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I. INTRODUCTION 

The problem of proton transport in living tissues is often identified 
with the problem of acid production. However, production of acid 
may not involve the transport of protons per se. For example, Schilb 
and Brodsky [180] have found that the urinary bladder of the turtle 
can acidify its luminal fluid and have presented evidence [13] indicating 
that the mechanism does not involve the transport of protons but re
sults from the transport of HC0 3 ~ along with N a + from the lumen to 
the blood side. This theory is somewhat similar to a theory originally 
proposed by Hogben [92] for the production of HC1 of gastric secretion 
(Section III, B). 

* This work was supported by National Institutes of Health Grant 5 R01 EY00456 and 
National Science Foundation Grant GB-6927X. 
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On the basis of the H C 0 3 absorption theory the source of the H + 

is the H 2 0 in the lumen; the equilibrium 

C 0 2 + H 2 0 , H 2 C 0 3 , H + + H C 0 3 " 

is shifted to the right by the absorption of H C 0 3 " , and the C 0 2 can 
be continually replenished by diffusion of C 0 2 from the tissue into the 
lumen. Although other workers [188-190] believe that an H + secretory 
mechanism is present in the turtle's bladder, the mechanism proposed 
by Brodsky and colleagues has substantial experimental support and 
must be considered as a possible mechanism for acidification. It is 
therefore possible that acidification for a particular biological system 
may not involve the transport of protons. However, until more is known 
about acid secretory mechanisms, the problem of proton transport 
cannot be easily separated from that of acid production. Consequently 
in this review we are primarily concerned with the problem of proton 
transport within the framework of the problem of acid production. 
Since other chapters in this book are concerned with mitochondria 
and other subcellular organelles, most of our attention is focused on 
the problem of proton transport in intact tissues. 

The area of proton transport is a borderline area, and, in reviews of 
such areas, emphasis is inevitably placed on those aspects of the field of 
prime interest to the reviewer. In this review, emphasis is placed on the 
electrophysiological aspects of proton transport. There is some merit 
to this orientation, in the author's opinion, since most reviews in this 
area emphasize other aspects of the subject. An attempt is made to 
present a picture of the ideas forming the conceptual framework for 
experimentation rather than an overwhelming amount of detail. Con
siderable attention is directed to work that challenges seemingly well-
established concepts. Owing to limitations of space, many important 
findings in contiguous areas have been omitted. 

This chapter is subdivided into sections on passive and active proton 
transport. It is assumed that the reader has a reasonably good picture of 
these concepts, so we postpone a consideration of the problem of de
fining the types of transport until Section III. It is also assumed that the 
reader has an adequate grasp of certain experimental techniques such 
as the use of the 4-electrode method for studying ionic transport [144]. 
Before considering the problem in tissues, a brief account of proton 
transport in aqueous solutions is given. 

A. Proton Conductance in Water 

It is well known that the rate of diffusion of molecules is inversely 
related to their molecular weights (e.g. [195]). However, for the alkali 
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metals the rate of diffusion in aqueous solutions is greater the larger 
the atomic weight, and this has been universally interpreted [168] to 
mean that the effective water of hydration is inversely related to the 
diameter of the naked ion, so that the order of mobility is Li + < N a + 

< K + . On the basis of these considerations the mobility of the H + 

should be very low, but it is found that the mobility is much greater 
than that of any other ion. A way out of this dilemma was suggested by 
Bernal and Fowler [8,9]. They postulated that the proton "jumps" 
from one water cluster to the next, so that the conduction is mainly a 
result of proton jumps, a postulate similar to but not identical with the 
old Grotthaus concept [61]. Between jumps the proton plus its water 
of hydration would have a very low mobility. The OH" also has an 
abnormally high mobility, and it has been suggested that this is due to 
proton "jumps" from water molecules to adjacent OH" resulting in 
the donor becoming an OH" and the receptor, a water molecule. The 
reason for the higher mobility of H + compared to the OH" is a function 
of the structure of water clusters (see Home [99] for a more detailed 
version). 

More recently Eigen and DeMaeyer [65,66] have shown that the 
conductance of pure water and that of ice are approximately the same 
but that the mobility of the proton in ice is very much higher than in 
liquid water. In fact the movement of the proton in ice is so fast as to 
suggest quantum-mechanical tunneling of the proton from site to site. 
It has been suggested many times (e.g. [68,71,83,212]) that structured 
water exists in biological membranes and the findings of Eigen and 
DeMaeyer raise the possibility that the proton mobility through the 
postulated structural water in membranes may be of a higher order of 
magnitude [24,28]. We shall use the symbol H + to indicate the hydrogen 
ion plus its water of hydration regardless of the amount of hydration. 

II. PASSIVE PROTON TRANSPORT 

A. Passive Transport via Carriers 

It has been established since Overton's research in 1907 [134] that 
weak acids in their neutral form (a proton in combination with an anion) 
readily penetrate living membranes. This finding is well illustrated by 
the work of Collander [32,33] and of Visscher [209]. Visscher and col
leagues used a large number of pH indicators and showed that weak acids 
are concentrated in alkaline pancreatic juice and weak bases in acid 
gastric juice. An overwhelming mass of evidence indicates that most of 
these indicators move passively through living membranes as neutral 
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molecules. The high concentrations of weak acids and the low con-
cencentrations of weak bases in pancreatic juice, and vice versa for 
gastric juice, are examples of the well-known trapping concept of Jacobs 
[103], According to this concept the permeability of membranes to the 
neutral form of molecules is in general very much greater than to their 
ionized form with the consequence that a weak acid may be " trapped " 
in a compartment as a result of a pH gradient. As an example, for a 
weak base having a pK of 7.4, with a pH of interstitial fluid equal to 7.4, 
the total concentration in gastric juice withapH of 1.0 could theoretically 
be over a million times that in the interstitial fluid. In other words, the 
cation form of a weak base or the anion form of a weak acid could be 
transported by the trapping mechanism against their respective electro
chemical potential gradients (Section III, A). The energy source for the 
transport would be obtained from the H + gradient between the two 
compartments. 

The trapping concept has been made use of in the studies of Shore et 
a l [184], Jacobson et a l [105], and Moody [127] for measurement of 
blood flow through the gastric mucosa and by Jacobs and Stewart 
[104] and Berliner [7] for the transport of ammonia across living tissues. 
Also the use of 5,5-dimethyl 2,4-oxazolidinedione (DMO) for the mea
surement of intracellular and intramitochondrial pH is based on the 
trapping theory [210]. Hogben et a l [96], Davenport [53], and Daven
port et al. [54] have shown that the rate of penetration of weak acids 
into the mucosal cells of the stomach from the lumen side is much 
greater when they are in their neutral form. 

The main point to be made in this section is that protons can readily 
diffuse across living membranes in association with anions as neutral 
moieties. It is therefore possible by this mechanism to have a high rate 
of proton transport across the membrane when the proton conductance 
of the membrane is vanishingly small. In the next section we discuss the 
problem of proton conductance of membranes. 

B. Proton Conductance of Biological Membranes 

The problem of proton conductance is of importance not only for 
tissues that produce definitive acid or alkaline secretions but also, as 
we shall see later, for an understanding of the recent theories of mem
brane functions. In the first part of this section we examine the evidence 
for proton conductance of membranes and in the following section, 
discuss the possible mechanisms responsible for proton conductance. 

The resistance of living membranes can be determined by applying 
current (/) and measuring the change in the transmembrane potential 
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difference (PD); the resistance equals the APD per unit current, and the 
conductance is the inverse of the resistance (dl/dV) [133]. With regard 
to the problem of the determination of the conductance of a given ion, 
attention is usually focused on its relative conductance, i.e., the conduc
tance as a fraction of the total conductance. 

The relative ionic conductance of living membranes has been deter
mined classically by measuring the effects of changing the external 
concentrations of a given ion (by substitution of an impermeant ion) 
on the PD across the membrane. A plot of the PD versus the log of the 
concentration of the ion is analyzed on the basis of an appropriate 
equation such as the Goldman equation [80] or an adaptation of it 
[91] and the relative ionic conductances assessed. 

Parenthetically it should be pointed out that there may be a sub
stantial net movement of a given ion across a membrane when its 
partial ionic conductance is zero. For example, in a given cell there may 
be a neutral N a + - K + exchange mechanism, and the relative N a + 

conductance of its limiting membranes may be essentially zero. 
If the membrane of a given tissue is permeable (in the net transport 

of charge sense) to an ion, then changing its concentration should change 
the PD provided the substituted ion is impermeant. If the change in 
concentration does not change the PD, then this indicates that the rela
tive conductance of the membrane to this ion is essentially zero. It is 
well known that increasing the K + concentration of the bathing fluid 
of axons [50], of striated muscle [90] of frog skin [203], and of gastric 
mucosa [82] produces a marked change in the transmembrane PD, 
indicating a high relative conductance to K + . In fact, it would appear 
that the total conductance of the membranes of many tissues could be 
accounted for on the assumption that the relative proton conductance 
is zero. It has been reported [81, 117] that changing the pH of the 
bathing fluid of striated muscle over a wide range did not result in any 
change in the resting membrane potential, indicating that the relative 
proton conductance of the muscle membrane is essentially zero. In our 
studies (see below) on the gastric mucosa the relative proton conduc
tance of the lumen-facing membrane (dog) and the submucosal-facing 
membrane (frog) appears to be very low. 

On the basis of the above-cited work it would be tempting to extra
polate and assume that the relative proton conductance of living tissues 
is essentially zero. However, Carter et a l [23,24] have suggested that the 
relative proton conductance of the limiting membrane of rat striated 
muscle is substantially greater than that of K + . In studies with glass 
microelectrodes they report (a) that the H + is in electrochemical equi
librium across the limiting muscle membrane and (b) that with 
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triple-barreled microelectrodes (a glass electrode, a reference electrode, 
and a current-sending electrode) changing the voltage across the 
muscle membrane by sending current (either inward or outward) re
sults in a change of H + concentration within the muscle fiber to a new 
electrochemical equilibrium in less than 1 minute. These findings indi
cate a very high relative ionic conductance of the muscle membrane to 
protons. The findings of Carter and colleagues are difficult to reconcile 
with other reports using glass microelectrodes and with those of Hodgkin 
and Horowicz [90] on the effect of changes in external ion concentration 
on the PD across the limiting membrane of striated muscle. This problem 
can be illustrated by analysis of the conceptual model shown in Fig. 1, 
where side A represents a small volume of fluid (comparable to the cell 
volume) containing 10" 1 M K + , 10" 3 MCI", and 10" 6 Μ H + , and side 
Β represents a large volume (comparable to the extracellular fluid) 
containing ΙΟ"2 Μ K + , 10" 2 Μ CI", and ΙΟ" 7 Μ H + . The concentra
tions are chosen for convenience of analysis. The membrane contains 
three types of selective channels, one each for K + , CI", and H + , and is 
completely impermeable to all other ions. It is assumed that PDBA = 
Ei — RJi for each channel, where Et is the emf for the ith ion calculated 
from the Nernst equation and Ri9 the resistance of the fth ion; it is 
assumed that the resistance is constant (independent of the current 
strength). On the basis of this latter assumption, and recalling that con-

A Membrane Β 
( 

10" 1 Μ κ +
 r ι £ κ > ΙΟ" 2 Μ 10" 1 Μ κ +
 r ΙΟ" 2 Μ 

10~3 Μ c r H | * Ι Ο " 2 Μ c r 10~3 Μ c r 

«ο 
Ι Ο " 2 Μ c r 

10~6 Μ H + Λ 
10" 7 Μ Η + 10~6 Μ H + 

9* 
H l , * 

Η 

10" 7 Μ Η + 

FIG. 1. Conceptual model to explain transient PD changes in response to step change in 
ion concentrations. Membrane permeable only to K + , Cl" , and H + via separate channels. 
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ductance is the inverse of resistance, it is easily shown that the PD 
across the membrane is given by 

PD^ = ffn Eh +9kEk+ gC\EC\ 
9h +9k +9ci 

(1) 

where PDBA is the PD across the membrane (positive when Β is positive 
to A); gH, gcu and gK are the H + , CI", and K + conductances of the 
membrane; and EH, Ecl, and EK are the Nernst potentials for the ions, 
i.e., Et =(RT/zF)ln (CA/CB), where Λ, Γ, z, and F have their usual 
meaning and C A and C B the concentrations of a given ion in the two 
compartments (z = +1 for K + and H + and —1 for CI"). 

With the initial conditions all emf's would equal 60 mV (assuming 
RT/zF = 60 mV), and PDBAl would equal 60 mV. To illustrate the principle 
let us assume that gH =20 gK and gK=gCi and examine the situation 
when the fluid in compartment Β is changed stepwise to a fluid contain
ing the same K + and CI" concentrations but with an H + concentration 
equal to 10" 6 M. This would result in a decrease of EH to zero but no 
change in EK and Ecl. On the basis of Eq. (1), we see that the PD 
would change stepwise to 5.5 mV as illustrated in Fig. 2A. Current would 
now flow so that K + would move from compartment A to compartment 
Β and H + and CI" from compartment Β to compartment A. Owing to 
the rectification properties of the K + channel [90], most of the outward 
current would be conducted by the CI". In a relatively short time, 

[ H+ ] 

0 

h60 

10 7 Μ 10 6 Μ 
- 2 — \ 

10 Μ 10 Μ 

0 π 

+ 60 

-  Time »Time 

— 2 - 3 
10 Μ 10 Μ 

0 η 

+ 60 
Time (expanded scale) 

— 2 - 3 
10 Μ 10 Μ 

+ 60 
Time (condensed scale) 

F I G . 2. Bars at top give concentrations of ions in compartment Β of model of Fig. 1. 
Predicted changes in PD (versus time) for concentration changes shown by bars. For 
details see text. 
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assuming no buffer in A, the H + concentration in compartment A would 
be increased to approximately 10" 5 Μ (pH 5) and electrochemical equi
librium reached with EH, EK9 and PDBA all essentially 60 mV. In the 
absence of buffer it would take a very small amount of H + transport 
from Β to A to change the concentration from 10" 6 to 10" 5 M, so that 
the change in the K + and Cl~ concentrations in compartment A would 
be very small. The K + and CI" would poise the system, and, if we were 
not watching for a transient change in PD, we might easily overlook it. 

A step change in compartment Β to a fluid with the same H + and CI" 
concentrations but with a K + concentration of 10" 1 Μ would result in an 
initial small step change in PD [APD = 2.7 mV from Eq. (1)] followed 
by an exponential-like change to a new level determined by the K + 

gradient as illustrated by the solid line in Fig. 2B. Again assuming no 
buffer in the system, the PD would relatively rapidly reach its new steady 
state; on a condensed time scale (dashed line of Fig. 2B) the response of 
the PD would appear almost like a step change. 

A step change in the Cl~ concentration in compartment Β in Fig. 1 
from 10" 2 Μ to ΙΟ" 3 Μ would result in a small step change in PDBA 

[(2.7 mV from Eq. (1)] followed by an exponential-like change in the PD 
to a temporary level shown in Fig. 2C (H + , CI", and K + would all 
move from compartment A to compartment Β of Fig. 1). On a con
densed time scale (Fig. 2D) the response of Fig. 2C would appear as a 
step change which would be followed (as the CI" concentration in A 
decreased to about 10" 4 M) by a gradual change in PD to approximately 
the original level as shown in Fig. 2D. This latter type response was that 
observed by Hodgkin and Horowicz [90] in frog striated muscle follow
ing a stepwise decrease of the CI" concentration in the bathing medium. 
As Hodgkin and Horowicz indicate, the high concentration of Κ + in the 
cell poises the system so that in the new steady state the K + concentration 
in compartment A of Fig. 1 would be changed by only a small amount. 

On the basis of the concept of Carter and colleagues, a situation similar 
to that for CI" might exist for H + , but, since the intracellular concentra
tion of H + is smaller, the transient response to changes in H + might be 
of much shorter duration and could be easily overlooked. The duration 
of the transient response to changes in the external ion concentrations 
would be a function of, among other factors, the amount of buffer 
present and also the thickness of the unstirred layers adjacent to the 
membrane. 

In rat striated muscle Carter and colleagues [19] found that sustained 
changes in the pH of blood resulted in a transient change in PD in the 
predicted direction (a transient increase in magnitude of the PD was 
found for an increase in pH of blood and a transient decrease for a 
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pH 7.42 7.14 7.12 

Serum[HC0;]27.3 32.3 31.0 
pC02 44 99 97 
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FIG. 3. Effect of hyperventilation induced by increased rate of mechanical respirator on 
potential difference (PD) of rat striated muscle membrane. Measurements of PD were made 
alternately with the same microelectrode on experimental and control rats lying side by 
side. pH, serum H C 0 3 " and pC02 measurements were made on arterial blood. Serum K + 

from femoral, arterial, and venous blood of leg on which PD was measured. Printed by 
permission from Campion et al. [19]. 

sustained decrease in the pH of blood, as illustrated in Fig. 3). However, 
these transient reponses lasted about 5 minutes. 

Using the data from Conway [37] for the buffer content of striated 
muscle and assuming that a reasonable fraction of the buffer content is 
readily available to the continuous phase of the muscle cytoplasm, one 
would predict on the basis of the high proton conductance hypothesis a 
duration of the transient response of the order of minutes as found by 
Carter and colleagues. The rate of movement of H + across the muscle 
membrane following a change in external ion concentrations would be a 
function of the Κ + , CI ~, and H + conductances but, with gH > # K = # c i > 

the rate of movement would be primarily a function of gK and gcl. 
Carter et al. [24a] realize that these findings are not compatible with 

the findings of Hodgkin and Horowicz. On the basis of the duration 
of the transient response resulting from changes in H + concentration 
one would predict that the changes in external K + (or for a change in 
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which the product of the K + and Cl" concentrations was held constant) 
would yield a response like that shown in Fig. 2B with the duration of 
the response about 5 minutes. In sharp contrast to this prediction 
Hodgkin and Horowicz [90] found transient responses with durations 
of only a few seconds. Furthermore Hodgkin and Horowicz estimated 
the individual conductances of K + and Cl~ and found that the sum of 
these conductances agreed reasonably well with the total conductance 
determined as dl/dV (from the data of Fatt and Katz [67]). On the basis 
of this latter agreement it is difficult to believe that the partial ionic 
conductance to any other ion would be many times the conductance 
of K + and Cl". 

Woodbury et al. [213,213a] in studies on the effect of changes of the 
pH of the fluid bathing in vitro frog muscles reported changes in PD 
in the direction predicted by the concept of Carter et al., but their 
analysis revealed that the ratio of proton to K + mobility was only 100 
(the ratio of the P's of the Goldman equation). The proton conductance 
would obviously be considerably smaller than the K + conductance when 
the respective concentrations were taken into account. On the basis of 
Woodbury's work it would appear that the proton conductance might 
be finite but considerably less than that of K + and Cl~. It should be 
mentioned that Hutter and Warner [100,101] reported for striated 
muscle that changes in external pH produced no change in PD or a 
change in the direction opposite to that predicted on the basis of a finite 
proton conductance. 

Stephens [191] has taken the concepts of Carter et al. and applied 
them to the problem of the spread of excitation in excitable tissues. 
According to Stephen's concept, one of the initial events in the process 
of the excitation of a previously resting region is the movement of H + 

outward which results in a significant increase in the H + concentration 
locally at the junction of the membrane and the external fluid; he assumes 
that this increase displaces C a 2 + from fixed negative sites followed, 
in turn, by a marked increase in the N a + conductance. 

On the basis of the findings presented above, one might be tempted to 
conclude that for striated muscle the high proton conductance hypothesis 
is untenable. However, in the author's opinion more work is needed 
before the hypothesis can be rigorously excluded. It is possible that a 
conceptual model might be devised with the necessary ad hoc postulates 
that can reconcile, to some extent at least, the two sets of conflicting 
data. The postulates would involve (a) the presence of unstirred layers 
adjacent to the limiting membrane of the muscle; (b) the effect of buffers 
on the thickness of the unstirred layers; and (c) the availability of buffer 
to the unstirred layers in the cytoplasm. 
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A problem associated with that of proton conductance is whether the 
proton is in electrochemical equilibrium across the muscle membrane. 
Conway and Fearon [40] first suggested that there was electrochemical 
equilibrium for the H + and, as mentioned above, this concept has been 
revived by Carter et a l [24]. Carter et a l report that the pH inside 
muscle is approximately 6.0, i.e., the pH expected for electrochemical 
equilibrium. It should be pointed out that Caldwell [16,17] and also 
Kostynk and Sorokina [116] using glass microelectrodes found the pH 
of muscle to be about 7.0. However, Carter and colleagues [22-24] 
argue that they did not obtain pH's consistent with electrochemical 
equilibrium until after making substantial improvements in their 
technique that included the use of very stringent requirements for the 
performance of their electrodes. 

Waddell and Butler [210] and Butler et a l [15], using the DMO 
method, have concluded that the pH inside muscle is closer to 7.0, 
thus confirming the work of Fenn [69] with the C 0 2 method. 

It is possible that both the findings of Butler et a l [15] and Carter 
et a l [23,24] are not incompatible. The glass microelectrode method 
would be expected to yield a measure of the pH of the continuous phase 
of the muscle cytoplasm while the DMO method would give an " aver
age pH." For the DMO method to measure the pH of the continuous 
phase, the postulate would have to be made that the pH of each muscle 
compartment is the same. Simple calculations show that, if there is a 
compartment that occupies about 10% of the volume of the muscle 
(Peachey [139] found that the sarcoplasmic reticulum was about 13% 
of the muscle volume) with a pH of about 8, then the continuous phase 
could have a pH of 6 and the " DMO pH " would be about 7. Pertinent 
to this problem would be studies on the pH of sarcoplasmic reticulum. 
I could not find any data on the pH of this compartment, but it is of 
interest to point out that there is evidence [1] showing that the pH in the 
mitochondrial matrix (inner aqueous compartment) during absorption 
of C a 2 + is about 1.5 pH units greater than that of the bathing medium. 
Since it is well known that the sarcoplasmic reticulum can transport 
C a 2 + [211], it would not be surprising to find a high pH in this structure. 

Obviously more work is needed in this area. It should be pointed out 
that the H + could be transported outward against its electrochemical 
gradient and the H + inside the muscle maintained at a lower concentra
tion than that demanded by electrochemical equilibrium by a neutral 
carrier exchange (see below) mechanism between N a + and H + . The N a + 

is maintained at low levels inside the cell by an active process, and the 
presence of a neutral carrier exchange between H + and N a + could 
account for the low H + concentration in the cell; the energy for the 
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transport of H + against its electrochemical potential gradient would 
be provided by the N a + gradient from the outside to the inside. 

Returning to the hypothesis of a high proton conductance of living 
membranes, it would be theoretically possible to test this hypothesis 
by applying a high H + concentration to a tissue. A high concentration 
of H + comparable to that of K + (or other appropriate ions) should 
result in a sustained change in PD, and K + could no longer poise the 
system. Most biological membranes would be irreversibly damaged 
by such procedures, and I doubt that many biologists would put much 
credence in such an experiment for tissues such as striated muscle. 

However, there is at least one tissue normally exposed to a high H + 

concentration and that is the gastric mucosa. If in the resting gastric 
mucosa the lumen-facing membrane had a much higher conductance to 
protons than to other ions, then changing the lumen fluid from an 
isotonic NaCl solution to an isotonic HC1 solution should produce a 
very marked and sustained rise in PD (the serosal side becoming much 
more positive). These experiments have been done [161] and a typical 
one is shown in Fig. 4. Apart from a transient change, there is not a large 
sustained increase in PD when the bathing fluid is changed from isotonic 
NaCl to isotonic HC1. It should be added that great care was taken to 
make sure that a readily renewable saturated KC1 junction made con
tact between the mucosal fluid and the nonpolarizable electrode on that 
side. The transient is predicted since a liquid junction pontential would 

0 . 1 6 Μ NaCl 0.16/tf HCI 0 . 1 6 N a C l 

8 0 

mV 

7 0 

6 0 

5 0 h 

40 I ι  i l I ι  ι 
0 10 20 30 40 Minutes 60 

FIG. 4. Effect on PD of resting dog stomach of changing fluid bathing mucosal surface 
with intact blood supply. Fluid changed from 0.16 Μ NaCl to 0.16 Μ HCI and back to 
0.16 Μ NaCl. Serosa is positive to mucosal side. Renewable saturated KC1 junction between 
electrode and fluid in contact with mucosa. Reprinted by permission from Rehm et al. [161]. 
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be established between the NaCl previously equilibrated with the mucous 
coat (which has the characteristics of a weak gel) and the fresh HC1 
solution. The time constant for diffusion across this coat to the outer 
gastric cells is about a minute, and we see that the PD reaches a steady 
state level in a few minutes [60]. These experiments indicate that the 
proton conductance of the lumen-facing membrane of the gastric mucosa 
in its resting state instead of being greater may actually be less than the 
N a + conductance. 

There is a substantial body of evidence (e.g. [94]) indicating that the 
CI" conductance of the mucosal membrane is greater than the sum of 
the other ionic conductances. For example, it was found that diluting a 
saline solution in contact with the resting mucosal surface of the dog's 
stomach results in an increase in the measured PD (the serosal side 
becomes more positive [163]). Davies and Ogston [58] obtained similar 
results in the in vitro frog stomach. It is apparent that for the mucosal 
cell surface of the resting dog stomach the order of conductances is 
9c\ > # N a > 9h · The data indicate that the proton conductance of 
this surface is low, and hence for a situation in which the high proton 
conductance hypothesis is put to a stringent test it is disproved (see 
Section III, D for a discussion of the problem in the secreting stomach). 

The mucosal surface of the stomach may be considered atypical since 
it has been evolved to withstand the onslaught of a highly acid solution. 
On the other hand, experiments have been performed on the membrane 
facing the submucosal side in the in vitro frog gastric mucosa and no 
evidence of a high proton conductance was found [152,178,187]. These 
experiments were designed primarily to determine the relative H C 0 3 " 
conductance of the membrane facing the submucosa. We changed the 
H C 0 3 " concentration from 25 to 5 mM and back again; we replaced 
HCO3" with SO4" (plus sucrose for the osmotic deficit). Experiments 
were performed in which the C 0 2 of the bathing medium was changed 
simultaneously with the change in the H C 0 3 " and in which there was 
no change in the C 0 2 tension with the consequent reduction of the pH 
of about 0.7 unit. Experiments were also performed in which only the 
C 0 2 tension was changed (95% 0 2 - 5 % C 0 2 to 99% 0 2 - l % C0 2 ) . 
Experiments were done with both chloride and sulfate bathing media 
(the sulfate bathing media is chloride free), and a typical experiment is 
shown in Fig. 5. There is a diffusion barrier between the bathing fluid 
and the mucosal cell layer that delays the change in ionic composition 
at the cell border. However, the time constant for diffusion of ions across 
this barrier is about a minute [186]. This is demonstrated in the ex
periment on the left side of Fig. 5 in which potassium was increased from 
4 to 20 mM (K + replacing Na + ) , and one can see that there was a rapid 



200 WARREN S. REHM 

FIG. 5. Effect of changing K + (left graph) and H C 0 3 ~ (right graph) concentrations in 
fluid bathing nutrient (submucosal) side in vitro frog gastric mucosa [178a]. 

and dramatic drop in PD. Forte and Davies [74] also reported no effect 
on the PD from changes in nutrient HC0 3 " . 

If there were a significant H C 0 3 " conductance of the nutrient mem
brane, there should be a rapid change in PD just as in the case of the 
potassium. Similar experiments in which CI" was replaced with S 0 4 " 
resulted in a rapid change in PD (the conductance of the nutrient mem
brane appears to equal the sum of the K + and CI" conductances; (see 
Harris and Edelman [82] and Spangler and Rehm [186]). These experi
ments, designed primarily to determine the relative HC0 3 ~ conductance 
of the nutrient membrane, also throw light on the OH" and H + con
ductance of this membrane. It is really not possible to change the H C 0 3 " 
concentration in the bathing fluid without simultaneously changing the 
H + and OH " gradients between cell and bathing fluid, assuming that the 
membranes are quite permeable to C 0 2 as such. For example, when the 
bathing medium is changed from 5% C0 2 -25 mM H C 0 3 " to 1% 
C0 2 -5 mM HC0 3 " , the pH of the bathing fluid would not change, but 
the cells have been previously equilibrated with 5 % C 0 2 and C 0 2 would 
rapidly diffuse out of the cells and in the cell interior the OH" concentra
tion would increase and the H + concentration would decrease, resulting 
in an increase in the H + gradient from bathing media to cell and an 
increase in the OH" gradient from cell to media. The direction of change 
in all three emf's (the H + , OH", and HC0 3 " ) would be the same, and, 
since there was essentially no change in the PD as a result of changes in 
the bathing media, it would appear that the sum of the relative con-
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ductances of H + , OH", and H C 0 3 " of the nutrient-facing membrane 
of the mucosal layer is essentially zero. However, on the basis of the 
considerations presented in Figs. 1 and 2, the possibility of high proton 
conductance cannot be rigorously excluded. But if there is a high proton 
conductance, the total transient response to a change in the pH of the 
bathing medium would have to be of a duration of no more than a few 
seconds since a change in pH of about 0.7 pH (25 mM H C 0 3 " , 5% 
C 0 2 to 5 mM HC0 3 ~, 5% C0 2 ) does not result in a change in PD 

In summary, it is not possible to reconcile easily the available data 
with the concept that the limiting membranes of striated muscle and 
gastric cells have a high relative proton conductance. 

C. Mechanisms for Proton Conductance 

On the basis of the usual criteria for determining the relative ionic 
conductance of a membrane to a given ion, there are essentially two 
types of mechanisms that could account for what would appear to be a 
finite relative conductance. These are (1) ionic conductance per se and 
(3) a carrier ionic conductance. The carrier mechanism could be either 
passive or active. Passive carrier proton conductance would be a mech
anism in which the current was carried by protons from the bathing media 
into and out of a membrane but in which the current through the 
membrane was not carried by a proton as such. A model illustrating this 
latter mechanism is shown in Fig. 6. This model differs from a forced 
carrier exchange, a passive carrier exchange, or the simultaneous trans
port of a proton and an anion by a single carrier in that these latter 
mechanisms are neutral and would have zero conductance unless special 
ad hoc postulates are made. In the model there is no change in the affinity 
between the carrier and the H + . It is shown in the following that thePZ) 
across this membrane under equilibrium conditions would be given by 
the Nernst equation. 

The PDoi would be given by 

[178]. 

PDoi E1+E2+E3 (2) 
where 

II 

(3) 

(4) 

(5) 
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FIG . 6. Model to illustrate passive carrier proton conductance of cellular limiting 
membrane. X~ is the carrier and after combining with H + moves as a neutral molecule 
from one side of membrane to the other side and moves as an ion in the opposite direction. 
Ει is the Nernst potential for H + between side I of membrane and outer aqueous solution, 
E2 for X " from side I to side II, and E3 for H + from inner aqueous solution to side II of 
membrane. 

and the nomenclature is easily understood from examination of Fig. 6. 
Substituting Eqs. (3), (4), and (5) into (1), we have 

rjJoi z / 7 m

[ H - ] o [ X - ] I I [ H + ] I I

 W 

At equilibrium, [XH],=[XH]„ and hence [Χ"]„[Η +]„ = [Χ"] Ι [Η + ] Ι 

so that 

In the model the charged carrier would carry the current across the 
membrane. The model could be modified to one in which the carrier 
was neutral, and the carrier ion complex was charged with the current 
being carried by the complex. 

Some of the work on thin lipid membranes is of interest in this con
nection. Finkelstein [70] found that weak-acid uncouplers of oxidative 
phosphorylation can increase the conductance of thin lipid membranes 
by several orders of magnitude, and in the high conductance state they 
appear to be selectively permeable to H + (or OH"), i.e., the PD across 
the membrane is given by the Nernst equation. However, Finkelstein 
presents evidence indicating that the primary charge carrier is neither 
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H + nor OH", but a negatively charged dimer formed between the un-
dissociated and dissociated forms of the weak acid; the dimer carries 
the current not only within the lipid membrane but also across the 
boundaries between the lipid and aqeuous solutions. This type of mech
anism could be designated apparent proton conductance. 

Andreoli and Troutman [3a] have found that for thin lipid mem
branes with the polyene antibiotic candicidin a tenfold K + gradient 
(ΙΟ" 3 Μ to 10" 4 M) and a simultaneous tenfold H + gradient in the 
opposite direction ( 1 0 " 3 M t o l 0 " 4 M ) across the membrane gives a PD 
of 58 mV with the orientation being determined by the H + gradient 
indicating that the apparent H + conductance is very much greater than 
that for K + . Since the concentration of candicidin in the bathing media 
is very small (<10" 6 Μ and identical in both aqueous phases), the most 
reasonable interpretation is that the conductance into and out of the 
membrane is by Η + but that the conductance across the membrane is by 
a complex between the H + and the candicidin. This would be an ex
ample of passive carrier proton conductance. The problem of active 
carrier proton conductance is taken up in Section III, D. 

D. Proton-Cation Exchange 

Examples of proton-cation exchange come from the work of Teorell 
[197] in studies on the gastric mucosa and from Conway [36] and Roth
stein [170] in studies on yeast, and from Pitts and Alexander [140] and 
Berliner [7] in studies on the kidney. Teorell found that when HC1 
solutions are placed in contact with the resting stomach H + disappear 
and are replaced by a cation. These findings have been repeatedly con
firmed [6,11]; N a + is the cation exchanged for H + . These findings are 
often quoted as a classic example of a proton-Na + exchange, but they 
can also be explained on the basis of Hollander's postulate of the secre
tion of sodium bicarbonate [98] and hence the actual mechanism may 
not be a proton-Na+ exchange. The HC0 3 ~ would combine with the 
H + to form C 0 2 which would diffuse away. However, the work of Cope 
et al [43] and of Code et al [31 ] in which it was shown that the unilateral 
flux of N a + from the lumen contents to the blood was appreciable when 
the lumen fluid was neutral but dropped to essentially zero when the 
lumen fluid was acidified is evidence in support of a carrier-mediated 
exchange between H + and N a + . 

The finding of a concurrent movement of H + and a cation in opposite 
directions does not mean that the process is dependent on a carrier-
mediated exchange. In many tissues the postulation of a proton-cation 
exchange via a single carrier (whether active or passive) is based more on 
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a bookkeeping procedure to ensure that electroneutrality is not violated 
than on substantive evidence. In other words, the finding of a movement 
of H + and cations in the opposite direction does not automatically 
provide us with an explanation of the mechanism. In subcellular 
organelles the PD across the subcellular membrane is not generally 
known with any certainty, and it is difficult to distinguish between 
passive and active processes. 

III. ACTIVE PROTON TRANSPORT 

A. Concept of Active Proton Transport 

The purpose of this section is to examine the mechanisms for active 
proton transport. Since most of the work in this field has been performed 
on the gastric mucosa, we confine our attention primarily to this tissue. 
We present in outline form essentially all of the mechanisms that have 
been proposed to account for HC1 secretion. This approach does not 
lack generality since all of the postulated mechanisms for active proton 
transport in other tissues and subcellular organelles have their counter
part in the gastric mucosa. Because of the restrictions of electroneutrality 
the problem of the transport of a given ion cannot be readily dissociated 
from that of the transport of the companion ion (or ions), and in the 
case of the stomach the problem is primarily that of HC1 transport. 
We consider first the problem of whether the CI" is actively transported 
by the gastric mucosa. 

Rosenberg [169] and Ussing [201] have defined active transport as 
the transport of an ion against its electrochemical gradient. Once it has 
been established that a given ion is actively transported, it is usually 
assumed that a metabolic machine must be present that performs os
motic work at the expense of cellular chemical energy. However, an 
ion may be actively transported as the result of the establishment of a 
gradient of another ion that has an affinity for the same carrier. If the 
latter possibility is ruled out, then it seems likely that a metabolic 
machine providing energy must be present for the uphill transport of 
the ion. It has been known for many years that CI" is transported 
against a concentration gradient from about 110 mM in interstitial 
fluid to about 170 mM in gastric juice [4]. It has also been established 
that the serosal side of the stomach is positive to the mucosal side by 
about 60 mv for the dog [143] and about 30 mv for the in vitro frog 
stomach [46]. Hence it is clear that the CI" is transported up a concen
tration gradient and against the force of the electric field. 
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As there is no evidence of the presence of another ion gradient that 
could furnish the energy for the uphill transport of the CI", it would 
seem necessary to postulate the existence of a metabolic machine for 
Cl~ transport. However, it is theoretically possible that water drag may 
be responsible for active ion transport. Ussing [202, 203] has examined the 
problem of the effect of water drag on ion transport and found that it 
could theoretically play a partial role in the active transport of N a + in 
the frog skin. In the case of the gastric mucosa there is excellent evi
dence supporting the osmotic gradient theory for H 2 0 transport [59,78, 
129,200], and it can be easily shown and is intuitively understandable 
that on the basis of this mechanism for H 2 0 transport the Cl~ uphill 
transport could not be accounted for by water drag [153a]. Therefore, 
there must be some force other than the forces of diffusion, the electric 
field, and water drag acting on the CI". The only conceivable forces 
can be classified as forces between molecules, and there must be some 
type of carrier-mediated mechanism. By carrier I mean some substance 
that has an affinity for the ion being transported; the particular mechan
ism by which the complex moves from one side of the membrane to 
another [137] is not germane to the problem of whether carrier transport 
is involved. It also follows that there must be a cyclic change in the 
affinity between the carrier and the substance transported, otherwise 
there could not be a directional transport. Analysis of studies of 
unilateral fluxes of Cl~ across the mucosa by Hogben [95], Heinz and 
Durbin [84], Villegas [206, 208], and Forte [72] has provided further sub
stantial evidence for CI" carrier transport. 

The main purpose of the above approach to the problem of ion trans
port is to find out whether it is necessary to postulate the presence of a 
machine furnishing metabolic energy for transport. It is clear that such 
is necessary for the CI". Most workers seem to believe that the preferred 
way to determine if an ion is actively transported is by the Ussing-
Zerahn [204] short circuit technique. The short circuit technique has the 
advantage of determining whether an ion is passively transported. It 
also may reveal that ions other than those being studied are actively 
transported, i.e., when the short circuit current does not equal the alge
braic sum of the net transport of the ions under consideration. The 
finding that a given ion is actively transported by the short circuit 
technique does not ensure that the transport mechanism is potent enough 
to transport the ion under normal conditions. For example, in the case 
of gastric CI" transport we wish to know if the active mechanism is 
potent enough to transport the ion up the normal concentration gradient 
and against the normal potential difference of about 60 mV. To be 
sure, it is possible by analysis of unilateral flux ratios to obtain an 
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estimate of the potency of the transport mechanism under short circuit 
conditions, but the surest way is to determine the direction of its 
movement under normal open circuit conditions. 

The problem of deciding whether or not there is active H + transport is 
a problem of definition. It is not strictly correct to conclude that there is 
active H + transport if we decide that the transport is not passive. Let 
us examine the possibility that the H + is passively transported from an 
interstitial fluid with a pH of 7.4 to the lumen fluid with a pH of 0.8. 
Then we would need a PD of about 400 mV to transport the H + , i.e., 
the H + equilibrium emf would be about 400 mV and in order to trans
port passively the H + the serosal side would have to be over 400 mV 
positive to the mucosal side. The PD across the stomach is about 60 mv 
or less, and microelectrode exploration has not revealed a potential 
difference much higher than this [21,205], so we may conclude that the 
H + is not passively transported. Therefore, we might postulate active 
transport, but H + production in the lumen may not arise from the 
transport of H + of the interstitial fluid. The source of H + may be the 
water in the lumen (Section HI, B). Regardless of the source of the H + , 
it is clear that H + is not passively transported and there must be some 
kind of metabolic machine present that leads to the end result of a high 
H + concentration (Section III, B). 

We next present in outline form the mechanisms that have been 
postulated to explain HC1 production. 

B. Postulated Mechanisms for H + Production 

The postulated mechanisms are shown in Fig. 7. The scheme labeled 
I is the idea put forward by Hogben [92-94]. According to this scheme, 
C 0 2 moves across the membrane into the lumen and there combines 
with H 2 0 to form H + and HC0 3 ~ and the HC0 3 ~ is then exchanged 
for CI" by means of an active exchange mechanism, the net result being 
formation of HC1. Brodsky and Schilb's [13] theory of acidification by 
the turtle's urinary bladder is similar to Hogben's theory. Both theories 
postulate active transport of HC0 3 ~ and the derivation of the H + from 
water in the lumen. 

The theory of Bull and Gray [14] is similar to the theory of Hogben, 
only these authors postulate an acid such as pyruvic in place of the C 0 2 . 
The acid diffuses into the lumen and the anion is replaced by Cl~ via an 
exchange mechanism. 

The scheme labeled II is a scheme proposed by Conway et a l [41] 
according to which isotonic potassium chloride is secreted and in which 
there is a forced exchange between K + and H + with the net result of 
HC1 production. Hirschowitz [89] has suggested a similar mechanism 
but with Na + as the cation. 
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Scheme III illustrates what is referred to as a unitary process. Accord
ing to the scheme, a carrier picks up a CI" and H + (or some precursor 
of H + ) from the cytoplasm and liberates H + and CI" into the lumen by 
a reaction on the luminal side of the membrane (there is no net transport 
of charge in the process). Schemes I and HI are neutral mechanisms and 
it is not mandatory for them to give rise to an emf; any PD arising from 
these mechanisms would be an indirect effect of the establishment of 
ion gradients. 

Schemes IV and V represent electrogenic mechanisms for H + pro
duction (Sections III, Β and III, F). In both of these latter schemes there 
is a net transport of charge at the site of the mechanisms. They would 
both possess emf's and the potency of the mechanisms would be pro
portional to the magnitudes of their emf's and inversely proportional 
to their resistances. According to Scheme IV, H + would be transported 
into the lumen, the source of H + would be hydrogen atoms donated by a 
hydrogen carrier from the cytoplasm, and a negative charge would be 
transported into the cytoplasm. Scheme V represents an electrogenic 
scheme suggested by Nielsen and Rosenberg [132] in which the H + are 
not transported outward but the OH" move from the lumen and the 
H + from the cytoplasm into the mechanism in the membrane. 

Obviously for an electrogenic H + scheme to function there must be 
parallel arrays of active CI" units in the membrane, and since there is a 
net transport of charge across the electrogenic H + units, there must be a 
net transport of charge across the CI" mechanism, i.e., the CI" mech
anism must also be electrogenic. An equivalent circuit for H + and CI" 
secretion is shown in Fig. 7 (Scheme VI). 

Because of the limitations of space, we will not examine the data 
pertinent to each of these postulated mechanisms. There are many 
obvious objections to a number of these schemes, and only the electro
genic concept has been vigorously exploited. Therefore in the next 
section we examine the main lines of evidence bearing on this latter 
concept (see Davies [55], and Heinz and Obrink [86], Forte [73] for a 
detailed analysis of the other schemes presented in Fig. 7). 

C. Evidence for Electrogenicity of the H + Mechanism 

1. CHLORIDE TRANSPORT IN RESTING MUCOSA 

In the resting stomach there is an active CI" mechanism tending to 
transport CI" from blood to lumen and also in some species an active 
N a + mechanism tending to transport N a + from lumen to blood 
[11,48,49,113,114]. Since the active CI" mechanism is present in the 
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FIG. 7. Models I through V represent postulated mechanisms to explain acidification. 
See text. Model V I is an equivalent circuit for electrogenic mechanisms for Η + and Cl~ 
secretion; Ix represents externally applied current, ICi is Cl" current and equals net Cl" 
transported in direction opposite to ICi ,and IH is H + current and equals net H + trans
ported in direction of IH. 

resting stomach, the simplest explanation would be that with the onset 
of secretion there is an activation of an Η + mechanism in limbs parallel 
to the Cl" mechanism. In the equivalent circuit in Fig. 7 (VI), EH 

would be zero (and RH infinite) in the resting state; the return circuit 
would include parallel pathways for the other ions (primarily N a + and 
K + ) . Obviously the actual geometry of the stomach is more complex, 
but for our purposes this simple equivalent circuit is used here. For 
simplicity of presentation we ignore the small amount of cations other 
than H + in gastric juice. 
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2. EFFECT OF EXTERNAL CURRENT ON H + RATE 

During secretion there would be electrical coupling between the CI" 
mechanism and the H + mechanism as illustrated in Fig. 7 (Scheme 
VI). Current would flow in the indicated direction, and the current flow 
in the CI" limb would be in the direction for the transport of CI" from 
blood to lumen and in the H + limb for the transport of H + into the 
lumen and for the transport of a negative charge (or its equivalent) 
into the cytoplasm. Application of an external current Ix in the direction 
of blood to lumen would obviously result in a decrease in the CI" 
current and an increase in the H + current, provided the parameters of 
the system are unchanged as a result of the external current. In other 
words, one would predict that current application from blood to lumen 
would result in an increase in H + secretory rate and a concurrent de
crease in the Cl~ secretory rate. 

Figure 8 shows an experiment on the dog's stomach in which current 
was sent in this direction, and it can be seen that during the period of 
current application there was an increase in H + rate and a decrease in CI" 
rate, and that following the cessation of current the rates returned rapidly 
to their original control value [148]. Current sent in the opposite direc
tion would be predicted to have opposite effects. However, interpretation 
of these experiments for the dog stomach is rather involved because 
current sent in the opposite direction results in a change in the param
eters of the system; following the cessation of current there is a marked 
and sustained depression of the secretory rate; the rate does not return 
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FIG. 8. Effect of applied current across flap of dog stomach with intact blood supply on 
H + and Cl~ secretory rates; 2.8 mA/cm 2 current sent for 20 minutes from serosa (blood 
side) to mucosa (lumen side). Reprinted by permission from Rehm [148]. 
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rapidly to the control levels as it does when current is sent in the 
direction of that in Fig. 8. 

Forte [73] has found for the frog stomach that current sent from the 
lumen to the serosal side decreases the H + rate (confirming Crane et al 
[47]) and also increases the CI" rate just as predicted on the basis of the 
circuit in Fig. 7 (Scheme VI). 

While the use of the Ussing-Zerahn [204] short circuit technique can
not be applied in a meaningful way to the dog mucosa with an intact 
blood flow [153] it is applicable to the in vitro stomach. It can be seen 
from the equivalent circuit of Fig. 7 (VI) that 

- / x = / c , - / H (8) 

The sign of Ix is negative because the direction of current flow for short 
circuiting is in the direction of lumen to serosa (blood side). Hogben 
[92,93] has found for the in vitro frog gastric mucosa that this equation 
holds to a good first approximation. 

On the basis of these experiments on the in vivo dog stomach and on 
the in vitro frog stomach, it is apparent that the H + rate and the CI" rate 
can be dissociated. This would be predicted on the basis of the theory 
that there are two separate arrays of electrogenic pumps, one array 
representing CI" units and the other parallel array representing H + 

units. It is of interest to note that for the experiments on the in vivo 
dog stomach, in which current was sent in the direction to increase the 
H + rate, the electrical energy capable of doing useful work is only a 
fraction of the minimum free energy necessary for the increased H + 

production [144]. In other words, the externally applied current must 
increase the rates of the biochemical reactions responsible for H + 

production. 
The effect of current flow on the H + and CI" rates would seem to 

constitute crucial evidence in favor of the author's theory of separate 
H + and CI" mechanisms [145,146]. However, another explanation for 
the effect of applied current on the H + and CI" secretory rates has been 
offered by Durbin [62]. He suggested that the increase in H + rate may 
be a result of the current conducting H + out of the lumen with a con
sequent reduction in H + concentration at the site of its production that, 
in turn, would increase the H + rate on the basis of the law of mass 
action. According to Durbin this could happen if there were a unitary 
process producing HCI, and hence the effect of current would not be 
crucial evidence for the electrogenic theory. 

While a complete analysis of the implication of Durbin's explanation 
is beyond the scope of this review, it should be pointed out that on the 
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basis of the osmotic theory of water transport it does not necessarily 
follow that, since the current would conduct H + away from the site of 
secretion, this would decrease the H + concentration at the site of the 
mechanism. According to the osmotic theory of water transport the 
osmolarity of the fluid in the lumina of the tubules is slightly greater 
than that of interstitial fluid [78,129,200] and for our present purposes 
can be considered constant. Now if a unitary process produced H Q and 
all the current passing via the tubular cells was carried by CI" moving 
from tubular lumen to the interstitial fluid (the lumen side has a much 
higher conductance to CI" than to other ions), then the concentration 
of Η + in the tubular lumina would remain essentially constant. Without 
appropriate ad hoc postulates concerning the partial ion conductance 
of the tubular cells Durbin's argument would not be valid. 

3. ABILITY OF INHERENT EMF's TO PRODUCE CURRENT 

On the basis of the electrogenic theory, the emf of the CI" mech
anism should be able to deliver enough electrical current to account 
for the observed rates of HC1 secretion. Rehm and Hokin [160] deter
mined the ability of the emf's of the resting dog mucosa to deliver 
current in an external circuit. The gist of the method used is shown in 
Fig. 9. Current from an external source was sent in the direction indi
cated in this figure and at intervals the circuit was interrupted for a 
fraction of a second and the open circuit PD measured. It was found 
that with currents of the order of 1 mA cm" 2 or less the open circuit PD 
remained relatively high under steady state conditions. However, when 
the externally applied current approached 5 mA cm" 2 , the steady state 
open circuit PD was reduced to low values. On the basis of these ex
periments it was concluded that the inherent emf's of the resting stomach 
could produce currents of the order of magnitude of those required, 
but under these conditions the PD across the stomach was definitely 
reduced from its resting value. Since that time it has been shown for the 
in vitro frog stomach [149] and also for the in vitro necturus stomach 
[130] that stimulating the stomach to secrete acid increases the potency 
of the CI" mechanism. 

There is no real problem as far as the in vitro frog stomach is con
cerned, since it has been repeatedly shown that the short circuit currents 
have values of the order of the H + rate [3,74,84,93,205]. We conclude 
that the inherent emf's can produce enough current to satisfy the re
quirements of the electrogenic concept. 
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FIG. 9. Upper and lower circuits are equivalent circuits for dog stomach. Β represents 
blood side (serosa) and L the lumen side (mucosa). Upper circuit assumes flow of current in 
locally completed circuit within stomach; lower circuit assumes no local flow of current. 
Current sent across stomach from L to Β in direction that inherent emf tends to deliver 
current. Circuit broken for about 1 second and open circuit PD measured at intervals during 
current sending periods. 

4. RESISTANCE AND H + SECRETION 

The theory of separate H + and CI" electrogenic mechanisms de
mands a low electrical resistance of the mucosa. This may be illustrated 
by the use of the circuit in Fig. 7 (Scheme VI). If the resistance of RH 

+ Rcl were very high, then the sum of EH + Ecl would have to be very 
high since they would have to be of sufficient magnitude to drive the 
current around the loop. If the sum of Eu and Ecx had to be of the order 
of volts, this would effectively rule out the separate mechanism theory 
from further consideration. The resistance across the mucosa is easily 
measured, and the question arises as to the relationship between this 
resistance and the sum of Rcx and RH. It is easily shown that Rcl + RH 

^ 4i? B L . For example, if Rcl and RH both equal 200 ohms, then RBL 

would equal 100 ohms and Rcl + RH would equal 400 ohms. When 
Rcl ΦRn, then i? c l + RH >4RBL. On the basis of present knowledge 
all we can do is determine the voltage needed for a given H + rate on the 
assumption that RH is approximately equal to i ? c l . For example, the 
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highest H + rate we have observed in the in vitro frog mucosa was 10.5 
//eq hr" 1 cm" 2 (experiment not included in Fig. 10) and the resistance 
was 55 ohms for 1 cm2. The secretory rate converted to current is 0.28 
mA (0.0268 mA 1 = χ 10" 6 eq hr" 1 ) . From Ohm's law we have 

EH + Ecl = (Ra + RH)I (9) 
On the assumption that Rcl = RH the resistance of Rcl + RH would equal 
220 ohms (4 χ 55ohms) for 1 cm2 and, with 7 = 0.28 mA, EH+Ecl 

would equal 62 mV, a reasonable value. 
In the case of the dog's stomach we are faced with a dilemma. The 

resistance of the secreting mucosa of the dog is about 90 ohms for 1 cm 2 

and slightly higher for the resting mucosa [158]. Now the mucosa of the 
dead stomach has a resistance not significantly different from that of the 
secreting mucosa. This and other evidence support the conclusion that 
the resistance of the mucosal cell layer is very low compared to the total 
resistance of about 90 ohms for 1 cm2. It would seem that the resistance 
of the dog mucosa is primarily due to the resistance of the interstitial 
and luminal fluids. There is a paucity of interstitial fluid in the tubular 
region of the mucosa, and the diameter of the tubular lumina is about 
7/i [20]. Although we do not have precise values for the resistance 
across the cell layer, the evidence indicates that it is very low and is 
therefore compatible with the separate site theory. 

In the case of the frog mucosa, evidence supports the conclusion 
[133,152,199] that about 20 ohms for 1 cm2 represents the resistance of 
interstitial and luminal fluids and that most of the resistance is ac
counted for by the mucosal cell layer. The H + rate of the frog mucosa 
is about two orders of magnitude less than that of the dog mucosa with 
an intact blood supply. 

The relationship for the frog mucosa between H + rate and resistance 
is shown in Fig. 10. Each point represents the maximum H + rate for a 
single mucosa. Analysis of these data, as in the foregoing example where 
EH + Ecl = 62 mV, reveals that in this group of mucosa with moderate 
to high H + rates the maximum calculated value of Ecl+EH is about 
100 mV. There is no reason to doubt that the sum of these postulated 
emf's could easily be over 100 mV, and therefore we may conclude that 
the electrical resistance is low enough to be compatible with the separate 
mechanism theory. We are aware that, if RH^RCU then larger values 
of EH + ECi would be demanded but it has been shown [149] that there 
would have to be a marked disparity in the resistances before an im
moderate value for EH +Ecl would be required. 

There has been considerable controversy concerning the measurement 
of resistance in the gastric mucosa [112], and we do not attempt to delve 



2 1 4 WARREN S. REHM 

«0.0 

8.0 

6.0 

4.0 

2 .0k 

• Rana pipiens 
x Rana catesbiana 
ο Rana esculenta 

Cl~ Nutrients 

χ · > · 

• 1 · 
χ ·  0 ··· 

100 200 300 4 0 0 

Ohms cm2 

500 6 0 0 

FIG. 10. The relationship between the H + secretory rate and transmucosal resistance of 
in vitro frog gastric mucosa. Each dot represents maximal H + rate for a given mucosa. 
Reprinted by permission from Rehm [195]. 

into this area in this review (see Noyes and Rehm [133] for one opinion 
on the controversy and references to the papers presenting the opposing 
opinions). 

5. H + SECRETION IN ABSENCE OF CI 

Heinz and Durbin [85] found that when C I " in the bathing media 
was completely replaced with sulfate the H + rate decreased but did not 
go to zero; there was still an easily measurable rate. They found that the 
short circuit current was approximately equal to the H + rate under these 
conditions. These findings were confirmed by Rehm et al. [156]. Forte 
and Davies [74] obtained similar results when C I " was replaced with 
isethionate. Figure 11 shows the effect of replacing C I " media with sul
fate media. The PD inverts (the nutrient side becomes negative), the 
H + rate decreases by about 7 0 % , and the resistance increases markedly. 
The inversion of the PD is evidence for the presence of an electrogenic 
H + pump. However, the presence of an inverted PD in itself is not 
rigorous evidence for electrogenicity, since one could postulate a neutral 
mechanism comparable to the model Ussing and Zerahn [204] used 
to explain active transport of Na + across the frog skin. However, if an 
electrogenic H + pump is present and the flow of current in the return 
circuit within the mucosa does not result in the creation of substantial 
ion gradients resulting in appreciable back emf's, then the electrogenic 
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F I G . 11. Effect on in vitro frog gastric mucosa of changing bathing media from CI" to 
CI "-free media. In CI "-free media, SO 2 ." replaced Cl~ and sucrose made up the osmotic 
deficit. The PD, H + rate, and electrical resistance are plotted against time. At time indi
cated, the mucosa was washed with fresh SO 2 ." solution. It can be seen that the H + rate, 
decreases to about 20% of its value in CI" media. In CI" media the serosal side is positive, 
and in SO 2 ." media PD inverts and the serosa becomes negative. Reprinted by permission 
from Rehm [151]. 

hypothesis could be subjected to a crucial test; the PD under sulfate 
conditions would be a direct function of the emf of the electrogenic 
H + mechanism, and inhibition of the H + rate must then result in a 
concurrent decrease in PD. 

Rehm and LeFevre [162] found a precise linear relationship between 
the PD and the H + rate following 2,4-dinitrophenol (DNP) inhibition. 
The findings were confirmed by Schwartz and MacKrell [182] using the 
volatile anesthetic methoxyflurane (Penthrane). Figure 12 shows the 
relationship between the PD and H + rate calculated in microamperes 
(26.8 μΑ = 10" 6 eq hr" 1 ) during inhibition with methoxyflurane. This 
relationship will be analyzed on the basis of the simple equivalent 
circuit shown in Fig. 12 (a more realistic circuit was used originally by 
Rehm and LeFevre [162]). This circuit is similar to that used in the 
previous analysis of the electrogenic concept [Fig. 7 (Scheme VI)] 
except that the CI" limb is replaced with a limb labeled Rx and Ex 

that represents the movement of all the ions that transport the current 
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FIG. 12. Effect of methoxyflurane on a single in vitro frog gastric mucosa. Each point 
represents single measurements on H + rate and PD. Equivalent circuit used for analysis 
of linear relationship between PD and H + rate. Reprinted by permission, from Schwartz 
and MacKrell [182]. 

in the return circuit, and hence Ix must equal IH. The return circuit 
includes movements of Na + and K + from lumen to the cell and/or 
anions (SOJ") from the cell to the lumen, but the details of the return 
circuit are not germane to our argument. In the circuit, the PD is given 
by 

PDBL=EX-RXIH (10) 
and also by 

PDBL = -EH+RHIH (11) 
Now if the inhibitor has no effect on the Rx limb (Ex and Rx remain 
constant) but only on the RH limb (EH and/or i?H) then on the basis of 
Eq. (10) the PD must vary linearly with the H + rate (7H) and the slope 
should be negative (as found experimentally). If the inhibitor changed 
both the RH limb and the Rx limbs, then we would not expect a straight 
line. With CI" media there is not a linear relationship between the PD 
and the H + rate [162], and on the basis of the electrogenic theory we 
would conclude that the parameters of both the RH and Rcl limbs are 
changed. The electrogenic concept provides a simple and clear explana
tion for the precise linear relationship between two complex physiological 
characteristics. We should add that the lack of a linear relationship be
tween the PD and the rate of ion transport obviously does not rule out 
electrogenicity. 

mV 

0 
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Further analysis of this linearity enables one to obtain an estimate of 
the magnitude of the emf of the H + mechanism. On the basis of the 
simple circuit of Fig. 12, the magnitude of Rx is obtained (slope = — Rx) 
and, from the total resistance RT which was measured, RH is easily 
calculated [RH =RXRT/(RX-RT)]. With i? H , 7H> and PD known, we 
can easily calculate the emf of the H + mechanism from Eq. (11) at any 
point along the linear relationship and hence before the addition of the 
inhibitor. Calculations reveal that the emf of the electrogenic H + mech
anism before the addition of inhibitor usually ranges from 40 to 50 
mV under CI"-free conditions. It is of interest to note that the inhibitors 
produced a marked decrease in EH and a marked increase in RH. The 
measured resistance across the gastric mucosa is also markedly increased 
by both DNP and methoxyflurane. The linearity of the above relation
ship under CI "-free conditions has also been confirmed by Sachs et al 
[174]. 

By means of a totally different method (voltage clamping) it has been 
shown that EH in sulfate media also ranges from 40 to 50 mV, while in 
CI" media it is usually over 100 mV [177]. However, this method in
volves increasing the voltage (serosal side made more and more negative) 
across the tissue until the H + secretion is reduced to essentially zero. 
By this method the magnitude of EH may be overestimated (Section III, 
D). 

6. SUMMARY OF EVIDENCE FOR ELECTROGENICITY 

The following is a summary of the evidence presented above for the 
electrogenicity of the Cl~ and H + mechanisms: (1) the Cl~ and H + 

mechanisms can be dissociated from one another. (2) The application 
of current from blood to lumen increases the H + rate and decreases 
the CI" rate. (3) The application of current in the direction of mucosa to 
blood decreases the H + rate and in the frog mucosa increases the CI" 
rate. (4) At moderate to high H + rates the H + rate for the frog mucosa 
varies inversely with the resistance. (5) The resistance is low enough to 
be compatible with the electrogenic concept. (6) H + secretion in the 
frog mucosa is maintained in the absence of CI" in the bathing media. 
(7) In sulfate media following the application of inhibitors there is a 
precise linear relationship between the PD and the H + rate. 

It is possible to offer explanations for the findings of the effect of 
current on the basis of neutral mechanisms plus the appropriate ad hoc 
postulates, but the precise linear relationship between the PD and the 
H + rate under sulfate conditions constitutes substantial proof that the 
H + mechanism is electrogenic under these conditions. The evidence 
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in the literature for electrogenicity of the transport of ions such as 
Na + , K + , and Ca 2 + is in general based on the difficulties of explaining 
the origin of the PD on the basis of a particular neutral mechanism 
rather than on positive evidence such as the evidence above for the 
electrogenicity of the H + mechanism. 

Even though we conclude that the H + mechanism in the absence of 
CI" is electrogenic, it does not necessarily follow that the H + mechanism 
is electrogenic in the presence of Cl~. If the H + and CI" mechanisms 
were both electrogenic but biochemically independent (see below), 
then the reason for the lower H + rate in the absence of CI" would be 
the decreased PD (the PD you recall in SO2." is inverted) between the 
cell and the lumen. On this basis the H + rate in the absence of CI" 
should be restored to normal by clamping the voltage at the level in 
CI" media. Actually clamping the voltage across the mucosa at the nor
mal level results in an increase in H + rate but not to the level with CI" 
[156]. One can argue that it is not the PD across the entire tissue that is 
important but the PD across the lumen membrane, so that this latter 
PD could be less in sulfate with the voltage clamped across the entire 
tissue at, say, 30 mV (serosa positive) than in a normal tissue with a 
spontaneous PD of 30 mV. However, clamping the voltage at increasing 
levels (serosa more and more positive) until there was no further in
crease in the H + rate resulted in a substantial increase in H + rate but 
clearly did not restore the rate to normal even when compared to the 
rate on the same mucosa in CI" following the above procedure. There 
appears to be some kind of interaction between the CI" and H + mech
anism other than electrical coupling and other than dependence on a 
common energy source. We suggested on the basis of the preceding 
observations and also on the basis of other experiments [149,156] that 
there may be biochemical coupling between the pumps, e.g., some pro
duct of the biochemical reactions at one pump may serve as a reactant 
at the other pump and vice versa. 

One has to consider the possibility that a pump system may be 
partially electrogenic and partially neutral (see discussion between 
Snell and author [150]). However, with biochemical interaction between 
the H + and CI" pumps via the cytoplasm, they still could be both 100% 
electrogenic. There is a clear conceptual difference between electro
genic pumps with cytoplasmic biochemical coupling and unitary (neutral) 
mechanisms, but the difficulty comes when one attempts to distinguish 
between them experimentally. 

In the next section we present an electrogenic model for H + transport 
based on the concept of Fig. 7 (Scheme IV). This model in one form has 
been the theoretical basis for a substantial amount of experimentation 



6. PROTON TRANSPORT 219 

and controversy. In subsequent sections we discuss the evidence for 
the participation of ATP in H + secretion and then present a model for 
H + secretion obtained from studies on mitochondria and chloroplasts. 

D. Model to Explain Electrogenicity of the H + Mechanism 

The history of the mechanism depicted in Fig. 13A is rather compli
cated and each group of investigators gives a slightly different to markedly 
different version of it; one version is given by Rehm and Dennis [157]. 

8 H * cr 
2 H + LUMEN A J 

F H 2 ^ F 

Ze- METAL 

2 C 3 + 1 

<0 

FIG. 13 . A . Model for electrogenic H + mechanism. B . Equivalent circuit for H + 

mechanism in parallel with electrogenic CI". C. Elements of the model presented in A 
arranged in a conventional manner to illustrate the point that the postulated mechanism 
constitutes an electric battery. 

Five groups of workers within a few years came out with what appears 
from a biochemical viewpoint to be essentially the same concept for 
the HCI secretion. This period came after it was established that one 
could increase or decrease the H + rate by sending current in the ap
propriate direction across the dog stomach [144]; this was confirmed 
by Davies and his colleagues in the frog stomach [47]. We used as a 
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working hypothesis a concept obtained from Lund [118,119] of oxida
tion of hydrogen atoms in the membrane with the liberation of H + into 
the lumen and the transport of electrons back to some electron acceptor 
in the cytoplasm (See also [12,120,121,192,193]). Such a mechanism 
would result in a positivity of the lumen side but the older reports on 
the orientation of the PD [122,142,179,196] indicated that the lumen 
side was negative in both the resting and secretory states and we con
firmed this finding [143]. It was clear that Cl" was transported against 
both a chemical and an electrical gradient, and the model in Fig. 13A 
itself could not account for the orientation of the PD. Four groups of 
workers [39,44,138,166,167] proposed very similar schemes, and in all 
their schemes they assumed that Cl" was passively transported; they had 
not realized the implications of a transmucosal PD of about 60 mV. The 
scheme depicted in Fig. 13A is usually referred to in the biochemical 
literature as Conway's redox scheme [34,35], but the other schemes are 
quite similar except that in our scheme we had a separate parallel limb 
for the active transport of Cl~ [145,146]. We hope that by this time it is 
clear that the Cl" is actively transported. There is still considerable 
confusion in the literature, especially among biochemists, concerning 
the physicochemical implications of this model. We hope the following 
will help clarify the situation. 

The scheme depicted in Fig. 13A constitutes an electric battery made 
up of two half-cells. The reactions of the half-cells being 

iFH 2 ; ±F' + H + + e~ (12) 
and 

C 2 + τ C 3 +
 +e~ (13) 

The total reaction is 
i F H 2 + C 3 + ; i F + H + + C 2 + (14) 

where F' is a hydrogen carrier and C an electron acceptor. 
The model in Fig. 13C depicts more clearly the basic principles of the 

scheme and is based on well-established physicochemical principles. 
The free energy AG of the reaction in Eq. (14) would be given by the 
well-known equation 

-AG = RT In AT — RT In ̂ ^"^j1 (15) 
where Κ is the equilibrium constant and the brackets represent activities. 
Since all of the free energy would be available as electrical energy, i.e., 

—AG = zFEH (16) 
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it follows that EH would be given by (after changing the sign of the 
second term) 

RT RT [FH 2 ]" 2 [C 3 + ] 
EH-—\nK + — In [ F ] 1 / 2 [ H + ] [ C 2 + ] (17) 

The orientation of EH is that shown in Fig. 13B, i.e., the positive pole 
of the battery is toward the lumen. It can be seen that the greater the 
concentration of the reactants and the smaller the concentration of the 
products the greater the magnitude of EH. Collecting all the terms except 
H + in Eq. (17), we have 

RT 1 

E»= E'  +  7 F["W)  <18) 

where 

£ . = ^ i n . ^ F H ^ 1 / 2 [ c 3 + i 
z F - [ F ] 1 / 2 [ C 2 + ] (19) 

For purposes of illustration let us assume that the concentration of all 
reactants and products remains constant except for H + , i.e., E* is 
constant. We see that EH decreases with increasing H + concentration. 
Let us assume that EH equals zero when H + equals 10" 1 , 5 M\ then E* 
will equal —90 mV and the values for EH for various H + concentrations 
were calculated and are as given in Table I. We will further assume that, 

TABLE ι 

CALCULATED VALUES FROM EQ. ( 1 8 ) OF Eh AS A FUNCTION OF H + 

CONCENTRATION WITH E* = — 9 0 mV 

[H + ](moles/liter) ΙΟ" 7 ΙΟ" 5 ΙΟ" 2 Ι Ο " 1 · 5 1 0 " 0 · 8 

£Ή(πιν) 3 3 0 2 1 0 3 0 0 - 4 2 

in the equivalent circuit in Fig. 13B, Ecl = 70 mV for the chloride pump. 
As current flows, H + and CI" will move into the lumen, and as the H + 

concentration increases the magnitude of EH will decrease and reach 
zero at pH 1 .5 (10" 1 , 5 MH + ) . Current will continue to flow, and as the 
H + concentration increases the orientation of EH will change and reach 
a value of about —40 mV (serosa side of pump positive) at pH 0.8. 
At this latter pH the fluid in the lumen will be come slighly hypertonic 
and result in the movement of water from interstitial fluid to lumen 
(at moderate to high H + rates gastric juice is slightly hypertonic to 
plasma [154]) so that the H + concentration will not increase beyond this. 
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The driving force for current around the loop linking the Cl~ and H + 

mechanisms will now be about 30 mV, i.e., Ecl — EH (70 mV — 40 mV). 
In Section III, C, 4 it was pointed out that the sum EH + Ecl for the 

frog mucosa was in the neighborhood of 100 mV. In that analysis it was 
implicitly assumed that the resistance across the luminal membrane 
was equal to the total resistance. Other evidence [133,135] indicates that 
the resistance of the luminal membrane is only a fraction of the total 
resistance, so that the value of 100 mV may be an upper limit. It is pos
sible that 30 mV may be an adequate driving force provided RH and 
Rcl of Fig. 13B are low enough. 

In the above analyses it was assumed for purposes of illustration that 
all of the reactants and products remained constant during a change in 
luminal H + concentration. If such a mechanism were present there 
would undoubtedly be feedback mechanisms governing the relationship 
between EH and the luminal H + concentration. 

A picture of the relationship between EH of the model and the H + 

concentration in the tubular lumina is pertinent to the problem of pro
ton conductance of the secretory mucosa which is considered in the 
next section. 

1. PROTON CONDUCTANCE OF SECRETING MUCOSA 

In the case of the in vitro frog mucosa the H + rate is quite small 
compared to that in the in vivo dog mucosa, and calculations reveal [155] 
that, when the frog mucosa is bathed with saline, the maximum H + con
centration in the tubular lumina is around 10 mM (pH = 2). Now, if the 
lumen fluid is changed to 0.1 Μ HC1, we would expect on the basis of 
Eq. (18) a substantial increase inPD (serosal side becoming more positive 
due to the effect on the magnitude of EH. 

Harris and Edelman [82] found that a change in luminal fluid of the 
frog mucosa from saline to 0.1 Μ HC1 resulted in a substantial increase 
in the positivity of the serosal side and interpreted this as a large passive 
proton conductance of the luminal membrane. We saw that the in
crease in PD due to the 0.1 Μ HC1 on the basis of the electrogenic 
concept could be due to a change in EH. This latter possibility would 
have to be eliminated before the increase in PD could be ascribed to a 
passive proton conductance. 

The increase in PD with 0.1 Μ HC1 could be due in part to the 
elimination of a liquid junction potential between the fluid in the 
tubular lumina and the mucosal bathing fluid. On the assumption that 
the H + concentration in the tubular lumina is about 10 mM the liquid 
junction potential would be about 3 mV [97]. However, if our calcula-
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tions for the H + concentration in the tubular lumina are in error, and if 
the H + concentration in the lumina is substantially higher, then the 
liquid junction potential would be higher and its elimination would 
result in an increase in PD comparable to that found by Harris and 
Edelman [82]. It has been shown for the secreting dog mucosa that the 
change in PD due to changing the mucosal fluid from 0.16 Μ NaCl to 
0.16 Μ HC1 is due to the elimination of the liquid junction potential 
between the gastric juice and the saline bathing fluid [161]. 

In the dog stomach the H + rate is easily measured when secretion is 
initiated with 0.16 Μ HC1 as the mucosal bathing fluid. If the passive 
proton conductance or passive carrier proton conductance of the 
mucosal membrane markedly increased with the establishment of secre
tion, then with 0.16 Μ HC1 as the mucosal fluid the serosal side would 
be expected to become much more positive. It does not [147]; there is 
only a small transient increase of about 5 mV. On the basis of the fore
going there is no substantial evidence supporting the concept of a high 
passive proton conductance in the secreting stomach. 

With respect to the problem of proton conductance, the scheme in 
Fig. 13A could be interpreted to mean a negligible proton conductance 
across the membrane. The protons could be formed by a reaction at the 
outer border of the membrane and conduct current from the membrane 
to the fluid in the lumen; hence protons would not move across the 
membrane as such. 

2. THE STOICHIOMETRIC EFFICIENCY 

There are two problems that arise in a discussion of the efficiency of 
this postulated H + mechanism. One is concerned with the actual 
thermodynamic efficiency and the other with the so-called stoichio
metric efficiency. With respect to the thermodynamic efficiency it is 
obvious that the free energy of the reaction providing the H + must be 
great enough so H + can be produced at a pH of gastric juice. 

With respect to the problem of stoichiometric efficiency there has 
been considerable controversy. If one adds up all the events for the 
metabolism of glucose to the point where hydrogen atoms are donated 
to the electron transport system, the overall reaction would be 

C 6 H 1 2 0 6 + 6H 2 0 • 6C0 2 + 24H (20) 

The consequence of this, first pointed out independently by Robertson 
and Wilkins [167] and Crane and Davies [44,45,47], is that the maximum 
number of H + per 0 2 is 4. Most of the investigators, including Daven
port [52], Conway [38], Robertson [165], Teorell [198], Bannister [5], 
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Alonso and Harris [2], Sachs et al. [171], and Moody [128], interpret 
the data to mean that the stoichiometric efficiency is less than 4 H + / 0 2 . 
In contrast, Crane and Davies [45] and Forte and Davies [74,75] 
interpret their data to mean that the stoichiometric efficiency may be 
substantially greater than 4. If the latter be the case, then the mechanism 
depicted in Fig. 13A cannot have as the initial event the irreversible 
donation of hydrogen atoms from substrate to the H + mechanism and 
as its terminal event the irreversible donation of electrons to 0 2 . There 
must be another source of energy as well as another source of hydrogen 
atoms. The flow of hydrogen atoms to the H + mechanism and/or the 
flow of electrons from the mechanism to 0 2 must provide additional 
energy that can be used for additional H + production. 

Davies and Ogston [58] postulated a mechanism in which high energy 
phosphate provides the energy for H + production and in which the H + 

come from water in the cytoplasm. They even suggested the possibility 
that the system could run backwards and that an H + gradient of suffi
cient magnitude could result in the synthesis of ATP. The mechanism in 
Fig. 13A is still, from the author's viewpoint, a viable hypothesis for 
gastric H + production. The data of Moody [128] on the dog stomach 
with an intact blood supply show a four- to fivefold increase in 0 2 

consumption with the establishment of secretion, and the average ratio 
of H + / 0 2 is 2.7. In the case of Moody's experiments it makes little 
difference whether the whole 0 2 consumption or the change in 0 2 con
sumption is used to calculate the H + / 0 2 ratio. This is in sharp contrast 
to studies on the in vitro frog mucosa, where the percentage increase in 
0 2 consumption is much less and calculation of the ratio is dependent on 
the assumptions made with respect to the amount of resting 0 2 consump
tion diverted to the secretory process. 

3. AN ATTEMPT TO IDENTIFY THE COMPONENTS IN THE SCHEME IN 
FIG. 13A 

The scheme depicted in Fig. 13A has been in the literature for some 
time, and very few attempts have been made to identify the components 
of the scheme with particular members of the electron transport system. 
Conrad and Davies [57] suggested that H + could be formed at a high 
enough concentration by a reaction between ubiquinone 50 and ferric 
ion. We have used for a working hypothesis [111,111a] a tentative 
identification based on accepted findings plus several postulates. The 
findings and postulates are presented in the following. 
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The findings are: 
(a) Microsomes contain NAD : cytochrome c oxidoreductase [194]. 

NADH can donate hydrogen atoms to microsomes in contrast to its 
inability usually to do this to mitochondria where a shuttle mechanism 
is usually needed [214]. 

(b) Cytochrome c can act as an electron acceptor from the micro
somes [141]. 

(c) Cytochrome b 5 is present in microsomes. 
(d) The oxidation-reduction potential of NADH/NAD + is about 

- 3 2 0 mV, of b 5 about + 2 0 mV, and of c about + 2 6 0 mV [30,42]. 
(e) Cytochrome c can donate electrons to mitochondria [131]. 

The postulates are 
(a) The flavoprotein portion of the NADH cytochrome c oxido

reductase has a redox potential close to that of NAD, so that the redox 
potential span between the flavoprotein and b 5 is of sufficient magnitude. 
There is evidence for several flavoproteins, one having a redox potential 
near that of NAD and others near that of cytochrome b [29]. 

(b) Some of the cytochrome c is in the cytoplasm [111]. Schneider 
[181] reported that all of the cytochromes a, b, and cx are in the mito
chondria, but that some c is in the cytoplasm. 

(c) The NAD : cytochrome c oxidoreductase is so oriented that H + 

are liberated into the lumen and electrons to the acceptor in the cyto
plasm. 

(d) The microsomes either are the site of the H + mechanism or are 
the precursors of the membranes that are the site of the mechanism 
[87,102,183,207]. 

On the basis of the above for the scheme in Fig. 13A, F' is a flavo
protein (or some component of it), Β is b 5 , D is NAD, and C is cyto
chrome c in the cytoplasm. The NAD shuttle mechanisms would enable 
essentially all of the hydrogen atoms of metabolism to be funneled to 
the NAD of the cytoplasm. An obvious objection to this scheme is that 
ATP is not used as the source of energy. In the next section we examine 
the evidence for the participation of ATP in H + secretion. 

E. Role of ATP in Gastric H + Secretion 

1. EFFECT OF ADDITION OF ATP το MEDIA 

In other tissues it has been possible to inhibit active ion transport and 
demonstrate that ATP can then reverse the inhibition. For example, 
Caldwell et al. [18] found that after inhibiting N a + extrusion in squid 
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axons with DNP the intracellular injection of ATP reversed the in
hibition. It has been shown in the case of red blood cell ghosts that the 
presence of ATP inside the ghosts is necessary for active N a + extrusion, 
while ATP on the outside is ineffective [79]. Comparable experiments 
have so far not been feasible for the gastric mucosa. Attempts have been 
made to reverse H + inhibition by large concentrations of external ATP. 
Complete inhibition of H + secretion by anoxia or by DNP has not been 
reversed by the addition of ATP to the bathing media [162]. Following 
partial inhibition of the H + rate with DNP, the addition of ATP to the 
nutrient fluid not only failed to reverse the inhibition but also produced 
further inhibition. The addition of ATP (10 mM, with the pH adequately 
adjusted) to the media under normal in vitro conditions itself reversibly 
inhibits secretion, about 80% with Cl" media and 100% in sulfate 
media [11 la, 151,162,164]. So far this line of attack has not demonstrated 
the need for ATP in gastric secretion (see also [109,110]). 

2. ATPASES AND H + SECRETION 

Kasbekar and Durbin [108] found a gastric ATPase that was un
influenced by Na + , K + , or ouabain but was inhibited by SCN" and 
stimulated by H O 0 3 " [64]. These findings are of considerable interest 
because (a) SCN" rapidly and reversibly inhibits gastric HC1 secretion 
[46,51,159], and (b) the transport of H C 0 3 " from the cells to the 
interstitial fluid is an integral part of the overall secretory process [56]. 
However, it was found that ATPases from other tissues are inhibited 
by SCN" and stimulated by H C 0 3 " [172], which indicate that the ATP
ase is not unique for H + secretory tissues. In recent work Sachs and 
colleagues [10,10a,170a], have succeeded in separating oxyntic cells 
from the mucosa and find that the SCN "-inhibited, HC0 3 " -
stimulated ATPase is present in the oxyntic cells and that this ATPase 
is stimulated by a variety of anions of weak acids. They have found 
ATPase with similar characteristics in liver, pancreas, and brain. 
They have solubilized the ATPase and have preliminary evidence 
indicating that it is associated with the outer mitochondrial membrane. 

Forte and colleagues [72,73,76,77] found a K+-dependent/?-nitrophenyl 
phosphatase in the gastric microsomal fraction, and Sachs et al. [173] 
a K+-dependent acetylphosphatase in homogenates of frog mucosa. 
Forte [73] and colleagues found that their phosphatase and the gastric 
ATPase of Kasbekar and Durbin [108] first appears in the morphological 
development of the frog at the stage where H + secretion is first observed. 
These findings are of substantial interest but obviously do not establish 
the necessity for ATP in gastric secretion. 
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3. ATP AND H + RATE DURING ANOXIA 

It is well accepted that anoxia produces a rapid and profound fall 
in the H + rate, eventually to zero. The reduction to zero is not due to 
irreversible damage to the tissue since readmission of oxygen restores 
secretion. There is controversy, however, concerning the time taken for 
the H + rate to reach zero. In my laboratory we find that the rate goes to 
zero within the first 15 minutes. However, Forte and Davies [75] and 
Durbin [63] find a very small but finite H + rate between 30 and 60 
minutes following the onset of anoxia. Figure 14 is taken from the 
work of Durbin [63] and illustrates the effect of anoxia on the H + 

rate. Studies on the ATP consumption during anoxia were made and 
estimates of the H + /ATP ratio were determined; Forte and Davies 
[75] found a ratio of 1.5 and Durbin [63] ratios from 1.04 to 1.40. 

A ratio greater than one is hard to reconcile with the energy require
ments, since the minimum free energy for 1 mole of HC1 production is 
approximately 9000 cal [144]. However, these workers point out that 
these ratios are only rough approximations. Assuming that the H + 

production during anoxia is real, it is quite likely that the source of 
energy would be ATP. Therefore it seems reasonable to conclude that 
under normal conditions ATP hydrolysis is essential for acid production. 
However, there is an alternative explanation. It is well established for 
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FI G . 14 . Onset and reversal of inhibition of H + secretion by anoxia. Histamine ( 1 0 ~ 4 M ) 
was present in nutrient solution. The latter was substrate-free until 0 2 was restored, at 
which time 11 mM glucose was added to facilitate recovery. Reprinted by permission from 
Durbin [63]. 
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mitochondria that under conditions in which cytochrome a 3 is blocked 
that ATP can reverse the direction of flow in the electron transport 
system [26,27,115,136,176]. The events leading to H + production during 
anoxia are shown in Fig. 15 where it is assumed that during anoxia 
ATP results in the transfer of electrons from cytochrome c upstream to 
NAD, thereby resulting in the oxidation of cytochrome c. In other words, 
on the basis of the model in Fig. 13A, H + could be produced during 
anoxia since cytochrome c could be oxidized by the reversed electron 
transport. 

This part same as Fig. 13A 

FIG. 15 . Model to explain production of H + during anoxia. A T P produced by gly
colytic process results in reversed electron transport; cytochrome c in mitochondria be
comes oxidized so that H + would continue to be produced. 

On the basis of the preceding scheme ATP could be the source of 
energy during anoxia but may not be the normal source of energy. 
However, this concept can be extended to aerobic conditions. Electrons 
coming from the cytoplasm to cytochrome c in the mitochondria would 
have two pathways, one to 0 2 and the other to NAD. The one from c 
to 0 2 would result in the production of ATP from ADP and P f , and 
this ATP would provide the energy for the reversed electron flow. In 
this process H + would be picked up from the cytoplasm, and hence 
the stoichiometric efficiency could be greater than 4 H + / 0 2 . 

Figure 16 represents a detailed scheme for the use of ATP in concert 
with the mechanism presented in Fig. 13A. For one glucose molecule, 34 
hydrogen atoms could be donated to the H + mechanism and 34 elec
trons to the mitochondria. Twenty-four electrons would go to 0 2 via 
cytochromes a and a 3 with the production of 12 ATP (from ADP and 
Ρ,·). Five ATP would provide the energy for the reversed flow of 10 
electrons from c to b and 7 ATP for the reversed flow of 14 hydrogen 
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This part same as Fig. 13A 

34 Η 

14 Η  Ι Ο Η  Ι Ο * - 10*" 

3 4 *" 
12 Η 2 0 

6 Ο  ' 

2 4 *" 2 4* 

20 Η 

Glucose 24 Η 

6 Η  Ο 

7 ΑΤ Ρ 10 Η  5 Α Τ Ρ 12 ΑΤ Ρ 

24 0 Η ~ 

FIG . 16. Detailed scheme for aerobic production of H + in which the ATP produced 
from transport of electrons from cytochrome c to 0 2 via a and a 3 results in reversed electron 
transport from a to NAD. 

atoms from flavoprotein to NAD; 4 hydrogen atoms come originally 
via succinate, and 10 Η + would be added in the reversed flow between 
cytochrome b and flavoprotein. The H + / 0 2 ratio on the basis of the 
scheme in Fig. 16 would be 5.7 (ignoring the few ATP's from glucose or 
glycogen to pyruvate). If one assumes a mechanism in which ATP is 
used more directly (Section III, F) the maximum ratio would be about 
6 H + / 0 2 within the framework of present biochemical knowledge. 

The scheme in Fig. 16 forms a conceptual framework for further 
studies on the relationship between the secretory rate and the redox 
state of the members of the electron transport system (ETS) in intact 
mucosa. The findings on the ETS have not been presented because our 
findings [111] are at almost complete variance with those of Hersey 
and Jobsis [88]. Kidder [110] has argued that Hersey and Jobsis had 
very thick unstirred layers with their technique and were dealing with 
partially anoxic preparations. For a number of reasons these 
studies have been technically difficult, one being that the muscularis 
mucosa (the external muscle layers have been discarded) possesses 
spontaneous movement not inhibited by the usual smooth muscle in-
hibitros that make the use of the spectrophotometric (especially the 
split-beam) techniques difficult [25,215]. However, we look forward 
to progress in this area since it has been found [164] that adenine 
compounds (adenosine, cyclic AMP, 5'-AMP, ADP, and ATP) in 
appropriate concentrations inhibit motility without inhibiting the H + 

rate. The inhibition of secretion by ATP requires higher concentrations 
than for the inhibition of motility. 
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To summarize, it is not possible in the author's opinion on the basis 
of the available data to reach a firm decision as to the necessity of ATP 
for acid secretion. The reader is referred to the excellent review by Forte 
[73] and to the papers by Sachs et a l [171,175], in which a wide variety of 
inhibitors were used on the intact mucosa, for a more convincing 
marshaling of the facts in favor of the necessity for ATP. 

However, on the basis of the combination of the scheme in Fig. 13A 
and that of Fig. 16 an explanation can be offered for the effects of both 
uncouplers and inhibitors of the electron transport system. The un
couplers would result in a biochemical short circuit, so to speak; the low 
resistance biochemical pathway would be via the mitochondrial electron 
transport system that would deprive the H + mechanism of its substrate 
(hydrogen atoms). Assuming that respiratory control exists for the 
pathway from mitochondrial cytochrome c to 0 2 , then inhibition of the 
electron transport system at any point (e.g., between cytochromes b and 
c of the mitochondria) would be expected to inhibit the H + secretory 
rate; the pile-up of ATP resulting from electron flow from c to 0 2 

would result in feedback inhibition in this pathway. On the basis of the 
foregoing considerations it is apparent that the problem of experiment
ally determining whether ATP provides the energy for the molecular 
mechanism producing H + may be a rather formidable one. On the basis 
of the scheme presented in Fig. 16 (including that in Fig. 13A) a 
foundation could be laid for an explanation of the puzzling finding that 
ATP inhibits H + secretion. 

F. A Chemiosmotic Model for Gastric H + Secretion 

1. THE MITCHELL HYPOTHESIS 

While the problem of H + transport in mitochondria and chloro-
plasts lies outside the scope of this review, it is pertinent to examine 
the possibility of applying some of the concepts developed in this area 
to the problem of gastric H + production. Although the necessity for ATP 
in gastric secretion has not been firmly established, there is a substantial 
body of evidence implicating ATP in many transport mechanisms, and 
we would be remiss if we did not examine some of the models in which 
ATP may be more directly involved in H + secretion. Davies and Ogston 
[58] were the first to publish a detailed model postulating the use of high 
energy phosphate for H + secretion. Perhaps the most challenging and 
the most controversial model is that proposed by Mitchell [123-125] 
and Mitchell and Moyle [126], referred to as the chemiosmotic hypothesis. 

I find Mitchell's papers rather difficult reading, and what follows is 
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obviously my interpretation of what Mitchell is saying. There are many 
objections that might be raised to his schemes but we do not concern 
ourselves with these but attempt to present his basic concepts without 
regard to detailed criticisms. 

According to Mitchell's theory of ATP formation, the free energy of 
the electron transport system is converted to osmotic energy by a 
process similar to that described in Fig. 13A (he uses more than one 
cycle in his schemes), and this osmotic energy is then converted to the 
chemical energy of ATP. Mitchell [124] proposed two detailed mech
anisms referred to as ATPase I and ATPase II. The ATPase mechanisms 
acting in reverse could generate H + . The ATPase I mechanism is 
considered first. 

a. ATPase I. Figure 17 represents the scheme for ATPase I. Mitchell 
assumes that there is a membrane (lipid compartment) with passive 

FIG. 17. Chemiosmotic model for production of H + at concentration of gastric juice. 
See text. 
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carriers for ATP, ADP, and inorganic phosphate. The compartment 
prevents water, as such, from getting in, but one side of the compart
ment is permeable to H + and the other side to OH". It is assumed that 
there is no net transport of charge into or out of the membrane by the 
movements of ATP, ADP, and inorganic phosphate. It is obvious that 
for this system to work there will have to be a completed circuit, i.e., via 
the limbs RH or i ? c l . These limbs will be used later and independently, 
the i?H limb for a description of ATP synthesis and the Rcl limb for HCI 
secretion, but for the moment we will examine the system without a 
completed circuit, i.e., we assume that RH and Rcl are both infinite. 
Now Εγ represents the Nernst potential for H + across the left-hand side 
of the membrane and is given by 

RT [H +]x 
^ z F l n [ H + ] M (21) 

and E2, that for the OH" across the right-hand side, is given by 

RT [OH-]y 
E2-zjlnjmrM

 (22) 

where the subscript Μ refers to the membrane, the brackets to 
activities, and ζ equals + 1 . The PD between compartments Y and X 
would be given by 

ν - Ε ι έ * r i n t H + ] x [ Q H " ] y <m 

(T Y X is positive when side Y is positive to side X.) We assume for all 
three compartments that 

[H + ] [OH"]=K[H 2 0] (24) 

(K[H 20] equals 10" 1 4 when [H 2 0] =55.5 moles/liter). The activity of 
OH" in Y from Eq. (24) would be given by 

[ Ο Η Ί γ (25) 
L*i JY 

and eliminating [OH " ] Y from Eqs. (23) and (25) and using Eq. (24) for the 
membrane we have 

RT [H + ] X [H 2 Q] Y 

zF [H + ] Y [H 2 0] M 
'νχ - ~E l n ru+i ru rw (26) 

With the values that Mitchell uses for the free energy of ATP hydrolysis 
and with reasonable activities of ATP, ADP, and P f on side X the value 



6. PROTON TRANSPORT 233 

of [H 2 0] Y / [H 2 0] M would be 107 at equilibrium, and Eq. (26) becomes 
(assuming RT/zF = 60 mV) 

VYX = 60 log 107 - 60 log (27) 
L H Jx 

Now when the ratio [H + ] Y / [H + ] X is unity, VYX =420 mV and, when 
the ratio is greater than unity, VYX is less than 420 mV; when the ratio 
= 107, VYX equals zero. Without a completed circuit the system would 
reach equilibrium and the PD would be given by Eq. (27). In Fig. 17 
the direction of the arrows is for synthesis of ATP; for hydrolysis the 
direction would be opposite. Now let us complete the circuit by allowing 
RH to be finite but with Rcl still infinite. If EH is greater than VYX, then 
ATP will be synthesized and for EH less than VYX, ATP will be hydro-
lyzed. 

If EH is an electrogenic H + mechanism like that in Fig. 13A, then it 
can maintain H + in Y at a high level and H + in X at a low level. For 
example with [H + ] Y / [H + ] X = 106, VYX would equal 60 mV and, if EH 

is greater than 60 mV, current will flow in the direction to move OH" 
from Μ to Y and H + from Μ to X and ATP will be synthesized. 

Let us now examine the situation with RH = infinity and Rcl finite. 
On the basis of elementary circuit analysis the value for VYX would be 
given by 

Vyx = - f ' Ecl + n

 9™ (E, + E2) (28) 
9c\\ 9AT? 9ci ι 9 AT ρ 

where gcl is the conductance of the Cl" mechanism and gATP the 
conductance of the ATPase system. Let us assume that initially H + in 
X and H + in Y both equal 10" 7 M; then Ex + E2 would equal 420 mV 
initially and current would flow in the direction to transport H + from 
X to Μ and OH" from Y to M. The movement of OH" from Y to Μ 
would yield the same end result as if H + were secreted into Y. The 
C l " and H + concentrations in Y would increase and current would 
flow until Εγ + E2 = - 6 0 mV (with Ecl = 60 mV). For Et + E2 = - 6 0 
mV, the ratio of H + in Y to H + in X would equal lO8 and, if H + in X 
is maintained at 1 0 " 7 4 M, then H + in Y could be greater than 1.0 M. 
In other words, the system could easily maintain an H + concentration 
in Y of 10" 0 , 8 Μ (the approximately normal H + concentration in 
mammalian gastric juice). In fact with Ecl equal to zero and a finite value 
of RCi (RH would still be infinite), the HY

+ would reach about 10"° 4 M. 
The poise of the ATP system could be unfavorably shifted by a sub
stantial amount and still maintain H + in Y at 10"° 8 M. Within the 
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framework of the assumptions both explicit and implicit (and there are 
a large number), the ATPase I system could conceivably serve as a 
model for H + secretion. 

b. ATPase II. The data on mitochondria and chloroplasts in general 
do not support the concept that there are large enough emf's plus 
appropriate H + gradients to be compatible with the demands of ATPase 
I. With the ATPase models the free energy AG for ATP synthesis would 
be given when [ H + ] Y = [ H + ] x by 

AG = zFEH (29) 
where zF represents the number of Faradays per mole of ATP synthes
ized. In ATPase I, one Faraday is used per mole of ATP synthesized 
(z = l). Mitchell realized that, if zF = 2 per mole of ATP, then EH 

would need to be only 210 mV (for the same AG) rather than 420 mV. 
He postulated a scheme the same as ATPase I with the exception (see 
lower part of Fig. 17, ATPase II) that 2 H + moved from Μ to X and 
O 2 " moved from Μ to Y for the net movement of one H 2 0 molecule out 
of Μ and hence one ATP synthesized. The reader may object to the 
postulate of O 2 " moving from Μ to Y, but this represents the overall 
stoichiometry and he should consult Mitchell and Moyle [126] for the 
postulated detailed mechanism. By applying the same reasoning as in 
the development of Eq. (26) but with the assumption that 

[ 0 2 " ] [ H + ] 2 = K 2 [ H 2 0 ] (30) 
it can easily be shown that 

_ RT^ [H + ] X

2 [H 2 Q] Y 

Κ γ χ " 2Fln [H+] Y

2 [H 2 0] M

 ( 3 1 ) 

Note that here ζ = 2 and an equation in the form of (27) would be 

VYX = 30 log 107 - 60 log (32) 
1*1 Jx 

So, when the ratio [H + ] Y / [H + ] X is unity, VYX = 210 mV and, when this 
ratio is 10 3 · 5 , VYX =0. 

It is possible that on the basis of future work the Mitchell hypothesis 
may be disproved. However, Mitchell's concepts have stimulated a 
large amount of work and in particular they stimulated Jagendorf and 
his colleagues to study the possibility that H + gradients in chloroplasts 
may result in ATP synthesis. These workers [106,107] found in vesicles 
obtained from chloroplasts that in the dark an H + gradient of about 
10 3 · 5 across the vesicular membrane resulted in the synthesis of ATP 
from ADP and P f,—a remarkable finding. Even if the chemiosmotic 
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hypothesis does not stand the test of time, it will have justified its exist
ence by the findings of Jagendorf and colleagues. 

In attempting to use ATPase II as a model for gastric H + production 
we again assume RH = oo and Rcl finite. With H + in X equal to 10" 7 , 4 

and with Ecl = 0 the H + in Y would reach about ΙΟ" 3 · 9 Μ (pH 3.9), 
and with Ecl =60 mV the H + in Y could reach about 10" 2 9 M(pH 
2.9). Therefore unless one postulates a mechanism to maintain H + in X 
(the concentration in the cells secreting H + ) at a much higher level 
(lower pH) than 10" 7 , 4 M, ATPase II is not a viable model for the 
gastric H Q secretion. 

It should be pointed out that, though the work of Jagendorf and 
colleagues was stimulated by Mitchell's concepts, the results do not 
prove the chemiosmotic hypothesis. They can still be explained within 
the framework of the conventional postulate of unknown high energy 
intermediates [185]. For example, the phenomenon of reversed electron 
flow is well established for mitochondria so that the scheme depicted 
in Fig. 15 would result in H + production and ATP utilization. For a 
sufficiently high H + concentration the flow could be in the direction of 
ATP production and H + utilization. This scheme could be modified for 
chloroplasts to feed electrons in at a level corresponding to cytochrome 
b, in which case a much smaller H + gradient would be needed for ATP 
synthesis. 

Numerous problems are raised by the Mitchell hypothesis. Perhaps 
the most obvious one is the postulate that the water activity in the lipid 
compartment where ATP is supposed to be synthesized is 10" 7 times 
that of the surrounding aqueous phase. This is an activity ratio and not a 
concentration ratio. With the H 2 0 activity in the lipid compartment 
equal to that in the aqueous phase the concentration of H 2 0 in the lipid 
would be only a very small fraction of that of the aqueous compartment. 
Hence for an activity ratio of 10" 7 the amount of water in the lipid 
compartment becomes vanishingly small. However, it is possible that 
the ATPase after appropriate conformational changes results in a 
geometrical arrangement of the ATP, ADP, and inorganic phosphate 
such that for the reaction to proceed H + would be liberated in one direc
tion and OH" (or O 2 ") in the opposite direction. With this postulated 
arrangement of the substrates in the enzymatic complex, the appropriate 
potential difference and the H + gradient could result in the movements 
via aqueous channel of H + and OH", H + to one side and OH" (or 
O 2 ") to the opposite side. With the enzyme and the substrates oriented 
in such fashion, this would constitute an electric battery with an emf 
given by Eqs. (27) or (32). According to the chemiosmotic hypothesis, 
one side of the membrane has a very high relative proton conductance 
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(or its equivalent, see Section II, B) and the opposite side a high relative 
OH" conductance (or its equivalent). The problem of proton conduc
tance is therefore not only a problem pertinent to limiting cellular mem
branes but also to the subcellular membranes if the chemiosmotic 
hypothesis in its present form is to be considered a viable hypothesis. 
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