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Characteristics of Hydrogen Ion Transport in Urinary
Bladder of Water Turtle *

PHILIP R. STEINMETZ }

(From the Departments of Medicine, Harvard Medical School and the Beth Israel Hospital,
Boston, Massachusetts)

Abstract. The mechanism of acidification by the urinary bladder of the wa-
ter turtle was studied in an in vitro system which permitted control and mea-
surement of electrical and concentration driving forces. The rate of hydrogen
ion secretion was measured by means of a pH stat technique in the absence of
exogenous carbon dioxide and bicarbonate.

Transport of hydrogen ion into the solution bathing the mucosal surface
of the bladder was associated with the appearance of alkali in the serosal
compartment. The mean rate of hydrogen ion secretion in the absence of
electrical and concentration gradients across the bladder was 0.96 pmole/hr.
The secretion rate was only slightly greater in the presence of the spontane-
ous potential difference. The maximal hydrogen ion gradient that could be
generated by the bladder was 3.33 pH units in the presence of the spontaneous
voltage and 3.02 pH units in the short-circuited state.

Hydrogen ion secretion was markedly reduced by acetazolamide and
anaerobiosis, which indicated that under our experimental conditions acidifica-
tion depended on the production and enzymatic hydration of metabolic carbon
dioxide. On the basis of the stoichiometry of the pH changes across the
membrane under different conditions, it is suggested that the active transport
mechanism for hydrogen ion is located near the mucosal surface of the epi-
thelial cell and that the alkali generated in back of the pump moves passively

into the serosal fluid along an electrochemical gradient.

Introduction

The urinary bladder of the fresh water turtle
shares with the kidney the ability to conserve so-
dium (2, 3) and to acidify the urine (4). Since
the functional complexity of the kidney has been
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a limiting factor in our understanding of hydro-
gen ion transport in the renal tubules, the isolated
turtle bladder was selected for a study of the cel-
lular mechanisms of urine acidification in an in
vitro system which would permit control and mea-
surement of electrical and concentration driving
forces. By means of a pH stat technique the rate
of hydrogen ien secretion® was measured in a
system free from external carbon dioxide and
bicarbonate.

The studies indicate that the movement of hy-
drogen ion cannot be accounted for by electrical
forces or concentration gradients across the epi-
thelium but must depend by exclusion on active
transport, either by a mechanism of direct coupling

1The term “hydrogen ion secretion” as employed in
this paper carries no implications about the nature of
charge transfer involved in hydrogen ion transport.
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to metabolic energy production or by linkage to
the active transport of another ion. The secretion
of hydrogen ion into the mucosal solution is as-
sociated with alkalinization of the serosal solution.
On the basis of the observed characteristics of
the secretion of acid and alkali on the two sides
of the membrane and the acid-base changes oc-
curring with inhibition of production of meta-
bolic CO,, it is suggested that the active trans-
port mechanism for hydrogen ion is located near

TABLE 1

Comparison of hydrogen ion secretion in turtle bladder with
and without nullification of the spontameous electrical
potential difference (PD)

Spontaneous/
nullified
Turtle PD H* secretion H+* secretion
my umoles/hr
1 N 0.48
22 0.64 1.33
2 44 0.95
N 0.99 0.96
3 N 0.70
34 0.95 1.36
4 22 1.83
N 1.23 1.49
5 N 0.80
34 1.00 1.25
6 40 1.66
N 1.33 1.25
7 N 093
13 0.97 1.04
8 29 1.02
N 0.78 1.30
26 0.57
N 0.49 1.16
9 N 0.99
28 1.23 1.24
N 1.27
29 1.17 0.92
10 16 1.12
N 0.99 1.13
32 1.28
N 1.13 1.13
11 N 1.06
50 1.21 1.14
N 1.28
32 1.48 1.16
Mean +SE, periods
with nullified
PD 0.96 +0.07
Mean +SE, periods
with spontane-
ous PD 30+2.6 1.144-0.09 1.19+0.04

Periods with spontaneous PD and nullified (N) PD were alternated
in the sequence listed, The mean ratio of H* secretion (spontaneous/
nullified) was greater than 1.00, the difference being statistically sig-
nificant (P < 0.01). The mean short-circuit current in this group of
experiments was 206 =+ 15 pa, or 7.7 = 0.6 umoles/hr of positive charge
frt])mi mucosal to serosal (direction opposite that of H* transport)
solution.
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the mucosal surface of the epithelium and that the
alkali generated in back of the “hydrogen ion
pump”’ moves passively into the serosal fluid along
an electrochemical gradient.

Methods

Urinary bladders of adult water turtles, Pseudemys
scripta elegans, were removed with a minimum of han-
dling, washed with Ringer’s solution, and mounted be-
tween two halves of a lucite chamber, which provided
an exposed membrane area of 8 cm®. The spontaneous
electrical potential difference (PD) across the bladder
was measured with a Keithley model 200 B voltmeter
(Keithley Instruments, Cleveland, Ohio) at 10-min
intervals, and the PD was nullified according to Ussing
and Zerahn (5) by passage of current from an ex-
ternal voltage clamp circuit (6), which operated auto-
matically and permitted continuous nullification. The
two sides of the bladder were bathed with identical
Ringer’s solution designed to have the following compo-
sition: Na*, 1150 mEq/liter; K*, 3.5 mEq/liter; Ca*,
0.9 mmole/liter; CI5, 119.7 mEq/liter; HPO,S, 0.3
mmole/liter; dextrose, 2.0 mmole/liter; osmolality, 228
mOsm/kg H.O. The Ringer’s solution was free from
HCOs~ and the air with which the solutions were
stirred was first passed through 3 M KOH to trap COs:.
This bubbling system was effective in removing CO:
from the solutions as demonstrated in the following ex-
periments. In four experiments *CO. was liberated in a
small vessel from NaH™COs by the addition of HCI. 15
ml of air containing *CO: gas was bubbled through the
Ringer’s solution in the chamber over a period of 3 sec.
Frequent samples were taken immediately after regular
bubbling with air began. The half-time of disappearance
of counts was less than 2 min. In four other experi-
ments in which trace amounts of NaH"*CO; were added
to the solution the half-time of disappearance varied
from 9 to 22 min. In the anaerobic experiments N. was
bubbled through an O: trap (7) and a CO: trap in series.
During the 1st hr after mounting, the Ringer’s solutions
were exchanged three times in order to remove contami-
nant solutes from the bladder. The pH of the aerated
Ringer’s solution in the chambers was adjusted to 7.40 +
0.10. The pH stat technique, introduced by Durbin and
Heinz (8) for the frog stomach, was adapted to the
mucosal side of the turtle bladder. A Radiometer pH
meter, titrator, and titrigraph assembly were employed;
a combination glass and reference electrode and a de-
livery burette which contained 0.01 n NaOH as titrant,
were mounted directly in the upper compartment of the
mucosal chamber. The current from the external voltage
clamp was applied to the fluid bathing the bladder in
the lower compartment and did not affect the pH read-
ing obtained from the glass electrode in the upper com-
partment. In one series of experiments the pH stat as-
sembly was mounted in the serosal chamber and 0.01 N
HCl was used as the titrant. With the Ringer’s solu-
tions employed the pH state was sensitive to the addition
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of 2.5 nmoles of H* or OH" to 10 ml of bathing solution.
Unless otherwise noted the experimental periods were 40—
80 min in duration. From the volume of titrant delivered
and the time interval, the secretion rate, expressed as
pmoles/hr per 8 cm® of membrane area, was calculated.

In the experiments in which the pH stat assembly was
operating on the mucosal side and inhibitors were added
to the serosal fluid, a second pH meter was used to moni-
tor the pH on the serosal side. The volume. of Ringer’s
solution employed in each half chamber varied from 9 to
11 ml.

Results

Measurement of H* secretion in absence of elec-
trical and concentration gradients. In Table I, 11
experiments are shown in which the pH stat
method was applied to the solution bathing the mu-
cosal surface of the bladder. Hydrogen ion se-
cretion is expressed in pmoles/hour per 8 cm? of
bladder. The spontaneous electrical potential dif-
ference (PD) was oriented so that the mucosal
solution was negative with respect to the serosal
solution. In each bladder the rate of H* secretion
in the presence of the spontaneous PD was com-
pared with the rate during continuous nullification
(N) of the PD. Hydrogen ion secretion contin-
ued in the absence of an electrical gradient across
the bladder. The mean secretion rate in the
short-circuited state was only slightly less than
that in the presence of the PD, the difference be-
ing of borderline significance. If, however, the
ratio of the secretion rate in the spontaneously
active bladder over the rate in the same bladder
in the short-circuited state was calculated for all
paired periods, the mean of the ratios was greater
than one, the difference being statistically sig-
nificant.

Mazximal H* gradients. The maximal H* gradi-
ent that could be generated by the turtle bladder
in the presence and absence of the spontaneous
PD is presented in Table II for 10 experiments
in which identical Ringer’s solutions with an ini-
tial pH of 7.1 = 0.1 were employed on both sides
of the bladder. The initial pH was somewhat
lower than that in the pH stat experiments, since
the solutions for the gradient experiments were
buffered with 0.1 mm Na,HPO, instead of the
usual 0.3 mm Na,HPO,. In three of the five ex-
periments carried out in the presence of the spon-
taneous PD, the pH gradient generated by the
bladder reached maximal values over 3 pH units,
the highest value being 3.33 pH units. The last
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TABLE 1II

Maximal H* gradient across turtle bladder in presence and
absence of spontaneous potential difference (PD)

pH
pH Maximal Expected
gradient gradient
PD Mucosal  Serosal observed from PD
my
Spontaneous
PD
1 32 493 8.10 3.17 0.54
-2 24 5.52 7.70 2.18 0.41
3 62 4.95 8.28 3.33 1.05
4 28 494 7.58 2.64 0.47
5 36 4.62 7.95 3.33 0.61
Short-
circuited
6 N 591 8.27 2.36 0
7 N 4.88 790 3.02 0
8 N 5.38 7.32 1.94 0
9 N 5.09 7.89 2.80 0
10 N 5.10 7.72 2.62 0
N, PD nullified.

column indicates the pH gradient that could have
been expected on the basis of the electrical PD
alone. It is clear that the observed gradients are
many times greater than the expected values.

The maximal H* gradients in the short-circuited
state are almost as great as those observed in the
presence of the PD, the highest value being 3.02
pH units. In two of the experiments carried out
in the short-circuited state the maximal gradient
increased slightly (0.30 pH units in turtle 7 and
0.22 pH units in turtle 9) when the spontaneous
PD was restored. The time required to reach the
maximal pH gradient varied from 4 to 7 hr.

In all of these experiments the observed change
in pH was considerably greater on the mucosal
side than on the serosal side of the epithelium.
The mucosal pH fell from an initial value of 7.1
to final values close to 5.0, whereas the serosal pH
rose less than 1 pH unit in most experiments.
The importance of this discrepancy for locating
the site of H* transport will be considered later.
After the maximal H* gradient was reached, both
the mucosal and serosal pH decreased somewhat
over the next several hours (from 0.1 to 0.2 pH
units over a 2 hr period) without significant
change in the maximal pH gradient.

Comparison of acid secretion in mucosal fluid
with alkali secretion in serosal fluid. Since acidi-
fication of mucosal fluid was associated with alka-
linization of the serosal fluid, the pH stat technique
could also be applied to the serosal compartment
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TABLE 111

Comparison of secretion of acid on mucosal side with secretion
of alkali on serosal side of bladder

H* secre- OH~ secre-
tion, on,
mucosal serosal Difference,
Turtle fluid fluid H*—- OH-
umoles/hr
1 1.45 1.22 0.23
2 0.77 0.87 —0.10
3 0.93 0.70 0.23
4 0.42 0.33 0.09
5 1.67 1.28 0.39
6 0.69 0.64 0.05
7 0.88 0.60 0.28
Mean 0.97 0.81 0.17
+SE +0.06

Inturtles 1, 3, 5, and 7 the pH stat was first applied to the serosal side

with 0.01 N HCl as titrant and, thereafter, to the mucosal side by means -

of 0.01 N NaOH. In turtles 2, 4, and 6 the sequence was reversed. The
mean value (H* — OH") was significantly different from 0 (P < 0.05).

after the titrant was changed from 0.01 x NaOH
to 0.01 N~ HCl. In Table III, H* secretion on the
mucosal side is compared with alkali secretion on
the serosal side in the same bladder. Although
the two rates were of similar magnitude, H* secre-
tion exceeded OH- secretion in six of the seven
experiments ; the mean difference was 0.17 pmole/
hr and was significantly different from 0 (P <
0.05). These comparisons were made under
steady-state aerobic conditions. The stoichiometry
of H* and OH- secretion is markedly affected, as
will be shown later, by changes in oxidative
metabolism.

H* 1.2
yEq
0.6
0 A
300
scc 2OO|— T~
ya
100
o -
A Acetazolamide
0 40 80 120
Min
FIG. 1. EFFECT OF ACETAZOLAMIDE ON CUMULATIVE

H* SECRETION AND ON THE SHORT-CIRCUIT CURRENT
(SCO).
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Except for the experiments of Table III, all H*
secretion rates were measured directly by the pH
stat technique on the mucosal side. In order to
examine the possibility that pH changes resulted
from transport of buffer anion or leakage of a
buffer from the epithelial cell layer, we made com-
parisons of the buffer capacity of fresh Ringer’s
solution and Ringer’s solution removed from the
mucosal side of the bladder at the end of pH stat
experiments that lasted from 3 to 6 hr. In 11
such comparisons in which the solutions were
titrated from pH 74 to 4.4 there were no
systematic differences in buffer capacity; in six
of these comparisons in which the titrations were
extended to pH 2.5 there was a mean increase in
buffer capacity of 12 +6% (sem). These in-
creases were small since the total buffer content of
the initial mucosal fluid consisted of only 3 wmoles
Na,HPO,, whereas the values for total H* trans-
port were often greater than 6 pumoles. These
results indicate that there was no significant
transport of HPO_, the buffer anion of our solu-
tions, and that the small quantities of buffer with
low pK added to the mucosal fluid made an insig-
nificant contribution to acid secretion.

Dependence of H* secretion on the emzymatic
hydration of metabolic CO, and on oxidative
metabolism. Since the rate of bubbling could be
shown to influence the pH of the bathing solutions
in the presence of HCO;  or CO,, a nonvolatile
buffer system was employed in all pH stat ex-
periments. The Ringer’s solutions were free from
HCO,; and the air was passed through a CO,
trap. Although the observed H* secretion did not

TABLE 1V

Effect of acetazolamide on rate of H* secretion and short-
circuit current (SCC)

Turtle H* secretion SCC
pumoles/hr na
C* A (o] A
1 1.10 0.21 253 230
2 0.92 0.05 115 100
3 1.30 V] 230 250
4 1.12 0.20 200 184
5 0.90 [\] 160 186
6 1.17 0.18 155 147
7 1.11 0.26 172 192
Mean 1.09 0.13 183 184
+SE +0.05 +0.04 +18 +19

. *C, control; A, acetazolamide added to serosal fluid in a concentra-
tion of 0.2-0.6 mmole/liter. All measurements were made in the short-
circuited state.
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Fic. 2. EFFECT OF DEOXYGENATION WITH Ns ON CUMULATIVE H* SE-

CRETION AND ON THE SHORT-CIRCUIT CURRENT (SCC).

bubbling was resumed.

require exogenous CO, and HCO; in the bathing
media, the possibility that it was dependent on the
metabolic production of CO, and its subsequent
hydration within the cell was examined in ex-
periments in which either carbonic anhydrase ac-
tivity or oxidative metabolism was inhibited.

In Fig. 1, an experiment is shown in which
acetazolamide was added to the serosal fluid.
Cumulative H* secretion, as recorded by the titri-
graph, is shown in the upper frame. The slope
of the curve representing the rate of H* secretion

decreased markedly after acetazolamide adminis- -

tration. The short-circuit current (SCC) changed
little.

In Table IV the results of seven experiments
on the effects of acetazolamide are shown. H* se-
cretion was markedly reduced in five and abolished
in two of the experiments; no consistent changes
in the SCC were observed.

At 90 min, air

The results of two kinds of experiments de-
signed to interfere with oxidative metabolism and
CO, formation are shown in Table V.

Removal of O, from the system by replacement
of air with N, virtually abolished H* secretion in
5 of 10 experiments. One of these experiments is

TABLE V

Effects of anaerobiosis and exposure to sodium cyanide on H*
secretion and short-circuit current (SCC)

H* secretion SCC
umoles/hr una
Control 0.95 + 0.06 240 X 38
2 0.20 & 0.09 72 £ 11
Control 1.03 £ 0.14 227 £ 54
NaCN* 0.48 X 0.08 36 £ 13

* Mean values and S are presented for 10 N, experi-
ments and 7 experiments in which NaCN was added to
the serosal fluid in a concentration of 2 X 1073 mole/liter.
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shown in Fig. 2. In the five remaining experi-
ments H* secretion continued at a very low rate.
The SCC decreased markedly in all experiments.

Administration of NaCN in a concentration of
2 X 10-% mole/liter to the serosal solution caused
a consistent decrease in H* secretion to a mean
value slightly less than half the initial rate in
seven experiments. H* secretion was not com-
pletely abolished in any of the NaCN experiments,
although the effect on the SCC was at least as
great as that due to N,. Addition of fresh NaCN
to the serosal solution or to both bathing solu-
tions caused no additional changes in SCC or H*
secretion.

In all eight experiments in which the serosal pH
was monitored, deoxygenation with N, resulted in
an increase in the pH of the serosal solution of
from 0.15 to 0.25 pH units. This increase oc-
curred gradually over a period of 20 min after the
change from air to N, and was reversible over a
similar period of time if air was reinstituted.
Since N, and air were bubbled through the same
alkali trap and the Ringer’s solutions had the same

PHILIP R. STEINMETZ

pH when bubbled with either gas, the transient al-
kalinization of the serosal compartment was at-
tributed to an efflux of alkali from the cell after
the inhibition of metabolic CO, formation. The
pH of the mucosal solution remained at the pH
stat level. In Fig. 3 (lower frame) a diagram is
given of the H* and alkali shifts that occur in the
serosal compartment in a typical experiment. The
changes indicated in the upper frame were ob-
tained in a different experiment carried out on
the mucosal side of the bladder. In this experi-
ment the inhibitory effect of N, on H* secretion
into mucosal fluid was representative of the results
presented in Table V.

Since NaCN and acetazolamide are alkaline and
require titration with HCI at the time of adminis-
tration, it is hazardous to assign pH changes
caused by these substances to a resulting inhibition
of the production or the hydration of CO,.

Discussion

These results confirm the observation by
Schilb and Brodsky (4) that the urinary bladder

AR | N2 | AR
pmoles Zhr
2 v v
F4
e
o 11 ]
(]
Mucosal Solution
pmoles/he
23 v v
=
& 14
b
o]
3
5 I
=
2
<
2..
Serosal Solution
o 20 40 60 80 100

Min

Fi1c. 3. DIAGRAM OF THE EFFECT OF ANAEROBIOSIS ON ACID-BASE SHIFTS
IN THE SEROSAL COMPARTMENT AND ON H* SECRETION INTO THE MUCOSAL

COMPARTMENT.

In the experiment in which the serosal acid-base changes

were measured, the titrant was changed from 0.01 n HCI to 0.01 ~ NaOH
at the beginning of reoxygenation to cover the period of acidification.
The rates of H* secretion into the mucosal compartment were obtained
from a separate experiment, the results of which closely resembled the
mean results presented for 10 N. experiments in Table V.
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of the water turtle is capable of acidifying the
mucosal medium. Under our experimental con-
ditions, however, the mechanism of acidification
appears to differ from that proposed by these in-
vestigators. Schilb and Brodsky (4) suggest, on
the basis of studies in a bladder sac preparation,
that acidification of the mucosal fluid occurs by a
mechanism of transcellular transport of HCO;™ in
the ionic form from the mucosal to the serosal
side of the epithelium. In their experiments the
free CO, concentration was observed to be lower
in the mucosal solution within the sac than in the
serosal solution. The presence of this gradient
for CO, was interpreted as indicating that acidifi-
cation of the mucosal fluid had occurred by re-
moval of HCO;~ rather than by the addition of H*,
and, furthermore, that CO, was not freely dif-
fusible across the bladder wall.

In our studies acidification did not depend on
the presence of HCOj;- in the bulk solutions or on
the transport of HPO,” across the bladder. The
simplest explanation for our results would be that
H* ions generated by the epithelium are added to
the mucosal solution and that the OH- ions dis-
sociated within the epithelial cells appear in the
serosal solution in the form of some basic anion,
Although the system was free of exogenous CO,
and HCO;-, metabolic CO, was being produced in
all aerobic experiments. It is likely, therefore,
that at least part of the alkali appearing in the
serosal solution was HCO,~ that was formed within
the epithelial cells. Alternatively, it is possible
that some metabolic CO, that diffused into the mu-
cosal solution was hydroxylated to HCO," in the
unstirred fluid layer at the mucosal membrane and
that HCO,~ so formed was transported transcel-
lularly in the manner suggested by Schilb and
Brodsky (4). However, the rapidity with which
CO, is removed from the bulk solutions by the
bubbling system and the fact that the bladder was
mounted as a thin membrane (with a degree of
stretch comparable to that of a maximally dis-
tended bladder in vivo) make it unlikely that suffi-
cient HCO,~ would be available in such a boundary
layer to account for the observed acidification.
For the present, the over-all process of acidifica-
tion will be referred to as H* secretion. When we
discuss the individual steps of the process at the
two surfaces of the epithelial cell layer we will re-
~ turn to the role of HCO,~ transport.
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Since H* secretion takes place in the absence
of concentration or electrical potential gradients
across the bladder epithelium, it fulfills the ac-
cepted criteria for an active transport mechanism.
Hence, it must be coupled either directly to meta-
bolic energy production or to the active transport
of another ion such as Na* or Cl-, a possibility ex-
amined in the following article (9).

The rate of H* secretion, as measured by the pH
stat method, was little influenced by nullification
of th spontaneous electrical PD across the
bladder. Although the “normal” negativity of
the mucosal solution provides an electrical driv-
ing force for the movement of H* into the mucosal
solution, the mean secretion rate in the short-cir-
cuited state was so close to that in the spontane-
ously active state that comparisons had to be made
in the same bladders before a significant contribu-
tion of the electrical-driving force to the rate of
secretion could be demonstrated. The minor role
played by electrical forces across the epithelium
was also evident in the observations on the maxi-
mal H* gradient that could be generated by the
isolated bladder. The gradients reached in the
short-circuited state were almost as great as in
the presence of the spontaneous electrical PD, the
largest gradients observed being 3.02 and 3.33
pH units, respectively.

What is the role of metabolic production of CO,
and lactic acid in the mechanism of H* secretion?
The observed dependence of acidification on the
production and enzymatic hydration of CO,
within the cells appears to indicate that the base
generated in association with H* secretion exists
mainly in the form of HCO,~. A smaller frac-
tion may exist in the form of lactate. Klahr and
Bricker (10) reported that lactate formed by the
turtle bladder appears asymmetrically in the bath-
ing solutions, the amounts appearing in the serosal
solution being about five times as great as those
in the mucosal solution. Similar observations have
been made in the frog stomach, which has a mecha-
nism for H* secretion, and in the toad bladder,
which has no such mechanism (11, 12). The
mean total rate of lactate formation in the turtle
bladder preparation of Klahr and Bricker was
0.16 umole/hr per 7 cm? of bladder, a value
considerably smaller than our rate of H* secre-
tion of about 1 umole/hr per 8 cm? of bladder.
In fact, the difference observed in our studies be-
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tween the rates of secretion of H* and alkali on
the two sides of the epithelium has about the mag-
nitude ‘of the rate of lactate formation indicated
above. ‘Furthermore, it is of interest that anaero-
biosis, which is known to increase lactate forma-
tion (10), reduces H* secretion.

Since urine acidification is not directly de-
pendent on the active transport of Na* or Cl- (1,
9), there must be an active transport mechanism
for either H* or alkali. Since a pump for one
generates the other, these alternatives are best ex-
amined in relation to the location of the transport
mechanism in the epithelium. If it is assumed
that acidification requires only one active transport
mechanism, the active step could be located either
at the serosal membrane of the epithelial cell layer
or at the mucosal membrane. According to the
first possibility, the pump at the serosal surface of
the cell would transport alkali into the serosal
fluid and generate H* ions within the cell; the H*
ions would move passively along an electrochemi-
cal gradient into the mucosal fluid. Several of our
results make this possibility very unlikely. In or-
der to account for the maximal pH gradient ob-
served in the short-circuited state by passive
forces, the intracellular pH would have to be be-
low 5.0, or the cell interior would have to be
electrically positive relative to mucosal fluid by
more than 150 mv. No direct information is avail-
able on the electrical profile or the intracellular pH
in the turtle bladder, yet certain inferences may be

Mucosal Cell !
surface l( : €
c.0. - !

CO2 == HCO3 |
N

|

|

|

|

Serosal
surface

AN +
ONH' + OH™ «— Ho0
+
CzHgO3 —» C3Hs03™ \
I I
Fic. 4. MODEL FOR THE MECHANISM OF H* SECRETION
IN EPITHELIUM OF TURTLE BLADDER. The H* pump is lo-
cated at the mucosal surface of the cell. OH- ions left
behind in the cell are neutralized by the enzymatic hy-
droxylation of metabolic CO: and to a small extent by
reaction with lactic acid. HCOj;™ and C;HsO5;~ move pas-

sively into the serosal compartment along an electro-
chemical gradient. c.a., carbonic anhydrase.
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made from studies of other epithelia. In the
short-circuited state the cell interior of frog skin
and toad bladder is slightly negative to the out-
side of the cell (13-15). Estimation of the intra-
cellular pH by the dimethyl-oxazolidinedione
(DMO) method in the isolated renal tubule of
the dog (16) and in the epithelium of the toad
bladder (17) has yielded values in a relatively
alkaline range. The epithelium of the turtle
bladder would have to be very different from these
other tissues to provide passive forces for the
movement of H* from cytoplasm to mucosal fluid.

Another argument against the existence of an
active transport mechanism for alkali at the serosal
surface of the epithelium depends upon the acid-
base changes during deoxygenation. It is indeed
unlikely that the efflux of alkali into the serosal
compartment during the initial period of exposure
to N, would represent acceleration of an active
transport mechanism. These changes are more
likely a reflection of the acute acid-base changes
that occur within the cells as a result of the disap-
pearance of metabolic CO,? and are consistent
with the second alternative, namely that acid-base
changes across the serosal surface are determined
by passive forces and, hence, that the active trans-
port step is located at the mucosal membrane.

A pump at the mucosal membrane could either
transport H* ions into the mucosal fluid or alkali
into the cell. In the presence of HCO;  on the
mucosal side of the membrane the pump might
operate by transporting HCO,~ into the cell in-
terior according to the model of Schilb and
Brodsky (4). Under our experimental condi-
tions, however, any HCO, in the mucosal bound-
ary layer should have been formed from metabolic
CO, diffusing across the mucosal surface of the
epithelium. Tt is unlikely that there would be
sufficient HCO," in the unstirred layer to account
for the observed acidification, especially since the
mucosal membrane should be relatively imperme-
able to H*, HCO,", and CO, to permit the opera-
tion of an effective transport system. A model
consistent with our experimental results is pre-
sented in Fig. 4. H* ions are transported actively

2 Although organic acid production increases during
anaerobiosis, we assume that in our preparation in the
ahsence of exogenous CO: the sudden decrease in en-
dogenous CO; production causes a rise in pH, which
transiently outweighs the effect of increased organic
acid production.
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across the relatively impermeable mucosal surface
of the epithelial layer; the OH- ions generated
within the cells react with CO, and lactic acid to
form HCO,~ and lactate, and these ions move along
an electrochemical gradient into the serosal com-
partment. The concentration gradient would fa-
vor this movement and in the spontaneously ac-
tive bladder there would be an additional electrical
driving force in this direction. This model pro-
vides an explanation for the observed deviations
from a “one for one” stoichiometry in the rates of
secretion on the two sides of the membrane. Or-
ganic acids, such as lactic acid, neutralize a frac-
tion of the OH- generated in back of the H* pump.
Organic acid formation would also account for the
tendency of the pH to fall on both sides of the
epithelium after the maximal H* gradient had
been reached; such acid production would lower
the pH in the cell and contiguous serosal compart-
ment and thereby would lift the gradient limitation
on H* secretion into the mucosal fluid. If the im-
portant pH barrier is located at the mucosal sur-
face of the epithelium, H* ions secreted into the
mucosal fluid are buffered only by the Ringer’s
solution, whereas the OH- ions are buffered in
the cell as well as in the serosal fluid; hence, an
explanation would be provided for the greater pH
changes in the mucosal fluid in the gradient ex-
periments shown in Table II.

The role of the enzymatic hydroxylation of CO,
and the inhibitory effect of acetazolamide in this
model are comparable to the mechanism suggested
by Davies (18) for H* secretion by the oxyntic
cells of the stomach. He indicated that the secre-
tion of H* is dependent on the continuous removal
of OH- by the hydroxylation of CO, and, with
Roughton (18, appendix to reference), presented
calculations demonstrating that carbonic anhydrase
is required to obtain a sufficiently rapid rate of
hydroxylation to permit neutralization of alkali
within the cell.

Recently Struyvenberg, Morrison, and Relman
(16) demonstrated in the isolated renal tubule of
the dog that the intracellular pH, as estimated by
the DMO method, increased after exposure to
acetazolamide, an observation consistent with the
view that the disposal of OH- in the cell requires
the catalyzed hydroxylation of CO,. In our sys-
tem, in which the availability of CO, was limited
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to metabolic CO,, carbonic anhydrase appeared to
play an important role in permitting hydroxyla-
tion of a sufficient fraction of the available CO,.
On the other hand, Schilb and Brodsky (4) re-
ported that acidification continued in their prepara-
tion in the presence of acetazolamide. A possible
explanation for this difference is provided by the
fact that their preparation was maintained in an
environment of 5% CO,, the high concentration
of which made relatively less important the role
of enzymatic hydroxylation.

Although reduced or absent CO, production may
explain the inhibition of H* secretion after ex-
posure to NaCN or N,, it is possible that these
measures, in addition, interfere with the supply
of energy to the transport mechanism. Attempts
to examine this possibility by making exogenous
CO, available in the presence of N, were compli-
cated by the need to employ a volatile buffer sys-
tem that made the pH stat results poorly re-
producible at low secretion rates.

The persistence of low rates of H* secretion
after exposure to NaCN and in some experiments
after exposure to N, suggests that acid production
from anaerobic metabolism may play a role in H*
secretion. The rate of H* secretion, however, was
somewhat greater and more predictable in the
NaCN experiments than in the N, experiments.
The possibility is, therefore, raised that a “NaCN-
insensitive” oxidative pathway of glycolytic me-
tabolism contributes to H* secretion either by CO,
production or by providing energy to the H*
pump. These questions remain open and the pre-
cise mechanism of coupling between the transport
of H* and the metabolic production of energy re-
mains to be clarified. '
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