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Effect of cyclic AMP on hydrogen ion secretion by turtle
urinary bladder

PHILIP D. LIEF, BERTRAND F. MUTZ, and NORMAN BANK

Renal Division, Department of Medicine, Mont efiore Hospital and Medical Center, and the Albert Einstein College of
Medicine, Bronx, New York

Effect of cyclic AMP on hydrogen ion secretion by the turtle uri-
nary bladder. Parathyroid hormone and its intracellular mediator
cyclic AMP play a role in acid excretion by the mammalian kid-
ney. To investigate this effect, we studied cyclic AMP in turtle
bladder with the pH-stat method. In carbon dioxide-free and bi-
carbonate-free solutions, where neither hydrogen ion nor bi-
carbonate ion gradients existed, serosal cyclic AMP (10 mM)
promptly decreased hydrogen ion secretion to 74% of the control
value, from 1.22 0.16 to 0.90 0.14 moles/hr (P <0.01). The
combination of cyclic AMP and theophylline, an inhibitor of
phosphodiesterase, decreased hydrogen ion secretion further, to
45% of the control value. The effect of cyclic AMP was additive
to that of benzolamide, a known carbonic anhydrase inhibitor.
Direct assay of tissue carbonic anhydrase activity demonstrated
complete inhibition of the enzyme by benzolamide, but no inhibi-
tion by cyclic AMP and theophylline. The decreases in hydrogen
ion secretion produced by cyclic AMP and theophylline were not
linked to decreased active sodium transport. The results of the
present study demonstrate a significant role of intracellular cy-
clic AMP in the control of hydrogen ion secretion by the turtle
bladder. Cyclic AMP decreases active hydrogen ion secretion
independently of passive hydrogen ion or bicarbonate ion move-
ment and without coupled decreases in sodium transport. The
data also indicate that cyclic AMP does not inhibit carbonic an-
hydrase in this tissue.

Effet de l'AMP cyclique sur Ia sécrétion d'ions hydrogene par Ia
vessie de tortue. L'hormone parathyroidienne et son médiateur
cellulaire I'AMP cycliq1e jouent un rOle dans l'excrétion des
acides par le rein de mammifêre. Pour étudier cet effet nous
avons observe l'action de I'AMP cyclique dans la vessie de tor-
tue au moyen de Ia méthode du pH-stat. Dans les solutions sans
carbon dioxide ni bicarbonate, oü il n'existe de gradient ni d'ions
hydrogene ni d'ions bicarbonate, I'AMP cyclique (10 mM) du cOté
séreux diminue rapidement la sécrétion d'ions hydrogéne a 74%
de Ia valeur contrOle, de 1,22 0,16 a 0,90 0,14 mo1es/hr (P
<0,01). L'association de l'AMP cyclique et de théophylline, un
inhibiteur de la phosphodiesterase, diminue encore plus Ia sécrd-
tion d'ions hydrogène, a 45% de la valeur contrôle. L'effet de
l'AMP cyclique est additif avec celui du benzolamide, un inhib-
iteur de l'anhydrase carbonique. La mesure directe de
l'anhydrase carbonique tissulaire montre l'inhibition complete
de l'enzyme par benzolamide, mais pas d'inhibition par l'AMP
cyclique et theophylline. Les diminutions de la sCcrétion d'ions
hydrogéne produites par l'AMP cyclique et theophylline ne sont
pas liCes a une diminution du transport actif de sodium. Les rC-
sultats de cc travail démontrent un role significatif de l'AMP cy-
clique intracellulaire dans le contrOle de la sécrétion d'ions hy-
drogCne par Ia vessie de tortue. L'AMP cyclique diminue la sé-
crétion active d'ions hydrogene de facon independante des

103

mouvements passifs d'ions hydrogCne ou d'ions bicarbonate et
sans diminution couplée du transport de sodium. Enfin, ces ob-
servations indiquent que l'AMP cyclique n'inhibe pas l'anhydrase
carbonique dans cc tissu.

Considerable clinical and laboratory evidence has
indicated that parathyroid hormone (PTH) influ-
ences bicarbonate reabsorption by the kidney [1-
101. The hormone stimulates membrane-bound
adenylate cyclase, which increases intracellular cy-
clic adenosine 3' ,5'-monophosphate (cyclic AMP)
concentrations [11, 12]. Cyclic AMP, the effector
substance, mediates the physiologic action of PTH
on the renal tubule, and by itself has been demon-
strated to reduce bicarbonate reabsorption [13].
The precise mechanism for this is unknown, but
several theoretical possibilities can be considered.
First, active hydrogen ion secretion by the tubule
might be decreased by cyclic AMP. This could oc-
cur through inhibition of carbonic anhydrase [14-
17], reduction of available substrate (carbon diox-
ide) for hydrogen ion secretion [18], decreased
force of the hydrogen ion pump or decreased active
pathway conductance [19]. Second, passive per-
meability of the renal tubule might be increased by
cyclic AMP [20, 21], leading to either increased
movement of hydrogen ions from lumen to blood or
of bicarbonate ions from blood to lumen. Third, the
effects of cyclic AMP on bicarbonate reabsorption
might be secondary to changes in transport of other
ions; for example decreases in sodium or mono-
valent phosphate reabsorption [22-26].
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To gain further insight into the basic mechanisms
of the action of cyclic AMP, we carried out studies
in the isolated turtle urinary bladder. This organ has
a well-characterized hydrogen ion transport system
[27, 28] which allows direct evaluation of active se-
cretion, passive permeability, and coupled trans-
port. The data demonstrate that cyclic AMP re-
duced active hydrogen ion secretion significantly by
the turtle bladder. This occurred independently of
changes in transmembrane electrical, hydrogen ion,
or bicarbonate ion gradients. In many instances, si-
multaneous active sodium transport increased;
thus, reduction in hydrogen ion secretion was not
linked to a change in sodium transport. The effect of
cyclic AMP was additive to the inhibitory effect of
benzolamide (a potent inhibitor of carbonic anhy-
drase) on hydrogen ion secretion, the combination
producing nearly total inhibition of active hydrogen
ion transport. Direct enzyme assay of bladder tissue
failed to show any inhibition of carbonic anhydrase
activity by cyclic AMP. The data suggest that the
nucleotide inhibits active hydrogen ion secretion ei-
ther by increasing intracellular pH, or by directly
affecting the proton pump.

Methods

Adult freshwater turtles (Pseudemys scripta)
were obtained from Lemburger Co. (Division of
Mogul-Ed, Oshkosh, Wisconsin). On the day of the
experiment, the animals were decapitated, and the
urinary bladders were excised with minimal han-
dling. Excised hemibladders were washed three
times in bicarbonate-free turtle Ringer's solution,
composed of (in mmoles per liter) sodium 115.0; po-
tassium, 3.5; calcium, 0.9; chloride, 119.7; divalent
phosphate, 0.3; dextrose, 2.0, (osmolality, 230
mOsmlkg H20), and were mounted between halves
of an Ussing-type plastic (Lucite®) chamber, pro-
viding an exposed membrane area of 7.3 cm2. Each
side of the mounted bladder was bathed by 15 ml of
bicarbonate-free turtle Ringer's solution (pH, 7.4).
The two baths were bubbled with air passed
through a series of three 3 M potassium hydroxide
baths to trap and remove all carbon dioxide, ac-
cording to the method described by Ste inmetz [29].
Mixing was accomplished by air lifts. Trans-
membrane potential difference (E) was measured
through 3 M potassium chloride agar bridges and
calomel half-cells, and recorded on a digital multi-
meter recorder, (Fluke model 8000A, John Fluke
Mfg. Co., Inc., Seattle, Washington). The bladders
were short-circuited by the method of Ussing and

Zerahn [30] with an automatic voltage clamping de-
vice; short-circuit current (SCC) was recorded con-
tinuously on a recorder (Servo-Graphic, model
2802, Laboratory Data Control, Inc., Riviera
Beach, Florida), and transmembrane electrical re-
sistance (R) was estimated intermittently, as de-
scribed previously [31].

pH-stat method. The pH of the aerated bathing
solutions was precisely adjusted to 7.400 0.001.
Combination pencil electrodes (Markson Scientific
Inc., Del Mar, California) were used to monitor the
pH in mucosal and serosal reservoirs; the elec-
trodes were placed well above the plastic chamber
containing the short-circuited membrane so that the
current from the voltage clamp did not affect the pH
reading. Continuous readings were taken with a dig-
ital pH meter, (Orion model 801, Orion Research,
Cambridge, Massachusetts). Changes in mucosal
pH from 7.400 were sensed by an automatic digital
controller (Orion model 872). When the mucosal pH
fell below 7.400, due to secretion of hydrogen ions
by the membrane, the servocontroller activated a
pump (Sage Infusion Pump, model 355, Orion Re-
search, Cambridge, Massachusetts), which deliv-
ered 0.01 N sodium hydroxide NaOH into the mu-
cosal bath until the pH returned to 7.400. From the
time interval and the volume of NaOH delivered,
we calculated the hydrogen ion secretion rate (ex-
pressed as micromoles of hydrogen per hour per
7.3 cm2 membrane area).

In preliminary experiments, we determined the
accuracy of the pH-stat apparatus. Chambers were
assembled with an inert cellophane sheet separating
the two halves, which were filled with bicarbonate-
free turtle Ringer's solution, mixed and aerated
with carbon dioxide-free air. A known amount of
0.01 N hydrochloric acid was added to the mucosal
bathing solution, which lowered the pH and instant-
ly activated the servocontroller and pump, leading
to the immediate delivery of an equimolar amount
of titrant. The response was prompt, complete, and
linear over the range of hydrogen ion addition of
from 0.1 to 1.0 moles, and there was no overshoot;
the controller restored the pH exactly to 7.400
0.001.

Measurement of hydrogen ion secretion rate: (A)
Control experiments. Using five bladders, bathed
on both sides by bicarbonate-free turtle Ringer's so-
lution, we measured hydrogen ion secretion during
consecutive periods, each of 30 mm's duration. Hy-
drogen ion secretion and short-circuit current were
recorded continuously for 210 mm in all experi-
ments, except for periodic determination of electri-
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cal potential difference (PD) and tissue resistance
(R).

(B) Effect of cyclic AMP on hydrogen ion secre-
tion. After performing three control studies, we
added cyclic AMP, 10 m, to the serosal baths of
six bladders. Theophylline, 10 m, was added to
the serosal baths of six additional bladders, after
three initial 30-mm control periods had been mea-
sured. Both cyclic AMP, 10 m, and theophylline,
10 m, were added to the serosal baths of another
six following three control periods. After these
compounds were added, serosal bath pH did not
change significantly; thus, there was no change in
hydrogen ion gradient across the tissue. In addition,
equimolar amounts of dextrose were added to the
mucosal bath to balance osmotic increments in the
serosal bath and, thus, to prevent any osmotic gra-
dient across the tissue.

(C) Effect of benzolamide. After performing three
control studies, we added benzolamide, 3.75 mri, to
the serosal baths of five bladders.

(D) Dose-response to cyclic AMP plus theo-
phylline. After performing two 30-mm control stud-
ies, we added cyclic AMP and theophylline in in-
creasing amounts (0.1 m, increasing to 10 mM) to
both baths of six bladders. Hydrogen ion secretion
was measured for 30 mm at each dose level.

(E) Additive effects of cyclic AMP and ben-
zolamide. After determining both control and cyclic
AMP-inhibited hydrogen ion secretion (see B
above), we added benzolamide, 3.75 to the
serosal bathing solution of six bladders, and we de-
termined the hydrogen ion secretion an additional
30 to 90 mm. Using three other bladders, we added
benzolamide, 3.75 mi, to the serosal baths after
60 mm of control rates of secretion. When 60 mm
of hydrogen ion secretion in benzolamide had
been measured, cyclic AMP (10 mM) plus theo-
phylline (10 mM) were added to the same serosal
solution, and a further 60 mm of hydrogen ion se-
cretion was determined.

Measurements of tissue carbonic anhydrase ac-
tivity. Turtles were perfused with bicarbonate-free
turtle Ringer's solution by cardiac puncture until
bladder vessels were clear of red cells (25 to 30
mm). The urinary bladders were than removed,
washed, and divided in pieces. The divided blad-
ders were placed in one of the combinations of
Ringer, gas, and test substance (indicated below),
selected to parallel the conditions under which hy-
drogen ion secretion rate had been determined in
intact bladders: (1) bicarbonate-free turtle Ringer's;
(2) bicarbonate-free turtle Ringer's plus cyclic

(10 mM) plus theophylline (10mM); (3) bicarbonate-
free turtle Ringer's plus benzolamide (3.75 mM).
After 60 mm in the solutions, mucosal cells from
each piece were removed by scraping with a glass
slide, suspended in 1.5 ml of deionized water,
and homogenized in a tissue homogenizer (model
45, The Virtis Co., Inc., Yonkers, New York).
The homogenate was centrifuged (model HN-S,
International Equipment Co.) at > 5000 RPM for
15 mm, and the supernatant was filtered through
filter paper (no. 1 Whatman) to remove cellular
debris. Aliquots of each filtrate were dried and
weighed on a Mettler balance (model H/lOT, Fisher
Scientific Co., Pittsburgh, Pennsylvania) to the
nearest 0.001 mg, to give the dry weight per volume
of extract.

Aliquots of each extract were assayed for carbon-
ic anhydrase activity by the method of Maren, Ash,
and Bailey [33, 34]. Five hundred microliters of in-
dicator (12.5 mg of phenol red dissolved in 1000 ml
of 2.6 m sodium bicarbonate), 200 l of buffer
(300 ml of 1 M dibasic sodium carbonate added to
206 ml of 1 M sodium bicarbonate and made up to
1000 ml), and 100 tl of sample were placed in a re-
action tube. One hundred percent carbon dioxide
was bubbled through the solution at a constant rate
regulated by a precise flowmeter (model no.
10A4139M, Fisher and Porter Co., Warminster,
Pennsylvania). Reagents, samples, and the reaction
chamber were cooled in a constant temperature wa-
ter bath to 10 C. Indicator and sample were added to
the reaction vessel first. The buffer was rapidly add-
ed, and timing was begun with a stopwatch. The
time from addition of buffer until a change in color
of indicator from red to yellow was recorded for
each sample. After each run, the apparatus was
rinsed six times with deionized water. With this
method, the control uncatalyzed reaction time, us-
ing distilled water, was 104 3 seconds, and solu-
tions of known carbonic anhydrase content gave
faster reaction times, proportional to the amount of
enzyme added. The results of tissue assays are re-
ported as arbitrary units of carbonic anhydrase ac-
tivity per milligram of dry weight, using a standard
purified carbonic anhydrase preparation.

Results are expressed as means SEM. Com-
parisons were made with the paired Student's t test.
Theophylline and 3'S'-cyclic adenosine mono-
phosphoric acid as the sodium were obtained from
Sigma Chemical Co., St. Louis, Missouri. Purified
carbonic anhydrase was obtained from ICN Phar-
maceuticals, Cleveland, Ohio. Benzolamide was
supplied by Dr. Thomas Maren.
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Fig. 1. Effect of serosal cyclic AMP on active hydrogen ion secretion in six turtle
urinary bladders bathed in carbon dioxide-free amphibian Ringer's solution.
Results are means SEM. Asterisk denotes P < 0.01.

Results

Control experiments. In five tissues, bathed with
carbon dioxide-free turtle Ringer's solution, a
stable rate of hydrogen ion secretion was main-
tained over a period of 210 mm. The rates of hydro-
gen ion secretion measured in these control experi-
ments (1.0 to 1.2 .LM/hr) are comparable to those
previously reported by Steinmetz [29]. Short-circuit
current remained constant or declined slightly and
transmembrane electrical resistance (R) remained
stable throughout the period of observation in all
control studies.

Effect of cyclic AMP on active hydrogen ion se-
cretion. Cyclic AMP (10 mM) was added to the sero-
sal baths of six bladders, after three initial control
periods had been measured. The bathing solutions
were bicarbonate-free turtle Ringer's solution on
both sides of the bladder. The results are presented
in Fig. 1. Control hydrogen ion secretion rate,
which had been stable at 1.1 to 1.2 pmole s/hr during
the 90 mm of periods 1 to 3, fell promptly in all ex-
periments to 0.92 0.10 mo1e s/hr after 30 mm (pe-
riod 4), and 0.9 0.14 /hmoles/hr in periods 5 and 6
(P < 0.01). The decrease in hydrogen ion secretion
began within a few minutes of addition of cyclic
AMP and persisted over the 90 mm of observation.
The percent change from period 3, the last control
period before addition of cyclic AMP, to period 5 is
shown in Fig. 2. Hydrogen ion secretion rate was

reduced to 74 4% of the control value. For com-
parison, data from the control experiments are rep-
resented as the percent change from period 3 to pe-
riod 5. In the five control studies, the secretion rate
in period 5 rose slightly to 109 11% (NS) of the
rate in period 3.

Effect of theophylline on active hydrogen ion se-
cretion. Addition of theophylline (10 mM) to the
serosal bath, without addition of exogenous cyclic
AMP (bicarbonate-free turtle Ringer's solution on
both sides of bladder), produced a prompt and sus-
tained fall in hydrogen ion secretion rate. The per-
cent change from period 3, the last control period,
to period 5 is shown in Fig. 2. Theophylline, which
prevents breakdown of endogenous intracellular cy-
clic AMP by inhibition of phosphodiesterase [32],
produced an even greater fall in hydrogen ion secre-
tion than did exogenous cyclic AMP alone. The rate
of hydrogen ion secretion after addition of theo-
phylline was 55 4% in period 5, as compared with
the control rate in period 3 (P < 0.01).

Effect of theophilline plus cyclic AMP on active
hydrogen ion secretion. In six bladders, both theo-
phylline (10 mM) and cyclic AMP (10 mM) were add-
ed to the bicarbonate-free turtle Ringer's serosal
medium after three control periods. There was a
slightly but not significantly additive effect of this
combination on hydrogen ion secretion when com-
pared to the studies with theophylline alone. Hy-
drogen ion secretion rate in period S (after addition)

serosa
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Control Cyclic AMP Theophylline Cyclic AMP Benzolamide
and

theophylline

Fig. 2. Effect of serosal cyclic AMP, theophylline, and benzolamide on hydrogen
ion secretion in turtle urinary bladders bathed in carbon dioxide-free amphibian
Ringers solution. Rates after treatment are expressed as a percent of control
rates. Results are means SEM. Numbers in bars indicate numbers of bladders.
Asterisk denotes P <0.01.

was 45 10% of the control rate in period 3 (P <
0.01). The results are shown in Fig. 2.

Effect of benzolamide on active hydrogen ion se-
cretion. To compare the magnitude of the effects of
cyclic AMP and theophylline to that of a known po-
tent inhibitor of hydrogen ion secretion, we added
3.75 mM benzolamide to the serosal bath of five
bladders mounted in bicarbonate-free turtle Ring-
er's solution. The results are shown in Fig. 2. After
benzolamide was added, the hydrogen ion secretion
rate in period 5 was 35 5% (P <0.01) of the con-
trol value in period 3, a maximal response similar to
that found previously by Schwartz, Rosen, and
Steinmetz for acetazolamide [36]. This degree of in-
hibition was comparable to that observed with cy-
clic AMP plus theophylline.

Dose response to cyclic AMP plus theophylline.
The effect of increasing doses of cyclic AMP plus
theophylline is shown in Fig. 3. Addition of small
amounts (0.1 mM) of these compounds resulted in
inhibition of hydrogen ion secretion, which became
progressively greater at increasing doses. Maxi-
mum effect was observed at 5 m, and further in-
crement had no additional inhibitory effect on hy-
drogen ion secretion.

Additive effect of benzolamide plus cyclic AMP
and theophylline on active hydrogen ion secretion.
To investigate whether or not benzolamide and cy-

clic AMP share a similar mechanism of action, that
is, inhibition of carbonic anhydrase, we added these
compounds sequentially to the serosal baths of tis-
sues bathed by bicarbonate-free turtle Ringer's so-
lution. The results are presented in Table 1. In part
A of Table 1, cyclic AMP alone inhibited hydrogen
ion secretion in six bladders from 1.17 0.18 to
0.91 0.12 M!hr (P <0.05). The subsequent ad-
ministration of serosal benzolamide (3.75 mM) re-
duced hydrogen ion secretion rate further from
0.91 0.12 to 0.41 0.14 LM/hr (P < 0.01). No sig-
nificant effects on short-circuit currents or trans-
membrane electrical resistance (R) were noted. The
additive effect of the two compounds was not de-
pendent on the order in which they were in-
troduced. In part B of Table 1 are shown three ex-
periments in which benzolamide was added first.
Hydrogen ion secretion declined to 0.26 0.03 jsMI
hr (P < 0.01) from the control value. The sub-
sequent addition of cyclic AMP (10 mM) and theo-
phylline (10 mM) in the serosal bath completely
abolished hydrogen ion secretion. There was a
small but significant decline in short-circuit current
after treatment of membranes with benzolamide in
these studies, associated with the decrease in hy-
drogen ion secretion. Addition of cyclic AMP with
or without theophylline, however, did not reduce
short-circuit current significantly. From these ob-
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Fig. 3. Dose response hydrogen ion secretion rate in six turtle
urinary bladders, treated with increasing doses of cyclic AMP
plus theophylline. Results are means SEM.

servations, the effect of cyclic AMP appeared to be
additive to that of benzolamide on hydrogen ion se-
cretion.

Effect of cyclic AMP plus theophylline on short-
circuit current (SCC) and transmembrane resis-
tance (R). As noted above, SCC and R remained
quite stable throughout control experiments, with
SCC declining slowly with time as is usual for un-
treated epithelial tissues. In those bladders treated
with cyclic AMP plus theophylline, two patterns of
response of SCC and R were noted. A representa-
tive example of each response is presented in Fig. 4.
In three of the six bladders, SCC declined slowly
during the experiment without being clearly af-
fected by cyclic AMP plus theophylline (Fig. 4, pan-
el A). In these same membranes, simultaneously
measured hydrogen ion secretion rates invariably
decreased after addition of cyclic AMP and theo-
phylline; R rose slightly as SCC decreased. In the
three other bladders treated with cyclic AMP and
theophylline, SCC rose after addition of the test
substances with concomitant inhibition of hydrogen
ion secretion (Fig. 4, panel B). The increase in SCC
was prompt and often persisted for 60 to 90 mm.
Associated with the rise in SCC, there was a fall in
R in these tissues. The rise of SCC and the con-
incident fall in R is the response often described for

cyclic AMP plus theophylline in other epithelia [32].
The data on SCC from these experiments suggests
that active sodium transport (total SCC minus hy-
drogen ion secretion) was preserved well in blad-
ders treated with cyclic AMP plus theophylline, and
that inhibition of hydrogen ion secretion was not as-
sociated with decreased active sodium transport.

Effect of cyclic AMP and theophylline on tissue
carbonic anhydrase activity. Tissue carbonic anhy-
drase activity was assayed in homogenates of blad-
der mucosal cells that had been treated identically
to the bladders used in the titration studies de-
scribed above. The results are presented in Table 2.
One portion of each of seven bladders was in-
cubated in bicarbonate-free turtle Ringer's solution,
and the mucosal cells were scraped and homoge-
nized. The supernatants contained significant car-
bonic anhydrase activity. Another portion from
each of the seven bladders was incubated in bi-
carbonate-free turtle Ringer's solution containing
3.75 mi benzolamide, and then they were scraped
and homogenized. The supernatants from ben-
zolamide-treated tissues contained minimal enzyme
activity in only one instance, and were otherwise
indistinguishable from the distilled-water controls.
In contrast, a third portion of seven bladders ex-
posed to cyclic AMP (10 mM) plus theophylline (10
mM), then scraped and homogenized, did not show
any enzyme inhibition. There was preservation of
enzyme activity identical to the activity of carbonic
anhydrase noted in the control homogenates. The
data thus suggest that cyclic AMP and theophylline
do not inhibit carbonic anhydrase activity in this tis-
sue.

1.5— Table 1. Effect of combination of cyclic AMP and benzolamide
on hydrogen ion secretion by turtle bladder

Hydrogen ion secretion
)wnoleslhr

A(N = 6)
Control 1.17 0.18
Cyclic AMP (10 mM) 0.91 0.12"
Benzolamide (3.75 mM) 0.41 0.l4

B(N = 3)
Control 0.57 0.05e
Benzolamide (3.75 mM) 0.26 003d
Cyclic AMP (10 mM)

plus theophylline (10 mM) 0.0

"P < 0.05, when compared with the control value.
P < 0.01, when compared with the cyclic AMP (10 mM) val-

ue.
P <0.02, when compared with the control value.

d P < 0.02, when compared with the benzolamide (3.75 mM)
value.
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Discussion

The results of the present study demonstrate that
cyclic AMP, the intracellular messenger substance
for many hormones, including PTH, inhibits active
hydrogen ion secretion by the turtle urinary blad-
der. Enhancement of this effect by the concomitant
administration of theophylline, an inhibitor of the
intracellular enzyme which accelerates breakdown
of cytosol cyclic AMP (phosphodiesterase), sup-
ports the idea that intracellular concentrations of

Table 2. Assay of carbonic anhydrase activity in scraped
mucosal cells of turtle bladders

Carbonic anhydrase
activity

U/mg dry wtb

Control (NaR) 13.4 1.8
Cyclic AMP + theophylline(NaR)
Benzolamide(NaR)

13.1 l.1e
1.5 0.0'

Bladders were quartered, and each quarter was bathed in
turtle Ringer's solution (NaR) with addition of the compounds
before the mucosal cells were scraped for analysis.

b See text.
NS, when compared to the control value.

dp < 0.001, when compared to either the cyclic AMP + theo-
phylline value or the control value.

cyclic AMP are critical in mediating the effect on
hydrogen ion secretion. Although it would have
been desirable to test the effect of PTH directly,
preliminary studies indicated that bovine PTH is
not capable of stimulating turtle bladder adenylate
cyclase or influencing hydrogen ion secretion in in-
tact turtle urinary bladders.' Since this species of
water turtle is known to have parathyroid glands
[37], the lack of response to bovine PTH probably
reflects a species difference, similar to that which
has been described by Dousa for amphibian kidney
and urinary bladder [38]. Nonetheless, the results
with cyclic AMP provide a possible explanation for
the in vivo effects of PTH and cyclic AMP on renal
acid excretion [1—10, 13].

Several possible mechanisms to explain the effect
of cyclic AMP on hydrogen ion secretion can be
considered. A decrease in hydrogen ion secretion
has been observed to occur when there is a reduc-
tion in transepithelial electrical potential difference
[29]. However, since the cyclic AMP-mediated re-

I Studies performed for us by Dr. DetleffSchlondorff, Depart-
ment of Medicine, Albert Einstein College of Medicine, demon-
strated that bovine PTH failed to stimulate membrane-bound
adenylate cyclase in turtle urinary bladder.
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duction in hydrogen ion secretion occurred in short-
circuited tissues, transepithelial electrical potential
changes can be excluded as a mechanism. An in-
crease in intracellular potential, not measured in the
present studies, could have altered the potential
across the apical cell membrane and, thus, influ-
enced secretion. The present data do not exclude
this possibility.

An increase in passive pathway permeability
leading to either an increase in mucosal to serosal
hydrogen ion backleak, or an increase in serosal to
mucosal bicarbonate transport might have reduced
net hydrogen ion secretion into the mucosal bath.
Such a mechanism has been suggested by Lorentz
to explain the effect of PTH or cyclic AMP on prox-
imal renal tubular transport [20, 21]. The present
studies in which cyclic AMP inhibited hydrogen ion
secretion were carried out, however, in the absence
of either hydrogen ion gradients or bicarbonate gra-
dients across the whole bladder wall. The results,
thus, cannot be easily accounted for by an increase
in passive hydrogen ion or bicarbonate permeability
across the whole tissue. The present data, however,
do not exclude alterations in either mucosal or sero-
sal cell membranes. Thus, it is possible that there
was a change in backflux of hydrogen ions from the
unstirred layer adjacent to the mucosal membrane
into the cells or alternatively of bicarbonate or hy-
droxide ions from the cell interior into the mucosal
solution. Measurements of intracellular pH and es-
timates of gradients for hydrogen ions across the
cell membrane might shed light on these possi-
bilities.

Carbonic anhydrase inhibitors are known to in-
hibit hydrogen ion secretion in the turtle bladder
[36], and because it has been suggested that cyclic
AMP inhibits carbonic anhydrase in the rat renal
cortex [17], we examined the effect of cyclic AMP
on this enzyme in the turtle bladder. Two approach-
es were used, both comparing cyclic AMP with ben-
zolamide, a known inhibitor of carbonic anhydrase.
First, we found an additive effect of cyclic AMP and
benzolamide in reducing hydrogen ion secretion in
the intact bladder, regardless of the sequence of ex-
posure of the tissues to the two substances (Table
1). Of particular interest is the total inhibition of hy-
drogen ion secretion noted when cyclic AMP plus
theophylline was added to benzolamide-treated tis-
sues (Table 1, part B), because maximal carbonic
anhydrase inhibition should have reduced hydrogen
ion secretion by no more than 80% [29]. Second, we
demonstrated by tissue analysis that there was no
inhibition of carbonic anhydrase in bladders ex-

posed to cyclic AMP plus theophylline, in contrast
to bladders exposed to benzolamide, where the en-
zyme was totally inhibited (Table 2). We added cy-
clic AMP plus theophylline to the intact tissue, in
physiologic doses identical to those which had in-
hibited hydrogen ion secretion. Although it is not
possible to determine the final intracellular concen-
tration of cyclic AMP in these experiments, based
on the known effect of theophylline on amphibian
epithelial cell cyclic AMP concentrations, we esti-
mate that cyclic AMP was present in 10 to 20
pmoles/mg dry weight (Dr. D. Schlondorff, personal
communication). Our findings that cyclic AMP does
not inhibit endogenous tissue carbonic anhydrase
activity, although contrary to the data of Beck et al
in rat kidney homogenates [17], are entirely consis-
tent with the studies of Puschett and Goldberg [39]
and Beck and Goldberg [24] on erythrocyte carbon-
ic anhydrase, with the observations of Garg on re-
nal cortical carbonic anhydrase of rat [40, 41], and
with the studies of Schlondorff on dog renal cortical
carbonic anhydrase (personal communication). On
the basis of the present studies, as well as most of
the published data, we suggest that the effect of cy-
clic AMP on hydrogen ion secretion is not mediated
by inhibition of carbonic anhydrase.

In the absence of exogenous carbon dioxide, hy-
drogen ion secretion by the turtle bladder is limited
by carbon dioxide derived from metabolism, pri-
marily that formed as the result of energy utilized
by sodium transport, but also from other metabolic
processes [19, 42, 43]. In the present studies, the
reduction in hydrogen ion secretion by cyclic AMP
was not associated with a significant change in so-
dium transport (estimated as short-circuit current
minus hydrogen ion secretion), suggesting that the
main source of endogenous carbon dioxide was not
impaired by cyclic AMP.

These considerations leave two additional possi-
bilities to explain our findings. First, cyclic AMP
might have raised intracellular pH by release of
buffers from the mitochondria, as postulated by
Rasmussen, Goodman, and Tenenhouse [44] and
Rasmussen [45]. This would have made less hydro-
gen ions available for active transport. Second, cy-
clic AMP might have directly affected the hydrogen
ion pump, for example by changing the pro-
tonmotive force or active pathway conductance
[46]. Our data do not permit a choice between these
possibilities.

The present findings in the turtle bladder are in
conflict with the recent report by Frazier [47], who
found that serosal bovine PTH or cyclic AMP in-
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creased hydrogen ion secretion by the urinary blad-
der of the Colombian toad. The reasons for the dis-
crepant results are not clear, but may be due to im-
portant species differences, or to sodium transport-
mediated generation of more carbon dioxide. It is
also possible that PTH, or cyclic AMP, or both
stimulated other metabolic sources of carbon diox-
ide. High and Hersey [48] have shown that theo-
phylline mobilizes exogenous fatty acids in frog gas-
tric mucosa, which are then oxidized and produce
carbon dioxide for participation in secretion of acid
by that tissue. Whatever the mechanism, the para-
doxical finding of enhanced hydrogen ion secretion
by Frazier is opposite to the observed effects of
PTH and cyclic AMP on hydrogen ion secretion in
the intact mammalian kidney and those of cyclic
AMP in the present study in the turtle urinary blad-
der.
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