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Energy Dependence of Urinary Bicarbonate

Secretion in Turtle Bladder

JUANA. OLIVER, SHERRYHIMMELSTEIN, and PHILIP R. STEINMETZ

From the Departments of Medicine, Harvard Medical School and the
Beth Israel Hospital, Boston, Mass., 02215, and the University of
Iowa College of Medicine, Iowa City, Iowa 52242

A B S T R A C T Addition of HCOi- to the serosal side
(S) of the isolated turtle bladder results in a HCO0-
flow from S to the mucosal side (M) which markedly
reduces the net rate of acid secretion. To characterize
the driving forces for this downhill HCO3- flow, the
effects of metabolic inhibitors and substrates were ex-
amined. In short-circuited bladders with the MpH low-
ered to the point of zero net H+ secretion, the rate of
HCO- entry into M in response to a 20-mM HCO3-
gradient was measured by pH stat titration. Deoxygena-
tion reduced the HC03- flux from 1.24±0.1 gM/h/8 cm2
(SEM) to 0.50±0.1 tM/h with glucose (2 X 10' M)
and from 1.32±0.1 to 0.47±0.1 iAM/h without glucose.
A similar reduction (61%) was observed in the presence
of 1% C02. Dinitrophenol (10' M), cyanide (10' M),
and deoxyglucose (10-' M) inhibited the HCO3- flux by
39%, 37%, and 38%, respectively. The combination of
any of these inhibitors with N2 caused the same inhibi-
tion as Ns alone. In bladders depleted of substrate, pyru-
vate (5 X 10-' M) increased the HCOs- flux from 0.36
±0.05 to 0.58±0.01 ,M/h (P < 0.005); the increment
was abolished by deoxygenation.

The results indicate that the bulk of the downhill
HCOi- flow in this system is dependent on metabolic
energy derived primarily from oxidative sources, and
that this energy-dependent flow approximates the elec-
troneutral component of HCO3- secretion that is coupled
to Cl- absorption.
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INTRODUCTION
Previous studies (1, 2) have shown that in the ab-
sence of exogenous C02 and HCOi- the isolated bladder
of the water turtle acidifies the solution, bathing its
urinary surface by the secretion of hydrogen ion. The
addition of HCOs- to the (S)1 side of the bladder re-
duces the net rate of acid secretion by a mechanism of
HCOs- transport from the S to the urinary compartment
(3). This downhill transport of HCO3- has been char-
acterized by Leslie, Schwartz, and Steinmetz (4) under
conditions of zero net H' secretion. In these studies, net
H' secretion was reduced to zero by lowering the lumi-
nal pH. Bicarbonate entry into the urinary compart-
ment was then measured by pH stat titration after addi-
tion of HCOs- to the S solution. It was shown that the
bulk of the HCOa- flow into the urinary compartment
occurred by an electroneutral mechanism of exchange
for absorbed Cl-, and that only a small fraction, less
than 20%, diffused across the bladder in the ionic form.
Since the experimental design depended on pH stat
titration of HC03-, transport under conditions of zero
net H' secretion and, therefore, necessarily included a
concentration gradient for HCO-, it was not clear
whether this concentration driving force was responsible
for both components of the HCO3- flow or whether the
electroneutral flow was driven by an additional force
derived from a metabolic reaction.

The present study explores the possibility that the
exchange flows of HCOi- and Cl- are coupled to meta-
bolic energy. The results indicate that inhibition of
oxidative metabolism causes a marked reduction in
HCOs- secretion' and Cl- absorption. HCO3 secretion
was inhibited by dinitrophenol, cyanide, and deoxy-D-

1Abbreviations used in this paper: DNP, 2,4-dinitro-
phenol; M, mucosal; S, serosal; PD, spontaneous electrical
potential difference.

2The term HCO3- secretion is used interchangeably with
HCO3- flux from serosa to mucosa. Since the diffusional
component is small, HCO3- secretion refers mainly to the
electroneutral flow which is coupled to Cl- absorption (4).
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TABLE I

Effect of Deoxygenation on S to MHC03- Flux

HCOs flux

1 2 3 A -SE inhibition
Substrate Control N2 Recontrol (2-1) by N2

;&mol/h pumol/h

Glucose 1.24 0.50 1.24 -0.74±0.10* 59±4

None 1.32 0.47 1.13 -0.850.15* 6246

Mean values for eight experiments in each group. Glucose was present (2 X 10-3 M) in
the Mand S solutions. In four bladders exposed to 1%CO2, deoxygenation at constant
Pco2 caused a similar reduction of HC03- flux, 6145% (see text).
* P < 0.001.

glucose, and was increased by pyruvate in bladders that
were depleted of substrates.

METHODS
Urinary bladders of adult fresh-water turtles (Pseudemys
scripta) were removed with minimal handling, washed with
Ringer's solution, and mounted in Lucite chambers as pre-
viously described (1). All experiments were performed
with the bladders in the short-circuited state by means of a
voltage clamp except for brief intervals during which the
spontaneous electrical potential difference (PD) was mea-
sured (1). At the outset the two sides of the bladder were
bathed with HCOc-free Ringer's solution and changed
twice at 30-min intervals. Bladders were considered viable
if the PD remained greater than 10 mVduring this wash
period.

Two Ringer's solutions with identical chloride concentra-
tions were used. The first, free of HCO8-, contained in milli-
moles per liter; NaCl, 94.4; Na2SO4, 13.3; KC1, 3.5; CaCL,
1.8; Na2HPO4, 0.3. The second contained: NaCl, 94.4;
NaHCO,, 20.0; KC1, 3.5; CaCl2, 1.8; NasHPOQ, 0.3. Their
osmolalities ranged from 215 to 230 mosmol per Kg H2O.
The solutions in the mucosal (M) and S compartments were
stirred and oxygenated by bubbling with air from which
CO, had been removed by passage through three 3 MKOH
traps (4). Unidirectional 'Cl- fluxes were performed as
previously described (5).

To measure the rate of alkali entrance into M after the
addition of HCOi- to S, the pH stat method was employed
(1). Since measurement of the S to MHCOi- flux requires
the absence of net H+ secretion, the M solution for each
bladder was acidified to the pH at which net- acid secretion
was zero (pH range 4.5-52), while the pH of S was ad-
justed with NaOH to 8.5 in the absence of exogenous C02
and HCOs (4). The S solution was then exchanged for
20 mMHCOi- Ringer's solutions, and the HCOQ- entry
into Mwas determined by pH stat titration (4). A transfer
rate of HCOc from S to M greater than 0.5 ttmol/h was
required for bladders to be included in the studies. About
10% of the bladders mounted were discarded for failure to
meet this criterion.

The effect of deoxygenation on the S to M HCQi- flux
was examined by replacement of COz-free air by 100% -N2
for most experiments; for four experiments, air with 1%
CO, was replaced by 99%o N. with 1% CO (Medical Tech-
nical Gases Inc., Medford, Mass.). Deoxygenation was lim-
ited to 30 min because longer periods often cause an irre-
versible decrease in the electrical resistance indicative of
tissue leakiness. This leakiness was evidenced by large incre-
ments in the S to MHCOi- flow. Such a sequence of events
was accepted as evidence of tissue damage and a basis for
discarding the experiment. Since this response was occasion-
ally observed after only 30 min of deoxygenation in the
absence of glucose, the bathing media contained 2-mM glu-
cose in all experiments except when otherwise indicated.

TABLE I I
Effect of Deoxygenation on Mto S 6BC1- Flux and S to MHCO3-

Flux in the Same Bladders

HCO3- flux 36C1- flux

Turtle Control N2 A Control N2 A

umol/h umol/h mol/h umol/h,.".,...

1 1.24
2 0.78
3 0.88
4 1.16

Mean
±SE

0.38
0.38
0.44
0.37

-0.86
-0.40
-0.44
-0.79

-0.62
0.11

2.46
2.76
1.95
1.33

1.95
1.91
1.71
0.90

A, difference between control and N2 periods.
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The production of lactate by the bladders was not mea-
sured in the present study in which the deoxygenation
periods were short. To provide an estimate of changes in
lactate production in our system, we include data on the
rate of lactate production before and after deoxygenation
in a series of different experiments (Schwartz and Stein-
metz, unpublished observations) in which the gas phase was
changed in identical manner and lactate accumulation was
measured in the bathing solutions over 1-h periods. The
experimental conditions were the same except for the ab-
sence of the imposed HCOi- gradient Lactate production
in nine bladders (dry weight of 13.9+0.6 mg) was 0.09±0.01
,gmol/h in air and 0.17+0.04 ,tmol/h in N2. In nine other
bladders (dry weight of 14.2±+1.2 mg) lactate production
was 0.16+0.04 umol/h in air with 1% CO2 and 0.26+0.07
,gmol/h in N2 with 1% CO2.

For the experiments in which bladders were depleted of
substrate, hemibladder sacs were tied (M surface inward)
to a piece of plastic tubing. The bladder was filled with
Ringer's solution and suspended in a beaker of aerated
Ringer's solution free of substrate and containing 5 mg/100
ml of streptomycin to depress bacterial contamination. After
a period of depletion of 20-24 h the bladders were mounted
in chambers as indicated above. The sac preparation was
elected for the long depletion experiments to minimize edge
damage.

All experiments were carried out at room temperature and
as in previous studies (4, 5), all rates are expressed as
micromoles per hour per 8 cm2 of membrane area + the
SE of the mean. This membrane area represented a mean
dry weight of 14.7+0.6 mg per 8 cm2 in a previous study
carried out with the same technique (4).

RESULTS

Effect of deoxygenation on S to M HCO2- flux.
Table I shows the effect of deoxygenation on the rate
of HCO3- entry into M in the presence of 20-mM HCO3-
Ringer's solution in S in short-circuited bladders. In
eight experiments carried out with 2 mMglucose in
the bathing media, the initial rate averaged 1.24 ,imol/h.
Removal of 02 from the system by replacement of the
air with 100% N2 for 25-30 min resulted in an inhibition
of the rates in all bladders, ranging from 45 to 80% and
averaging 59%. This inhibition was rapidly reversible
if air was reinstituted. Deoxygenation had a similar ef-
fect in the absence of glucose, the extent of inhibition
being the same.

Since our system was exposed to a gas phase free
of exogenous C02, deoxygenation caused inhibition not
only of the energy-supplying reactions of aerobic metab-
olism, but also of metabolic C02 production. To avoid
changes in the C02 tension, the effects of deoxygenation
were also examined in four bladders exposed to 1%
C02 in the S solution. In these experiments deoxygena-
tion at a constant C02 tension of 1% reduced the HC0s-
flux from 0.93±0.09 Amol/h to 0.36±0.08 ,mol/h. After
reoxygenation with 1% C02 in air the rate returned to
0.82±0.03 Amol/h. A final rate of HCO-3 flux with
C02-free air as the gas phase was 0.74±0.06 umol/h.
The inhibition of HC03- transport at constant C02 ten-

TABLE III
Effect of Pyruvate on S to MHC03- Flux in Depleted Bladders

HCO-flux

Depleted Pyruvate

Turtle Air Air N2 Air

,umollh pmollh
1 0.32 0.57 0.26 0.57
2 0.25 0.55 0.27 0.52
3 0.18 0.57 0.47 0.65
4 0.53 0.63 0.49 0.75
5 0.47 0.63 0.47 0.67
6 0.45 0.54 0.47 0.62

Mean 0.36 0.58* 0.40 0.63
-SE 0.05 0.01 0.04 0.03

Pyruvate (5 X 10-3 M) was added to the S and M solutions.
* P < 0.005, difference from the depletion measurements.

sion was 61±5%, comparable to that observed in the
absence of exogenous C02. Although the C02 tension
of the epithelial cells may influence the transepithelial
transport of HCO3- under certain conditions, these re-
sults indicate that the effect of deoxygenation is not
mediated by a reduction in the C02 tension.3

Effect of deoxygenation on S to MHCOt- and Mto
S Cl- fluxes in the same bladders. To determine
whether deoxygenation reduces the rate of Cl- absorp-
tion along with the rate of HCOs- secretion, a number
of simultaneous measurements were made of the uni-
directional Cl- flux before and after deoxygenation. As
shown in Table II, both fluxes were reduced by about
equal decrements. To allow time to obtain steady-state
Cl- fluxes after deoxygenation, the flux measurements
of Table II were taken during the 2nd half hour of
deoxygenation in bladders in which the pH stat rate
of HCO3- secretion remained constant during this pe-
riod. Since net Cl- fluxes could not be measured in these
individual bladders, only the unidirectional Cl- fluxes
are given. The observed inhibition of the M to S Cl-
flux by deoxygenation is consistent with the 02 de-
pendence of Cl- absorption in bladder sacs reported by
Brodsky and Schilb (7). These results suggest that both
HCO3- secretion and Cl- absorption depend on aerobic
energy.

'In the absence of exogenous C02, the cellular C02 ten-
sion maintained by metabolic C02 production has been esti-
mated as less than 2-mm Hg (2, 6), a value well below
that provided by exposure to 1% exogenous CO2. It would
be expected that the cellular [HCO3-] would be affected by
the cellular CO2 tension as well as by the S [HCO3 ]. Since
changes in the C02 tension from 0 to 1%o had little effect
on the HCO3- flux, it is likely that the S [HC03-] of 20
mMwas the principal determinant of the cellular [HCOS-]
under our experimental conditions.
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TABLE IV
Effect of DNPon S to MHCO3- Flux

HCO3- flux

Control N2 Recontrol DNP DNP+ N2 A±SE P

Mmol/h Atmol/lh
1.33 0.49 -0.8440.18 <0.01

1.35 0.87 -0.47±0.08 <0.01
0.87 0.55 -0.32±0.11 <0.05

Mean values for six experiments. DNP (1 X 10-4 M) was added to S.

Dependence of HCOs- secretion on metabolic sub-
strate. To explore further the dependence of HCOs-
secretion on aerobic energy bladders were depleted of
endogenous substrate for a period of 20 to 24 h. As
shown in Table III, depleted bladders had low rates of
HCO3- secretion. Addition of pyruvate increased the
rate from an average of 0.36 Amol/h-O.58 tmol/h after
2 h. Subsequent deoxygenation abolished this increase.
The increase was restored by reoxygenation. Addition
of glucose only inconsistently increased HCO:- secretion.

Effects of metabolic inhibitors on HCOt- secretion.
To define further the participation of different oxidative
pathways in the support of HC03- secretion, the inhibi-
tory effects of 2,4-dinitrophenol (DNP) and cyanide
were examined in separate groups of experiments. In
each bladder, the effect of deoxygenation was tested be-
fore the addition of the inhibitor, so as to permit com-
parisons of the extent of inhibition.

Table IV shows the average inhibition observed after
S addition of 10-' MDNP. The rate of HC03- secretion
was reduced from 1.35 Amol/h to 0.87 gmol/h when the
DNP effect had become maximal and steady, after 45
min of exposure. In these experiments, the inhibition by
DNP was 39% compared to 62% by deoxygenation.
The effect of DNP plus deoxygenation was the same
as the effect of deoxygenation alone.

Inhibition of secretion by 10' M NaCN in the S
solution was 37% in a group of eight bladders; the
extent of inhibition was the same as with DNP.

Although deoxygenation occasionally decreased HCGO-
secretion by as much as 80%, the average inhibition
was about 60% in several groups of experiments, and
the possibility is raised that part of HCOi- secretion
may be supported by energy from anaerobic glycolysis.
To examine this possibility the effects of iodoacetic acid
and 2-deoxy-D-glucose were explored. Jodoacetic acid
caused a marked decrease in the electrical resistance and
an increase rather than a decrease in the S to MHC03-
flux. This large HC03- flow was no longer inhibitable
by deoxygenation and was considered to represent sim-
ple diffusion across a leaky membrane as a result of the
concentration gradient. Data obtained with 2-deoxy-D-
glucose are presented in Table V. The bladders were
bathed in glucose-free Ringer's solution before and dur-
ing addition of deoxyglucose. The initial inhibition of
HC03- secretion by deoxygenation, 59%, was similar
to that in other groups of experiments, and reversed by
reinstitution of air. About 1 h after the addition of
deoxyglucose, the secretion rate reached a new steady
level of maximal inhibition. The average inhibition was
38%, and the inhibition by N2 plus deoxyglucose was
the same as the inhibition by N2 alone.

To determine whether HCOi- secretion was constant
during the time of these experimental maneuvers, the
rate of HC03- secretion was followed in two groups of
five bladders, one with and one without glucose in the
media, for a period of 3-4 h after the standard period
of deoxygenation. No significant differences were ob-

TABLE V
Effect of 2-Deoxy-D-Glucose on S to MHC03- Flux

HCO3- flUX

Control N2 Recontrol DG DG+ N2 A ±SE P

,.mol/h Mmol/h

1.15 0.56 -0.59±0.07 <0.001
1.18 0.75 -0.42±0.05 <0.001

0.75 0.56 -0.19±0.04 <0.01

Mean values for six experiments. 2-Deoxy-D-glucose (1 X 10- M) was added to the S
solution; in four of the experiments it was added also to the Msolution.
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served between the initial and final rates of HCOi-
secretion in either of these groups. In two experiments
in which prolonged observations were made in glucose-
free media, the secretion rates began declining spon-
taneously after the 5th h.

Electrical activity during inhibition of metabolism.
Since the bulk of the HC03- flux is electroneutral (4),
and since all flux measurements were made in the short-
circuited state, the electrical behavior of the bladders is
described only briefly to provide an estimate of changes
in the overall electrical resistance. In the eight experi-
ments of Table I that were carried out in the presence
of glucose, deoxygenation reduced the PD from 42±5
mV to 24±5 mV. The electrical resistance was 218 f
per 8 cm2 during the control period and 223 f after de-
oxygenation; the increment of 5±19 D was not signifi-
cant. In the eight experiments (Table I) carried out in
the absence of glucose, deoxygenation reduced the PD
from 46±7 to 21+4 mV; the control resistance was 289 Q
per 8 cm' and 278 Q during deoxygenation, the decre-
ment of 11±32 Q not being significant. Addition of
dinitrophenol, cyanide, or deoxyglucose likewise caused
no significant change in the electrical resistance.

DISCUSSION
Among the driving forces that could be responsible for
the transport of HC03- from the S to the urinary side
of the bladder, three must be considered. The first is
the electrochemical potential difference for HCOs- across
the epithelium. Although the electrical driving force was
eliminated in our experiments, the design of the studies
included 20-mM concentration gradient for HCO3
which was required for the pH stat measurements of
HCO3- transport under conditions of zero net H+ secre-
tion. The second driving force would be a metabolic
reaction that is coupled directly to the transport system
for HCO3-. The third is coupling to the flow of another
ion that is actively transported. Since Leslie, Schwartz,
and Steinmetz (4) have shown that HCOx- secretion
and Cl- absorption are closely coupled, the second and
third possibility are difficult to distinguish and are con-
sidered together for the purposes of our analysis.

The inquiry, therefore, may be simplified: Is the con-
centration driving force for HCO3- responsible for
HCO3 secretion as well as the coupled Cl- absorption?
Or, is the anion exchange dependent on an energy-
supplying metabolic reaction? In examining the latter
possibility no attempt will be made to determine whether
there is metabolic coupling to Cl- transport, to HCOi-
transport, or to a common component of the exchange
transport system.

The present study strongly suggests that the concen-
tration force alone does not account for the electro-
neutral HCO- flow. At constant concentration gradients
for HCOs-, the HC03- flow was markedly reduced by

deoxygenation, cyanide, dinitrophenol, and deoxy-D-glu-
cose; and the flow was increased by pyruvate in sub-
strate-depleted bladders. These results suggest that the
transport system is dependent on metabolic energy, but
two alternative possibilities must be considered. First
of all, the experimental maneuvers that inhibit HCO3-
secretion could reduce the passive HC03- permeability
and, thereby, the flow of HCOs- for a given concentra-
tion gradient. This possibility is rather unlikely since the
overall electrical resistance did not change during the
inhibition experiments. Furthermore, increased HCOi-
secretion after pyruvate addition in depleted bladders
would be difficult to attribute to a simple permeability
change. A second possibility would be that the metabolic
inhibitors caused reductions in the availability of C02
which might critically interfere with HCO3- transport
in our system that was gassed without exogenous C02.
Because the Cl-HCO3 exchange is inhibited by acetazo-
lamide (4), it would have been conceivable that the ob-
served inhibition of the transport system was C02 medi-
ated. The observation, however, that HCO- secretion
was inhibited to the same extent in the presence of 1%
exogenous C02 makes this explanation insufficient.

The downhill flow of HC03- in our system, therefore,
is coupled in one way or another to an energy-supplying
metabolic reaction, and the bulk of this flow occurs by
a mechanism of active transport by the Kedem cri-
teria (8).

In several bladders, deoxygenation inhibited as much
as 80% of the total HCOs- flow, a fraction approaching
the electroneutral component which was 82% in the
study by Leslie et al. (4). Although the average inhibi-
tion by deoxygenation was somewhat less, about 60%
in our study, it should be stated that deoxygenation was
not necessarily complete. Inhibitors of respiration or
glycolysis, however, had no effect additional to that of
deoxygenation alone. The results suggest that in all
likelihood the entire electroneutral component of HCO3-
secretion is dependent on metabolic energy and that
much of this energy is derived from aerobic processes.

These inhibitor studies have dealt primarily with the
HCO3- transport component of the exchanger. It must
be assumed that the Cl- component was similarly af-
fected. Deoxygenation caused comparable decrements in
HCO3- secretion and the unidirectional Cl- flux in the
absorptive direction. Studies by Brodsky and Schilb
(8) also provide evidence for the dependence of Cl- ab-
sorption on metabolic energy. These investigators re-
ported that in the bladder sac preparation' Cl- absorp-
tion was reduced in a number of experiments carried

'In this study (7) the S HC03- concentration was 17.7
mM, comparable to the concentration employed in our study.
Measurements of Cl- absorption in the absence of 02 and
glucose were obtained under conditions that differed from
ours, i.e., during incubation periods from 5 to 11 h.
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out in the absence of O2 and glucose. These lines of evi-
dence with respect to both Cl- and HCO3- transport
indicate that one of these flows or a common component
of the transport system must be coupled to an energy-
supplying reaction.

It is of interest that the turtle bladder has in addition
to this anion exchange pump two other energy-depen-
dent transport systems, one for Na+ and one for H'.
The three pump systems are not coupled directly to each
other. Ouabain, which inhibits Na+ transport, has no
direct effect on either H+ secretion or Cl-HCO3 ex-
change transport (4). The present study suggests that
the anion exchange pump depends largely on aerobic
energy. H' secretion and Na+ absorption, on the other
hand, can be supported to an appreciable extent by
anaerobic energy. Thus, Steinmetz, Omachi, and Frazier
(9) observed that dinitrophenol failed to inhibit H+
secretion in their system in which exogenous C02 was
absent. Similarly H' secretion was reduced only moder-
ately' by deoxygenation carried out at a constant CO.
tension of 1% (10). Klahr and Bricker (11) and
Nakagawa, Klahr, and Bricker (12) showed that Na+
transport is not abolished during deoxygenation and
exposure to KCN.

Although Cl-HCO3 exchange has been described in
a wide variety of tissues (for a review see reference 4),
there is little information available on its occurrence in
urinary epithelia other than turtle bladder. Studies by
Coulson and Hernandez (13) suggest that HC03- secre-
tion may occur in the renal tubule of the alligator, an-
other reptile. It is of interest that in the alligator
acetazolamide causes an inhibition of HCO3- excretion
that is associated with increased Cl- excretion (13).
The bladder of an amphibian, the Colombian toad, which
has a capacity for urinary acidification somewhat lower
than turtle bladder (14), has recently been reported
(15) to secrete HC03- under certain experimental con-
ditions by an electroneutral mechanism.

In the distal nephron of the mammalian kidney the
possibility of HCO0- secretion has not been explored. At
the C02 tension prevailing in vivo such a process might
be masked by a high rate of H+ secretion. Several re-
cent studies, however, indicate that Cl- is actively re-
absorbed in the distal tubule (16, 17) and collecting
duct (18). Whether this process of Cl- absorption is
coupled to HC03- secretion or an independent transport
process remains to be determined.

6When H+ secretion is stimulated by higher C02 tensions,
its dependence on aerobic energy is increased (Schwartz,
J. H. and P. R. Steinmetz, unpublished observations).'
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