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SUMMARY 

Oscillations of H + secretion rate, active net charge transport measured 
as short-circuit current and transmucosal electric potential difference with a regular 
frequency of one period in 45 min appeared spontaneously in the isolated frog 
gastric mucosa. Similar oscillations were triggered by the addition of histamine 
at 45-min intervals. 

The spontaneous oscillations and the continuation of  histamine triggered 
oscillations after cessation of histamine administration indicates that there was 
a component of slow inherent rhythmicity in the mucosa. No oscillations were ob- 
tained when a small transmucosal gradient of C1- was used. 

With the histamine-triggered oscillations the H + secretion rate was always 
180 ° out of phase with the short-circuit current and the potential difference. This 
supports the hypothesis of an electrogenic mechanism for active transport of  H + 
in the mucosa that can function at least partially independently of  that for C1-. 

INTRODUCTION 

It is well established that active and electrogenic transport of C1- (refs 1,2) 
and H + (ref. 3) takes place in the gastric mucosa. With the isolated short-circuited 
frog gastric mucosa, Hogben 2'4 showed that the net C1- transport was equal to 
the value of  the short-circuit current (Iso) plus the H + secreted. The relationship 
between the mechanisms for transport of  these ions is less well known. Some H + 
secretion continued also when the CI- in the bathing solutions was completely 
replaced by SO4 2- (ref. 5) or isothionate 6. Further evidence for the mutual 
independence of H + and C1- transport mechanisms is provided from the differential 
action of  inhibitors. Thiocyanate and some other substrances (see Rehm 7) inhibit 
H + secretion but leave the Iso unchanged or increased. Conversely, azetazolamide 
reduces Is~ to a greater extent than H + secretion s. 

In disagreement with these results, Forte 9'1° suggested a close electric or bio- 
chemical coupling between the mechanisms for active transport of  H + and C1-. 
Conditions leading to a decrease (anoxia) or increase (10/~M histamine) in the 

Abbreviation: PD, transmucosal electric potential difference. 
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active component of C1- flux produced a stoichiometric change in the rate of H + 
secretion. Other evidence for some metabolic coupling was provided from the 
finding that some short-chain fatty acids increase H ÷ secretion without changing 
the I~c appreciably 11' 12. 

As a consequence of the apparently divergent data it seemed of  interest to 
obtain further information about the relationship between the electrogenic properties 
and H + secretion in the gastric mucosa. In the present work this was done by 
measuring the electrogenic properties during a period when oscillations in the H ÷ 
secretion rate were triggered by intermittent injection of histamine. 

METHODS 

Frogs of the species Rana temporaria were kept in a tank containing tap 
water at a temperature of 6-10 °C. Each animal was given 125 mg of  liver once 
or twice a week by manual force-feeding. No food was given for two days preceding 
an experiment. 

The time for isolation and mounting of  the mucosa as a membrane between 
two perspex chambers did not exceed 6 min. The exposed mucosal area was 1.8 cm 2. 
There was 20 ml of  solution on each side which was changed 3-4 times during a 
20-min period before the experiments were started. A gas lift (O2-CO2; 95:5, v/v) 
gave a satisfactory circulation of the solutions. The 02 content of the gas was 
reduced to 40% in some experiments, the residue being 5~o CO2 and 55~o N2. 
This reduction ofpO2 has been shown earlier 13 to result in slight mucosal hypoxia. 
The compositions of  the solutions are given in Table I. There was no transmucosal 
gradient for ions known to have significant permeability in the mucosa. All experi- 
ments were performed at 20-4-0.1 °C. 

The rate of H + secretion was measured continuously a, the pH on the secretory 
side being kept constant at 4.70 by infusion of  a recorded volume of  15 mM NaOH 

TABLE I 

COMPOSITIONS (mM) OF THE NUTRIENT (pH 7.12) AND SECRETORY SIDE SOLU- 
TIONS AND THE SOLUTION FOR TITRATION 

Compound Nutrient Secretory Titration 
side side 

NaCl 81.6 80.8 84.4 
Na2SO4 --  10.8 1.5 
KC1 3.2 4.0 4.0 
CaCl2 1.8 1.8 - -  
MgSO4 0.8 0.8 - -  
KH2PO4 0.8 - -  - -  
NaI-ICO 3 17.8 - -  - -  
Sodium butyrate 3.0 - -  --  
Glucose 2.0 - -  --  
Mannitol - -  12.8 7.9 
NaOH --  - -  15.0 
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solution (see Table I) from an autoburette under automatic control from a glass-  
calomel electrode. Short-circuit current (1so) was manually applied to the mucosa 
from an external source and recorded every 5 min f rom the voltage drop over a 
high precision resistor. The transmucosal electric potential difference (PD) was either 
determined every 10 min as the equilibrium open circuit potential 1-2 min after 
disconnection of the/so or recorded continuously (open-circuit conditions). It  was 
measured with a potentiometer recorder (Mosely 711 BM, Hewlett-Packard, Cal., 
U.S.A.) via matched calomel electrodes. The resistance of the mucosa was estimated 
after every recording of the PD from the equilibrium change of the open circuit 
potential when a fixed current (30/~A/cm 2) was passed through the mucosa in the 
same direction as the [sc. The resistance values were corrected for the resistance 
of  the solutions between the calomel electrodes. 

Histamine (histamine.2 HCI dissolved in nutrient side solution) was added 
to the nutrient side solution (pH 7.12) either continuously or, for reasons discussed 
below, at 45-min intervals. In both cases histamine was first added to a concentra- 
tion of 0.6 # M  at time zero. When given continuously, infusion at a constant rate 
which gave the same amount  of  histamine in 1 h as the first single dose was then 
started immediately. This rate of  infusion of histamine gave good stability of  H + 
secretion and electric properties 13. When given at intervals, histamine was then added 
every 45 min to a concentration of 0.45 #M. For infusion an apparatus with good 
stability properties 14 was used. 

RESULTS 

When histamine was infused continuously at a constant rate it was observed 
that the H + secretion, lsc and PD varied rhythmically in some of the experiments. 
The form of these spontaneous oscillations was more or less sinusoidal with a regular 
frequency of  one period in 45 min as shown in Fig. 1. In most cases the oscillations 
were "damped"  but oscillations with continuously increasing amplitudes were also 
found in a few experiments. Only minor and irregular variations in the resistance 
appeared. Oscillations were seen when the PD was continuously reduced to zero 

m Y '  

25 

20 

15 

10 

5 

0 I I I I I 
60 120 180 2/,0 300 m m  

Fig. 1. The results of an open circuit experiment with continuous recording of the electric 
potential difference (PD). The H + secretion and the other electric properties were not measured. 
Histamine was infused continuously at a constant rate. 
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by short-circuit current as well as under open-circuit conditions. The phase relation- 
ship between the H + secretion rate and the electrogenic properties differed in the 
individual mucosae but the secretion rate often showed a maximum when the 
lsc and the PD were at a minimum. Oscillations of  only one or two of the measured 
parameters were also observed. 

As the frequency of the spontaneously appearing oscillations was regularly 
found to be one period in 45 rain, histamine was given at 45-min intervals to the 
short-circuited mucosa in an at tempt to trigger oscillations. Under these conditions, 
oscillations of  H + secretion rate, Iso and PD were induced after some latency in 
10 out of  14 mucosae. The resistance of the mucosa was greater in experiments 
without oscillations than in those where oscillations were obtained. A typical 
experiment is illustrated in Fig. 2. The 1so and the PD always showed a maximum 
when the secretion rate was at a minimum. The amplitude of the variations in the 
1 ,  was smaller than that of  the variations in the H + secretion rate (both in/~equiv/h 
per cm2). A delay of approximately 10 min after one addition of histamine was 
usual before the increase in 1so and PD appeared. Oscillations with the same appear- 
ance could be triggered also when the mannitol in the secretory side solution was 
replaced by raffinose. When mucosal hypoxia was introduced by reduction of 
pO2 in the solutions, both spontaneous and histamine triggered oscillations stopped. 
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Fig. 2. The results of an experiment in which oscillations of H + secretion rate, he and PD were 
induced by the addition of histamine at 45-rain intervals. Addition of histamine is indicated 
by arrows. Only irregular variations of the resistance (R) are seen. 

The current-voltage relat ionship in histamine induced and spontaneous 
oscillations did not differ significantly from the rectilinear relationship earlier 15 
found under steady-state conditions. 

In some experiments all histamine treatment was terminated when oscillations 
had already been evoked by the administration of  histamine at intervals. As can 
be seen in Fig. 3, oscillations in H ÷ secretion rate and Iso persisted but the phase 
relationship changed such that the oscillations of  the secretion rate were no longer 
180 ° out of  phase with those of  the Iso. 
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Fig. 3. The results of an experiment starting in the same way as that in Fig. 2. In this experiment 
the addition of histamine was discontinued. 

In 9 experiments another secretory side solution was used. This differed 
only in that 10.8 mM of SO42- were replaced by C1- and mannitol was excluded. 
There was thus a total C1- concentration of 110 mM in the secretory side solution, 
while that in the nutrient side solution was still 88.4 raM. The nutrient side solution 
was the same as in the previous experiments. The duration of  the experiments was 
5 h and the same amount of  histamine as in the previous experiment was given 
at 45-min intervals. With this CI- concentration gradient no oscillations were 
observed. 

DISCUSSION 

The time delay of  10 min between the administration of  histamine and the 
start of  an increase in H + secretion is about the same time as found by Kasbekar 16 
for diffusion of  histamine into the isolated frog gastric mucosa. The oscillations 
on intermittent histamine injection may thus partially reflect a dose-response 
relationship. The spontaneous oscillations and the continuation of oscillations 
despite termination of histamine administration makes it probable, however, that 
in addition there is an inherent component of  slow rhythmicity involved in the 
oscillations. A time lag in the recording of  H + secretion due to time necessary 
for passage of H + from the "site of production" to the secretory side solution can 
hardly have given a phase shift in view of  the slow frequency of the oscillations. 
Oscillations of PD 17'1s and impedance Is have been reported previously in the 
isolated frog skin; PD was maximal when the impedance was minimal is. 

In view of the complex composition of the gastric mucosa it is presently 
not possible to explain satisfactorily an inherent rhythmicity. The disappearance 
of  oscillations on introduction of  slight mucosal hypoxia may, however, indicate 
their dependence on tissue metabolism and they may also possibly reflect cyclic 
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metabolic processes in the secretory cells. Such processes are well known in several 
types of  isolated cells 19'2°. I t  may also be relevant that oscillatory processes can be 
produced in artificial charged membranes 21'22. I t  should be noted that the intro- 
duction of  a comparatively small transmucosal gradient of  C1- prevented the appear- 
ance of oscillations; the ion distribution profile has been postulated as of  importance 
for the stability of  a biological membrane 23. 

With the histamine-triggered oscillations there was always an inverse relation- 
ship between the H + secretion rate and both the PD and the Isc. Such a relationship 
would be expected if there were an electrogenic transport of  H + that changed 
rhythmically in magnitude without similar changes in the other electrogenic com- 
ponents. The results thus appear to be in disagreement with the evidence 9'1° that 
there is a close electric or biochemical coupling between H + and C1- transport 
on histamine stimulation. The concentration of histamine used in the present 
experiments was, however, smaller and it has earlier (cf. Rehm 24) been shown 
that high concentrations of  histamine may stimulate both H + and C1- transport. 

Hogben 2'4 showed that [sc in the isolated frog gastric mucosa could account 
for the net transport of C1- minus that of  H ÷. Evidence has since been produced 
that also Na  + can be electrogenically transported in the frog mucosa 1a'25 but 
this transport occurred only an 02 tension lower than that used here when oscillations 
were obtained. Electrogenic transport  of  ions other than H + and CI-  in the present 
experiments seems therefore less likely. 
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