen ions in exchange for sodium ions has been demonstrated 
to occur under experimental conditions (DAVENPORT et al 1964, 
CHAPMAN et al 1968, ALTAMIRANO 1970). 

In general the most remarkable feature about the potassium 
in gastric secretion is the constancy of its concentration, 
which can be shown to be independent of the volume rate of 
secretion. However, under certain circumstances, the potassium 
secretion can be shown to vary considerably. The increasing 
evidence that potassium does not behave like sodium in gastric 
secretion would suggest that potassium originates from the 
parietal cells, in contrast to the generally accepted idea that 
the sodium in gastric juice derives entirely from the non-
parietal component (HUNT & WAN 1967). 

On the other hand, the constant concentration of potassium 
in the basal secretion, despite widely varying acidity, suggests 
that the potassium derives in part from the non-parietal com
ponent (TAMARIT-TORRES et al 1960, 1961), and that potassium 
has nearly the same concentration in the two components. 

1,Ц, ION FLUXES 

Active secretion of chloride has been confirmed by mea
surements of chloride fluxes in the absence of an electroche
mical potential. Chloride is secreted in all species examined 
and the net chloride flux is always greater than the amount of 
acid secreted (KITAHARA et al 1969). 

A net sodium flux from the lumen to the blood side has 
been described in the absence of an electrochemical potential 
for the gastric mucosa of some mammals and also, but this pro-
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cess is quantitatively less important, in the amphibian gastric 
mucosa (WRIGHT 1962, CUMMINS & VAUGHAN 1965, KENDALL & WRIGHT 
1967, KITAHARA 1967, FLEMSTROM 1968, 1970, 1971, KITAHARA et 
al 1969, SERNKA & HOGBEN 1969). 

A net potassium flux from the lumen to the blood is 
described in the gastric mucosa of the guinea pig and the rat 
(SERNKA & HOGBEN 1969). 

Since the sodium transport directed toward the blood, has 
been identified orior to the development of the hydrogen se
cretory capacity (WRIGHT 1962, FORTE et al 1969), this activity 
would most likely been confined to the surface mucous cells, 
since itisthe only type which apparently forms a 'continuous' 
barrier between the two bathing media. 

1.5, POTENTIAL DIFFERENCES 

Observations on the electrical activity of the stomach 
date back to 1834, when DONNE (1834) demonstrated an electrical 
potential difference across the stomach wall. The mucosal or 
secretory side was negative with respect to the serosal or 
nutrient side. A similarly oriented electrical potential dif
ference has been observed in stomachs of all tetrapod species 
examined (DURBIN 1967). 

In terms of the major ionic constituents of the secretory 
product, the transmucosal potential difference is oriented so 
that it favours H+ secretion, while it represents an electrical 
barrier against which CI- must be transported. REHM (1950) re
ported that both H+ and CI" are actively transported across the 
gastric mucosa, in other words, secretion of these ions occurs 
against their respective electrochemical potential gradients. 
HOGBEN (1951, 1955) demonstrated a net transport of C T from 
the nutrient to the secretory side in the short-circuited frog 
gastric mucosa. He also showed that the conductance due to CI", 
calculated from the backflux of CI" from the secretory to the 
nutrient solution, was larger than the total mucosal conduc
tance ; consequently, simple ion diffusion could not account 
for the total CI" backflux. He reasoned that a significant 
portion of CI" movement through the gastric mucosa must occur 
in an uncharged moiety in combination with some component of 
the membrane, i.e. through an exchange diffusion process. 

Several experiments have been designed to identify the 
membrane interface where transport and exchange of CI" occurs. 
The results have so far been conflicting. C0TL0VE and HOGBEN 
(1956) and C0TL0VE et al (1959) localized the active component 
of CI" transport and the exchange diffusion of CI" at the se-
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cretory interface, while VILLEGAS (1965) considered the nutrient 
interface as the primary locus of C T exchange diffusion. Dif
ferences in the experimental approach (equilibration or desa-
turation measurements with Збсі

-
) may explain the opposite con

clusions. Further experiments appear necessary to elucidate 
this problem. 

The total C T flux across the gastric mucosa can also be 
considered in terms of separate flux components, consisting of 
a pump or active transport component, an exchange diffusion 
component, and a passive diffusion component (FORTE i VAN HORN-
BECK 1969, FORTE 1970). The active transport component is equi
valent to the sum of secreted hydrochloric acid and the short 
circuit current, at least in the case of the frog (HOGBEN 1955). 
The situation is more complex in mammalian gastric mucosa. The 
short circuit current seems to be the sum of a net C T flux 
from the nutrient side to the secretory side, and of net Na

+ 

and K
+
 fluxes from the secretory to the nutrient side, although 

some discrepancies persist (KENDALL & WRIGHT 1967, KITAHARA 
1967, KITAHARA et al 1969, SERNKA & HOGBEN 1969). Experiments 
by HEINZ and DURBIN (1959) demonstrated that in the frog there 
is an electrical potential difference associated with H

+
 trans

port, and that this potential is normally masked by the elec
trical activity associated with C T transport. 

Microelectrodes penetrating from the secretory side in the 
oxynticopeptic cells indicate a potential difference which is 
lower than the transmucosal potential difference (VILLEGAS 
1962) : - 18.7 mV intracellular and - 28.7 mV transmucosal in 
a series of 20 trials. Upon further penetration the potential 
difference approached zero, when the electrode touched the la
mina propria. If correct, these findings would suggest the un
common situation that the interior of the cell would be posi
tive compared to the outside (FORTE 1970). This picture has not 
been substantiated by more recent work (SACHS et al 1971b) in 
which the intracellular potential has been found to be more 
negative : - 48 mV vs - 43 mV transmucosally. In isolated oxyn
ticopeptic cells a mean intracellular potential of - 44 mV has 
been measured in a representative group of 67 cells. In 7 of 
these cells potential differences between - 80 mV and - 90 mV 
have been measured, which values greatly exceed the transmucosal 
potential observed in amphibians. 

Several Investigators have studied the transmucosal poten
tial as a function of variations in the concentration of ionic 
constituents of the two bathing media. The data obtained by 
FORTE et al (1963) and by HARRIS and EDELMAN (1964) fit reason
ably well with the interpretation that IC" and C T contribute 
a diffusion potential between the nutrient solution and the 
cell interior. The results of SACHS et al (1971b) suggest that 
there is also a small contribution of Na

+
. 
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In addition to the ion diffusion potentials at the gastric 
mucosal interfaces, there also appears to be electrical activity 
directly associated with the operation of H+ and CI" transpor
ting mechanisms. A discussion of the electrogenicity of the H+ 
and CI" transport mechanisms may be found in several articles 
by REHM (1965, 1967). 

1.6. CATION TRANSPORT AND THE NA-K ATPASE SYSTEM 

It is a well known fact that living cells are generally 
able to maintain a high intracellular K+ concentration and a 
relative low Na+ concentration, compared to the concentrations 
found in the surrounding fluid (BONTING 1970, p.258). High in
tracellular concentrations are also reported in gastric mucosa : 
116 mmol K+/l cell water in the frog of which only about 62.5 
mmol would be freely exchangeable (VILLEGAS 1962). 

It has long been known that these gradients are the result 
of an active cation transport system located in the cell mem
brane. The energy for this transport system is derived from 
ATP, as shown for nerve (CALDWELL 1956, 1960, CALDWELL & KEYNES 
1957, CALDWELL et al 1959, 1960) and for red blood cell mem
branes (DUNHAM 1957, WHITTHAM 1958, HOFFMANN 1960). The active 
transport of Na+ is dependent on the concentration of K+ in the 
extracellular fluid, and there seems to be some kind of coup
ling between the active outward transport of Na+ and inward 
transport of K+ (STEINBACH 1952, HARRIS 1954, GLYNN 1956, POST 
& JOLLY 1957). The active transport of Na+ is inhibited speci
fically by cardiac glycosides (SCHATZMANN 1953, GLYNN 1957, 
KOEFOED-JOHNSEN 1958, WHITTAM 1958). 

Thus the transport system must satisfy the following 
requirements : a) it should be located in the cell membrane ; 
b) it should have affinity for Na+ and K+; c) it should utilize 
the energy of ATP ; d) it should be inhibited by cardiac 'gly
cosides like ouabain. 

On the basis of these requirements SKOU (1957, 1961) was 
able to detect in crab nerve a Na-K activated ATPase system, 
which is inhibited by ouabain, and he concluded that this is 
the active cation transport system. In the subsequent ten years 
this conclusion has been proved correct by a great number of 
studies in a variety of tissues and species (BONTING 1970). 

The primary function of the cation pump is to maintain the 
ionic concentration gradients between intra-and extra-cellular 
compartments necessary for cell metabolism and prevention of 
swelling of the cell. In excitatory systems, as nerve and 
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muscle, the Na-К ATPase system restores the cation gradients 
after the depolarization resulting from stimulation of the cell 
(BONTING 1970). 

The enzyme system also plays an important role in secretory 
or absorption processes. It is involved in the formation of 
urine by the kidney, the Na

-1
" absorption by amphibian skin and 

bladder, the Na
+
 secretion by the rectal gland of the elasmo-

branch fishes, the Na
+
 secretion by the avian salt gland, the 

bile secretion by the liver, the pancreatic fluid secretion, 
the intestinal Na

+
 absorption, the formation of aqueous humor 

and cerebrospinal fluid, the secretion by the salivary gland, 
the sweat gland, the cornea, the thyroid gland, and the adrenal 
gland (BONTING 1970), and the osmoregulation by the fish gills 
(KAMIYA & UTIDA 1968, 1969). The Na-K ATPase is also involved 
in the active transport of non-ionic substances, like sugars, 
amino acids and pyrimidines (CSAKY 1965), where a coupling of 
the transport of the latter substances to the Na-K ATPase 
mediated cation transport appears to exist. 

The properties of the Na-K ATPase system are remarkably 
similar for the great number of tissues and species, in which 
it has been studied. The enzyme system requires for activation, 
in addition to Mg2+, both Na+ and K

+
. K

+
 can be replaced by 

NH4
+
, Rb

+
 and Cs

+
. Activation by K

+
 in the presence of Na

+ 

occurs at much lower concentrations than by Na
+
 in the presence 

of K
+
. Experiments with erythrocyte ghosts and nerve axons have 

shown that K
+
 activates the enzyme on the outside of the mem

brane and Na
+
 on the inside of the membrane. A high concentra

tion of K
+
 on the inside can compete with Na

+
and inhibit trans

port (BONTING 1970). The enzyme system is specifically inhibited 
by cardiac glycosides and also by the erythrophleum alkaloids 
(BONTING et al 1964). At very low concentrations of these in
hibitors, approximately 1/300 of their half-inhibitory concen
tration, a slight stimulation of the activity is observed. The 
inhibitory effect at partially inhibiting concentrations is 
lowered by raising the K

+
 concentration in the incubation 

medium (DUNHAM & GLYNN 1961, AHMED & JUDAH 1964, BONTING et al 
1964). 

The pH optimum for the Na-K ATPase system lies between 
7.0 and 7.5, markedly different from that of the accompanying 
Na-K insensitive Mg activated ATPase, which lies between 8.4 
and 9.0 (BONTING 1970). The role of the Mg ATPase is not com
pletely understood. It is always found together with the Na-K 
ATPase but there are many arguments favouring the hypothesis 
that Na-K ATPase and Mg ATPase represent two different enzymes 
(BONTING 1970). It has been suggested (BOWLER & DUNCAN 1967) 
that the Mg ATPase may be associated with the control of pas
sive permeability to cations. There are also indications that 
It may play a role in Ca2+ transport (DUGGAN 1971), and that 
in certain tissues like gastric mucosa it may be involved in 
С Г and HCO-f transport (DURBIN & KASBEKAR 1965, SACHS et al 
1971a). 
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1,7, RELATION BETWEEN ACID SECRETION AND ENERGY SUPPLY 

There is some evidence for the involvement of high-energy 
phosphates such as ATP or creatine phosphate in the gastric 
secretory process. A positive correlation between the rate of 
acid secretion and the nucleoside triphosphate (NTP) level in 
gastric mucosa has been observed (FORTE et al 1965). Along with 
the decrease in H+ secretory rate, anoxia decreased the NTP 
level and increased the levels on nucleoside diphosphate, AMP 
and inorganic phosphate. Furthermore, restoration of H+ secre
tion upon reoxygenation occured only when the NTP levels retur
ned to near normal values. The general conclusion from these 
results is that the rate of H+ secretion is dependent upon the 
ATP level of the tissue. Comparison of the H+ secretion and ATP 
utilization yielded a value of 1.5 for the H+/ATP ratio. 

DURBIN (1968) has also investigated the relation between 
H+ secretion and high-energy phosphate compounds. He measured 
mucosal levels of ATP and creatine phosphate and came to vir
tually the same results as FORTE and coworkers. In his experi
ment the mucosa was maintained in the short-circuited condition, 
and he calculated the number of ions transported as the sum of 
H+ secreted plus the short circuit current, which is really an 
estimate of active C T transport. He arrived at slightly lower 
values (1.04 to 1.48) for the ratio of ions transported to 
high-energy compounds utilized. 

A recent study of HERSEY (1971), however, casts doubt on 
this simple and direct relationship between hydrogen ion se
cretion and high-energy phosphate compounds. By means of non
destructive spectroscopic techniques HERSEY concludes that 
there is a different interaction between oxidative metabolism 
and hydrogen ion secretion on the one hand and chloride trans
port on the other hand, and that the coupling of the former may 
involve changes in intracellular pH rather than changes in 
high-energy phosphate compounds. 
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2. MATERIALS AND METHODS 

2.1. ANIMALS 

Lizards have been chosen as the experimental animal in 
this study, because preliminary experiments indicated that the 
gastric mucosa can easily be dissected from the adjacent mus
cular layer and that this preparation remains viable for many 
hours in the Ussing chamber. The acid secretion can be stimu
lated in vitro by histamine and then remains stable for many 
hours (fig. 2.1). The transmucosal potential and short circuit 
current are also relatively stable under these conditions. The 
stability of the transmucosal potential of the lizard gastric 
mucosa in vitro has also been reported by DANDRIFOSSE et al 
(1965). The gastric mucosa is much more suitable for in vitro ex-
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Fig. 2.1. Control experiment at 20
o
C, illustrating the rela

tive stability of the preparation in respect to the transmuco
sal potential and to the acid secretion rate. 
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periments than the mammalian stomach. Nearly all our work has been 
carried out with Lacerta viridis. Only the flux experiments 
reported in chapter 8 have been done with the closely related 
Lacerta galoti, since at that time Lacerta viridis was not ava-
laible. Before undertaking flux measurements with the gastric 
mucosa of Lacerta galoti this tissue has been tested and found 
to be similar to that of Lacerta viridis in the effects of 
ouabain and ion replacements on the acid secretion and on the 
electrical parameters. 

The lizards are normally fed with insect larvae and are 
maintained at 25

0
C. A seasonal variation in gastric activity is 

observed in the animals. The transmucosal potential is low in 
winter, high in spring. This variation should not greatly affect 
the results of the various experiments reported here, since in 
each experiment control and experimental animals are in the 
same seasonal condition. 

2.2, ENZYMATIC ASSAYS 

2.2.1. Tissue preparation 

The lizards are killed by decapitation and the stomach is 
immediately excised. The mucosa is stripped off from the ad
jacent muscle layers, and homogenized in twice-distilled water 
(100 mg tissue/ml) in an all-glass Potter-Elvehjem tissue 
grinder. The homogenates are lyophilized and stored at -20

o
C. 

The ATPase activities remain constant for at least two to three 
months under these conditions. 

2.2.2. ATPase assay 

Na-K ATPase and Mg ATPase activities are determined in the 
incubation media, described by BONTING (1970, p. 262) which 
are listed in table 2.1. The activity measured in medium A 
represents the total Mg activated ATPase activity and the acti
vity in media В to E the Na-K insensitive Mg activated ATPase 
activity. The difference between these two activities represents 
the Na-K ATPase activity. 

In the study of the anion effects on the Mg ATPase activity 
media A and E are used. The anions in this medium are replaced 
by a single anion, e.g. in a chloride medium all salts are added 
as chlorides and the pH of the buffer is adjusted with HCl, 
while in a sulfate medium sulfates are used and the Tris-buffer 
is brought to the desired pH with H

?
S0

4
. 
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Table 2.1. Composition of substrate media used for the assay of 
ATPase activities. 

2+ 
Mg 

Na + 

K+ 

EDTA 

Tris-buffer pH 7.4 

ATP (Na+ salt) 

ATP (Tris-salt) 

Ouabain 

A 

2 

45 

5 

0.1 

100 

2 

-

-

В 

2 

50 

-

0.1 

100 

2 

-

-

С 

2 

-

5 

0.1 

100 

-

2 

-

D 

2 

45 

5 

0.1 

100 

2 

-

0.1 

E 

2 

50 

-

0.1 

100 

2 

-

0.1 

All concentrations In mmol/1 final concentration ι only one 

other ionic species present, chloride in the Na-K ATPase deter

minations, chloride or another anion, as explained in the text, 

in the study of the anion effects on the Hg ATPase. 

2,3, EXTRACELLULAR SPACE AND INTRACELLULAR CATION 

CONCENTRATIONS 

The effect of ouabain (chapter 5) on the cation content 
of the gastric mucosa is determined by incubating the tissue 
in the presence and absence of this substance. The whole strip
ped mucosa is divided into four equal parts. In order to simu
late the conditions in the Ussing chamber experiments, these 
tissue samples are preincubated for 45 min in 10 ml of a NaCl 
containing bathing medium (table 2.2 medium Ai and then re
ceive histamine in a final concentration of 10"* M. Half of the 
samples are incubated for 2 hours in 4 ml of the same bathing 
medium containing 0.2 % inulin (0.1 jiC/ml 14c-inulin, Radio
chemical Centre, Amersham, England, nr. CFA 399) and the other 
samples in the inulin solution with ouabain (final concentra
tion : 10-4 M). After gentle blotting on filter paper impreg
nated with the bathing medium the wet weight of the tissue 
samples is determined. They are then dried for 15 hours at 
110

o
C and reweighed. The dried samples are extracted for 48 

hours in 4 ml 0.1 M HNO3. Aliquots of the extracts are counted 
in a model 3380 Packard Tricarb Liquid Scintillation Spectro
meter using Bray scintillation fluid (BRAY 1960). Other aliquots 
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Table 2.2. Bathing media used in ion-substitution experiments. 

NaC 1 

Na! ICO j 

Na 1 S 0 4 

(.lioHiK chloride 

KCl 

K :,SO4 

KM, PO 

Plinspliatc bnfft г 

C a C l , 

C a l c i u m gliicuronatc 

Mgso4 

Glucose 

Sucrose 

Gassed with : 

loo %o2 

95 % 0 2 , 5 % CO,, 

A 

normal 

strosal 

U r i 

-: r ) 

-

-

-

-

Î 

-

0 .45 

0 .45 

1 

20 

-

-

+ 

В 

nor i iu l 

mucosal 

170 

-

-

-

? 

-

-

fi ml, 1 

0 .45 

0.45 

2 

20 

-

+ 

-

c: 

Cl"- f ree 

serosal 

-

25 

7 2 . 5 

-

-

-

1 

-

-

0.00 

2 

2G 

7 2 . 5 

-

+ 

1) 

с Г - f r c e 

mucosal 

-

-

85 

-

-

1.5 

-

8 ml/1 

-

0.90 

2 

2C 

85 

+ 

-

E 

N a + - f r e e 

serosal 

-

-

-

170 

-

-

-

27.С ml/1 

0 . 4 5 

0.45 

2 

20 

-

+ 

-

Г 

Na + - f ree 

mucosal 

-

-

-

170 

') 

-

-

8 ml/1 

0 .45 

0 . 4 5 

f> 

2C 

-

+ 

-

Media А, С and E are applied on the serosal side of the tissue, 

media B, D and F on the mucosal side. Final concentrations ex

pressed in mmol/1. 

are diluted in twice-distilled water, and the Na
+
 and K

+
 con

centrations are determined flamephotometrically against stan
dards containing HNO3 in the same concentration as in the sam
ples. 
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In the same way the influence of choline substitution in 
the bathing medium on the Na

+
 concentration of the tissue has 

been investigated, except that the extracellular space is not 
determined. Half of the samples are preincubated in a NaCl 
containing bathing medium (table 2.2 medium A) and the other 
samples in a choline chloride containing medium (table 2.2 
medium E). After weighing and drying, the tissue samples are 
extracted and the Na"

1
" concentration is determined. 

2.4, USSING CHAMBER EXPERIMENTS 

2.4.1. Principles of the Ussing chamber 

This instrument, originally designed by USSING and ZERAHN 
(1951), serves for the detennination of transmucosal potential, 
short circuit current and ionic fluxes across the gastric mu
cosa. The gastric mucosa is placed between two lucite chambers, 
which contain the bathing media. Two agar-salt solution bridges 
are placed with one end immediately adjacent to either side of 
the gastric mucosa, and the other end in contact with saturated 
KCl-calomel electrodes. The potential difference between the 
two electrodes is read on a Philips voltmeter with high (100 
Мл.) imput impedance (PM 2440). 

Another pair of agar salt bridges lead from each chamber 
to beakers filled with saline. Ag-AgCl electrodes, immersed in 
these beakers, are used in order to apply a current across the 
gastric mucosa. The current, readible on a microamperemeter, 
is supplied by a dry cell and can be adjusted to any value 
between 0 and 300 ̂ A in either direction, so that the gastric 
mucosa can be clamped at a desired potential. Potentials 
between -100 mV and +20 mV could also be reached in a gastric 
mucosa characterized by a transmucosal potential of -40 mV 
(mucosal side negative, compared to the serosal side) and a 
mucosal resistance of about 250 Ohm. The current passing the 
gastric mucosa at zero potential difference is called the short 
circuit current (S.C.C.). 

When experiments are carried out in the open circuit con
dition, the short circuit current is read at regular time in
tervals (5orl0 minutes each) one minute after short circuiting 
(NOYES & REHM 1970) and then the circuit is opened again. 
In order to exclude electrical gradients during flux measure
ments, the gastric mucosae are kept short circuited throughout. 
Since no difference in acid secretion could be demonstrated 
under these two conditions,in contrast to earlier findings for 
the dog (KITAHARA et al 1969), the experiments are normally 
executed with open circuit. 
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Since the short circuit current is used as a quantitative 
measure of transmucosal ion transport and since ion fluxes 
should be measured without any external driving force, it is 
necessary to determine the real short circuit current, the cur
rent passing the gastric mucosa at 0 mV transmucosal potential 
difference, given by the equation : 

ι = ha (i) 
m
 Rm 

where I
m
 represents the real short circuit current, E

m
 the 

transmucosal potential measured under open circuit conditions 
and R

m
 the mucosal resistance. This equation is only applicable 

if the direct current resistance of the gastric mucosa does not 
depend on the current. The latter condition is fullfilled, 
since a linear relation between the potential difference and 
the short circuit current is found over the entire range of 
current applied in our experiments. 

Since the agar-salt solution bridges, placed near the 
gastric mucosa, do not touch it, there remains some liquid 
between both bridges and the mucosa. The direct current resis
tance of this liquid column (R

v
) depends on the distance 

between both bridges and can be measured before mounting the 
gastric mucosa. The resistance found in our experiments varies 
between 20 and 40 0hm.cm2. 

When a current (I) passes the gastric mucosa, the measured 
potential (E) depends not onlyonthe direct current resistance 
(Rm) of the gastric mucosa, but also on the direct current 
resistance (R

v
) of the liquid column. The measured potential 

can then be expressed by equation (2) : 

E = E
m
 - I (R

m
 + RJ (2) 

m
 ч

 m ν'
 χ

 ' 

When the current passing the gastric mucosa (I) equals 
the real short circuit current (I

m
), Ep, is reduced to zero but 

there remains a potential difference between the electrodes 
(Ε/τ , ι ) . This potential difference is expressed by equa-

. U - Lm) 
t i on (3) : 

E ( I = I J = Em - V R m + R y ) = - ^ = " ^ v ( 3 ) 

* m' кщ 

In order to determine the real short c i r c u i t current ( I m ) , 
the mucosa should be clamped at the potential difference given 
by equation (3). The real short c i r c u i t current always exceeds 
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the 'apparent short circuit current', the current necessary to 
reduce the potential difference between the electrodes to zero. 
Since the mucosal resistance of the gastric mucosa is rather 
small, the differences between the two may be significant. 
Differences between real and apparent short circuit current 
between 8 and 20 %, dependent on the mucosal resistance and 
the resistance between the electrodes, could be found. 

The ionic composition of the serosal and the mucosal ba
thing medium may greatly differ, especially in the substitution 
experiments (chapter 6). The observed potential difference 
between the serosal and the mucosal side under these conditions 
may differ from the transmucosal potential, since the diffe
rences in ionic composition could cause junction potentials 
between the electrodes in contact with the different bathing 
media. In our experiments the potential measurements are cor
rected for the junction potential, which never exceeds 0.6 mV. 

2.4.2. Modified Ussing chamber for acid secretion studies 

USSING and ZERAHN (1951) have used chambers with 40 ml 
bathing medium circulating on each side. In view of the small 
size of the lizard gastric mucosa we have used modified cham
bers with a surface area of only 0.785 cm?. Moreover, a small 
volume of bathing medium is needed on the mucosal side in order 
to permit a reasonably accurate determination of the acid se
cretion rate over short intervals. Another requirement is that 
the mucosal bathing medium can easily be removed and replaced 
by a fresh solution. On the other hand the volume of the sero
sal bathing medium should be large enough to dilute gastrone-
like secreting inhibiting substances (VAN DEN BRINK 1969,p.155), 
which may be secreted by the tissue, to very small concentra
tions. 

The modified lucite chambers used in experiments where the 
acid secretion rate is determined are illustrated in fig. 2.2. 
The gastric mucosa is placed between the two chambers in such 
a way that the serosal side (also called the blood or the 
nutrient side) is turned to the bottom chamber. 

The serosal bathing medium (22 ml) is circulated by a 
peristaltic pump, aerated and kept at a constant temperature in 
a small receptacle. The early experiments have been carried out 
at 20oC, the later ones at 30eC. At 20oC the gastric mucosa is 
more stable, but its response to drugs and to changes in the 
composition of the bathing media is slower and its acid se
cretion is two to three times smaller than at 30oC. The higher 
acid secretion and faster response at 30oC, however, compensate 
for the decreased stability at this temperature. The volume of 
the upper chamber has been reduced to 2 ml. The upper part 
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Fig. 2.2. Modified Ussing chamber used for simultaneous measu
rements of acid secretion and electrical parameters. 

remains open, both electrodes are introduced through perfora
tions in the cover, while a third perforation permits complete 
removal of the mucosal bathing medium within a few seconds. The 
mucosal bathing medium, previously brought to the desired tem
perature, is placed in the upper chamber and stirred by an O2 
flow. No supplementary heating of the mucosal bathing medium 
is applied when working at 30CC, since the temperature decrease 
of the mucosal bathing medium during the incubation period never 
exceeds 1.50C. 

2.4.3. Use of the Ussing chamber for flux experiments 

Since in the flux experiments the acid secretion rate is 
not determined the Ussing chamber used in these experiments 
resembles the original Ussing chamber, illustrated in fig. 2.3. 
The total volume of circulating bathing medium is 22 ml on each 
side, and the surface area is 0.785 cm2. The bathing media are 
circulated by two peristaltic pumps. They are aerated and main
tained at constant temperature in two small receptacles. All 
flux measurements have been carried out at 30oC. The circulating 
solution enters the luci te chamber near the mucosa, in the 
center of the luci te chambers. This affects stirring of the 
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Fig. 2.3. Ussing chamber used for flu,* experiments. 



31. 

bathing medium and a reduction of the unstirred layer near the 
mucosa. The chloride and sodium fluxes are determined with 36ςι-
and 22м

а
+ respectively. Збст is counted in a model 3380 Tri-

carb Scintillation Spectrometer using Bray scintillation fluid 
(BRAY I960). 22Na+ samples, diluted in bathing medium, are 
counted in a Philips scintillation counter (PW 4119, sample 
changer PW 4003). The experimental procedure will be described 
in chapter 8. 

2.4.4. Bathing media for Ussing chamber experiments 

Isotonic bathing media of varying composition have been 
used in order to investigate the effects of various ions on 
the electric parameters and the acid secretion rate. The com
position of the media is given in table 2.2 and table 2.3. The 
most suitable Na

+
 concentration has been determined by testing 

media with a Na
+
 concentration varying from 100 to 200 mmol/1. 

Between 125 and 200 mmol Na
+
/1 the transmucosal potential is 

stable for hours (up to 14 hours at 20
o
C, up to 8 hours at 30

o
C), 

and the acid secretion remains stable too. At lower Na
+
 concen

trations (100 to 120 mmol/l) the transmucosal potential decrea
ses by 30 to 50 %, but remains stable at this lower level. 

In further experiments a Na
+
 concentration of 170 mmol/l 

is used, which is in the optimal range for maintenance of trans
mucosal potential and acid secretion and which is close to the 
plasma level determined by us (171.4 + 1.8 mmol/l for 8 ani
mals). This plasma level is somewhat higher than reported by 
others : a value of 157 mmol/l (range 139 - 186 mmol/l) is 
reported for the lizard Anolis carolinensis (DESSAUER 1952), 
159 mmol/l (range 158 - 163 mmol/l for the lizard Ctenosaura 
aaanthura and 157 mmol/l (range 142-165 mmol/l for the lizard 
Iguana iguana (HERNANDEZ & COULSON 1951). This may mean that 
our animals are slightly dehydrated. 

The phosphate buffer used for the mucosal bathing media 
consists of KH2PO4 and K2HPO4, in a ratio yielding a final pH 
between 7.0 and 7.4. Final concentrations in mmol/l are : 
K+ 0.87, H2PO4- 0.09, HPO42- 0.39. Sucrose is added to the 
Na2S04 containing media in order to overcome the decrease in 
osmolarity due to the replacement of NaCl by Na2S04 ; no cor
rection is applied for the small differences in osmolarity due 
to the replacement of СаСІ2 by calcium glucuronate and of KCl 
by K2SO4. In Na

+
 free medium E, which contains no bicarbonate, 

the pH is maintained at pH 7.4 by means of the same phosphate 
buffer as used in the mucosal media but applied in higher con
centration. Final concentrations here are in mmol/l : K

+
 3.0, 

H
2
P0

4
- 0.32, HP0

4
2- 1.34. 

The bathing media A, B, C, E, G, H, I and К are applied, 
on the serosal side, media B, D, F and J on the mucosal side"·. 
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For determination of the acid secretion rate the mucosal media 
are removed at regular time intervals and are titrated with 4 
mM NaOH from a syringe microburet (65 JJI delivery per mm micro
meter screw displacement) to the original pH of the solution. 

Table 2.3. Additional bathing media used in specific experiments. 

NaCl 

NalKX),, 

KCl 

Κ Η 2 Ι Ό 4 

NaII 0 I>0, 
¿ 4 

Phosphate buffer 

C a C l 2 

Calc ium ц іисигопле 

Мк*о4 

Glucose 

Gasset with : 

100 % О., 

95 % 0 2 , 5 % CO,¿ 

A 

normal 

serosal 

145 

25 

-

a 

-

-

0 .45 

0 .45 

2 

26 

-

+ 

G 

K+-frce 

serosal 

145 

25 

-

-

3 

-

0 .45 

0 .45 

'2 

26 

+ 

11 

high K+ 

serosal 

. 

•25 

145 

3 

-

-

0 .45 

0 .45 

2 

26 

-

+ 

I 

high K+ 

serosal 

08 

25 

77 

3 

-

-

0 .45 

0 .45 

0 

26 

+ 

J 

hypo-

osmotu ' 

mucosal 

100 

-

3 

-

-

8 ml /1 

0 .45 

0 .45 

2 

26 

+ 

-

К 

N C O , " 

lugli 

serosal 

120 

50 

-

3 

-

-

0 . 4 5 

0 . 4 5 

2 

26 

-

+ 

Media G and H used in partial substitution experiments of Na 

by K* (chapter 6]. Media I and J used in ouabain experiments 

(chapter 5]. Medium К used in acetazolamide experiments (chap

ter 7). Final concentrations expressed in mmol/l. 
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3, PRESENCE AND PROPERTIES OF NA-K ACTIVATED ATPASE 

3,1, INTRODUCTION 

Since the primary purpose of this study is the elucidation 
of the role of the Na-K activated ATPase system in gastric 
secretion, it is necessary to investigate its presence and pro
perties in the gastric mucosa of our test animal, the lizard. 

Several authors (KASBEKAR et al 1965, SACHS et al 1965, 
WRIGHT & KENDALL 1971) have been unable to demonstrate the 
presence of Na-K ATPase in gastric mucosa, while others (BONTING 
et al 1961, CUMMINS & VAUGHAN 1965, NAKAO et al 1965, MOZSIK 
1969, 1970, MOSZIK & OYE 1969) have claimed it to be present. 
All positive results have been obtained in mammalian tissue, 
where the acid secreting cells form only a small part of the 
tissue, while all attempts with amphibian tissue have so far 
been reported to be negative. 

In this chapter clear proof of the presence of a substan
tial Na-K ATPase activity in lizard gastric mucosa will be de
monstrated. Since the Na-K activated part of the ATPase activity 
in untreated homogenates is low (12 %), a Nal treatment of the 
homogenate is required for the study of the properties of the 
Na-K ATPase system. The results reported here indicate that the 
properties of the lizard gastric mucosa enzyme are about the 
same as those of the enzyme in other tissues and species. 

3.2, MATERIAL AND METHODS 

3.2.1. Tissue preparation and enzyme assay 

Tissue preparation, homogenisation, lyophilization and 
storage of the lyophilized material and the procedure for the 
ATPase assay are described in chapter 2 (2.2.1 & 2.2.2.). 
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3.2.2. Nal pretreatment of the homogenate 

In order to decrease the Mg activated ATPase activity, the 
homogenate is treated with 2 M Nal (NAKAO et al 1965). То б mg 
lyophil i zed homogenate in 1 ml twice-distilled water 1 ml of 
the following solution is added : 4 M Nal, 2 mM MgClg, 0.8 mM 
EDTA, 3.0 mM ATP, 50mM cysteine (pH adjusted to 8.0 by addition 
of Tris). After 15 minutes the mixture is diluted with 3 ml 
twice-distilled water and centrifuged for 20 minutes at 30.000 
χ g. The pellet is washed three times with water containing 
5 mM EDTA and suspended in 200 μΐ twice-distilled water for the 
ATPase assay. 

3.2.3. Determination of enzyme properties 

The Mg activation curve is obtained by varying the Mg 
concentration in media A and E from 0 tot б mM, while maintai
ning the ATP concentration at 2 mM. The Na* activation curve 
is determined by adding graded amounts of NaCl (0 - 90 mM) to 
medium C, and the K

+
 activation curve by adding KCl ( 0 - 9 mM) 

to medium B. The pH activity curves for both ATPase activities 
are determined by preparing media A and E with acetate buffers 
(100 mM) in the pH range 5.0 - 6.0, with Tris-histidine-HCl 
buffers (50 mM Tris, 50 mM histidine) in the pH range 6.0-9.0 
andinTris-HCl buffers (100 mM Tris) in the pH range 8.5-9.8. 
The inhibition curve for ouabain is determined by adding oua
bain (10~12 M to 10"3 M final concentration) to medium A. 

3,3, RESULTS 

3.3.1. Absolute and relative activities of Na-K ATPase 

The relative and absolute ATPase activities for untreated 
homogenates in the various incubation media are shown in table 
3.1. In the four inhibitory media (B - E) the mean ATPase ac
tivity is 87.8 % of the activity in the complete medium A, in
dicating that only 12.2 % of the total ATPase activity repre
sents Na-K ATPase activity. This difference is, however, sta
tistically very significant (P < 0.005). The inhibition in me
dium С (no Na

+
) is slighty higher than the average inhibition 

in media B, D and E (P < 0.01), suggesting a slight Na
+
 sensi

tivity of the Mg ATPase as previously observed in many other 
tissues (e.g. liver, BAKKEREN & B0NTING 1968 ; pancreas, RID-
DERSTAP & B0NTING 1969a, 1969b). Consequently, media B, D and 
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E are the most suitable for the determination of the Na-K ATPase 
activity. 

Table 3.1. ATPase activities of lizard gastric mucosa. 

Medium 

A (comple te) 

Π (no K+) 

С (no Na + ) 

D ( Ι Ο " 4 M ouabain) 

E (no K+, ΙΟ" M ouabain) 

Average В - E 

Mg ATPase 

Na-K ATPase 

Relative ATPase act iv i ty 

% 

100 

87 .4 + 0.69 (η = 10) 

8 6 . 0 + 0 .62 (η = 10) 

8 9 . 2 + 0.56 (η = 10) 

88 .4 + 0.47 (η = 10) 

8 7 . 8 + 0 . 6 9 

Absolute ATPase act iv i ty 

m o l / k g dey v u . / h 

1.65 + 0.097 (n = 10) 

0 .25 + 0.024 (n = 10) 

Mean values with standard errors of the mean, in parentheses 

the number of assayed samples. 

3.3.2. Properties of the enzyme 

The low relative Na-K ATPase activity (12.2 %) makes it 
necessary to reduce the Mg ATPase activity in order to permit 
investigation of the properties of the enzyme. First a urea 
pretreatment (GLYNN et al 1965, SKOU & HILBERG 1965) has been 
tried. Preincubation with urea solutions (0.7 M, 1.0 M and 1.5 
M final concentrations) for 10 to 30 minutes results in a dras
tic decrease of both the Mg ATPase and Na-K ATPase activities 
without improvement in the Na-K ATPase/Mg ATPase activity ratio. 
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Better results are obtained with the Nal treatment accor
ding to NAKAO et al (1965). Preincubation with 2.0 M (final 
concentration) Nal for 15 and 30 minutes causes a larger de
crease in Mg ATPase activity than in Na-K ATPase activity. The 
remaining Mg ATPase activity varies between 8 and 18 %, while 
the Na-K ATPase activity varies between 30 and 68 % of the 
original activity. In view of the variability of the effect of 
Nal pretreatment the original Na-K ATPase activity is deter
mined in each case and the activity of the treated material is 
converted to the original activity, expressed in moles per kg 
dry weight per hour, which varies much less. 
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Fig. 3.1. Effects of Mg concentration on Na-K ATPase activity 
and Mg ATPase activity in lizard gastric mucosa. 

2+ 
Fig. 3.1. shows the effect of increasing the Mg concen

tration from 0 to 6 mM, while keeping the ATP level constant 
at 2 mM. Maximal Na-K ATPase activity was reached at 2 mM Mg2+, 
I.e. at a .Mg2+/ATP ratio of about 1. Maximal activity of the 
Mg ATPase was reached at 0.8 mM Mg2+. Upon further increasing 
the M g " concentration both ATPase activities decrease slightly. 

The К activation curve is given in fig. 3.2. Maximal Na-K 
ATPase activity is obtained at 6 mM IC

1
", while half maximal 

activation by K
+
 occuredatl.l mM K

+
. In other tissues similar 

half maximal activation concentrations have been observed : 
Intestine 0.5 mM (TAYLOR 1962), rat liver 0.9 mM (BAKKEREN & 
BONTING 1968), dog and rabbit pancreas 0.6 and 0.8 mM (RIDDER-
STAP & BONTING 1969a, 1969b), rat kidney 0.7 mM (BAKKEREN et 
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al 1971), dog and human kidney 0.8 and 1.2 mM (NECHAY et al 
1971). 

Fig. 3.3 represents the Na
+
 activation curve. Half maximal 

activation by Na
+
 occurs at 7.5 mM Na

+
, while maximal activity 

is reached at 25 mM Na
+
. This compares to half-maximal values 

of 6.0 mM in rat liver (BAKKEREN & BONTING 1968), 13.6 and 10.0 
mM in dog and rabiit pancreas (RIDDERSTAP & BONTING 1969a, 
1969b), 8.0 mM in rat kidney (BAKKEREN et al 1971), 5.7 and 
7.9 mM in dog and human kidney (NECHAY et al 1971). The high 
intracellular Na

+
 concentration in gastric mucosa (see chapter 

5, 5.3.1 and table 5.1) impliesthat the Na-K ATPase system will 
normally be functioning maximally in this tissue. 

The pH activity curves for the two ATPases are shown in 
fig. 3.4. Since the determination of Mg ATPase activity after 
treatment with Nal gives rather variable results, the curve for 
this enzyme is determined in untreated homogenate. The optimum 
for Na-K ATPase is at pH 7.3 and for Mg ATPase at pH 9.0. The 
Na-K ATPase activity rapidly decreases at pH values below 6. 
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Nearly the same pH optima are found for the two ATPases in other 
tissues : rat liver pH 7.3 and pH 8.7 (BAKKEREN & BONTING 1968), 
dog pancreas pH 7.1 and 9.2, rabbit pancreas pH 7.2 and 8.8 
(RIDDERSTAP & BONTING 1969a, 1969b), rat kidney 7.4 and 8.7 
(BAKKEREN et al 1971). Thus, even though the gastric mucosa 
normally is exposed on its mucosal side to a very acid environ
ment, the pH dependence of the two ATPases does not differ from 
that in other tissues. 

Since the lizard is a cold-blooded animal, it is important 
to know the temperature dependence of the Na-K ATPase activity. 
Thus the enzyme activities at 20

o
C, 30

o
C and 37

0
C have been 

compared. The activities at 20
o
C and 30

o
C are 54 and 76 %, res

pectively, of the activity at 37
0
C, indicating a Qio value of 

1.5, which is relatively low compared to values of 1.9 in Sepia 
retina (DE PONT & BONTING 1971), 2.lOin turtle bladder epithe
lial cells (BOURGOIGNIE et al 1969) and of 2.4 in rabbit lens 
(BONTING et al 1963). 

с » 11 9 7 5 3 
n e g lotf molar ouabain c o n c e n t r a t i o n 

Fig. 3.5. Effect of ouabain on Na-K ATPase a c t i v i t y in l izard 
gastric mucosa. 
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Fig. 3.5 shows the inhibition of Na-K ATPase by ouabain. 
Complete inhibition occurs with 10-4 м ouabain. The negative 
logarithm of the half-maximal inhibition concentration (plsg) 
is 7.0, which is among the highest values found so far in 
various tissues (BONTING 1970, p.267). Comparable high values 
have been found in calf lens epithelium 7.1 (BONTING et al 
1963) and Sepia retina 7.1 (DE PPNT & BONTING 1971). Ouabain 
in very low concentrations ( Ю

-
!

1
 M) slightly stimulates the 

Na-K ATPase, which phenomenon has been observée in many tissues 
(BONTING 1970, p. 268). 

Table 3.2. Comparison of ion transport and Na-K ATPase activity 

Na-K ATPase activity 

Acid secretion rate 

Short circuit current before secretion 

Total transport activity 

Ratio ion transport/ATP hydrolysis 

0.36 mol ATP/kg dry wt. /h 

0.45 mol/kg dry wt./h 

0.57 mol/kg dry wt./h 

1.02 mol/kg dry wt./h 

2.83 

All values at 30oC ι short circuit current expressed in moles 

univalent ions/kg/dry wt./h (1 pA/h = 3.73.1СГ
2 ¿imol/h) . 

In one group of lizards the ouabain-sensitive ion trans
port activity has been compared with the Na-K ATPase activity. 
For these animals relatively high enzymatic activities as well 
as high short circuit currents and acid secretion rates are 
found (table 3.2). When the transport activity is considered 
as the sum of the acid secretion and the net ion displacement 
before stimulation, calculated from the short circuit current, 
the ratio of total transport activity to ATP hydrolyzed by the 
Na-K ATPase activity is 2.8. This figure agrees with the cation/ 
ATP ratios observed in many other tissues which range from 1.6 
to 3.1 with an average value of 2.43 (BONTING 1970, p. 272). 
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3.4. DISCUSSION 

The presence of the Na-K activated ATPase system in a sig
nificant activity in lizard gastric mucosa has been established. 
The activity of 0.25 moles ATP hydrolyzed/kg dry wt./h is 
comparable to that found in cat gastric mucosa (0.10 moles ATP 
hydrolyzed/kg dry wt./h, BONTING et al 1961) and in other se
creting tissues (e.g. dog pancreas : 0.33 moles ATP hydrolyzed/ 
kg dry wt./h, RIDDERSTAP & BONTING 1969a). At pH 7.4 it repre
sents 12 % of the total Mg activated ATPase activity in the 
tissue. 

The fact that other authors could not demonstrate Na-K 
ATPase activity in gastric mucosa appears to be due^ to^ their 
use of suboptimal assay conditions. The slight inhibition of 
ATPase activity in frog gastric mucosa upon addition of Na+ and 
K+ reported by KASBEKAR et al (1965) may be due to the relatively 
high cation concentrations used in their experiments. These 
may decrease the Na-K ATPase activity (dog pancreas,RIDDERSTAP 
& BONTING 1969a). SACHS et al (1965) carried out assays at pH 
8.4, which is closer to the optimum of Mg ATPase (9.0 in our 
experiments, fig. 3.4Ì than to that of Na-K ATPase (7.3 in our 
experiments, fig. 3.4). The use of sucrose homogenates by DUR-
BIN and KASBEKAR (1965) and by SACHS et al (1965) 1s also 
unsuitable (NAKAO et al 1965). Thus MOZSIKandOYE (1969) failed 
to find Na-K ATPase in sucrose homogenates of human gastric 
mucosa, but detected it after Nal treatment. The low relative 
Na-K ATPase activity in untreated homogenates has made other 
investigators discount their effects. Thus, LIMLOMWONGSE and 
FORTE (1970) report inhibitions of 12 and 7 % of total ATPase 
activity by ouabain in tadpole and adult bullfrog gastric mu
cosa, which they do not further investigate. 

The properties of Na-K ATPase from lizard gastric mucosa 
are quite similar to those of the enzyme in a variety of other 
tissues and species. In particular, the enzyme does not have 
any unusual characteristics, which would suggest an Involvement 
In an active K+/H+ or Na+/H+ exchange mechanism. 

The calculated ion/ATP ratio of 2.8 also indicates a 
crucial role of the Na-K ATPase system 1n the gastric secretion 
process. Elucidation of the exact nature of this role requires 
studies of the effect of ouabain and of ion substitution on 
acid secretion, transmucosal potential, short circuit current 
and Individual ion fluxes. The results of these studies are 
reported in subsequent chapters (chapter 5, 6, 8). 

Thus the lizard gastric mucosa appears to possess a normal 
Na-K ATPase system, which may be responsible for Na+-K+ trans
port, but 1s unlikely to be responsible for the active chloride 
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transport reported in the gastric mucosa (HOGBEN 1955) and for 
the thiocyanate sensitive hydrochloric acid secretion, which 
may also involve bicarbonate transport. In this connection, 
DURBIN and KASBEKAR (1965) have claimed an involvement of a 
thiocyanate-sensitive, bicarbonate-stimulated Mg ATPase in 
gastric acid secretion. We have, therefore, studied the anion 
dependence of both ATPase activities in lizard gastric mucosa. 
The results of this study are reported in the next chapter. 
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4. PRESENCE AND PROPERTIES OF AN ANION DEPENDENT 
ATPASE 

1.1, INTRODUCTION 

In chapter 3 the presence and properties of the Na-K 
ATPase system in lizard gastric mucosa have been described. The 
observed enzyme activity is sufficient to cover the pump capa
city needed to maintain the short circuit current and the acid 
secretion. The crucial role of this enzyme system as a cation 
pump in gastric mucosa, like in many other tissues, seems 
certain. 

In addition to this enzyme system, the presence ofathio-
cyanate-sensitive Mg activated ATPase in gastric mucosa has 
been reported (DURBIN & KASBEKAR 1965). The persistent uncer-
taim'ty about the occurence of the Na-K ATPase system in gastric 
mucosa lent additional interest to this enzyme. It has long 
been known that thiocyanate inhibits gastric acid secretion 
(REHM & ENELOW 1945). When moreover addition of bicarbonate to 
the assay medium was found to stimulate the enzyme, it was sug
gested that this thiocyanate-sensitive, bicarbonate stimulated 
ATPase might mediate the acid secretion like the ouabain-sen-
sitive Na-K activated ATPase system mediates the cation trans
port in most other secretory systems (DURBIN & KASBEKAR 1965). 
Recently a partial purification of the enzyme from gastric 
mucosa of mudpuppy, frog and dog by solubilization with Triton 
X100 has been achieved (BLUM et al 1971, SACHS et al 1971a, 
WIEBELHAUS et al 1971). The bicarbonate activation of the Puri
fied enzyme is markedly increased. 

The enzyme is confined to the oxyntic cell in the gastric 
mucosa, but is widely distributed in a variety of mammalian and 
amphibian tissues. High activities are reported in pancreas, 
kidney, brain and gills of the mudpuppy (SACHS et al 1971). It 
is also observed in the midgut of the silkmoth larva (TURBECK 
et al 1968). The latter tissue actively transports potassium 
from the haemolymph to the lumen. The potassium transport is 
completely independent of sodium and is not inhibited by oua
bain (ZERAHN 1971). It has been suggested (SACHS et al 1971a) 
that an interaction between a HCOq" generating and a HCO3" 
requiring system (i.e. HCO3 ATPase) may result in transport of 
H+, HCO3" or CI", depending on the permeability properties of 
the cell membrane and the vectorial organisation of the enzyme 
system. 
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In vlewofthe obvious importance of this matter, we decided 
to make a critical study of the properties of this enzyme. The 
results reported in this chapter indicate that the anion-sensi-
tive ATPase appears to have a binding site for all anions and 
that the binding of anions appears to lower the activity. The 
greater the affinity of the anion, the lower is the ATPase 
adtivity. However, the presence of bicarbonate leads to about 
double the activity expected on the basis of its affinity for 
the enzyme. While a possible role of this enzyme in gastric 
acid secretion cannot be excluded, its properties differ so 
markedly from those of the Na-K ATPase system that it cannot 
be considered as a bicarbonate-or proton-pump in the same sense 
as the latter system acts as a cation pump. 

4.2. MATERIALS AND METHODS 

Tissue preparation, homogenization, lyophil ization, sto
rage of the lyophil i zed material and ATPase assay are carried 
out as described in chapter 2 (2.2.1 & 2.2.2.). The basic medium 
used for the assay of the Mg ATPase activity is medium E (K+ 

free, 10-4 M ouabain) shown in table 2.1. 

4.3, RESULTS 

4.3.1. Activity and properties 

The activities of Mg ATPase and Na-K ATPase are measured 
at pH 7.5 in media in which only one anionic species (in addi
tion to 2 mM ATP) is present in 147 meq/1 concentration. The 
Na-K ATPase activity is scarcely dependent on the anionic spe
cies present in the medium (table 4.1), in contrast to the 
activity of Mg ATPase (table 4.2). Highest Mg ATPase activities 
are found in the presence of sulfate, acetate or glucuronate. 
However, in the presence of chloride and nitrate the activities 
are 33 and 57 % lower, respectively. 

To determine whether these differences in activity may be 
due to a shift in pH optimum upon changing the anionic species, 
the pH dependence of the enzyme activity is measured with either 
chloride or sulfate as the anion. Fig. 4.1 shows that in both 
cases there is a rather flat pH activity curve with an optimum 
between 8.5 and 9.0. There is no clear shift in pH optimum upon 
replacing chloride by sulfate. 



45. 

Table 4.1. Activity of Na-K ATPase from lizard gastric mucosa 
in the presence of various anions and of thiocyanate. 

Anion present 

sulfate 

chloride 

nitrate 

[thiocyanate] in 

chloride medium 

0 

5 χ ί ο " M 

5 χ ΙΟ" 6 M 

5 χ ί ο " M 

5 Χ 10 M 

5 χ ί ο " 3 M 

5 χ ΙΟ" 2 M 

Enzyme activity 

0.Ü4 + 0.07 (4) 

0.57 + 0 . 0 4 (4) 

0.48 + 0.04 (4) 

0.57 + 0.05 (4) 

0.59 + 0.09 (6) 

0.48 + 0.05 (6) 

0.49 + 0.05 (6) 

0.57 + 0.05 (6) 

0.54 + 0.09 (7) 

0.43 + 0.05 (7) 

Ρ (vs chloride) 

η.s . 

η.s. 

η.s. 

-

η. s. 

η.s. 

η.s. 

η. s. 

η.s. 

<0.05 

Enzyme activity is given in moles ATP hydrolysed/kg dry wt./h 

at 37
0
C, with standard error of the mean and number of experi

ments. 
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Table 4.2. Activity of Mg ATPase from lizard gastric mucosa in 
the presence of different anions with and without thiocyanate. 

Anion present 

glucuronate 

acetate 

sulfate 

chloride 

nitrate 

bicarbonate 

sulfate 

chloride 

рн 

7.5 

7.5 

7.5 

7.5 

7.5 

8.4 

8.4 

8.4 

Mg ATPase 

No thyocyanate 

3.64 + 0.51 (2) 

3.76 + 0.13 (4) 

3.65 + 0.09 (10) 

2.48 + 0.06 (15) 

1.46 + 0.08 (4) 

6.25 + 0.21 (4) 

4.51 + 0.11 (2) 

3.55 + 0.08 (8) 

activity 

50 mM thyocyanate 

0.77 (1) 

0.56 + 0.01 (2) 

0.44 + 0.05 (5) 

0.62 + 0.01 (2) 

0.65 + 0.11 (2) 

1.05 + 0.05 (2) 

-

0.89 + 0.01 (2) 

Enzyme activities are expressed in moles ATP hydrolyzed/kg dry 
wt./h at 37°C with standard errors of the mean and number of 
experiments. When SCN" is added, the concentrations of the other 
anions are lowered by equivalent amounts. 
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Fig. 4.1. Mg ATPase activity from lizard gastric mucosa as a 
function of pH. Activity measured in the presence of SO42" 
(solid line, open circles), CI" (solid line, closed circles), 
S042- + l mM SCN" (dashed line, open circles), C T + 10 mM SCN-

(dashed line, closed circles). The pH of the incubation media 
is adjusted with H2SO4 and HCl, respectively. When NaSCN is 
added, the concentrations of N32504 and NaCl, respectively are 
lowered by equivalent amounts. 

In the experiments with bicarbonate the buffer is prepared 
with Tris brought to pH 8.4 with CO2, because at pH 7.5 the 
attainable bicarbonate concentration is too low for our purpose. 
In these experiments the anion concentration is 97 meq/1. For 
purposes of comparison the activities of Mg ATPase with chlo
ride and sulfate are also determined at this pH. The ratio be-
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tween the activities with sulfate and chloride at pH 8.4 is not 
significantly different from that at pH 7.5. The activity with 
bicarbonate is significantly higher (40%) than the activity 
with sulfate at pH 8.4 (table 4.2). 

In another experiment we tested the influence of the ionic 
strength or tonicity on the activity. Both at pH 7.5 and at pH 
8.4 we add graded amounts of NaCl to the medium containing 
Tris-HCl 100 mM, ATP 2 mM, Mg2+ 2 mM, EDTA 0.1 mM and ouabain 
0.1 mM. Fig. 4.2 shows that the enzyme activity decreases with 
increasing salt concentration. This effect is somewhat more 
pronounced at pH 8.4 then at pH 7.5. In order to exclude ef
fects of either ionic strenght or tonicity al1 further experi
ments are carried out at constant total anionic concentration 
(in milliequivalents per liter). 

10 30 100 300 
[NaCl] (mmol/ l ) 

Fig. 4.2. Mg ATPase from l izard gastric mucosa as a function of 
increasing ton ic i ty by addition of NaCl to the incubation me
dium. Act iv i ty is measured at pH 8.4 (open circ les) and at pH 
7.5 (closed ci rc les) with 100 mM Tris-HCl buffer. 
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4.3.2. Thiocyanate effects 

The effect of thiocyanateis tested by replacing equimolar 
amounts of the sodium salt of the chosen anion by equimolar 
amounts of sodium thiocyanate, keeping the total anionic con
centration (excluding 2 mM ATP) of the medium constant at 147 
meq/1 at pH 7.5 and at 97 meq/1 at pH 8.4. Table 4.1 shows that 
at pH 7.5 thiocyanate in concentrations up to 5 mM has no effect 
on the Na-K ATPase activity, while a 50 mM concentration has 
only a very small inhibitory effect. Thiocyanate in concentra
tions of 1 mM and over has a strongly inhibitory effect on the 
Mg ATPase activity. The magnitude of this inhibitory effect 
depends on the other anionic species present in the incubation 
medium. Some typical examples of this effect are plotted in 
fig. 4.3. In this figure the ATPase activity is plotted as a 
function of the negative logarithm of the molar thiocyanate 
concentration. Apart from the fact that the activities in the 
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Fig. 4.3. Mg ATPase activity from lizard gastric mucosa as a 
function of the negative logarithm of the molar SCN'concentra-
tion. In every experiment only one other anion is present : 
HCO3- (-o-o-o-), acetate (-x-x-x-) CI" (-0-0-0-) or NO3" 
( -• в • -). Experiments with HCCh" are carried out at pH 8.4, 
the others at pH 7.5. When NaSCN is added, the sodium salts of 
the other anions are lowered by equivalent amounts. 
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absence of the inhibitor differ considerably, there is a large 
difference in the values for the half-inhibitory thiocyanate 
concentration. Although no concentrations above 50 mM are used, 
the shape of the curves suggests that complete inhibition of the 
enzyme activity cannot be reached. The residual activity seems 
to be quite independent of the other anionic species present 
(table 4.2.). 

The half-inhibition concentrations for thiocyanate, alt
hough obtainable from the curves shown in fig. 4.3 can be de
termined with higher accuracy from modified Dixon plots (DIXON 
1953), in which І/ ̂  ч (or l/v») is plotted versus tSCN"]. 

Fig. 4.4. Modified Dixon plot, in which the reciprocal (l/v.¡ ) 
of the Mg ATPase activity (corrected for the residual activity 
in the presence of 50 mM NaSCN, see table 4.2) is plotted 
against the thiocyanate concentration. The pH in this experi
ment is 8.4. Either HCO3" (-·-·-) or Cl" (-0-0-) is present as 
the only other anion. When NaSCN is added, the concentrations 
of МаНСОз and NaCl, respectively, are lowered by equivalent 
amounts. 
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Here v
1

,
,

c o r r
, is the activity in the presence of inhibitor mi

nus the residual activity at maximal thiocyanate concentration. 
Such modified Dixon plots give straight lines, which intersect 
the χ axis at - Kj (fig. 4.4), as is the case for inhibition 
which is non-competitive (SACHS et al 1965) or uncompetitive 
(KASBEKAR et al 1965) with regard to the substrate. Values thus 
obtained for ICj in the presence of various anionic species are 
listed in table 4.3 (column 2). The ratio between the concen
tration of thiocyanate and the other anion present, at which 
50 % inhibition occurs, has also been calculated (table 4.3, 
column 5). This ratio increases in the order : glucuronate < 
acetate < sulfate <. chloride <. nitrate at pH 7.5. Bicarbonate 
and also chloride have been tested at pH 8.4. Since the ratio 
for chloride is not much different at these two pH values (47 
at pH 7.5 and 52 at pH 8.4), the place of bicarbonate in the 
sequence appears to be between chloride and nitrate. The small 
differences for the chloride ratio at the two pH values and in 
the pH activity curves in the presence of thiocyanate (fig. 
4.1) indicate that the degree of inhibition for chloride, and 
very likely also for the other anions, is virtually indepen
dent of the pH of the medium. 

Table 4.3. Half maximal inhibition conditions for Mg ATPase 
from lizard gastric mucosa by thiocyanate. 

Anion 

glucuronate 

acetate 

sulfate 

chloride 

mirate 

chloride 

bicarbonate 

1 

PH 

7.5 

7.5 

7.5 

7.5 

7.5 

8.4 

8.4 

Concentration at 50 * inhibition (in mM) 

[thiocyanate] 

0.35 

0.5 

0.6 

6.6 

20 

5.0 

8.0 

[anion] 

146.65 

146.5 

73.2 

140.4 

127 

92 

89 

[thiocyanate] 3 
ratio χ 10 

[anion] 

2.4 

3.4 

8.2 

47 

157 

52 

90 

Total anion concentration : 147 meq/1 at pH 7.5, 97 meq/1 at 
pH 8.4. 
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It appears that these anion effects are due to differences 
in the affinity to the various anions to an anion-binding site 
on the enzyme. Assuming that at concentrations, at which 50 % 
inhibition occurs, equivalent amounts of thiocyanate and the 
other anion are bound to the enzyme, this means that the cal
culated ratio is a measure for the affinity of the anion for 
the enzyme relative to that of thiocyanate. The larger the ra
tio, the larger is the relative affinity of the anion. 

Table 4.4. Inhibition of Mg ATPase from lizard gastric mucosa 
by thio-cyanate in different concentrations but in constant 
ratio relative to the other anion present. 

Anion concentrations (in mM) 

[thiocyanate] 

10 

5 

2.5 

1.0 

0.5 

0.25 

[.chloride] 

147 

137 

68.5 

39.25 

[acetate] 

147 

146 

73 

36.5 

Relative enzyme 

actitivy " 

percentage 

100 

48.1 + 2.2 (3) 

46.7 + 5.0 (3) 

51.7 + 5.4 (2) 

100 

53.2 + 1.4 (4) 

62.5 + 5.5 (4) 

60.0 + 3.3 (4) 

Ρ 

η . s . 

п.s. 

п.s. 

η . s . 

χ The enzyme activity is compared to the activity in the same 

medium in which thiocyanate is replaced by chloride and 

acetate respectively. For each value the standard errors of 

the mean and the number of experiments are also given. 

жк Experiments с and d are compared with b, experiments g and h 

with f. 
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This ratio, rather than the concentration of thiocyanate, 
determines the degree of inhibition as shown by the experiments 
described in table 4.4. In these experiments the ratio of thio
cyanate and the other anion is kept constant (1:13.7 in the 
case of chloride and 1:146 in the case of acetate). The total 
anion concentration is reduced successively to 50 and 25 % of 
the original value by equiosmolar replacement with sucrose. 
Both with acetate and with chloride as the other anion, the 
degree of inhibition is independent of the final thiocyanate 
concentration. 

4.3.3. Anion replacement effects 

When anion binding to the enzyme is the cause of the dif
ferences in inhibitory characteristics of thiocyanate in the 
presence of different anions, the same phenomenon could cause 
the differences in absolute activity in the presence of those 
anions alone (table 4.1). We have studied this by gradually 
replacing in a chloride medium the latter anion by equimolar 
amounts of an other anion, keeping the total anion concentra
tion constant and equal to 147 at pH 7.5 and to 97 meq/1 at 
pH 8.4. The results of atypical experiment are plotted in fig. 
4.5. This figure shows that after replacement of 120 mM chloride 
by acetate the activity begins to increase. This indicates that 
the enzyme has a much higher affinity for chloride than for 
acetate. The ratio of the chloride concentration to that of 
acetate, at which the activity was midway between the activities 
for each anion alone, is taken as a measure of the relative 
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Fig. 4.5. Influence of replacement of chloride by acetate ions 
on the Mg ATPase activity. The pH of the incubation medium is 
7.5. 
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affinity of the acetate anion for the enzyme. Table 4.5 lists 
the results for five different anions. 

Table 4.5. Effect of anion mixtures on Mg ATPase from lizard 
gastric mucosa. 

Anion 

glucuronate 

acetate 

sulfate 

nitrate 

bicarbonate 

рн 

7.5 

7.5 

7.5 

7.5 

8.4 

Concentrations in mM at 

50 % activity change 

[Chloride] 

5 

8 

9 

117 

70 

[A mon] 

142 

139 

69 

30 

27 

[chloride] 
Ratio •_" -i ' a t 

[anion] 

50 % activity change 

0.035 

0.058 

0.13 

3.9 

2.6 

Total anion concentration : 147 meq/1 at pH 7.5, 97 meq/1 at 
pH B.4. 

The two sets of relative affinities obtained from thio-
cyanate inhibition studies and from the anion substitution 
experiments can be compared by transforming the first set to a 
relative affinity for chloride of 1. This can be done by divi
ding the first 5 values in column 5 of table 4.3 by 47 and the 
last 2 values by 52. The resulting two sets of relative affi
nities, listed in table 4.6, show good agreement, both quan
titatively and quantitatively. 

In fig. 4.7 an Usslng chamber experiment is shown in which 
acid secretion Is partially inhibited by NaCNS. A 36 % inhibi
tion is obtained with 6 mM NaCNS and 53 % with 12 mM NaCNS. 
These concentrations are of the same order as the NaCNS con
centrations needed to Inhibit the Mg ATPase activity to the 
same extend 1na chloride medium. It is, however, impossible to 
make a quantitative comparison of the data obtained by these 
two different approaches. The bathing medium used in this ex
periment (medium A, table 2.2) represents a mixture of anion 
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Table 4.6. Relative anion affinity of Mg ATPase from lizard 
gastric mucosa. 

R e l a t i v e a n i o n a f f i n i t y 

Anion 

glueuronate 

acetate 

sulfate 

chloride 

bicarbonate 

nitrate 

thiocyanate 

from direct 
substitution 

0.035 

0.058 

0.13 

1.0 

2.6 

3.9 

21.3 

from thiocyanate 
inhibition 

0.051 

0.072 

0.17 

1.0 

1.4 

3.4 

21.3 

average 

0.043 

0.065 

0.15 

1.0 

2.0 

3.7 

21.3 

The figures in the second column are derived from table 4.5 

column 5 and in the third column obtained by transforming those 

in table 4.3 column 5 to a ratio of 1 for chloride. 
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Fig. 4.6. Effect of serosal addition of NaCNS (6 mM and 12 mM 
final concentrations) on the acid secretion rate. 
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species, while the data relative to the enzymatic activity are 
obtained from incubations in media with only one anionic spe
cies. 

4,4, DISCUSSION 

The presence of an anion sensitive ATPase in gastric mu
cosa has first been reported by KASBEKAR et al (1965) and by 
SACHS et al (1965) in a microsomal fraction of frog gastric 
mucosa. This enzyme is inhibited by thiocyanate and maximally 
activated by bicarbonate anions, but is not inhibited by oua
bain and not activated by sodium and potassium ions. We find 
that in lizard gastric mucosa homogenates at pH 7.4 only 12 % 
of the total ATPase is activated by sodium and potassium and 
inhibited by ouabain. Therefore in this tissue at least two 
different ATPases are present, and we have decided to study the 
effect of anions on both enzymes. 

Our method of investigation is quite different from those 
of the authors mentioned above. They have used media of relati
vely low ionic strenght (20 mM Tris, pH 8.4, 2 - 3 mM ATP, 1 -
3 mM Mg2

+
) and have added the anions to be investigated to the 

media in concentrations up to 150 mM. We use media of constant 
and more physiological ionic strenght (100 mM Tris, pH 7.5 and 
8.4, 2 mM ATP, 2 mM Mg

2 +
, 60 mM Na*), replacing chloride as the 

anionic species present in the control medium by the anionic 
species to be investigated without changing the Na

+
, Mg2

+
 and 

Tris concentrations. The advantage of our method is that the 
cation composition of the medium does not change and that only 
the effect of the anion and not of the accompanying cation is 
investigated. The importance of maintaining constant ion con
centrations is proven by fig. 4.2, which shows the inhibitory 
effect of NaCl concentrations over 50 mM. This may explain the 
fact that KASBEKAR et al (1965) always find inhibition of en
zyme activity when high amounts of the tested anions were added. 
These authors find that upon adding increasing amounts of МаНСОз 
the activity first increases and thereafter decreases again. 
Maximal activity is found with 25 mM NaHC03. That this maximal 
activity concentration is the same as the bicarbonate concen
tration in blood seems purely accidental iij the light of our 
findings. 

Since the Na-K ATPase present in lizard gastric mucosa is 
virtually Insensitive to anions and is not inhibited by thio
cyanate 1n concentrations below 50 mM (table 4.1), this enzyme 
activity Is excluded inali further experiments by the omission 
of K

+
 ions and the addition of 10"* M ouabain to the assay me

dium. 
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The Mg ATPase activity is strongly anion-sensitive as shown 
in table 4.2. This anion-sensitivity is not due to an effect 
of the anionic species on the position of the pH optimum (fig. 
4.1). The enzyme is also inhibited by thiocyanate, although 
complete inhibition is not obtained, which may be due to the 
presence of a third thiocyanate-insensitive ATPase, possibly a 
mitochondrial enzyme. 

The anion-sensitivity can be expressed in a quantitative 
way by assuming the presence of an anionic binding site on the 
enzyme. Starting from this hypothesis we can calculate the re
lative affinities of a series of anions for the enzyme by thio
cyanate inhibition experiments (table 4.3) as well as by anion 
substitution experiments (table 4.5). The relative affinities 
calculated from both types of experiments, summarized in table 
4.6, show good agreement, both qualitatively and quantitatively. 

Comparison of these relative affinity constants with the 
activities of the enzyme in the presence of these anions shows 
an interesting relationship (fig. 4.7). The logarithm of the 
relative affinity varies linearly with the relative enzyme ac
tivity (expressed as percent of the activity for chloride). 
This linear relationship applies forali anions tested with the 
exception of bicarbonate. It appears that rather than an anion 
stimulation of the enzyme, there is an inhibition of its acti
vity by anions, which is stronger the higher the affinity of 
the anion for the enzyme. 

Bicarbonate is an exception in so far as the activity with 
bicarbonate is about twice as high as would be expected from 
its affinity to the enzyme. It is in first instance attractive 
to postulate from these results a role of the enzyme in bicar
bonate transport and thus in acid secretion as suggested by 
DURBIN and KASBEKAR (1965). These authors find not only an 
activation of the enzyme by bicarbonate ions, but also a small 
(8 %) activation by 5 mM chloride relative to the activity in 
20 mM Tris glucuronate. On the other hand we obtain 33 % in
hibition by chloride relative to the activity in media con-
tai-ing anions like glucuronate and acetate withalow affinity 
for the enzyme. DURBIN and KASBEKAR (1965) postulate that this 
Mg ATPase may act in transmembrane bicarbonate-chloride exchange 
in gastric mucosa, like the Na-K ATPase system acts in active 
sodium-potassium exchange in most tissues. Their hypothesis 
has been further elaborated by assuming a chloride-activated 
phosphorylation, followed by a bicarbonate-activated dephospho-
rylation. Thiocynate would act as an inhibitor of the last 
step in the Mg ATPase reaction, just as ouabain is an inhibitor 
of the last step in the Na-K ATPase reaction. 

However, there are several differences between the two 
ATPases which plead against such a role of the Mg ATPase in 
anion transport. First, the Na-K ATPase system requires the 



58. 

О 50 100 150 
relative activity 

Fig. 4.7. Relationship between relative anion affinity of Mg 
ATPase (data from table 4.6) and the relative enzyme activity 
(data from table 4.2 ; the activity with chloride at both pH 
values is set at 100) in the presence of each ion. 

presence of both Na and K
+
 in order to display any activity. 

The ani on-sensitive Mg ATPase, on the other hand, shows acti
vity in presence of any single anion. The higher activity in 
the presence of bicarbonate represents a single ion stimula
tion. 
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Secondly, whereas the Na-K ATPase has a Na+ activated 
phosphorylation step and a K+ activated dephosphorylation step 
in its mechanism (BONTING 1970, p. 341), the pnesence of only 
a single anion-binding site for the Mg ATPase pleads against a 
CI" activated phosphorylation and a HCO3" activated dephospho
rylation as suggested by DURBIN and KASBEKAR (1965). 

Thirdly, the inhibition of Na-K ATPase by ouabain differs 
also considerably from that of Mg ATPase by thiocyanate. The 
half-inhibitory concentration of ouabain for Na-K ATPase is 
about three orders of magnitude lower than that of thiocyanate 
for Mg ATPase. In the case of Na-K ATPase there are strong in
dications for the existence of a particular ouabain binding 
site, while the inhibition of thiocyanate seems to be due to a 
high affinity of this anion for the general anion-binding site 
on the Mg ATPase. 

Fourthly, another difference between the two ATPases is 
the ratio between ion transport and ATP hydrolysis. While for 
the Na-K ATPase system a fixed molar ratio of three exists be
tween cations transported and ATP hydrolyzed for a large var
iety of transport processes (BONTING 1970, p. 272), the ratio 
between H+ transported and ATP hydrolyzed by the Mg ATPase is 
only 0.06 - 0.17 as calculated from the data given by KASBEKAR 
and DURBIN (1965) and from the data given in table 3.1 and 3.3. 

These points, while not excluding a role of this ATPase 
in gastric acid secretion, indicate that the enzyme cannot 
function in a similar manner as the Na-K ATPase operates in 
active cation transport. The experiments described in this 
chapter, in particular the additional activation of the enzyme 
by bicarbonate anions, support the suggestion that this enzyme 
has some relationship to bicarbonate transport, although the 
mechanism is unclear. 
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5, EFFECT OF OUABAIN ON IONIC GRADIENTS, ACID SECRE
TION AND ELECTRIC PARAMETERS 

5.1, INTRODUCTION 

Not only the occurence of the Na-K ATPase system in gastric 
mucosa has until recently been in doubt, as discussed in chap
ter 3, but thereisalso relatively little, and partly conflic
ting information about the influence on gastric secretion of 
cardiac glycosides like ouabain, which are specific inhibitors 
of the Na-K ATPase system. 

COOPERSTEIN (1959) reported complete removal of the trans-
mucosal potential in the bullfrog by strophanthidin. DAVENPORT 
(1962) observed inhibition of acid secretion by ouabain in the 
frog, and reversal of this effect by increasing the K+ concen
tration. HIGASIHARA et al (1965) reported a significant decrease, 
rather than an increase, in the pH of the gastric secretion of 
the toad in the presence of 6.10"8 M ouabain, which they did 
not interpret. KITAHARA (1967) observed a removal of the trans-
mucosal potential by ouabain applied on the serosal as well as 
on the mucosal side of the cat gastric mucosa. When applied on 
the mucosal side, however, the removal was significantly slower. 

In our study of the role of the Na-K ATPase system in 
gastric secretion, we decided first to investigate the influence 
of ouabain on the cation gradients in gastric mucosa. There
after, we have studied its effect on the acid secretion, the 
transmucosal potential and the short circuit current. 

5,2, METHODS 

Tissue water content of the stripped mucosa, extracellular 
space, Na+- and IC1" concentrations are determined as described 
in chapter 2 (2.3). 
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The ouabain effect on transmucosal potential, short cir
cuit current and acid secretion is studied in the Ussing cham
ber (chapter 2, 2.4.2). The bathing media are the normal serosal 
and mucosal media (chapter 2, table 2.2, media A and B). For 
the serosal K+ rich bathing medium NaCl is partially replaced 
by KCl (68 mM NaCl and 77 mM KCl instead of 145 mM NaCl, chap
ter 2, table 2.3, medium I). In the mucosal hyposmotic bathing 
medium NaCl is reduced from 170 mM to 75 mM (chapter 2, table 
2.3, medium J). Various volumes of an aqueous solution of 10"2 
M ouabain are added to the bathing media in order to obtain the 
desired final concentration of this compound. 

5.3, RESULTS 

5.3.1. Intracellular Ionic concentrations and tissue water 
content 

The influence of ouabain on tissue water content, i nul in 
space and intracellular ionic concentrations of gastric mucosa 
has been examined. The results are listed in table 5.1. The 
inulin space has been measured after two hours of incubation. 
Preliminary experiments did not show any difference between 
incubation with ouabain for two or four hours, as has also been 
found in frog gastric mucosa (DAVENPORT 1967, p. 762). No dif
ference in inulin space is observed between hi stamine-stimulated 
and resting gastric mucosa. 

Ouabain does not influence water content (81.5 % in both 
cases) and extracellular space (34 %). The inulin space found 
in lizard gastric mucosa is close to that in frog gastric mu
cosa (360 ml/kg, DAVENPORT 1967, p. 762). The tissue K+ con
centration in the presence of ouabain decreases in two hours 
from 52 to 25 mM, the intracellular K+ concentration from 80 
to 37 mM. The tissue Na+ concentration increases from 119 to 
144 mM, the intracellular Na+ concentration from 89 to 131 mM. 
The equivalence of the changes in intracellular cation levels 
indicates that in the ouabain treated tissue all K+ lost by 
the cell is completely replaced by Na+. 

It should be noted that the normal potassium and sodium 
values reflect the condition of the tissue after 45 minutes 
preincubation and two hours experimental incubation. It could, 
therefore, that the original tissue concentrations differs 
somewhat from the controle values shown in table 5.1. 
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Table 5.1. Effect of ouabain on cation concentrations of lizard 
gastric mucosa 

Number of expenments 

Tissue water, % 

K+

t, mmol/1 

Na , mmol/1 

Inulin space, % 

K+. . mmol/1 

Na , mmol/1 

K+ + Na+. , mmol/1 
1 1 

Histamine 

34 

81.5 + 

52 + 

119 + 

34 + 

80 + 

89 + 

169 + 

I O - 4 M 

0.58 

1.9 

4.0 

1.9 

4.3 

7.8 

7.3 

Histamine ΙΟ" 4 M 

Ouabain ΙΟ" 4 M 

24 

81.5 + 0.78 

25 + 1.6 

144 + 3.3 

34 + 1 . 6 

37 + 2.9 

131 + 5.6 

168 + 7.8 

Ρ 

<0.001 

<0.001 

<0.001 

tO.001 

Tissue water is expressed in % of total wet weight, inulin 

space in % of tissue water, ionic concentrations in mmol/1 in 

tissue water (Κ£ and Na£) or in cell water (Kj and Nap. Mean 

values with standard errors of the mean are given. Ρ is the 

bilateral probability, calculated by means of the Student t-

test. 

5.3.2. Effects on acid secretion and electric parameters 

5.3.2.1. Serosal application of ouabain 

Complete Inhibition of the transmucosal potential and the 
short circuit current, and a nearly complete inhibition of the 
acid secretion are observed at serosal ouabain concentrations 
of ЗЛО"? M or higher. Lower ouabain concentrations, e.g. IO"? 
M, do not change these parameters significantly. 
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time of incubation (hrs) 

Fig. 5.1. Effect of 10" M ouabain on the serosal side on the 
short circuit current of secreting (a) and resting (b) gastric 
mucosa and on the acid secretion rate. The short circuit current 
is nearly completely abolished after one hour. 
The gastric acid secretion rate is measured under short-circui
ting conditions. The rather low acid secretion rates found in 
this group of seven lizards reflect the seasonal effect (30

o
C). 

The decrease in these parameters is slow, the rate of in
hibition being dependent on the ouabain concentration and the 
temperature of incubation. With 10-4 м ouabain at 30

o
C the in

hibition with respect to all three parameters is complete in 
about one hour (fig. 5.1), at 20

o
C in about 90 minutes. At the 

minimal inhibitory concentration (3.10-7 M) the rate of inhi
bition varies for the different parameters. In the experiment 
shown in fig. 5.2. the acid secretion is completely abolished 
after about two hours of ouabain treatment, while after that 
period the transmucosal potential and short circuit current are 
decreased by only 355!. The mucosal resistance remains constant. 
During the next three hours the transmucosal potential and the 
short circuit current are completely abolished and the mucosal 
resistance increases slightly but significantly. 



64. 

Vi 

i l 

5-1 

)0 

20 

10 

20» 

Ю0 

A 

2 

η 

_4 Ou«h.n J Ι» 7 П 

\ 

'Λ 

l 

i 

• ^ 

, ^ ^ ^ - ^ — 

\ ^ 
^ » - ч и в ^ О О О 

5 6 7 8 9 
bm* of incubation (tors) 

Fig. 5.2. Effect of ouabain (3.10 M) applied,to the serosal 
side,on the electrical parameters and the acid secretion rate 
(30

o
C). 

1-

.г 

ξ t 
•J 

•-r 
τ 
5? 
tl 

\. 

i. 
υ 
«ι 
4 1 

"4 
υ 

ι κ° 
ι 

^«—α У 

у^^У 

= eom M 

о 

χ^4 

l l o . e 0 m M 

Ouabain 15 10"5M 

ч 
^ — ^ 

' 

K 0 - 8 0 m M 

Ои«*Ьліп 10"^ M 

У~~^^ 

time of incubation (Игд) 

,-4 Fig. 5.3. Effect of ouabain (10 M) applied,to the serosal 
side, in the presence of 80 mM K"

1
" on the serosal side (30

o
C). 



65. 

In order to determine whether the inhibition of the acid 
secretion by ouabain would be secondary to the removal of the 
cation gradients across the cell membrane, an experiment has 
been carried out in which the normal serosal bathing medium was 
replaced by bathing medium with approximately the normal intra
cellular cation concentrations (80mMK+, 93 mM Na +). This should 
prevent a K+ leakage from the cells upon treatmentwith ouabain. 
The results shown in fig. 5.3 indicate that in this case even 
high ouabain concentrations (IO-5 and 10"4 M) do not signifi
cantly inhibit the acid secretion. 

5.3.2.2. Mucosal application of ouabain 

The effect of ouabain applied at the mucosal side is dif
ferent from that of serosal application. Inhibition of the trans-
mucosal potential and short circuit current are only observed 
at high ouabain concentrations. With 10"^ M ouabain no change 
of the transmucosal potential and the short circuit current 
have been observed during the experimental period, lasting for 
90 minutes after ouabain addition. Addition of 5.10"^ M ouabain 
lowers the transmucosal potential and short circuit current 
after about one hour (fig. 5.4). When a transmucosal osmotic 
gradient is applied by reducing the NaCl concentration in the 
mucosal bathing fluid from 170 mM to 100 mM, the lowering of 
the transmucosal potential and the short circuit current can 
be obtained with lower concentrations of ouabain (10"5 M) and 
after a shorter delay (30 minutes), the acid secretion rate, 
however, becames irregular. 

As shown in fig. 5.4, the effect of mucosal ouabain has a 
different time course for the electric parameters and the acid 
secretion rate. During the first three hours (at 20oC) only 
the transmucosal potential and the short circuit current are 
reduced, while the acid secretion remains constant. In the 
second period the acid secretion is also reduced, the minimal 
value being reached after an additional three to four hours. 
The mucosal resistance tends to increase slightly but the 
effect is not significant. The low sensitivity of the acid 
secretion to ouabain applied mucosally is in sharp contrast to 
the high sensitivity of this parameter to ouabain applied on 
the serosal side. 
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5,4, DISCUSSION 

In chapter 3 we describe the occurence and properties of 
the ouabain-sensitive Na-K ATPase system of lizard gastric mu
cosa. In this chapter we present evidence that the Na-K ATPase 
system 1s involved in the maintenance of cation gradients 1n 
the gastric mucosa. Ouabain reduces the intracellular K

+
 con-
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centratlon and increases the intracellular Na'
1
' concentration 

by equivalent amounts without affecting water content and ex
tracellular space. This finding is in accordance with what has 
been found for many other tissues (BONTING 1970). 

It is unlikely that the ouabain effect would be due to 
cell injury. The mucosal resistance and the water content and 
extracellular space do not change significantly after ouabain 
application, but ouabain causes opposite and equivalent changes 
in the K

+
 and Na

+
 contents. Cell injury after ouabain treatment 

is never observed in a wide variety of tissues when ouabain is 
applied in concentrations comparable to those (up to 5.10" M) 
used in our experiments (BONTING 1970). 

The anion-sensitive ATPase described in chapter 4, which 
has been claimed to be responsible for HCO2" transport and H

+ 

secretion in gastric mucosa (DURBIN & KASBEKAR 1965), is not 
ouabain-sensitive. This makes it unlikely that this enzyme is 
involved in Na

+
-K

+
 transport, while it does not exclude a role 

of the enzyme in the transport of HCO-j" and/or H
+
. 

Upon complete inhibition of the pump by 10"^ M ouabain the 
cation gradients are maximally reduced within two hours, since 
after four hours no further reduction is noticed. A potassium 
leakage of 43 mmol/1 cell water, or 125 mmol/kg dry wt, is 
found, while a Na-K ATPase activity of 0.25 mol/kg dry wt./hr, 
or a К -pump capacity of 750 mmol K

+
/kg dry wt./hr, is measured, 

showing that the observed cation leakage can be abolished by 
the Na-K ATPase activity present in only ten minutes. This 
suggest that 10"4 M ouabain, at least when applied to the sero
sal side or to both sides, will abolish the cation gradients 
maximally within one hour. 

The inhibition by ouabain of the transmucosal potential 
proves that the pump plays a role in the generation of this 
potential. The slowness of the potential reduction suggests 
that it is not an electrogenic but a diffusion potential. As 
will be shown in chapter 6, the transmucosal potential consists 
mainly of a diffusion potential for potassium and chloride 
across the serosal membrane face. Hence pump inhibition should 
abolish the transmucosal potential through removal of the ion 
gradients. At an ouabain concentration of 10"* M, which comple
tely inhibits the pump enzyme (chapter 3, fig.3.5), the trans
mucosal potential disappears within one hour. This 1s 1n good 
agreement with the estimate of less than one hour for removal 
of the cation gradients obtained 1n the preceding paragraph. 
At lower ouabain concentrations the pump Is only partially in
hibited, which resuHs in a slower decrease of the cation gra
dients. This explains why at ЗЛО"? M ouabain the transmucosal 
potential has only decreased by 35% after two hours of ouabain 
treatment. 
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This inhibition pattern is completely different from that 
found in amphibia. COOPERSTEIN (1959) investigated the influence 
of strophanthidin on the gastric mucosa of the bullfrog. When 
the inhibitor is applied to both sides, a rapid decrease of the 
transmucosal potential and of the short circuit current (50 % 
in about 16 minutes) occurs, followed by a slower decrease un
til complete inhibition is reached. Only the slow process de
pends on the concentration of the inhibitor : for 10"5 M stro
phanthidin complete inhibition requires 2 to 3 hours, while for 
10"6 M strophanthidin about 4 hours are needed. 

The inhibition pattern in the lizard is markedly different 
when ouabain is applied to the serosal side instead of to the 
mucosal side. It is a known fact that ouabain only slowly 
penetrates cell membranes and layers. The more rapid and effec
tive inhibition by ouabain on the serosal side indicates that 
the cation pump is primarily located at the serosal side. Such 
different inhibition patterns have also been found in other 
species and tissues. KITAHARA (1967) observed that in the non-
secreting cat gastric mucosa 10~5 M ouabain on the serosal side 
gives complete removal of the transmucosal potential in 30 to 
40 minutes, while 10~5 M ouabain on the mucosal side gives only 
30 % inhibition in 45 minutes. FRAZIER (1962) found ouabain to 
be inhibitory to sodium transport in the toad bladder only when 
added to the serosal side. 

In addition to decreasing the transmucosal potential, 
ouabain also decreases the acid secretion. The results suggest 
an indirect role of the ouabain-sensitive cation pump, rather 
than a direct involvement, in the acid secretion process. The 
acid secretion only rarely reaches a zero value, even at an 
ouabain concentration (10-4 M) completely inhibitory to the 
pump system. At the smallest active ouabain concentration 
(ЗЛО

-
' M) the acid secretion eventually decreases to the same 

residual value as found after addition of 10"4 M ouabain. The 
residual secretion generally amounts to about 10 % of the 
original secretion rate. When the initial acid secretion rate is 
low, higher relative residual secretion rates can be found. 

The effect of ouabain on acid secretion also depends on 
the side of application of the drug. Serosal application of high 
concentrations is followed nearly immediately by a decrease in 
acid secretion, while after mucosal application the acid se
cretion may remain unaffected for several hours even at the high 
ouabain concentration (5.10-4 M) necessary for removal of the 
transmucosal potential. These findings support the evidence for 
a localisation of the pump enzyme on the serosal side of the 
acid secreting cells. 

The decrease in the acid secretion rate after addition' of 
ouabain does not occur immediately when the ouabain concentra
tion is low. About 20 minutes are required before any effect 
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can be seen, when ЗЛО"? M ouabain is present òn the serosal 
side. Full inhibition requires about two hours at this concen
tration. With 10~4 M ouabain on the serosal side the effect is 
complete after about one hour. These results suggest that the 
acid secretion does not directly depend on the pump enzyme, 
but rather indirectly through a requirement for a high intra
cellular K+ concentration or a large cation gradient. The acid 
secretion, however, disappears faster than the transmucosal 
potential, which suggests that a critical minimal K+ concen
tration or cation gradient is required for acid secretion. 

After complete ouabain effect there remains 37 mM K+ in-
tracellularly. Since the bathing medium contains 3 mM K+ at 
least 3 mM intracellular K+ should be free exchangeable, the 
remaining K+ (43 % of the originally present intracellular 
concentration) would appear to be not freely exchangeable. VIL
LEGAS (1962) found in the frog a comparable fraction (46 %) to 
be not freely exchangeable. 

The importance of a high intracellular K+ level is further 
supported by the effect of a bathing medium with high K+ con
centration (80 mM) and relatively low Na+ concentration (93 mM), 
nearly equal to those present intracellularly (table 5.1). In 
this case, ouabain added to the serosal side has no effect on 
the acid secretion. This is true even when 10"* M ouabain is 
used, at which concentration the antagonistic effect of high 
K+ levels on enzyme inhibition should be overcome (BONTING et 
al 1964, BONTING 1970). This K+ dependence has also been ob
served in the frog by DAVENPORT (1962), who found that the 
effect of 10"* M ouabain disappears when the incubation fluid 
contains 30 mM K+. 

There is also a slight indication that the activation of 
the Na-K ATPase system by very low ouabain concentrations 
(chapter 3, fig. 3.5) has a parallel in its effect on acid 
secretion. HIGASIHARA et al (1965) describe an increased aci
dification of the secretory solution in the gastric mucosa of 
the toad in the presence of 6.10"8 M ouabain. This concentra
tion is about 300 χ as low as the half-inhibitory concentration, 
which for toad bladder Na-K ATPase is 2.10-5 м (BONTING & CA-
NADY 1964). The activating effect of ouabain is commonly found 
at a concentration 300 χ as low as the half-inhibitory concen
tration (BONTING 1970, p. 268). 

In order to obtain more information about the exact role 
of the Na-K ATPase system in gastric secretion, the ionic 
dependence of the electrical parameters is studied in the next 
chapter, while the Na

+
 and CI" transmucosal fluxes are descri

bed in a further chapter. 
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6. IONIC DEPENDENCE OF ACID SECRETION AND ELECTRIC 
PARAMETERS 

6,1. INTRODUCTION 

As described in the previous chapter, ouabain shows a 
different inhibitory pattern, depending on whether it is given 
on the serosal side or on the mucosal side. This is only one 
aspect of polarisation, others are that there is a transmucosal 
potential and that there are measurable net fluxes of H

+
 and 

С Г . 

In this chapter we will discuss the results of substitu
tion experiments which were carried out to examine the contri
bution of sodium, potassium and chloride to the generation of 
the transmucosal potential and the acid secretory process. The 
demonstration of the Na-K ATPase system and the effects of its 
inhibitor ouabain on the latter processes indicate that sodium 
and potassium are involved in the secretory process. In order 
to elucidate this role in more detail, ion replacement experi
ments can be used. This type of experiments should give more 
information about the origin of the transmucosal potential. The 
observation of net chloride fluxes in all species examined and 
of net sodium fluxes in the resting and the secreting mammalian 
gastric mucosa is another reason for investigation of the permea
bilities of the membranes for these ions. In view of the obvious 
importance of the acid secretion, we have determined some as
pects of the ionic dependence both in the histamine stimulated 
mucosa and in the non-stimulated mucosa. 

In interpreting the findings, it should be borne in mind 
that most likely at least two potential steps exist, one be
tween the blood side and the interior of the cells, and one 
between the interior of the cells and the mucosal side. Evi
dence is avalaible that the interior is negative with respect 
to either exterior side (SACHS et al 1971b). Additional infor
mation will be given in this chapter, which supports this fin
ding. 
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6,2, METHODS 

Complete substitution of one ion requires replacement of 
the entire incubation medium, followed after 10 minutes by a 
second replacement. The replacing medium is prewarmed if neces
sary and always preaerated. As soon as a stable potential or 
secretory level is observed and has been recorded, another sub
stitution medium is applied in order to obtain the maximal num
ber of data in the same mucosa. The period of contact between 
the gastric mucosa and the different bathing media may thus 
vary. The initial conditions are always re-established after 
one or more substitution steps in order to observe any dete
rioration of the tissue during the experiment. Assuming the 
latter effect tobe linear the measured values can be corrected 
for deterioration of the preparation. The different incubation 
media used are listed in chapter 2, table 2.2. All values are 
the means of four to six experiments. 

Gradual changes in ionic composition are obtained by re
placing a fraction of the bathing medium by another medium 
(bathing media С and H replacing medium A in the serosal-sub-
stitution experiments, chapter 2, tables 2.2 & 2.3). In these 
experiments the mucosa remains without interruption in contact 
with the bathing media. Corrections for spontaneous deteriora
tions give the same result whether returning to the initial 
conditions one or more than once, during the experiment, what 
is only possible in gradual substitution experiments. 

Potassium and sodium determinations are carried out flame 
photometrically and chloride determinations coulometrically in 
the media after each replacement step. 

6.3. RESULTS 

6.3.1. Histamine stimulation 

In the resting mucosa the mucosal side is negative with 
respect to the serosal side. When acid secretion is evoked by 
histamine the transmucosal potential and the short circuit cur
rent reach a maximal value 10 to 30 minutes after stimulation 
(fig. 6.1). This increase is followed by a decrease untili the 
transmucosal potential and the short circuit current reach a 
new stable value at 60 to B0% of the initial value. The stable 
values of both parameters are used as the 100 % reference values 
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Fig. 6.1. Effect of histamine (lO-^ M) , added on the serosal 
side,on transmucosal potential, short circuit current, mucosal 
resistance and acid secretion rate (20oC). 

in expressing the effects of ionic substitution on transmucosal 
potential and short circuit current in the stimulated gastric 
mucosa. 

The acid secretion commences immediately after stimulation. 
It reaches generally a maximal constant value after 60 to 90 
minutes. The constant level reached at 30oC varies between 2 
and 6 y Eq H+/cm2/hr, at 20oC between 0.5 and 1.0 u Eq Н стг/ 
hr. 

In some experiments (cfr. fig. 6.1) the mucosal resistance 
does not change, while a transient decrease of it up to 32 % 
is found in other cases, occasionally followed by a return to 
the original value. The decrease in mucosal resistance during 
secretion is a well known fact (REHM 1953). In a few cases an 
increase in resistance is observed after histamine application. 
This variable behaviour of the mucosal resistance suggests that 
the latter has no direct relation to the acid secretion mecha
nism. In some other tissues a comparable decrease of the muco
sal resistance can be seen after application of histamine. 
KRECKE et al (1969) described a decrease between 25 and 45 % 
in the endotoxin-treated frog skin, following serosal applica
tion of 0.55.10"

4
 M histamine. 
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The decrease in transmucosal potential and short circuit 
current after histamine application is reversible. When the 
bathing medium is replaced by a fresh medium without histamine, 
the acid secretion ceases and the transmucosal potential and 
the short circuit current increase to nearly the original values. 

6.3.2. Effect of ion substitution on electric parameters 

As will be shown in the following experiments, it makes a 
considerable difference whether the replacement of ions is 
carried out at the serosal or at the mucosal side of the gastric 
mucosa. This suggests that the two sides of the membrane react 
in a different way, and that as far as the transmucosal poten
tial is concerned, the two sides contribute differently to the 
origin of this potential. In order to facilitate the presenta
tion of the results, we assume that the transmucosal potential 
consists of two steps in series with the inside of the cell 
negative with respect to each exterior side (6.1). Fig.6.2 
presents schematically the situation for the secreting mucosa, 
bathed with the normal saline solutions, A and В (chapter 2', 
table 2.2) on both sides. 

Mucosal side Serosal side 

I - 4 N* CI. 

ΔΡΟ 

Na Cl. - ι 

acid secretion 

Fig. 6.2. Proposed potential profiles across the gastric mucosa 
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Fig. 6.3. Potential profiles during substitution experiments. 
The influence of serosal substitution is summarized (A). The 
influence of mucosal substitution is demonstrated for serosal 
NaCl (B) (20

o
C). 

If on the mucosal side the normal bathing medium В (chap
ter 2, table 2.2) is maintained, but on the serosal side sodium 
is substituted by choline (chapter 2, table 2.2, solution E), 
the transmucosal potential as well as the short circuit current 
decrease to 76 % of the normal values (fig. 6.3 A). If however 
the chloride is replaced by sulfate (chapter 2, table 2.2, so
lution C ) , an even more drastic decrease to 37-39 % occurs 
(fig. 6.3 A). The mucosal resistance in both cases does not 
change significantly. This means that the serosal side needs 
chloride in order to keep the transmucosal potential at a nor
mal level. This experiment therefore indicates that chloride 
at the serosal side contributes substantially to the potential 
difference across the serosal membrane, whereas sodium seems 
to have relatively little effect. Whether serosal sodium diffu
sion contributes to the membrane potential directly or whether 
substitution by choline inhibits CI" diffusion cannot be deci
ded on the basis of these experiments. 

The changes in electrical parameters are less pronounced 
(fig. 6.3 B) when sodium or chloride are substituted on the 
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mucosal side, media D or F for B, chapter 2, table 2.2), while 
keeping the normal bathing medium A on the serosal side. Sodium 
substitution does not seem to have an effect under these con
ditions. Chloride replacement by sulfate at the mucosal side 
however increases the transmucosal potential by 18 % which may 
suggest that the normally existing gradient of chloride across 
this membrane can partially abolish this potential step. 

If the serosal side is continuously bathed with a sodium-
free choline chloride solution (bathing medium E) and the mu
cosal membrane is again tested with the three different media 
(bathing media B, D and F, chapter 2, table 2.2) then sodium 
replacement causes a pronounced decrease of the transmucosal 
potential (fig. 6.4 A). A similar but even more pronounced ef
fect is observed, when the serosal side is bathed with sodium 
sulfate (bathing medium C). Under this conditions the sign of 
the transmucosal potential even becomes reversed (fig. 6.4 B). 

Mucosal side Se ros д I side 

R 

125 

107 
157 

sec 
18 

75 
75 

PD 

23 

75 
96 

chol Cl 

Ν* Cl. 

Ν " 2 5 0 4 

-chol. Cl 

R Sec PD 

150 -25 -75 

Mucosal side 

chol.Cl. 

102 58 37 f\U C l — = 

117 58 41 NA2Sqf 

Serosal side 

- Ν Λ 2 S 0 4 

Fig. 6.4. Potential profiles during substitution experiments. 
The Influence of mucosal substitution is demonstrated for sero
sal choline chloride (A) and serosal sodium sulfate (B) (20

o
C). 
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Preliminary conclusions drawn from these experiments are : 
a) new arguments are found for two separate steps in the gene
ration of the transmucosal potential, because the two membranes 
react quite differently upon replacing of ions ; b) at the 
serosal surface the CI" permeability contributes substantially 
to the magnitude of the membrane potential ; c) the mucosal 
surface seems to be relatively permeable for sodium ions. 

6.3.3. Effect of complete Ion substitution on add secretion 

Substitution on the serosal side of all chloride by sulfate 
results in a nearly complete inhibition of the acid secretion 
(fig. 6.5 A). There is a rapid decrease within the first 20 
minutes after substitution ; after 20 minutes, only 26 to 54 % 
of the original secretion rate is left. Maximal inhibition is 
found after 90 to 120 minutes, when the residual secretion rate 
varies from 0 to 10 %. When sulfate is again replaced by chlo-

tirtie of incubation ( Hrs 

Fig. 6.5. Effect on acid secretion rate of complete substitu
tion of serosal chloride by sulfate and of serosal sodium by 
choline (20oC). 
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ride, only partial restoration of the acid secretion rate is 
observed, which never exceeds 20 to 30% of the original secre
tion rate. When substitution by sulfate is short (30 minutes) 
the inhibition is more reversible up to 75 % of the original 
secretion rate. 

Substitution of all chloride by sulfate on the mucosal 
side leaves the acid secretion unaffected. 

The acid secretion rate of the lizard is also sodium de
pendent (fig. 6.5 B). Replacing sodium chloride in the serosal 
bathing medium by choline chloride decreases the acid secretion 
rate immediately. The residual activity after 30 minutes varies 
from 29 to 75 % (average 49 % ) , while after 90 minutes the se
cretion rate has fallen to 18 to 40 % of the initial level. 
There is a substantial recovery upon replacement of choline 
chloride by sodium chloride, but it never exceeds 76 % of the 
original level. 

As described in chapter 2, table 2.2, the choline chloride 
containing medium does not contain bicarbonate. It will be 
shown in chapter 7 that the gastric acid secretion is also bi
carbonate dependent ; addition of bicarbonate to a bicarbonate-
free serosal bathing medium increases the acid secretion rate 
by an average of 24 % (chapter 7, 7.3.1). The replacement of so
dium by choline causes an inhibition of up to 82 %. While part 
of this inhibition can be attributed to the absence of bi
carbonate the greater part must reflect an influence of sodium 
ions on the acid secretion mechanism. 

The acid secretion never reaches a zero value after sodium 
substitution, in contrast to what is found after chloride omis
sion. One possible explanation may be that the residual acid 
secretion is related to the sodium remaining in the tissue. 
Hence, we have determined the sodium content of histamine sti
mulated gastric mucosa after choline chloride treatment (table 
6.1). After 90 minutes preincubation, 45 minutes without hista
mine and 45 minutes in the presence of 10~4 M histamine in the 
normal sodium chloride or in choline chloride bathing medium 
(chapter 2, 2.3) the tissue is incubated for 2 or 4 hours in a 
choline chloride medium (chapter 2, table 2.2, medium E), the 
incubation medium being replaced by a fresh one of the same 
composition after two hours. The sodium content of the tissue 
is determined after 2 and 4 hours of incubation by flamephoto-
metry (chapter 2, 2.3). 

After incubation in the choline chloride medium for two 
hours, the sodium level in the tissue is 20 % of the control 
value (incubation in 170mM sodium medium), and after four hours, 
the level in still 8 % of the control value. When the preincu
bation is also carried out in sodium free medium, the level 
falls to only 6 % after two and four hours incubation. Since 
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Table 6.1. Sodium remaining in the gastric mucosa after choline 
chloride treatment. 

Preincubation 

type 

170 mM Na+ 

Na+ free 

170 mM Na+ 

Incubation 

time 

Na+ free 

2 hours 

Na+ free 

2 hours 

4 hours 

Na + free 

2 hours 

4 hours 

Mean Na 

Πι) + 4.0 

6.8 + 1.2 

7.8 + 1.6 

23.3 + 3.0 

10.1 + 1.6 

Number of 

t'xperiiiK'iits 

:4 

10 

12 

12 

12 

Sodium concentrations expressed in rmral/1 total tissue water 

[Na*) ι mean values with standard errors of the mean are given. 

in the Ussing chamber experiments the tissue is only exposed 
for two hours to the choline chloride medium and the volume 
tissue ratio is smaller than in the incubation experiments, we 
may assume that more than 23 mM sodium remains in the tissue. 

Substitution of sodium chloride by choline chloride in the 
bathing medium applied to the mucosal side leaves the acid se
cretion unaffected. 

6.3.4. The Influence of amilori de 

Passive sodium movement into cells can be inhibited by 
amiloride in many tissues. There is good evidence that amiloride 
decreases the membrane permeability for sodium passive sodium 
influx and outflux, total electrical conductance and partial 
sodium conductance are demi ni shed, transmucosal potential, short 
circuit current and sodium content of the cell are strongly 
reduced in amphibian skin and bladder after amiloride treatment 
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(CRABBE & SCARLATTA 1968, CRABBE et al 1968, DORGE& NAGEL 1970, 
NAGEL & DORGE 1970, SALAKO & SMITH 1970a, 1970b, GATZY 1971). 

The substitution experiments, described before, indicate 
that the mucosal surface has a high permeability for sodium and 
that this high sodium permeability plays a role in the transmu-
cosal potential. It seems logical to test this further with 
amiloride. Amiloride given on the serosal side, even in rela
tively high doses, affects neither the transmucosal potential, 
nor the acid secretion rate (fig. 6.6). Amiloride ( Ю

- 9
 to 10-6 

M) added to the mucosal side of the non-secreting gastric mu
cosa, however, decreases the transmucosal potential and the 
short circuit current and increases slightly the mucosal resis
tance. In the case of 10

_
6 M amiloride the maximal decrease of 

the transmucosal potential is 34 % and of the short circuit 
current 39 %. The amiloride effect on the potential is comple
tely reversible (fig. 6.6). 

90 120 190 
time of incubation (minutes) 

Fig. 6.6. Effect of mucosal addition of amiloride on transmu
cosal potential, short circuit current and mucosal resistance 
in the non secreting mucosa (30°C). 
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In the secreting mucosa there is no effect of either se-
rosally or mucosally applied amiloride (10~6 M) on the electri
cal parameters. Neither is the acid secretion rate affected. 
Since a similar drop in effectiveness of an inhibitor on the 
mucosal side in the secreting state has been observed in the 
case of ouabain (5.3.2), it would appear that both phenomena 
may be due to the fact that the inhibitor is kept away from its 
receptor by the volume flow occuring during secretion. 

The effects of amiloride in the resting mucosa suggest that 
the permeability of the mucosal membrane for sodium can be de
creased substantially by this substance whereas it has no ef
fect on the serosal side. They confirm our conclusion that a 
high mucosal permeability to sodium plays a role in the trans-
mucosal potential. 

6.3.5. Partial ion substitution and the origin of the trans-
mucosal potential 

The serosal side appears from the results described in this 
chapter (6.3.2) to be rather permeable to chloride and rather 
impermeable to sodium. It will now be shown that the serosal 
side is also permeable to potassium, and evidence will be pre
sented that the membrane potential on the serosal side represents 
a potassium and chloride diffusion potential. 

The effect of partial substitution of sodium and chloride 
on the mucosal side has not been studied, since the effect of 
complete removal of these ions is small, if sodium chloride is 
present on the serosal side (fig. 6.3). Upon increasing the 
potassium concentration (3 to 85 mM) in the mucosal medium, 
only a transient increase of 2 to 3 mV has been measured, in
dicating that the mucosal membrane is not a potassium diffusion 
potential. 

In incubations of the resting gastric mucosa the experi
ment is started in a potassium-free bathing medium (chapter 2, 
table 2.3, bathing medium G ) , while in incubations ot the secre
ting gastric mucosa the original bathing medium contains 3 mmol 
K+/1 (chapter 2, table 2.2 & 2.3, bathing media A & G), since 
potassium is required for acid secretion. The potassium con
centration during the experiment is raised by replacing sodium 
chloride with potassium chloride (this chapter, 6.2). 

A gradual increase of the potassium concentration on the 
serosal side, at constant chloride concentration results in a 
gradual depolarisation of the gastric mucosa (fig. 6.7 & 6.8). 
The transmucosal potential begins to decrease immediately after 
changing the potassium concentration, but it takes about fifteen 
minutes before it reaches a new constant level. This suggests 
that potassium diffusion is at least partially responsible for 
the transmucosal potential. 



81. 

Fig. 6.7. Relation between transmucosal potential and logarithm 
of the serosal potassium ( · > ) and chloride concentrations 
(—0—0— ) in the secreting mucosa. Potential difference indi
cated at the left refer to the potassium experiment, those at 
the right to the chloride experiment. 

The relation between the transmucosal potential of the 
secreting mucosa and the logarithm of the serosal potassium 
concentration is linear between 10 and 85 mM K+ (fig 6.7). An 
average decrease of 28.5 mV at a tenfold change of the outside 
potassium concentration is found. The depolarisation between 3 
and 10 mmol K+/l is less pronounced. 

A linear relation at higher potassium concentrations (10 
to 85 mM) is also observed in the non-secreting gastric mucosa 
(fig. 6.8). The depolarisation is even more pronounced in the 
non-secreting mucosa ; the transmucosal potential decreases 
with 49.4 mV at a tenfold change of the outside potassium con
centration. The depolarisation is preceded by a rise of the 
transmucosal potential (from 52 mV to 61 mV in an individual 
experiment) increasing the potassium concentration from 0 to 6 
mmol/l. This effect may be due to a slowing down of the Na-K 
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Fig. 6.8. Relation between transmucosal potential and logarithm 
of the serosal potassium (—·—·—) and chloride concentrations 
(—о—o—) in the resting mucosa. 

ATPase pump system in the absence of external potassium and a 
consequent loss of cell potassium during incubation in a po
tassium-free medium. 

The potential varies also linearly with the logarithm of 
the caloride concentration over the concentration range from 
10 to 100 mmol/1 (fig. 6.7 & 6.8). The sodium and the potassium 
concentrations are kept constant in these experiments. At higher 
chloride concentrations no response of the transmucosal poten
tial to the decrease of chloride concentration is observed. 
Chloride concentrations below 10 mmol/1 are not achieved by our 
substitution technique, and their effect has therefore not been 
investivated. An average depolarisation of 11.1 mV in the non-
secreting and of 27.7 mV in the secreting mucosa is induced by 
a tenfold change in the serosal chloride concentration. 

Gradual lowering of the serosal sodium concentration from 
170 to 20 mmol Na

+
/1 by choline substitution does not induce a 

significant depolarisation of the gastric mucosa. This indica
tes that the serosal membrane potential does not have a sodium 
diffusion potential as important component. 
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No increase in the acid secretion rate following the step
wise increase of the serosal potassium concentration is obser
ved. However, the expected increase at each step should be 
rather small and could, therefore, be masked by a small conti
nuous decrease due to degeneration of the preparation, since 
this type of experiment takes from 6 to 9 hours. In contrast to 
what is found upon complete substitution, the acid secretion 
rate is not affected by partial substitution of sodium or chlo
ride. The lack of inhibition of the acid secretion after par
tial substitution of chloride by sulfate confirms that the ef
fect of sulfate is due to low permeability of the mucosa for 
this ion (FORTE 1970), rather than to inhibition of the enzyme 
mechanism necessary for acid secretion. 

The mucosal resistance is lowered by about 50 %, in non-
secreting as well as in secreting gastric mucosa upon increasing 
the potassium concentration to 87 mmol/1 (fig. 6.9). Partial 
replacement of sodium by choline or of chloride by sulfate does 

[К+](піто1/1) 

Fig. 6.9. Relation between mucosal resistance and serosal po
tassium concentration in the secreting mucosa (30

o
C). 
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not significantly affect the mucosal resistance, while their 
complete substitution has a small effect on the mucosal resis
tance (fig. 6.3). 

An increase of the conductance upon increasing the potas
sium concentration is also found in other cells (Chara cells, 
Griffithsia cells, HOPE 1971). BARRY and DIAMOND (1970, 1971) 
decided from model membrane studies that the increase of con
ductance suggest the presence of thin membranes with neutral 
sites. 

If the potential changes obtained at tenfold changes in 
the concentrations of potassium and chloride are added a value 
of 56.2 mV is reached. This suggests that the serosal potential 
step can be described as a diffusion potential for potassium 
and chloride. According to BOULPAEP (1967) and CIANI et al 
(1969) transport numbers, representing the contribution of each 
ion to the membrane conductance can be calculated by means of 
the equation : 

-L dV = - d (In a) 
RT ζ 

where F is the Faraday (96.500 Coulombs), R the gasconstant, 
Τ the absolute temperature, t the transportnumber, ζ the val
ency of the ion and a the activity of the ion in solution. Sub
stituting for a the measured concentrations, the following 
values for the transportnumbers, t

K +
 and t-,., can be calcula

ted. 

V 
0.84 

0.48 

*сі-
0.19 

0.46 

Resting gastric mucosa 

Secreting gastric mucosa 

If this mathematical treatment is valid for our system, 
then these results would indicate that the contribution of po
tassium to the serosal membrane conductance is 84 % in the 
resting and 48 % in the secreting gastric mucosa, while the 
contribution of chloride is 19 % and 46 % respectively in these 
two cases. 
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6.4. DISCUSSION 

The transmucosal potential can be considered to be compo
sed of two membrane potentials, a serosal and a mucosal mem
brane potential. The serosal and mucosal cell membranes show 
different permeabilities for the different ions. The serosal 
as well as the mucosal potential step could be understood as 
originated by ion diffusion. Not one argument has been found 
for an electrogenic potential. 

Modifications in the chloride or potassium concentration 
of the serosal bathing media induce modifications of the trans
mucosal potential, suggesting that the serosal potential step 
is the sum of an ion diffusion potential for potassium and for 
chloride. The relation between the transmucosal potential and 
the logarithm of the potassium or chloride concentration is 
linear between 10 and 100 mmol K

+
 or СГ/1 bathing medium. The 

contribution of serosal chloride to the membrane permeability 
equals the contribution of potassium in the secreting mucosa, 
while it reaches only one fourth of the potassium contribution 
in the non-secreting mucosa. 

No significant influence of chloride (fig. 6.3 B, fig. 6.4 
A & B) or potassium can be demonstrated on the mucosal potential 
step, while sodium replacement as well as amiloride experiments 
reveal the influence of sodium on the mucosal potential step. 
The replacement of sodium by choline remains without effect 
with sodium chloride containing bathing media on the serosal 
side, while with sodium-free bathing media on both sides the 
transmucosal potential is reduced to one third of its original 
value (from 76 to 23 %). Application of sodium-free bathing 
media on the mucosal side and chloride-free, sodium sulfate 
containing bathing media on the serosal side results in a com
plete reversal of the transmucosal potential. Reduction of the 
transmucosal potential is also obtained with mucosal application 
of amiloride, at least in the resting gastric mucosa. A relati
vely high sodium permeability of the membrane and passive dif
fusion of sodium and chloride determined by the serosal and mu
cosal ion permeabilities may fully explain the results. An ac
tive transmucosal sodium transport, however, can not be exclu
ded. In order to examine this possibility we have determined 
the unidirectional sodium fluxes (chapter 8). 

These findings agree with the results of HARRIS and EDEL
MAN (1964) who by means of the Ussing technique found the se
rosal potential step in the gastric mucosa of the frog and the 
toad to be potassium and chloride dependent (t

K +
 = 0.64 ; 

tp,_ = 0.23). They also agree with the results obtained by 

SACHS et al (1971b) who studied the mudpuppy gastric mucosa by 
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means of micropuncture potential measurements. Their results 
show that the serosal potential step can be considered mainly 
as a diffusion potential for potassium and chloride. FORTE et 
al (1963) found in the secreting bullfrog gastric mucosa by 
substitution experiments (isethionate for chloride) a potential 
difference of 54 mV, for a tenfold concentration change of the 
serosal chloride. 

REHM (1968) could not find any evidence that potassium 
gradients play an essential role in the origin of the serosal 
potential step by the bullfrog when he increased the potassium 
concentration in the sulfate media (sulfate substituting for 
chloride), or when he reduced the potassium conductivity by 
barium. It can be assumed that species differences are respon
sible for this conflicting evidence. It seems likely that in 
the bullfrog the serosal potential step originates only from 
chloride diffusion, while in the frog, the toad, the mudpuppy 
and the lizard potassium diffusion is also involved. 

The acid secretion mechanism needs sodium, potassium as 
well as chloride. The acid secretion rate increases after rai
sing the serosal potassium concentration from 3 to 80 mmol/1 
(chapter 5, fig. 5.3). This stimulatoring effect of potassium 
is also found in the isolated gastric mucosa of frog (DAVIS et 
al 1963). Comparable results are obtained in other animal ex
periments (CARONE & COOKE 1953, DEMURO et al 1961) but are not 
confirmed by parenteral injection of potassium in man (LINK & 
OTTENJANN 1968). 

The acid secretion rate decreases drastically upon repla
cement of chloride by sulfate, while the anion dependent ATPase 
activity is significantly stimulated by sulfate (chapter 4). 
These findings agree with the hypothesis that the acid secre
tion rate decrease is not due to an inhibition of the enzymatic 
mechanism of the acid secretion, but rather to the low sulfate 
permeability of the gastric mucosa (FORTE 1970). The inhibition 
is very high (90 to 100 % ) , suggesting that the gastric mucosa 
in the lizard is less permeable to sulfate then in the amphibian 
one, where adequate acid secretion occurs in chloride-free media 
(DAVIS et al 1963) and that the replacement of chloride by 
sulfate induces cell injury. Upon replacement of sulfate by 
chloride the acid secretion rate is not restored. This lack of 
reversibility of the sulphate inhibition also suggest the in
fluence of cell injury. 

The lizard gastric acid secretion is also sodium-dependent. 
While DAVENPORT (1963) described the acid secretion in the frog 
as sodium-independent, SACHS et al (1966) have found that the 
acid secretion rate of the frog is significantly inhibited when 
the sodium concentration is reduced to very low levels (less 
than 1 % of the normal level after washing). In the lizard, 
however, relatively high sodium concentrations are maintained 
in the gastric mucosa after choline chloride washing (table 
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6.1), but the acid secretion is also strongly reduced (60 to 
82 % ) . This increased importance of sodium for gastric activity, 
also expressed in the sodium dependence of the transmucosal 
potential, as will be discussed, is one of the most striking 
differences between the lizard and the amphibian gastric mucosa. 

The lizard gastric mucosa secretes, acid after histamine 
stimulation at the rate of 2 - 6 jjEq HT/cmz/hr, at 30oC. Without 
addition of histamine, the acid secretion rate is virtually 
zero, while it decreases to very small values upon removing 
histamine. Potential differences up to 60 mV have been measured 
in the Ussing chamber, the potential is stable for hours, de
pending on the temperature and the effect of ion substitution 
can be investigated. Sodium and chloride are both necessary for 
maintaining the transmucosal potential as well as the acid se
cretion rate. The chloride effect is more important at the 
serosal side, while the sodium effect, at least on the potential 
appears to be localised at the mucosal side. The results indi
cate that the transmucosal potential is composed of two diffe
rent potential steps, one at the serosal and one at the mucosal 
side. The serosal potential step appears to be a diffusion 
potential for potassium and chloride, while the mucosal poten
tial step is sodium-sensitive. 

The lizard gastric mucosa, compared to the gastric mucosa 
of other species, ressembles the amphibian more than the mam
malian gastric mucosa. With regard to the sodium-sensitivity, 
however, the lizard mucosa ressembles more the mammalian mucosa, 
since in amphibians there does not appear to be an important 
sodium influence on transmucosal potential and acid secretion. 
The lizard gastric mucosa is, however, an experimentally more 
suitable preparation than the mammalian gastric mucosa, espe
cially for studies of the cationic dependence of transmucosal 
potential and acid secretion rate. 
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7, INFLUENCE OF BICARBONATE AND CARBONIC ANHYDRASE 
INHIBITORS ON ACID SECRETION AND ELECTRIC PARA
METERS 

7,1. INTRODUCTION 

Carbonic anhydrase activity has been demonstrated in the 
gastric mucosa of the frog (DAVENPORT & FISHER 1938), reptiles 
(ANDERSON & WILBUR 1948) and many other species (reviewed by 
MAREN 1967). It appears to be inhibited by thiocyanate (DAVEN
PORT 1940). For this reasons it has been thought for some time 
to be responsible for acid secretion. 

However, views as to the importance of the enzyme have 
varied widely. DAVENPORT (1946) and DAVENPORT and JENSEN (1948) 
concluded from inhibition experiments that the need of carbonic 
anhydrase for gastric acid secretion has not been demonstrated. 
A function of the enzyme in maintaining a normal intracellular 
pH (DAVIES & ROUGHTON 1948) or in maintaining a barrier to the 
diffusion of bicarbonate from blood to gastric lumen (OBRINK 
1948) has been proposed. 

By means of histochemical technique high carbonic anhydrase 
activities have been observed in the oxyntic cells of the gas
tric mucosa, more especially in the microvilli lining the cana
li cul i of the oxyntic cells (HANSSON 1968, CROSS 1970). 

Carbonic anhydrase inhibitors generally cause some decrease 
in gastric secretion rate and transmucosal potential (BERLINER 
1956) while bicarbonate stimulates the acid secretion in the 
isolated frog gastric mucosa (IMAMURA 1970). A decrease in acid 
secretion rate, and in transmucosal potential and an increase 
of mucosal resistance have been observed by JANOWITZ et al 
(1952) and by REHM et al (1961) in the secreting dog stomach 
after acetazolamide administration, while transmucosal potential 
and mucosal resistance remain unaffected in the resting stomach. 
The output of hydrochloric acid, sodium and potassium by the 
human stomach is decreased by acetazolamide and these effects 
are more marked after histamine (LINDNER et al 1962). Acid se
cretion in bullfrog (HOGBEN 1967) and pigeon (OJHA & AHMED 1967) 
are also depressed by this drug. 
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The inhibitory effect seems to vary with the species. KA-
RACADAG (1969) does not find a decrease of either the basal or 
the histamine-stimulated acid secretion rate in the dog after 
local application of 500 mg chlorothiazide, while OJHA and 
AHMED (1967) report significant inhibition of the acid secre
tion with chlorothiazide and four other thiazide diuretics in 
the pigeon after comparable and smaller doses, also when locally 
applied (46 to 80 % inhibition with 0.5 to 2.0 mg chlorothia
zide/100 g body weight). Upon administration of chlorothiazide 
in varying doses (1 to 3 g, given via gastric intubation, or 
intravenously as a single injection or a continuous infusion, 
or with histalog as stimulant) only in 8 of the 18 human sub
jects, all suffering from some type of active peptic ulcer, a 
significant fall infreeacid occured (KRAMER & MARKAR IAN 1959). 

Chloride is generally considered to move passively through 
animal cell membranes. Evidence has accumulated in recent years 
indicating that certain tissues transport chloride actively 
(dogfish choroid plexus, H0GBEN et al 1960 ; rabbit gall blad
der, WHEELER 1963 ; fish gills, R0MEAU & MAETZ 1964 ; the skin 
of the frog Leptodactylus ocellatus, ZADUNAISKY et al 1964 ; 
retinal pigment epithelium, LASANSKY & DEFISH 1966 ; frog cor
nea, ZADUNAISKY 1966 ; ciliary epithelium, COLE 1969 ; turtle 
bladder, GONZALEZ 1969 ; ciliary body, HOLLAND & GIPS0N 1970). 
Chloride secretion has been shown to be sensitive to inhibition 
by carbonic anhydrase inhibitors (various systems have been re
viewed, MAREN 1967 ; aqeous humor, GARG & 0PPELT 1970 ; cere
brospinal fluid, MAREN & BRODER 1970). It is possible that the 
role of carbonic anhydrase in chloride secretion consists of 
maintaining an optimal intracellular pH. On the other hand, 
KITAHARA et al (1967) reports that carbonic anhydrase inhibitors 
can inhibit active chloride transport in the frog cornea which 
does not contain any carbonic anhydrase. This suggests that the 
effect of acetazolamide on chloride transport may be due to its 
action on some receptor other than carbonic anhydrase. This is 
in agreement with the findings of WISTRAND (1959) that the 
ciliary body binds acetazolamide in excess to what would be 
required to inhibit carbonic anhydrase activity. 

Since the anion specific ATPase, described in chapter 4, 
is activated by bicarbonate ions, it appeared desirable to in
vestigate whether the acid secretion and transmucosal potential 
of lizard gastric mucosa are bicarbonate-dependent and whether 
these parameters are affected by carbonic anhydrase inhibitors. 
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7.2, MATERIALS AND METHODS 

The determinations of transmucosal potential, short cir
cuit current and acid secretion rate are carried out as descri
bed in chapter 2. 

In the bicarbonate-stimulation experiments the last three 
samples before substitution are compared with the second, third 
and fourth samples after substitution. 

In the acetazolamide experiments the drug is applied on 
the serosal side by adding a ΙΟ

- 2
 M solution to the bathing 

medium so as to give final concentrations of IO"
5
, 10"

4
 or 

10*3 м
#
 The new stable level is compared with the stable level 

measured before the application of the drug. 

7,3, RESULTS 

7.3.1. Influence of bicarbonate 
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Fig. 7.1. Effect of bicarbonate on acid secretion rate. During 
the first 100 minutes the mucosa is bathed in medium В (chapter 
2, table 2.2), than this solution is replaced by medium A. 
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When the gastric mucosa is incubated in a bicarbonate-free 
bathing medium and buffered with phosphate in low concentration 
(chapter 2, table 2.2, medium B) and is stimulated by histamine, 
acid secretion occurs and remains constant for at least two to 
three hours. Replacement of this medium by a normal bicarbo
nate-containing bathing medium (25 mmol НСОт", chapter 2, table 
2.2, medium A ) , gives a slight transient rise of the transmu-
cosal potential (2 to 3mV) without change in mucosal resistance. 
The acid secretion rate increases between 9 and 49 % (fig. 7.1), 
the average increase being 23.7 % (S.E. 6.7 ; η = θ). This in
crease is highly significant (P <0.01). 

7.3.2. Influence of the carbonic anhydrase inhibitor acetazo-
1 amide 

The influence of the carbonic anhydrase inhibitor acetazo-
1 ami de, added to the serosal bicarbonate-containing medium 
(chapter 2, table 2.2, medium A) varies with its concentration. 
Addition of 10-5 or 10-4 mol acetazolamide/1 has no effect or 
transmucosal potential and short circuit current. At 10-3 м 
concentration there is a rapid decrease of about 25 % in these 

t m * of гкиЪлІ on ( h r j j 

Fig. 7.2. Effect of acetazolamide (10 M) on transmucosal po
tential, short circuit current, mucosal resistance and acid 
secretion rate (30

o
C). 
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two parameters without any change in mucosal resistance. Washing 
out the inhibitor yields only partial restoration (about 1/5 
of the decrease) of both parameters (fig. 7.2). 

The effect on the acid secretion rate resembles that ob
served for transmucosal potential and short circuit current, 
except that it occurs at lower concentrations of acetazolamide. 
With 10"5M azetazolamidea slight decrease, varying between 2.5 
and 12 % is observed, which is not statistically significant. 

With 10" and 10"^ M acetazolamide average decreases of 
23.7 and 24.2 % respectively are measured which are significant 
(P < 0.01). The decrease occurs immediately after administration 
of the drug. It is apparent in the first eight-minutes sample 
after acetazolamide administration and the full effect is 
reached in the second eight-minutes sample. Washing out the 
drug does not restore the original secretion rate, either when 
the mucosa is washed with the normal bathing medium (25 mM 
HCO3", chapter 2, table 2.2, medium A ) , or when a bicarbonate-
enriched medium (50 mmol HCO3", medium K) is used. 

It is worthy to note that the stimulation of the acid se
cretion rate by addition of external bicarbonate (23.7 56) is 
equal to the inhibition caused by 10"3 M acetazolamide (24.2 % ) . 

3 A 
tiVne of incubation (hre) 

Fig. 7.3. Effect of acetazolamide (10 M) on acid secretion 
rate. The bathing medium does not contain bicarbonate (30oC). 
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This might suggest that acetazolamideacts through inhibi
tion of carbonic anhydrase, thereby withholding bicarbonate 
from the acid secretion process. However, our observation that 
addition of 10~4 M acetazolamide causes an additional 37 % de
crease of the secretion rate (fig. 7.3), makes the suggested 
relationship unlikely. 

7,4, DISCUSSION 

A role of bicarbonate in ion transport processes is not 
only limited to the gastric mucosa. The secretory rate of the 
perfused rat pancreas drops to very low values, when bicarbonate 
is omitted from the perfusate (SCHULZ et al 1971). Stimulation 
of cation transport without apparent immediate link to hydrogen 
ion or bicarbonate secretion is also observed. Sodium reab-
sorption in the perfused kidney ceases when bicarbonate is 
omitted from the perfusate (RUMRICH& ULLRICH 1968), and sodium 
transport from mucosa to serosa in the turtle bladder nearly 
doubles when bicarbonate is added to the serosal fluid (GONZA
LEZ et al 1969). A sulfamerazine or glycodiazine buffer is able 
to restore partially pancreatic flow and renal sodium reabsorp
tion (ULLRICH et al 1970) ; SCHULZ et al 1971). 

The residual acid secretion upon omitting bicarbonate de
pends also on the buffering of the serosal bathing medium (HAYNE 
et al 1972). A residual acid secretion rate of 30 to 60 % is 
found in the frog, when its gastric mucosa is incubated with a 
non-buffered or a phosphate buffered serosal bathing medium. 
In our experiments a much higher residual acid secretion rate 
of 81 % is found when bicarbonate is omitted from the serosal 
medium. 

Acetazolamide 10" M causes a mean decrease of 26 % in 
transmucosal potential and of 24 % in the acid secretion rate. 
These decreases are comparable to those found in other tissues. 
Acetazolamide ΙΟ"

3
 M caused a decrease of 35 % in the secretory 

rate of the cat sweat gland (SLEGERS & MOONS 1968) and a 25 % 
decrease in flow rate in the rabbit pancreas in vitro (RIDDER-
STAP 1969). 

The acid secretion rate is more sensitive to acetazolamide 
than the transmucosal potential. While the former is already 
slightly inhibited by 10-5 M acetazolamide and maximally (24 %) 
by ΙΟ

-
* M acetazolamide, the transmucosal potential is only in

hibited by ΙΟ
- 3
 M acetazolamide (25 %). 

The effect of acetazolamide on the acid secretion rate is 
more immediate than that on the transmucosal potential. Both 
effects commence within minutes, but the acid secretion rate 
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reaches a minimum within about eight minutes, while the poten
tial effect is only maximal after about forty minutes. 

These results agree with the findings of FRANCOIS and DE-
PREZ (1971) that carbonic anhydrase inhibitors like acetazola-
mide at higher concentrations inhibit the mitochondrial oxida
tive phosphorylation rather than it support the idea that ace-
tazolamide would inhibit chloride transport (HOGBEN 1967). This 
would imply a rather rapid inhibition of the acid secretion 
rate, as this substance rapidly inhibits carbonic anhydrase 
activity, but the transmucosal potential which is composed of 
ion diffusion potentials (chapter 6) would decrease only gra
dually, parallel with the abolition of the ion gradients. 

Inhibition of the carbonic anhydrase activity is probably 
responsible for the partial inhibition of acid secretion by 
lower (10"4 and 10"^ M) acetazolamide concentrations. The in
hibition does not necessarily mean that carbonic anhydrase is 
directly involved in the acid secretion mechanism. The locali
zation of part of the carbonic anhydrase activity in the cana-
liculi of the oxyntic cells (HANSSON 1966; CROSS 1970) suggests 
that the enzyme may be involved in maintaining a barrier to the 
diffusion of bicarbonate from blood to gastric lumen, as sug
gested by OBRINK (1948) by means of a bicarbonate-chloride ex
change at the canalicular membrane. 

Another mechanism is probably also involved. Carbonic an
hydrase facilitates carbon dioxyde diffusion through membranes 
(BROUN et al 1970). Hence carbonic anhydrase inhibitors will 
decrease the movement of carbon dioxyde into the cell, which 
effect is simulated by the omission of bicarbonate from the 
medium. The rather small decrease in acid secretion upon the 
omission of bicarbonate from the medium and the higher, but 
still incomplete inhibition of acid secretion by acetazolamide 
in a bicarbonate-free medium suggest that even very small car
bon dioxyde concentrations, such as may arise from cellular 
metabolism, may support at least in part the in vitro gastric 
secretion of the lizard gastric mucosa. 

In view of the importance of bicarbonate for full activity 
of the acid secretion mechanism, we investigated the chloride 
and sodium fluxes, described in the following chapter, in a bi
carbonate-containing medium. 
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8, UNIDIRECTIONAL ION FLUXES AND THE EFFECT OF OUA
BAIN 

8,1. INTRODUCTION 

Ouabain treatment of the lizard gastric mucosa results in 
a depolarisation of the tissue. The intracellular potassium 
concentration decreases and the intracellular sodium concentra
tion increases, while the transmucosal potential is abolished. 
and the acid secretion is greatly reduced. Similar observations 
have been made in other species, although the information, dis
cussed in chapter 5, is very incomplete. The acid secretion of 
the lizard is sodium-dependent, and the mucosal side is assumed 
to be permeable to sodium (chapter 6). Diffusion of sodium ions 
from the mucosal bathing medium into the cell must be respon
sible for part of the mucosal potential step. This conclusion 
is further supported by the fact that amiloride, which is known 
to inhibit passive entry of sodium, reduces the transmucosal 
potential (chapter 6). 

The quantitative comparison between the Na-K activated 
ATPase activities determined in the lizard gastric mucosa and 
the transport of ions (chapter 3, table 3.2) suggests an in
volvement of that enzyme in the transmucosal transport of ions. 
The ouabain experiments, reported in chapter 5, indicate that 
the role of the Na-K activated ATPase should rather be an in
direct one. In order to obtain more information about the trans
mucosal ion movements and- the mechanism of the ouabain effect 
on transmucosal potential, short circuit current and acid se
cretion, we decided to investigate the chloride and sodium 
fluxes across the lizard gastric mucosa and the influence of 
ouabain on these fluxes. 

8.2. MATERIALS AND METHODS 

The gastric mucosa of Lacerta galoti has been used for the 
study of the chloride and sodium fluxes (chapter 2, 2.1). The 
flux measurements are carried out in the Ussing chamber (chap
ter 2, 2.4.3) with the same bicarbonate containing bathing me
dium on both sides (chapter 2, table 2.2, medium A). 
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Each mucosa is preincubated for one hour after mounting 
under open circuit conditions and 45 minutes under short cir
cuit conditions. Histamine is added, if necessary, after the 
preincubation under open circuit conditions. The radioactive 
label is then added and the gastric mucosa is maintained under 
short circuit conditions throughout the rest of the experiment 
in order to avoid any external driving force. The flux is mea
sured over a 90-minute period by sampling every ten minutes, 
then ouabain (ItT^Mfinal concentration on both sides) is added 
and the flux is again measured over a 90-minute period). 

The radioactive solution is added to one chamber in a final 
specific activity of 0.060 to 0.065 mC

 36
C1-/Eq CI" and 0.28 

to 0.32 mC 22N
a
+/Eq Na

+
. From the opposite chamber 100 μΐ-sam

ples are taken every ten minutes, and 100 μΊ non-radioactive 
bathing medium is added in order to keep the volume constant. 
The samples are counted as described in chapter 2 (2.4.3), and 
corrections are made for the dilution of tracer. 

A few minutes after tracer addition to the one chamber, 
radioactivity appears on the opposite side. Only a small frac
tion of the isotope passes through the gastric mucosa during 

τ 1 1 1 1 г 

time of incubation (hrs) 

Fig. 8.1. Typical experiments, illustrating the linearity of 
the unidirectional chloride fluxes during the entire experimen
tal period in the absence of ouabain. 
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the three-hour incubation period (maximally 3 % CI" and 0.5 % 
22Na

+
). The ion fluxes remain constant during the entire expe

rimental period, if no inhibitor is added (fig. 8.1). 

The total amount of transported ions is plotted as a func
tion of time. The flux at each time is given by the slope of 
the tangent to this curve at that time. The ion fluxes at the 
end of the experiment are calculated for each mucosa by means 
of a computer program, designed by Drs. L. HOOFD (Department 
of Physiology, University of Nijmegen). 

8,3, RESULTS 

8.3.1. Hydrogen Ion fluxes 

Since hydrogen ion secretion is always balanced by chlo
ride ion secretion, when the mucosa is incubated in a chloride-
containing bathing medium, it is important to know the acid 
secretion rate when evaluating the chloride fluxes. The acid 
secretion rates are determined in separate experiments since 
the hydrogen ion flux can not be measured with radioactive 
methods, and since bicarbonate buffered media are used on both 
sides of the mucosa in the chloride and sodium flux experiments. 
The average acid secretion rate under short circuit conditions, 
determined in seven experiments with randomly selected lizards, 
is used as the mean value of the net hydrogen ion flux from 
serosal to mucosal side. A mean value of 0.43 + 0.03 (S.E.) 
^Eq/cm^.lO min is found without ouabain and a mean value of 
0.11 + 0.02 (S.E.) uEq/cm'.lO min after 90 minutes in the pre
sence of 10"4 M ouabain. 

The residual secretion (26 %) 90 minutes after ouabain 
addition is rather high. The short circuit current, however is 
zero or nearly zero at that moment. In some experiments the 
acid secretion rate has been observed overa longer period, but 
no significant decrease of the residual secretion is found 
during an additional hour of incubation. 

8.3.2. Chloride fluxes 1 η stimulated and resting gastric mucosa 

The unidirectional fluxes and electric parameters, measured 
in the absence of ouabain, are listed in table 8.1 (stimulated 
mucosa) and table 8.2 (resting mucosa). There is good agreement 
between the electral parameters of serosal to mucosal series 

and of mucosal to serosal series (table 8.1, series J ^ and 

0$} , and table 8.2, series j£l~ and JÉJ" . 
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Table 8.1. Flux (J), transmucosal potential (P.D.), short cir-
cuit current (S.C.C.) and mucosal resistance (R) of the hista
mine stimulated lizard gastric mucosae in the absence of oua
bain. Transmucosal potential and mucosal resistance are measured 
immediately before short-circuiting ; the mean short circuit 
current during the flux determination is given. The transmuco
sal potential is expressed in mV. the short circuit current and 
the flux are expressed in jjEq/cmZ.lO min, the mucosal resistance 

о L|+ 

in Ohm.cm'. The acid secretion rate values, listed as J^u are 

determined by titration. Mean values and ranges are given. 

Series 

•"SM 

J C 1 " 
MS 

SM 

i N a + 

MS 

+ 

^м 

J 

1.48 

(0.86 - 2.18) 

0.65 

(0.40 - 1.10) 

0.26 

(0.09 - 0.48) 

0.33 

(0.24 - 0.42) 

0.43 

(0.32 - 0.53) 

P.D. 

15.0 

(9.7 - 19.5) 

13.4 

(8.0 -28.2) 

11.6 

(5.7 - 14.3) 

8.6 

(5.0 - 12.6) 

31.2 

(11.8 -49.0) 

s.c.c. 

0.35 

(0.14 - 0.59) 

0.35 

(0.22 - 0.56) 

0.34 

(0.16 - 0.58) 

0.28 

(0.18 - 0.42) 

0.57 

(0.31 - 1.16) 

R 

215 

(163 - 386) 

229 

(156 -351) 

173 

(109 - 247) 

182 

(131 - 275) 

217 

(130 - 359) 
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Table 8.2. Flux, transmucosal potential, short circuit current 
and mucosal resistance in the resting lizard gastric mucosa. 
See legend to table 8.1 

Series 

SM 

J C f 

M S 

SM 

MS 

^м 

J 

0.71 

(0.42 - 1.22) 

0.48 

(0.30 - 0.72) 

0.24 

(0.05 - 0.45) 

0.29 

(0.19 - 0.51) 

0.01 

(0.00 - 0.03) 

P.D. 

9.4 

(3.1 - 15.3) 

7.6 

(3.3 - 8.7) 

14.0 

(8.5 - 30.0) 

11.0 

(5.0 - 15.3) 

20.9 

(16.9 -23.0) 

S.C.C. 

0.27 

(0.16 - 0.34) 

0.22 

(0.08 - 0.39) 

0.26 

(0.15 - 0.34) 

0.23 

(0.07 - 0.36) 

0.42 

(0.33 - 0.59) 

R 

173 

( 87 - 267) 

195 

(113 - 248) 

231 

(179 - 310) 

222 

(169 -308) 

214 

(207 - 229) 

There is strong evidence for a sizeable net chloride flux 
from the serosal side to the mucosal side in the histamine sti
mulated gastric mucosa. The results in table 8.1 and 8.3 and 
fig. 8.2 show that the net chloride flux (0.83 uEq/cm

2
.10 min) 

covers the sum of the· acid secretion rate and the short circuit 
current (0.92 uEq/cm^.lO min). The data obtained in resting 
gastric mucosa suggestanet chloride flux (0.23 uEq/cm2.10 min, 
table 8.4) in the same direction, which should cover the short 
circuit current (0.22 to 0.27 uEq/cm

2
.10 min, table 8.2). 
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Table 8.3. Chloride and sodium fluxes in histamine stimulated 
lizard gastric mucosa before (A) and after (B) addition of 
10~4 M ouabain to both sides. The flux values are expressed in 
umol/cm^.lO min. Mean values with standard error of the mean 
and number of experiments (n) are given. p

x
 represents the pro

bability for the difference between the fluxes before and after 
ouabain addition, calculated by means of analysis of variance ; 
pxx represents the probability for the difference between the 
fluxes from serosa to mucosa (JSM) and from mucosa to serosa 
(^Ms) calculated by means of the Student-t-test. 

J SM 

J c r 

MS 

Cl" 
JSM. Net 

* 

p» 

SM 

MS 

MS, Net 

p x x 

η 

8 

6 

6 

6 

Λ 

1.48 + 0.18 

0.65 + 0.11 

0.83 + 0.21 

< 0.005 

> 0.001 

0.26 + 0.05 

0.33 + 0.03 

0.08 + 0.06 

< 0.4 

>0.2 

В 

0.62 + 0.07 

0.54 + 0.05 

0.08 + 0.09 

i 0.5 

>0.4 

0.33 + 0.06 

0.33 + 0.03 

0.01 + 0.07 

>0.5 

A - B, P x 

iO.OOS 

< 0.25 

>0.10 

<0.025 

>0.010 

>0.25 
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Fig. 8.2. Comparison between the net fluxes of chloride and 
sodium, in secreting and lizard gastric resting mucosa. Positive 
values refer to net fluxes from serosa to mucosa, negativ values 
mean net fluxes from mucosa to serosa. The hydrochloric acid 
secretion is presented as a chloride flux, while the short-
circuit current is presented as carried by negative ions. 

There are significant differences between the two series 
of stimulated mucosa and the two series of resting mucosa, the 
latter being characterized by a smaller mean mucosal resistance 
(20 % and 15 % less), a smaller short circuit current (23 % 
and 38 % less) and a smaller transmucosal potential (38 % and 
44 % less). The unidirectional chloride flux from mucosal to 
serosal side, however, is smaller in the resting mucosa (26 V) , 
suggesting that the chloride backflux is not the result of a 
passive diffusion process only. The possibility of an exchange 
diffusion process, occurring during secretion, will be discus
sed later. 

Ouabain treatment of the secreting mucosa results in a 
decrease of the two chloride fluxes (58 % in the chloride flux 
from serosal to mucosal side ; 16 % from mucosal to serosal 
side : resulting in a 95 % decrease of the net chloride flux. 
The 16 % decrease of the backflux is statistically not signi
ficant. 

The ouabain influence on chloride fluxes in the resting 
gastric mucosa differs from one mucosa to another. The chloride 
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Table 8.4. Chloride and sodium fluxes in resting lizard gastric 
mucosa. See legend to table 8.3. 
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time of incubation (hrs) 

Fig. 8.3. Fluxes from serosal to mucosal side in the resing 
mucosa. Two examples illustrating the varying effects of oua
bain on the unidirectional chloride flux ; in the total series 
of 7 experiments there were 4 cases of inhibition and 3 cases 
of stimulation. 

flux from serosal to mucosal side decreases in four experiments 
(maximally 39 %), but increases in three other experiments, in 
one experiment even by 121 % (fig. 8.3). The effect on the op
posite flux varies also ; an increase is found in four experi
ments (maximally 75 %), a decrease of 25 % is found in one ex
periment and the flux remains unaffected in one other experi
ment. Since the effect follows within a few minutes after the 
ouabain addition and since the chloride fluxes remain linear, 
only the slope being affected (fig. 8.3), it seems unlikely 
that cell injury is responsible for this variable ouabain ef
fect, which occurs only in the resting mucosa. 
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8.3.3. Sodium fluxes In stimulated and resting gastric mucosa 

The unidirectional sodium fluxes and electric parameters 
in the absence of ouabain are listed in table 8.1 and 8.2. There 
are no significant differences between the electric parameters 
of serosal to mucosal series and in the parallel mucosal to 

Na+ Na+ 

serosal series (table 8.1, series JCM and JM<:. , and table 
Na+ N3+ S M M S 

8.2, series J5J and JJ^ ). 

There was no significant net sodium flux, either in sti
mulated or in resting gastric mucosa. In stimulated mucosa the 
serosal to mucosal flux is increased 13 % by ouabain but the 
effect is not statistically significant. The opposite flux is 
unaffected by ouabain. 

Inhibition of sodium reabsorption would also be reflected 
by an increase in the serosal to mucosal flux. Since the fluxes 
after ouabain addition are linear and since the electric para
meters are not affected by amiloride in the secreting mucosa 
in contrast to the resting mucosa, it seems unlikely that oua
bain would inhibit a sodium reabsorption mechanism, specific 
for the secreting mucosa. 

No indications for a net sodium flux from mucosal to sero
sal side are found in the stimulated as well as in the resting 
mucosa. The short circuit current seems to be carried entirely 
by chloride, as it has also been found in the amphibian mucosa 
(HOGBEN 1955). The unidirectional sodium fluxes in Lacerta are 
three to four times as large as the unidirectional sodium fluxes 
measured in amphibians (CLIFTON & HOGBEN 1969). 

8.3.4. Partial conductance for sodium and chloride 

The contribution of individual ions to the total conduc
tance of the gastric mucosa can be calculated from the flux 
data. Part of the ion movement in the secreting frog gastric 
mucosa occurs as exchange diffusion (HOGBEN 1951, HEINZ & DUR-
BIN 1957). Our flux data have been examined in order to see, 
1) whether exchange diffusion also occurs in the lizard gastric 
mucosa and if so, 2) whether the exchange diffusion component 
is linked to the acid secretion and 3) whether the exchange 
diffusion Is influenced by ouabain. 

USSING and ZERAHN (1951) have demonstrated that equation 
(1) is applicable, regardless of the structure of the membrane, 
for the diffusion of a free ionic species through a membrane 
with identical solutions on both sides and without potential 
difference across the membrane : 
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were g-jon represents the partial conductance for the ion (ex
pressed in mho's), JSM and J^j the unidirectional fluxes for 
the ion species (expressed in amperes ; 1 uA/h = 3.73 10"2 
jjmol/h), R the gas constant, Τ the absolute temperature, ζ the 
charge of the ion and F the Faraday number. 

At first sight it would appear that there is no evidence 
for chloride exchange diffusion, since the sum of the partial 
conductances for chloride (дм-) and sodium(gN

a
+), calculated 

from the flux date (table 8.5) is comparable to the total con
ductance of the mucosa, calculated as the reverse direct cur
rent resistance. 

Table 8.5. Mucosal conductance (g
m
) of the lizard gastric mu

cosa, measured as direct current resistance, compared to the 
partial ionic conductances derived from the transport number 
(g

m
.t-,_), or calculated from the net flux (iJri-m)

 o r
 ^

гoπ, 

the backflux (9гі-(2)) 

Cl conductance 

8 т - 1 с Г 

8 СГ(1) 

8 СГ(2) 

Na+ conductance 

^ а + с г ) 

Resting 

A 

5.4 

1.0 

3.4 

3.0 

4.4 

1.6 

В 

4.0 

3.7 

1.6 

Secreting 

A 

4.5 

2.1 

6.7 

4.0 

5.6 

1.8 

В 

3.6 

3.3 

2.0 

All values expressed in mho's/cm
2
. 

A « before addition, В » after addition of ouabain. 
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A relatively high partial bicarbonate conductance (gHro -

= 2.8 mmho) has been found in the amphibian gastric mucosa 
(HOGBEN 1955). Our flux data (table 8.1 and table 8.2) suggest 
a chloride flux from serosal to mucosal side, not compensated 
by an accompanying cation, of 0.40 píq/cm^.W min in secreting 
and of 0.22 μΕς/αη2

.10 min in resting mucosa. HOGBEN (1955) 
found that the not cation compensated chloride flux from serosal 
to mucosal side equals the net bicarbonate flux from mucosal to 
serosal side (0.32 jjEq/cm2.10 min). Since the non-compensated 
chloride fluxes are comparable to the net bicarbonate flux 
measured by HOGBEN in the bullfrog, it appears that the partial 
bicarbonate conductance in Lacerta is comparable to that in the 
bullfrog. 

The partial chloride conductance, calculated from flux 
data, is,however,much larger than the partial conductance cal
culated from the total direct current conductance and the trans
port number for chloride (3.0 mmho vs 1.0 mmho in the resting 
mucosa, and 4.0 mmho vs 2.1 mmho in the secreting mucosa) by 
means of the equation : 

9
C1-

 = g
m · *С1-

There remains, however, some doubt whether this value is appli
cable for the whole mucosa, since it has been determined for 
the serosal membrane. 

Those partial conductances strongly suggest the occurrence 
of chloride exchange diffusion,in the stimulated as well as in 
the unstimulated mucosa, although direct evidence is lacking. 
Assuming that the transport numbers and the partial bicarbonate 
conductance are not modified by ouabain, the chloride exchange 
diffusion appears to be ouabain-insensitive. 

8 Л DISCUSSION 

Measurements of chloride fluxes indicate that the net 
chloride flux from serosal to mucosal side may account for the 
sum of acid secretion rate and short circuit current. This has 
also been found to be the case in the bullfrog (HOGBEN 1955). 
A net sodium flux has not been detected, but the existence of 
a small net sodium flux cannot be completely excluded. It should 
also be noted that the absence of a net sodium flux does not 
necessarily mean that there is no reabsorption of sodium ions 
from the lumen or from the gastric pits, since it is a well 
known fact that sodium ions are also secreted by the mucosa 
(cfr. chapter 1, 1.4). 
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The total and partial ionic conductances for lizard gastric 
mucosa are given in table 8.5. The total conductance is rather 
high, compared to the value reported for the bullfrog. Compa
rably high conductances, however, have been found in other 
species like cat, rhesus monkey and man (table 8.6, KITAHARA 
et al 1969). 

The occurrence of an ouabain-insensitive chloride exchange 
diffusion mechanism is suggested by the partial conductances, 
calculated from the flux data. However, direct evidence for this 
suggestion is not available. The partial chloride conductance 
is increased in the stimulated mucosa, in accordance with the 
findings of FORTE and VAN HORNBECK (1969) for the frog. 

HEINZ and DURBIN (1957) found that the discrepancy between 
the measured mucosal conductance and the calculated partial 
chloride conductance tend to disappear after treatment of the 
mucosa with metabolic inhibitors and suggest that chloride is 
normally transported across the mucosa in combination with a 
carrier, the supply of which is decreased by metabolic inhibi-
ti on. 

The data for cat and rat shown in table 8.6 indicate that 
a chloride exchange diffusion does not occur in mammalian spe
cies, hence that this is not a common feature of the gastric 
secretion process. 

Ouabain does not decrease the chloride backflux, perhaps 
even increases it somewhat. This phenomenon, which has also 
been described by COOPERSTEIN (1959) is comparable to the in
crease of the chloride backflux upon addition by thiocyanate 
(FORTE 1968). 

The partial sodium conductance for amphibian gastric mu
cosa is very low (0.4 to 0.6 mmho/cm^), compared to the values 
found in mammalian gastric tissue (3.4 to 4.0 mmho/cm^). The 
sodium conductance in the lizard gastric mucosa, which is mor
phologically similar to the amphibian mucosa (cfr. chapter 1), 
has an intermediate value (1.6 to 2.0 mmho/cm^). 

In the lizard gastric mucosa there is only a small change 
in the sodium fluxes and the partial sodium conductance upon 
addition of ouabain (cfr table 8.3, 8.4 and 8.6). In the res
ting gastric mucosa the partial sodium conductance and the uni
directional sodium fluxes are not at all affected by ouabain, 
while a small increase is found in both parameters in the se
creting mucosa. 

The lizard gastric mucosa, as far as transmucosal ion 
fluxes are concerned, resembles that of the amphibia, where no 
important net sodium flux has been described, but not that of 
mammalian species, which have a considerable net sodium flux. 
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Table 8.6. Mucosal conductance and partial ionic conductances 
in some amphibian and mammalian species. 

Species 

Cat 

Rat 

Frog 

Bullfrog 

Conditions 

Resting 

Secreting, fed 

Fasted 

Secreting 

Tadpoles, 

prior to develop

ment of secretion 

Secreting 

Secreting 

Without ouabain 

Without ouabain 

Secreting, ex

change diffusion 

excluded 

8m 

8.7 

1.5 

to 

2.5 

4.3 

2.8 

1.9 

1.8 

1.3 

sci-(i) 

4.8 

4.1 

4.6 

7.5 

4.7 

to 

6.8 

7.1 

7.3 

4.7 

5.5 

1.0 

8СГ(2) 

3.2 

5.0 

3.5 

to 

4.0 

5.6 

4.9 

2.7 

3.4 

4.5 

gNa+(l) 

2 2 

4.3 

ЦКа+(2) 

1.2 

2.7 

0.5 

0.4 

0.6 

Authors 

Kitahara. 1107 

Kitahara, I ox К 
ПоцЬсп, l'if, ι 

Scrnka & Hot;btn, 

l a d 

Hogben, 1Ί55 

Forte, Lim-

lomwongse & 

Kasbekar, 1969 

Forte & Nauss, 

1963 

Hogben. 1968 

Clifton & Hogben, 

1969 

Cooperstein, 1969 

Forte & Van Horn-

beck, 1969 

For explanation of symbols, see table β.5. 
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The presence of the Na-K activated ATPase system cannot be 
linked directly to transmucosal sodium transport in the lizard 
gastric mucosa. However, the ouabain sensitivity of both chlo
ride flux and acid secretion indicate an indirect role of this 
transport system. 
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9, S U M M A R Y 

Maintenance of intracellular ionic concentrations and of 
transepithelial ion fluxes is known to require ATP in all tis
sues examined so far. The Na-K ATPase system has been shown to 
be responsible for maintenance of sodium and potassium gradients 
and transepithelial sodium fluxes. Since gastric mucosa cells 
are also able to maintain a high intracellular potassium con
centration, in addition to an active transmucosal chloride flux 
and sizeable active hydrogen ion secretion, the presence of a 
Na-K activated ATPase system often thought to be absent from 
the gastric mucosa lacking a significant transmucosal sodium 
transport, was reexamined and its involvement in the acid se
cretion process as well as in the generation of the transmucosal 
chloride flux was investigated. 

The presence of a significant Na-K activated ATPase acti
vity has been established. The properties of the enzyme system 
are quite similar to those of the enzyme in a variety of other 
tissues and species. In particular, the enzyme does not have 
any unusual characteristics, which would suggest an involvement 
in an active K

+
/H

+
 or Na"

,
7H

+
 exchange mechanism. 

Application of ouabain, a specific inhibitor of the Na-K 
activated ATPase system leads to a change in intracellular 
cation concentrations. Cellular sodium increases from 119 to 
144 mM, while cellular potassium decreases from 80 to 37 mM, 
without affecting water content and extracellular space. This 
finding indicates that the Na-K activated ATPase system is in
volved in the maintenance of cation gradients of the gastric 
mucosa, in accordance with wath was has been found for many 
other tissues. 

The transmucosal potential, as well as the acid secretion 
are nearly comoletely inhibited at serosal ouabain concentra
tions of 3.10*' M or higher, while lower ouabain concentrations 
do not change these parameters significantly. The rate of in
hibition is dependent on the ouabain concentration, but the 
extent of inhibition is not,either inhibition goes to completion 
after a sufficiently long time, or there is no inhibition at all. 

Inhibition after addition of ouabain on the mucosal side 
requires very high ouabain concentrations (5.10"^ M). The in-
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hibition rate is small compared to the inhibition rate upon 
serosal application. After one hour the transmucosal potential 
begins to decrease while the acid secretion rate remains unaf
fected for about three hours. 

The slow inhibition and the lack of partial inhibition of 
acid secretion rate as well as of the transmucosal potential 
by ouabain concentrations, which only partially inhibits the 
Na-K activated ATPase system, and the possibility to overcome 
the ouabain effect by partial replacing sodium by potassium 
suggest that ouabain does not directly affect the generation of 
the transmucosal potential or the acid secretion mechanism, 
but affects these parameters indirectly by reducing the cellular 
ion gradients. 

The Na-K activated ATPase system is virtually insensitive 
to anions and is not inhibited by thiocyanate in concentrations 
below 50 mM. The Mg ATPase system, however, is strongly anion-
sensitive. The anion-sensitivity can be expressed quantitatively 
by assuming the presence of an anionic binding site on the en
zyme. Starting from this hypothesis we calculated the relative 
affinities of a series of anions for the enzyme. Comparison of 
the relative affinity constants with the activities of the en
zyme in the presence of these anions shows an interesting re
lationship. The logarithm of the relative affinity varies 
linearly with the relative enzyme activity. This linear rela
tionship applies for all anions tested with the exception of 
bicarbonate. It appears that-rather than an anion stimulation 
of the enzyme - there is an inhibition of its activity by anions, 
which is stronger the higher the affinity of the anion for the 
enzyme. 

Bicarbonate is an exception insofar as the activity 
with bicarbonate is about twice as high as would be expected 
from its affinity for the enzyme. The experiments support the 
suggestion that this enzyme has some relationship to bicarbo
nate transport, although the mechanism is unclear. 

The influence of ion substitution on the electric parame
ters of the gastric mucosa and on the acid secretion rate has 
been studied in some detail. The acid secretion rate is strongly 
reduced, when chloride or sodium are omitted from the serosal 
bathing medium, chloride omission being the most effective. 
The results further indicate that the transmucosal potential 
difference is composed of two potential steps, one between the 
interior of the cell and the serosal side, and one between the 
interior of the cell and the mucosal side. The serosal and mu
cosal cell membranes appear to have different permeabilities 
for the various ions. On both sides the potential step appears 
to represent an ion diffusion potential. No evidence for the 
existence of an electrogenic pump has been found. 
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The serosal potential step can be described as the sum of 
ion diffusion potentials for potassium and for chloride. The 
chloride component becomes more important after stimulation of 
the acid secretion, while there is no effect of the sodium con
centration. The mucosal potential step is not affected by the 
external chloride and potassium concentrations, but it is low
ered by sodium replacement. The amiloride experiments also show 
a contribution of sodium to the mucosal potential step. 

In the study of chloride and sodium fluxes by the use of 
isotopes, a net chloride flux from serosal to mucosal side has 
been established, while no net sodium flux has been demonstra
ted. The net chloride flux, at least in the acid secreting mu
cosa is ouabain-sensitive and equals the sum of acid secretion 
rate and short circuit current. The lizard gastric activity 
appears to be more sodium dependent as the amphibian one. The 
short circuit current, however, in contrast to what is found 
in the mammalian gastric mucosa seems completely carried by 
chloride ions, reflecting the situation of the amphibian gastric 
mucosa. 

The role of the Na-K ATPase system in gastric secretion 
appears to be an indirect one, namely to maintain a high intra
cellular potassium concentration or transmembrane cation gra
dients. This seems tobe prerequisite for maintenance of trans-
mucosal potential and acid secretion. 

The role of the anion sensitive ATPase system is not com
pletely understood. It is stimulated in the presence of near 
physiological bicarbonate concentrations. Bicarbonate stimulates 
the acid secretion rate, while bicarbonate omission reduces 
the acid secretion rate in the gastric mucosa treated in the 
presence of absence of carbonic anhydrase inhibitors. This may 
mean that it acts as a bicarbonate transport system, which in 
turn supplies the chloride and hydrogen ions required for gastric 
secretion. 
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S A M E N V A T T I N G 

In alle tot nu toe onderzochte weefsels kon worden aange
toond dat het in stand houden van de intracellulaire ionenkon-
centraties en van de transepitheliale ionenfluxen ATP vereist. 
Men heeft eveneens aangetoond dat het Na-K ATPase systeem ver
antwoordelijk is voor het handhaven van de natrium- en kalium-
gradienten over de celwand, en van de transepitheliale natrium-
fluxen. 

Ook de cellen van het maagslijmvlies worden door een hoge 
intracellulaire kaliumkoncentratie gekenmerkt. Waar echter een 
aktieve waterstofionensekretie en een aktief transmucosaal 
chloridetransport, evenals het ontbreken van een signifikante 
transmucosale natriumflux het maagslijmvlies kenmerken, en men 
het enzyme niet aantonen kon, heeft men lang gedacht dat het 
Na-K geaktiveerde ATPase systeem niet in de maag voorkwam. Het 
voorkomen van dat enzyme werd door ons opnieuw onderzocht en 
een onderzoek werd ingesteld naar de tussenkomst van het Na-K 
ATPase by de zuursekretie en bij het opwekken van de transmu
cosale chlorideflux. 

De aanwezigheid van een signifikante Na-K ATPase aktivi-
teit kon worden aangetoond. De eigenschappen va- het enzyme 
gelijken op die van de Na-K ATPases in tal van andere weefsels 
en soorten. Geen enkele voor een Na-K ATPase ongewone eigen
schap werd gevonden die erop zou wijzen dat het enzyme kan be
trokken zijn bij een aktieve K

+
/H

+
 of tia+/H+

 uitwisseling. 

Het blootstellen van de maagmucosa aan ouabaine, een spe
cifieke inhibitor van het Na-K geaktiveerd ATPase systeem ver
oorzaakt een verandering in de intracellulaire cation koncen-
traties. Het natriumgehalte in de cel neemt toe van 119 tot 
144 mM, het kaliumgehalte daalt van 80 tot 37 mM. Zowel het wa
tergehalte als de extracellulaire ruimte blijven onveranderd. 
Hieruit werd besloten dat het Na-K geaktiveerde ATPase systeem 
in de maag betrokken is bij het in standhouden van cationen-
gradienten. Dit stemt overeen met wat in andere weefsels be
schreven wordt. 

Zowel het transmucosaal potentiaalverschil als de zuurse
kretie worden bijna volledig geremd in aanwezigheid van ЗЛО"? 
M of meer ouabaine aan de bloedzijde ; lagere koncentraties la
ten deze parameters onveranderd. Hogere koncentraties remmen 
sneller dan lagere, maar als er remming optreedt is deze, na 
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verloop van tijd, steeds volledig. Gedeeltelijke remming werd 
bij geen enkele ouabainekoncentratie waargenomen. 

Hoge ouabainekoncentraties (5.10" M of meer) zijn aan de 
lumenzijde vereist wil men remming waarnemen. De snelheid waar
mee ouabaine aan de lumenzijde remt is traag vergeleken met de 
remmingssnelheden waargenomen nadat ouabaine aan de bloedzijde 
gegeven werd. Slechts na ongeveer één uur zagen wij een afname 
van het transmucosale potentiaalverschil optreden, terwijl ge
durende ongeveer drie uur geen enkele invloed op de zuursekre-
tie waargenomen werd. 

De trage remming en het feit dat volledige remming van de 
zuursekretie en het transmucosaal potentiaalverschil waargeno
men werd in aanwezigheid van ouabainekoncentraties die het Na
ie ATPase systeem slechts gedeeltelijk remmen, wijzen er op dat 
ouabaine niet rechtstreeks inwerkt op het ontstaan van het 
transmucosaal potentiaalverschil of van de zuursekretie maar 
dat deze parameters slechts indirekt beïnvloed worden door het 
reduceren van de gradiënten tussen de celinhoud en het extra-
cellulaire medium. 

In tegenstelling tot het Na-K ATPase systeem, dat virtueel 
ongevoelig is voor anionen en niet geremd wordt door thiocya-
naat bij concentraties lager dan 50 mM, is het Mg ATPase zeer 
gevoelig voor de aanwezige anionen. De kwantitatieve aspekten 
van deze anion-gevoeligheid kunnen best verklaard worden wan
neer men aanneemt dat het enzyme de anionen op een bepaalde 
plaats^ bindt. Uitgaande van deze hypotese berekenden we de re
latieve affiniteiten van het enzyme voor een reeks anionen. 
Wanneer deze affiniteiten vergeleken worden met de enzymatische 
aktiviteit van het enzyme in aanwezigheid van het betrokken ion 
stelt men een belangwekkend verband vast. Het logaritme van de 
relatieve affiniteit varieert lineair met de relatieve enzyma
tische aktiviteit. Dit verband kon aangetoond worden voor alle 
onderzochte anionen, behalve voor het bikarbonaat. Een remming 
van de enzymatische aktiviteit, sterker uitgesproken naargelang 
het anion sterker gebonden wordt, is waarschijnlijker dan een 
anionenstimulatie van het enzyme. 

In aanwezigheid van bikarbonaat wordt een enzymatische 
aktiviteit gemeten die ongeveer het dubbele bedraagt van de ak
tiviteit berekend uit de affiniteit van het enzyme voor het 
bikarbonaat. De experimenten suggereren een verband tussen dit 
enzyme en het bikarbonaattransport, maar het mechanisme blijft 
onduidelijk. 

De invloed van ion substitutie op de zuursekretie en op de 
elektrische parameters werd eveneens bestudeerd. Wanneer na
trium- of chlorideionen uit de badvloeistof aan de bloedzijde 
weggelaten worden, neemt men een sterke afname van de zuurse
kretie waar. De invloed van chloridesubstitutie is het sterkst. 
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De beïnvloeding van de elektrische parameters door ionsub
stitutie toont duidelijk aan dat het transmucosaal potentiaal
verschil uit twee potentiaalsprongen is opgebouwd : de ene tus
sen het inwendige van de cel en de bloedzijde, de andere tussen 
het inwendige van de cel en de lumenzijde. De celmembranen aan 
de lumenzijde en aan de bloedzijde worden gekenmerkt door ver
schillende permeabili tei ten voor de verschillende ionen. De 
potentiaalsprongen aan beide zijden zijn blijkbaar iondiffusie-
potentialen. Er zijn geen aanwijzingen voor een elektrogene pomp 
voorhanden. 

De potentiaalsprong tussen het inwendige van de cel en de 
bloedzijde kan beschreven worden als de som van een diffusie
potentiaal voor kalium en één voor chloride. De chloridekompo-
nent wordt belangrijker na stimulatie van de zuursekretie. Wis
selende natriumkoncentraties in het medium aan de bloedzijde 
beïnvloeden deze potentiaalsprong niet. De potentiaalsprong 
tussen het inwendige van de cel en de lumenzijde wordt niet door 
wisselende kalium of chloridekoncentraties beïnvloed, maar is 
natrium afhankelijk. Experimenten met ami lori de bevestigen deze 
natriumbijdrage tot de potentiaal opbouw. 

Fluxmetingen laten toe te besluiten tot een netto flux 
voor chloride van de bloed- naar de lumenzijden. Voor natrium 
kon geen signifikante nettoflux gemeten worden. De netto chlo-
rideflux is, tenminste in de zuursekreterende slijmvliezen te 
remmen door ouabaine en komt overeen met de som van de hoeveel
heid gesekreteerd zuur en de kortsluitingsstroom. 

De natriumafhankelijkheid van de zuursekretie en van het 
transmucosaal potentiaalverschil is bij de hagedissen meer uit
gesproken dan bij de amfibieën. De kortsluitingsstroom echter 
zou volledig gedragen worden door chlorideionen. Hierin gelijkt 
de hagedissenmaag meer op de amfibieënmaag dan op de zoogdie
renmaag ; in deze laatste immers schijnt de kortsluitingsstroom, 
althans gedeeltelijk, door natriumionen gedragen. 

Het Na-K ATPase systeem schijnt dus slechts een indirekte 
rol in demaagsekretie te hebben, namelijk door een hoge intra
cellulaire kaliumkoncentratie en dus kationengradienten in 
stand te houden. De rol van het anionengevoelige ATPase is 
slechts voor een deel duidelijk. In aanwezigheid van fysiologi
sche bikarbonaatkoncentraties wordt stimulatie waargenomen. Ook 
de zuursekretie wordt door bikarbonaat gestimuleerd, terwijl 
het weglaten van bikarbonaat uit de media de zuursekretie steeds 
doet dalen, ook in aanwezigheid van carbonic anhydrase remmers. 
Dit zou er kunnen op wijzen dat het enzymatisch systeem werkt 
als een bicarbonaattransportsysteem dat de chloride- en water
stofionen levert die nodig zijn voor de zuursekretie. 
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STELLINGEN 

1. Een kritisch, multidisciplinair (estetisch, psikologisch, religieus) on

derzoek naar de autenticiteit van de werken van de mystieke schrijvers 

is van fundamenteel belang voor het knstendom, daar dit de persoon

lijke godsontmoeting centraal stelt en de mystieke teksten als een van 

de zeldzame rechtstreekse getuigenissen van een onmiddellijke gods

ervaring gekend zijn. 

2. Daar de klassieke behandelingen van herpes zoster meestal zonder vol

ledig resultaat bhjwt, het behandelen met diadynamische stromen in

tegendeel bijna altijd volledig succes en steeds pijnverlichting waar

borgt, dient deze behandeling zo snel mogelijk algemeen ingevoerd 

te worden. 

3 Bij sommige farmakologische studies met tal van al dan niet specifiek 
Q 

gelabelde substanties, worden de metabole H-uitwisselingen ten on

rechte verwaarloosd. 

Jíírgensen et al (1971), Acta Pharmacol Toxicol . . 29 339 

4 . Het meten van waterfluxen met behulp van HHO door een epitheel-

weefsel geeft geen enkele informatie over het al dan niet gekoppeld 

zijn van water transport aan aktief Na+-transport De konklusie van 

V M. France is daarom onjuist. 

France et al (1972), J Physiol., 224 23 Ρ 

5 De konklusie van T . A I Grillo dat Phosphorylase in de placenta en

kel in de aktieve vorm voorkomt is waardeloos, daar de experimentele 

benadering het aantonen van de niet aktieve vorm onmogelijk maakt 

Grillo (1966), J. Histochem. Cytochem , 14 582. 

6 De wijzigingen in het gehalte van energierijke verbindingen in de 

unneblaas van de reuzepad na stimulatie met aldosteron, insuline of 

Vasopressine, geven geen informatie over het hormonale werkingsme

chanisme, maar weerspiegelen de transportsituatie in de unneblaas 

Edelman (1964), Proc Second Internat. Congress Endocrinol , 

60 

Handler et al (1972), Am. J Physiol., 222 1072 

Hansen (1967), Licentiaatsverhandeling, Univ. Leuven 
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