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Inhibition of acid secretion of the frog fundus is generally accompanied by an increase in transmucosal
resistance, R,, and in potential difference, PD (nutrient normally positive). These results are predicted for
the intact tissue by an electrogenic proton pump. It has been suggested that the increase in PD with
inhibition can also be explained by a neutral proton pump. The latter model postulates a K* diffusion
potential across the secretory (lumen-facing) membrane tending to make the secretory side positive. Upon
inhibition, the [K *] in the lumen is assumed to increase, which decreases the diffusion potential, resulting in
an increase in the positivity of the nutrient side. To test this theory, we determined the effects of inhibition
with a high [K*] on the secretory side. With a high [K*] in the lumina, inhibition would result in only a
small change in the ratio of K™ in the cell to that in the lumina, and hence a small change in the diffusion
potential. We found, however, that inhibition increased the PD essentially the same as in the controls. With
inhibition the resistance also increased with high secretory K *. Elevating the secretory K* during secretion
produced a 44% decrease in R, indicating a large increase in luminal K*. We conclude that the results are
not compatible with the K* diffusion potential model but are those predicted by the electrogenic concept.

Introduction secretory side positive and with inhibition the emf

and conductance would vanish resulting in an

Evidence indicates that in intact fundi the pro-
ton pump is electrogenic [1-3] while with the
gastric (K™ + H*)-ATPase in vesicles the findings
indicate that it is neutral [4-7]. One of the many
lines of evidence supporting the electrogenic pump
concept is the finding that inhibition of secretion
produces an increase in R, and PD [8]. The emf
of the electrogenic pump is oriented to make the
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increase in PD and R,. It has been suggested
[9,10] that the increase in PD and R, could also be
explained on the basis of a neutral pump. It has
been postulated that a change in the K* diffusion
potential between the cell and lumen can explain
the increase in PD. In the work reported herein,
we will examine the postulate that a change in the
emf of the K* diffusion potential accounts for the
increase in PD. It is postulated (a revival of the
Conway-Brady theory [11]) that K* and CI~ move
from the cell to the lumen via conductive mecha-
nisms and a neutral (H* + K*)-ATPase antiport
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in the secretory membrane produces a forced ex-
change between K* and H*. The K* in the lumen
is exchanged for H* thus resulting in HCI secre-
tion.

It has been suggested that during acid secretion
the K* concentration in the lumina is low and
that with inhibition it increases and that K* and
Cl™ continue to enter the lumina with a conse-
quent increase in their concentrations in the lumina
{9]. Since the Cl~ concentration is high, a small
change in the C1™ concentration would not change
significantly the magnitude of the Cl™ diffusion
potential between the cell and the lumina. How-
ever, a small change in K* concentration from 2
to 4 mM or 2 to 6 mM would change substantially
the ratio of K* in the cell to that in the lumen,
and would result in a decrease in the magnitude of
this diffusion potential, which is oriented to make
the lumen positive. A decrease in this potential
would result in the nutrient side becoming more
positive, and thus the increase in PD, with inhibi-
tion of secretion, could be explained.

To test the K* diffusion potential hypothesis,
we studied the effect of inhibition on the PD and
resistance with a high K* concentration in the
secretory fluid. With a high K* concentration in
the lumina, the change in its concentration of a
few mM would result in only a small change in the
ratio of the K* in the cell to that in the lumen and
hence there would be only a negligible change in
the K* diffusion potential. On the basis of the K*
diffusion potential model, inhibition of secretion
under these conditions would be expected to pro-
duce only a negligible change in PD. If, with a
high K* concentration in the secretory fluid, the
increase in PD with inhibition was abolished or
markedly decreased, this would support the K*
diffusion potential model. On the other hand, if
the PD still increased, and the increase was not
significantly different from the appropriate con-
trols (4 mM K*), this would constitute evidence
against the neutral pump model. The main pur-
pose of this paper was to test the K* diffusion
potential concept.

Methods

Experiments were performed on the gastric
mucosae of Rana pipiens by an in vitro method in
which the mucosa was mounted between cham-

bers [8,12]. The transmucosal resistance and PD,
and the H" secretory rate were measured. Two
pairs of electrodes were used: one for sending
current across the mucosa, and the other for mea-
suring the PD. The resistance was determined as
the change in PD per unit of applied current.
Current (10-20 pA-cm™?) was applied for 1 s,
first in one direction, and then 1-10 s later, in the
other direction. No significant rectification was
observed. The mucosal resistances were obtained
by subtracting the resistance of the fluids between
the probe electrodes and the mucosa resistance.
The H* secretory rate was measured by the pH-stat
method. The pH of the secretory solution was
generally maintained between 4.6 and 4.9. Both
sides of the mucosa were gassed with a mixture of
95% O, and 5% CO,. Histamine was added to the
nutrient solution to a concentration of 10™* M.
Thiocyanate was added to the nutrient solution to
a final concentration of 10 mM unless otherwise
specified. Omeprazole was added to the nutrient
solution to a final concentration of 1-1073 to
3-107° M. Student’s r-test for paired data was
used for statistical analysis.

The standard chloride nutrient (serosal) solu-
tion contained (in mM): 102 Na*, 4 K* 1 Ca’",
0.8 Mg?*, 81 CI~, 0.8 SO2*, 25 HCO;, 1 phos-
phate, and 10 glucose. The standard C1~ secretory
(mucosal) solution contained (in mM): 156 Na™, 4
K™, and 160 Cl™. For a secretory solution with
increased K™ concentration, K™ was substituted
for Na®, C1~ remained 160 mM. Other solutions
were used and their compositions are given in the
text. The effects of SCN are readily reversible, in
contrast to those of omeprazole. Omeprazole in-
hibition is not reversed by simply washing it out
of the nutrient fluid. Hersey et al. [9] reported a
partial reversibility of omeprazole inhibition by
the use of mercaptoethanol, which we confirmed.
However, in our hands, there was poor reversibil-
ity of acid secretion with mercaptoethanol [13).
Hence, alternating the sequence of SCN™ and
omeprazole from mucosa to mucosa was not feasi-
ble. We first used SCN™, then removed it, and
after the PD, R,, and the H™ rate returned to
about their original levels, which was about 100%,
we used omeprazole. We wished to compare the
effects of SCN™ and omeprazole on the same
mucosa (see above and Discussion).



Results

We studied the effects of inhibition of acid
secretion with K™ concentrations that were higher
than our normal concentration, which is 4 mM.
With 20, 40, or 80 mM K™ on the secretory side
(K * replaced Na™), there were typical increases of
the PD and R, with inhibition. The results, re-
ported in the following, except where indicated,
were for those experiments in which 80 mM K™
was used.

Fig. 1 shows an experiment in which the con-
trol secretory solution (156 Na*, 4 K*, 160 C17)
was changed to one containing 80 Na™, 80 K™,
and 160 Cl1~. Changing to the 80 K™ secretory
solution resulted in a transient increase in PD.
The PD increased, and then declined to a level
slightly less than that of the control. The average
transient increase in PD (8 experiments) was 8.1
(S.D.+4.1) mV and the steady state PD was less,
but not significantly different from that of the
controls (see Fig. 3). The resistance declined sub-
stantially and reached a new level within about 10
min. At about 39 min, SCN~ was added to the
nutrient solution. In about 4 min, the H* rate
decreased to zero, and the resistance and PD
markedly increased. The resistance after reaching
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Fig. 1. Resistance, PD, and H™ rate of frog fundus versus
time. Effect of increasing K* on the secretory side from 4 to
80 mM. Effect of 20 mM SCN~ to the nutrient side with 80
mM K* on the secretory side. The standard nutrient solution
(K* =4 mM) with 10~* histamine was on the nutrient side.
The standard secretory solution was 156 Na*, 4 K* and 160
Cl™. 0.2 ml of 1 M NaSCN was added to 10 ml nutrient.
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a peak, decreased to a lower level, and the PD in
contrast to the resistance, after increasing, showed
only a small tendency to decrease with time. The
increase in PD with SCN~ was essentially the
same as that found previously with 4 mM K™ in
the secretory solution (vide infra). The rapid re-
sponses of the PD, R,, and H rate were typical
for the SCN ™ experiments.

Fig. 2 shows a typical experiment in which
omeprazole was added to the nutrient solution
with 80 mM K™ in the secretory solution. The acid
secretory rate decreased more slowly than with
SCN ™ - it took about 20 min for the acid rate to
decline to zero. Interestingly, the PD and resis-
tance also increased more slowly than with SCN™
— the PD, R, and H™ rate changed concurrently.
The PD increased by about 14 mV. The slow
changes in the PD, R, and H" rate were typical
for omeprazole. The response of the resistance was
quite different from that in Fig. 1. Instead of
reaching a peak and then declining, it increased
and showed only a little tendency to decrease with
time.

A summary of the experiments (a total of 8) on
the PD with SCN ™ and omeprazole are presented
in Fig. 3. The PD before 80 mM K* was not
significantly different from the PD immediately
before addition of SCN™ or omeprazole. Both
SCN ™~ and omeprazole significantly increased the
PD (P <0.001). The APD for SCN~ was 15
(S.D.+ 5.1) and for omeprazole was 14 (S.D. + 3.2)
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Fig. 2. The effect of the addition of omeprazole (1073 M) to
the nutrient side on PD, resistance, and H* rate with 80 mM
K™* on the secretory side. The standard nutrient solution
(K* =4 mM) with 10~* M histamine was on the nutrient side
and the standard secretory solution was used.
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Fig. 3. Summary of eight experiments on the effect on the PD
of increasing K™ from 4 to 80 mM on the secretory side. Effect
of SCN™ and omeprazole (OME) with 80 mM K™* on the
secretory side. Max, maximum and ss, steady-state PD.

mV. The difference in PD values, for both SCN~
and omeprazole, between their maximum and their
steady-state values was not significant. Also the
difference in the APD values of SCN~ and
omeprazole was not significant. So it is clear that
both SCN™ and omeprazole produced a signifi-
cant increase in PD with 80 mM K™ in the secre-
tory fluid. The H* rate before SCN~ was 4.7
(S.D.+£1.0) and that before omeprazole was 4.2
(S.D.+ 0.6) pequiv.-h™'-cm™2,

Fig. 4 shows the results on R, of increasing K*
on the secretory side from 4 to 80 mM (the CI~
concentration was maintained at 160 mM). The
value of R, decreased significantly (P < 0.01) by
about 60 ohm - cm?. Fig. 4 also shows the results
on the effect of SCN™ and omeprazole on the
resistances with 80 mM K™ in the secretory fluid.
The maximum AR, for SCN™ was 64 (S.D. + 16)
ohm-cm® (P <0.001) and that for omeprazole
was 32 (S.D.+16) ohm-cm® (P <0.001). The
steady-state AR, for SCN™ was 29 (S.D.+17)
ohm - cm® (P < 0.01) and that for omeprazole was
27 (S.D.+15) ohm-cm? (P <0.01). The maxi-
mum AR, for SCN™~ was significantly greater
than the steady-state AR, for SCN™ (P < 0.01)
and also it was greater than the maximum and
steady-state AR, for omeprazole (P < 0.01). The
steady-state AR, for SCN™ was not significantly
different from that for omeprazole (P > 0.1).
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Fig. 4. Summary of the same eight experiments of Fig. 3, on
the effect of increasing K* from 4 to 80 mM on the trans-
mucosal resistance. Effect of SCN and omeprazole on the
fundus with 80 mM K* on the secretory side. SCN~ was
removed from the nutrient solution, and then omeprazole
(OME) was added (11072 to0 310~ M) to nutrient solution.

Effect of elevation of K* in the secretory fluid on
the K * concentration in the lumina

Calculations presented in the Appendix indi-
cate that the K™ concentration in the lumina is
markedly elevated when a high K* concentration
is present in the secretory fluid. The question
arises as to whether other evidence supports this
conclusion. As shown in Figs. 1 and 4 elevating
the K™ from 4 to 80 mM in the secretory fluid
produces a marked decrease in R, of the secreting
fundus. An obvious explanation for this decrease
in R, is that the resistance of the tubular cells is
decreased due to an elevation of the K* con-
centration in the lumina. However, it could be
argued that the elevation of secretory K* de-
creases the resistance of the pathways parallel to
the lumina-tubular cell pathway. It has been shown
that the resistances of these parallel pathways i.e.,
the surface cells and TIC (transintercellular) path-
ways, are much higher than the lumina-tubular
cells pathway, [12,14-17], and it seems unlikely
that a decrease in these parallel pathways could
explain the decrease in R,. Nevertheless a very
marked decrease in the resistance of the parallel
pathways (due to a high K™ concentration in the
secretory fluid) could explain the decrease in R,.



A method (referred to as hypotonic) for de-
termining the effect of substances on these parallel
pathways has been recently developed [14].
Changing the secretory solution from a hypertonic
to a hypotonic one has only a small effect on R,
in the secreting fundus, but produces a marked
increase in R, in the inhibited fundus. Evidence
indicates that in the inhibited fundus the area of
the tubular lumina decreases with a hypotonic
solution resulting in a marked increase in R, in
the inhibited fundus. Evidence indicates that in
the inhibited fundus the area of the tubular lumina
decreases with a hypotonic solution resulting in a
marked elevation of the resistance via the lumina-
tubular cell pathway [14]. With this preparation
the effect of substances on the parallel pathways
can be determined. Four experiments were per-
formed with this technique and one is presented in
Figs. 5 and 6. In these experiments, the order of
procedures was reversed from that of Fig. 1. SCN~
was used first and then the K* was increased to 80
mM. The PD and resistance responded to SCN™
in typical fashion. R, increased by about 115
ohm - cm’ and then decreased by about 45 ohm -
cm’ while the PD increased by about 18 mV and
showed little tendency to decrease.

The subsequent elevation of K* from 4 to 80
mM produced, as expected, a decrease in R,. This
was followed by replacing the 80 mM K*, 80 mM
Na* hypertonic solution by an 80 mM KCl solu-

| I0mM SCN in NUTRIENT

Secr 156 No* 4k* |BoKk*,00Mg!  8OK* sOCIm 8ONa* | Bsok*
160 I~ 60 CI- soci- soci-

= ot T 1 T T 1 T T T °T

Fig. 5. Effect of changing the secretory solution during SCN
inhibition. Regular nutrient solution with 10~* M histamine
was used. 0.1 ml of 1 M NaSCN was added to 10 ml of
nutrient solution. The composition of the secretory solutions is
in mM.
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tion (a hypotonic solution). After this replace-
ment, R, increased from 90 ohm-cm’ to 780
ohm - cm?. In the other three experiments, R, in-
creased from 107, 111 and 146 ohm - cm® to 630,
550 and 610 ohm - cm?, respectively.

The 80 mM KCI solution was then replaced
with an 80 mM NaCl solution, and then returned
to the 80 mM KCl solution. In all four experi-
ments, the value of R, was slightly higher, with 80
mM NaCl than with 80 mM KCl. Subsequent
changes were made (see Fig. 6) in the secretory
solution, in which a 40 mM KCI solution was
alternated with a 40 mM NaCl solution, and a 20
mM KCl solution was alternated with a 20 mM
NaCl soltuion. It can be seen that there were
substantial increases in R, in going from 80 to 40
mM and from 40 to 20 mM solutions. R, was
slightly greater with 40 mM NaCl than with 40
mM KCl. This was also true for the other three
experiments. R, was approxiamtely the same with
the 20 mM NaCl solution as with the 20 mM KCl
solution in all four experiments. The values for R,
with the 20 mM solutions were 1005, 1015, 1300
(Fig. 6) and 1378 ohm-cm’. These values were
approximately the same as found in the past with
other hypotonic solutions [13,14,17].

The main point in the hypotonic experiments is
that with hypotonic 80 mM KCl, R, increases
substantially — this means that 80 mM K™ per se
does not produce a marked decrease in resistance
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Fig. 6. Continuation of the experiment of Fig. 5. The composi-
tion of the secretory solution is in mM.
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in the pathways parallel to the lumen-cellular
pathway. Further evidence supporting this conclu-
sion_is found in experiments with microelectrodes
(see Discussion). During inhibition, the large in-
crease in R, with hypotonic secretory solutions is
due to an increase in the resistance of the lumen-
cellular pathway resulting from a decrease in the
area of the lumina [13,14,17]. During SCN™ in-
hibition, elevation of secretory K* from 4 to 80
mM produces a small increase in PD of 4.0
(S.D. £ 4.2) mV (which is not significant, P > 0.1)
and a decrease in R, of 66 (S.D. + 34.8) ohm - cm’.
The latter value is significant, P <0.05, and is
about the same magnitude as that found before
SCN™ inhibition (see Figs. 1 and 4). In other
words, elevation of secretory K™ decreases R,
during secretion and during inhibition.

Discussion

With 80 mM K™ in the secretory solution, both
SCN ™~ and omeprazole produced an increase in
PD, which only decreased by a small amount with
time (Fig. 3) — the average steady-state value for
the APD for SCN ™ is 15.0 mV and for omeprazole
14.0 mV. These values are not significantly differ-
ent from those obtained in a group of ten experi-
ments in which the K* concentration in the secre-
tory fluid was 4 mM [13]. In these ten experiments
the steady-state ' APD for SCN™ was 11.9 mV and
for omeprazole 11.4 mV. The increases in PD with
SCN ™ and omeprazole were not less with 80 mM
K* than with 4 mM K™ in the secretory solution.

The increase in PD by either SCN™ or
omeprazole is not that predicted by the K™ diffu-
sion potential hypothesis. However, it could be
argued that a change from 4 mM to a high K*
concentration in the secretory fluid would not
produce a large increase in the K* concentration
in the lumina. It could be pointed out that by use
of a similar analysis to that presented in the
Appendix, we previously concluded that, in the
case of the in vivo secreting fundus of the dog, the
concentrations of ions in the lumina are essen-
tially independent of the composition of the
mucosal bathing fluid [18]. In other words, in-
creasing the K* concentration in the secretory
fluid of the secreting dog fundus would not appre-
ciably change that in the lumina. However, the

secretory rate of the dog’s fundus with an intact
blood supply s almost two orders of the magni-
tude of 10 greater than that of the in vitro frog
fundus [18]. The velocity of bulk flow via the
lumina for the dog’s stomach is very high, and
movement of solutes by bulk flow is overriding —
movement by diffusion is very low. In sharp con-
trast, as is pointed out in the Appendix, using the
same type of analysis for the frog fundus, it is
apparent that a high K* in the secretory fluid
would result in a large increase in the K* con-
centration in the lumina. Stated another way the
velocity of bulk flow in the lumina of the frog
fundus is relatively very low; hence, increasing the
concentration of a solute in the secretory fluid
would lead to a substantial increase in its con-
centration in the lumina.

Evidence, indicating that the K™ concentration
in the lumina is substantially increased when the
K™ concentration in the secretory fluid is in-
creased from 4 to 80 mM, is presented in Figs. 1
and 4. Increase in K™ concentration in the secret-
ing fundus produces a marked decrease in R,. In
other words, if the K concentration did not
increase significantly in the lumen, how would the
decrease in R, be explained (vide infra)?

However, as pointed out above, the increase in
the K* concentration of the secretory solution
might markedly decrease the resistance of the
surface cells and /or the TIC pathway. Evidence
(see Figs. 5 and 6) indicates that the resistance of
the surface cells and TIC pathways are still large
in the presence of 80 mM K™. Supporting evi-
dence for the above conclusion has been obtained
with microelectrodes in the surface cells [19). Dur-
ing short-circuiting the ratio, R . ierory/Ruutrient
and the intracellular potential of the surface cells
are essentially unchanged by elevating the secre-
tory K* from 4 to 80 mM (Cl~ is maintained at
160 mM).

On the basis of the foregoing, it is difficult to
see how the K* diffusion model is a viable model.
It should be noted that after publication of the
Conway-Brady model [11], experiments quite dif-
ferent from the present ones were devised to test it
in the frog gastric mucosa [12,20,21]. The results
of these experiments were not compatible with the
model and are briefly reviewed in Ref. 14.

As pointed out above, on the basis of the K*



diffusion model, if with 80 mM K™ in the secre-
tory fluid, inhibition of secretion led to essentially
no change in the PD or R, this would be evidence
in support of it. However, it is clear that with 80
mM K* concentration in the secretory fluid, the
change in PD due to inhibition is essentially the
same as with the regular 4 mM K™ in the secre-
tory fluid.

Appendix

The purpose of this section is to obtain for a
given K" concentration in the secretory (mucosal)
bathing media an estimate of the K* concentra-
tion at the bottom of the tubular lumina for the
frog fundus and also for the in vivo (intact blood
supply) dog’s fundus. We previously used a dis-
tributed parameter model for the frog fundus and
found that during secretion the concentration at
the bottom of the lumina for solutes like KCl
would be about 80% of the concentration in the
bathing media [14]. With 80 mM K * in the medium
the K* concentration at the bottom of the lumina
would be about 64 mM. In the distributed param-
eter model the rate of water secretion was as-
sumed to be constant along the tubular lumina.
For our present purposes we use a simpler model
in which we assume that all of the secretion of
water occurs at the bottom of the tubular lumina.
A schematic of the model is shown in Fig. 7. It
should be intuitively understandable that with the
simple model the estimated K* concentration at
the bottom of the tubular lumina would be less
than with the distributed parameter model. We
assume that the diffusion of HCI, NaCl and KCl
are all independent. This is an assumption sug-
gested by Guggenheim [22] which we have used in
the past [23] as has Teorell [24]. We use, as we did
for the distributed parameter model, the following
well-known equation that combines movement of
solute by diffusion and by bulk flow

Q=—DA3—§,+UAC (1)

where Q is the rate of KCl diffusion, D is Fick’s
diffusion coefficient, C the concentration of K*,
A the total area of the lumina of all the tubules for
1 cm?® gross area of the fundus, X is the distance
from the bottom of the tubule and v is the veloc-
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Fig. 7. Schema of the lumina of frog fundus. Bottom of lumina
of tubule is at X =0, surface of mucosa is at X = b. Tubular
lumina extends from X =0 to X=a, and pit lumina from
X=a to X=>. It is assumed that the area of the lumina is
constant from X =0 to X =b. It is also assumed that all the
H,O and ions of secretion originate at the bottom of the
lumina.

ity of bulk flow (assumed to be piston-like flow).
The transmucosal rate of diffusion of electrolytes
is relatively small and for simplicity we assumed
that in the steady state Q equals zero. Eqn. 1
becomes

= =_dx )

Upon integration, where C, is the K* concentra-
tion at X =0 and C is the concentration at X, we
have

Co = C exp ~;X 3)

and when X =5
—vb
Co/Cp= exp—Di— “)

We used the following values for calculation for 1
cm’ of gross area: 4 =3.5-10"2cm?, b=3-10"?
cm, and D=1.7-107° cm’- s~ ". The values for 4
and b are from Helander et al. [25] and D from
Milazzo [26]. In our previous analysis with the
distributed parameter model the calculated veloc-
ity of bulk flow in the lumina was 1.5-107*
cm-s™ 2,

For calculations of v we also use experimental
values reported by Villegas for bulk flow [27]. He
found, with isotonic fluids (220 mosM) on both
sides of the secreting frog fundus, a net water flow
from nutrient to secretory side of 11.3 (+0.9)
pl-h~1! for 1 cm? of gross area. He also found that
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with a hypertonic fluid on the secretory (mucosal)
side of 320 mosM and 220 mosM on the nutrient
side (essentially the same as our conditions) a net
water transport of 15.9 (+1.3) ul-h™! from the
nutrient to the secretory side. Using the latter
value and 3.5+ 1072 cm’® for 4 we obtain the value
of v as 1.25-10"* cm- s~ . Using the above val-
ues for b, v and D in Eqn. 4, we find C,/C, = 0.80.
With 80 mM K™ in the secretory solution, the K*
concentration at the bottom of the tubule would
be about 64 mM as found with the distributed
parameter model [14]. However, we used a slightly
larger value for v in the distributed parameter
model. If we use this larger value for v (i.e.
1.5-107% cm-s~!, see above) we find that the
ratio of C,/C, is 0.77.

The situation for the in vitro frog fundus is
substantially different from that for the in vivo
dog fundus. Our conclusions for the dog’s fundus
are not applicable to those of the in vitro frog
fundus. The volume rate of the in vivo dog stomach
is relatively very large and is easily measured. The
volume rate for the dog’s fundus, from low to high
secretory rates, range (in Villegas’ units) from
about 200 to 2000 ul-h~' for 1 cm? of gross area
[18]. Using the above values for 4 and b and
substituting in Eqn. 4, we find that the ratio of
C,/C, for the dog ranges from 0.06-10"'* to
7-107". It is apparent that, for the dog’s fundus
in contrast to that of the frog’s, the composition in
the luminal fluid is essentially independent of that
of the mucosal bathing fluid.
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