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Amiloride, a pyrazine diuretic, has been
shown to decrease the secretion of K+ by
the renal tubule (1-3). Although this effect
has been explained as a result of the in-
hibitory action of the drug on Na* reabsorp-
tion, the possibility exists that amiloride
might directly affect K+ permeability. This
thought led to the speculation that amiloride
might likewise affect the K+ permeability of
the frog gastric mucosa which lends itself
well to such an investigation. From the litera-
ture (4, 5), it appears that the K+ resistance
of the nutrient membrane of frog gastric
mucosa is about half the Cl— resistance and
that other ionic resistances are very high
relative to the K+ and Cl— resistances.

Since K+ has been found to be essential
for HCI secretion (6), perhaps if amiloride
affected the K+ permeability it might also
decrease the H+ secretory rate. Experiments
were, therefore, designed to test the effect
of amiloride on the transmembrane resistance,
the transmembrane potential difference (PD),
and the H+ secretory rate in high and low
nutrient K+-solutions.

Methods. The experiments were performed
on gastric mucosae of Rana pipiens with an in
vitro method described in detail elsewhere
(7). In this method each mucosa was
mounted between cylindrical chambers. Two
pairs of electrodes were used, one for sending
current across the mucosa and the other for
measuring the PD. The resistance was deter-
mined as the change in PD per unit of
applied current. The nutrient bathing solu-
tion contained (mM): Nat, 101; K+, 4;
Ca?+, 1; Mg2?+, 0.8; Cl—, 81; HCO;—, 25;
phosphate, 1.0; and glucose, 10; and the
secretory bathing solution: Nat, 102; K+,
4; Cl—, 106. In high K+ nutrient solutions,
K+ replaced Na+t. Both sides of the mucosa

were gassed with 95% O, and 5% CO..
The pH of the secretory solution was main-
tained at 4.90. After the control part of the
experiment, amiloride was added in the
nutrient solution to a 0.5 or 2.0 mM concen-
tration.

Results. Figure 1 shows the effects of add-
ing amiloride to the nutrient solution. At the
time indicated by the arrow, amiloride was
added to a concentration of 0.5 mM in the
nutrient solution. A comparison was generally
made of the changes in the parameters in
about 30 min following the addition of
amiloride in the nutrient solution to the con-
trol values just before the addition. As shown
in Fig. 1, the resistance increased about 50%,
the PD decreased about 15%, and the H*
rate decreased about 30%. Washing both
sides of the mucosa with regular solutions
produced only a partial recovery of the
parameters towards control values. In about
40% of the experiments after washing with
regular solutions, the resistance decreased to
some extent towards control values while the
H+ rate persisted at about the same level as
with amiloride in the nutrient solution.

Table I summarizes the main results.
Columns IIT, V and VII give, respectively,
the average resistances, PD and H* rates
of mucosae bathed in regular solutions with-
out amiloride. Columns IV, VI and VIII
give, respectively, the average percentage
changes of the resistance, PD and H+ rate
following the addition of amiloride to the
nutrient solution. In the 4 mM K+ nutrient
solution, both 0.5 and 2.0 mM amiloride in-
duced the changes shown in Fig. 1 and sum-
marized in Table I, that is, the resistance
increased, the PD decreased and the H*t
secretory rate decreased. Furthermore, the
increase in resistance induced by 2.0 mM
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Fic. 1. The effects of amiloride on the resistance, PD and H* secretory rate of frog gastric
mucosa in chloride solutions. At the time indicated by the first arrow, amiloride was added to
a concentration of 0.5 mM in the nutrient solution and at the time indicated by the second
arrow, the amiloride was removed. Resistance, PD, and H* secretory rate are plotted versus

time.

amiloride was significantly higher than the
increase induced by 0.5 mM amiloride (p <
0.05). In the 79 mM K™ nutrient solution,
both 0.5 mM amiloride and 2.0 mM amiloride
increased the resistance and decreased the
H+ secretory rate. The PD, however, with
0.5 mM amiloride did not change significantly

while with 2.0 mM amiloride the PD in-
creased. As in the case of 4 mM K+, the in-
crease in amiloride from 0.5 to 2.0 mM in
the 79 mM K+ nutrient solution caused a
significant increase in resistance (p < 0.01).
In all cases the HT rate decreased by
approximately the same amount.

TABLE I. Effects of Amiloride on Resistance, PD, and H* Secrctory Rate of Frog Gastric Mucosa.

No. of B AR/RE PD APD/PD He AH/H
expts Deseription (Qem?) (%) (mV) (%) («BEq hr*em—2) (%)
7 4mMK* 240 =95 36 = 18 18 +4* —24+ 8 41+0.8 —19 +11°
0.5 mM Amiloride (p < 0.01) (p < 0.01) (p < 0.01)
6 4mMK-* 238 =46 150 =+ 108 26 +6 —24+12 4.5+ 0.8 —27 +17
2.0 mM Amiloride (p < 0.02) (p < 0.01) (p < 0.02)
8 79mM K+ 128 + 20 11+ 9 —18=+5 8 +12 2.6 =09 —21+ 8
0.5 mM Amiloride (p <0.01) (p > 0.10) (p < 0.01)
6 79 mM K+ 120 +41 82+ 36 —22+2 20 + 9.5 3.4+1.0 —25 %+ 7
2 mM Amiloride (p <0.01) (p < 0.01) (p < 0.01)

«H represents H+* secretory rate.

b Positive PD implies that the serosal (nutrient) side is positive relative to the mucosal (secretory)

side.

°In each case the number following the + sign denotes the standard deviation.
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In two experiments amiloride was added to
the secretory side to a concentration of 1 mi/
in a regular secretory solution with the
nutrient side containing 4 mM K+. No
significant effects on the electrophysiological
parameters were observed.

Discussion. Agents or procedures which
markedly increase the resistance produce a
concurrent marked decrease in the H+ secre-
tory rate (8, 9). This finding can be ex-
plained on the assumption of an electrogenic
mechanism for HCl secretion in the frog
gastric mucosa (7). Amiloride like barium
(10) produced relatively low changes in H+
rate for relatively high changes in resistance.
It appears, therefore, that the site of action
of amiloride is not the secretory membrane
where the electrogenic pumps are presumed to
be located but rather the nutrient membrane.
In terms of this latter hypothesis, the results
can be readily explained.

Figure 2 depicts the K+ and Cl— path-
ways across the nutrient membrane which
are the only low resistance pathways of this
membrane (5, 11). Figure 2 also shows two
equations, each representing the PD across
the nutrient membrane from the nutrient
solution to the cell. In equilibrium Eq = Ex

Ecy Re1

Eyg Ry
Ec; > Ex

- (Ec1 - Ex)Rc1
PD = Eg; - —Ck — KTCL

PD = Ey + (Ec1 - Ex)Rg
RCl + RK
Fic. 2. Electrical circuit of nutrient membrane
showing the K* and Cl- resistance pathways.
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where FEg represents the emf due to ion
gradients across the Cl— pathway and Ex
the emf across the K+ pathway (5, 6). The
equilibrium cellular concentrations of “free”
K+ and Cl~ are, respectively, 8 and 40 mM
(5). However, since Cl— is pumped from
the cell across the secretory membrane and
K+ accompanies Cl— to some extent, in
general we would expect Eq; > Eg.

In terms of the equations in Fig. 2, the
changes in PD can be explained. If we assume
that the effect of amiloride is primarily an in-
crease of the resistance of the K+ pathway,
then from the first equation, the PD after
amiloride would yield a larger PD. In the
second term on the right, Eq being greater
than Ex means that E; — Ex is positive.
Also, since Rx in this term occurs in the de-
nominator, any increase in Rx would decrease
this term which subtracted from the first
term would yield a higher PD value. If we
assume the effect is primarily an increase
of the resistance of the Cl— pathway, then
from the second equation by similar reason-
ing, the PD would decrease after amiloride.
We can infer then that for 4 miM K+, the
main effect of amiloride is an increase in
the resistance of the Cl— pathway. The re-
sistance of the K+ pathway may be affected
but to a lesser extent.

For 79 mM K+, the emf’s are both reversed
and now Ex > Eg. For purposes of discus-
sion, we assume that there are 80 mM K+
and 80 mM Cl— in the nutrient solution with
a “product constant” (5) — 6400. If this
product constant holds in the cell, we obtain
cellular concentrations of 66 mM K+ and
98 mM Cl— which account for the reversed
polarity. Similar arguments to the above in-
dicate that, with 79 mM K+ and a reduced
resistance, therefore, of the nutrient mem-
brane, the effect of 0.5 mM amiloride may
influence either the K+ or Cl— pathway.
However, 2.0 mM amiloride increases pre-
dominantly the resistance of the K+ pathway.

Calculations based on Ry = 2 Rk and rea-
sonable assumptions of the resistance of the
secretory membrane (11) lead to the same
results. Amiloride affects both the K+ and
Cl— permeability of the nutrient membrane.
For low K+, the effect of amiloride is pre-
dominantly a decrease of Cl— permeability



470

and, for high K+ with sufficient amiloride,
the effect is predominantly a decrease of K+
permeability.

Since K+ is essential for acid secretion
(6) and Cl— is electrically and biochemically
coupled to H*+ (7), any effect on K+ and
Cl— permeability would be expected to re-
flect itself in a change of the Ht secretory
rate.

Conclusions. Concentrations of 2 mM
amiloride in the nutrient solution resulted
in a marked increase in resistance and rela-
tively little change in the Ht secretory
rate. The PD data coupled to these results
suggested that amiloride decreases both K+
and Cl— permeability of the nutrient mem-
brane. In low KT experiments the effect
predominates on the Cl— pathway whereas
in high K+ the effect predominates on the
K+ pathway.
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