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Effects of Acetazolamide on the Urinary Excretion

of Cyclic AMPand on the Activity of Renal Adenyl Cyclase
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A B S T R A C T Acetazolamide, an inhibitor of the en-
zyme carbonic anhydrase, increased the urinary excre-
tion of cyclic AMPin normal and parathyroidectomized
rats. The increase was greater in rats with intact para-
thyroid glands than in parathyroidectomized rats. This
rise in the urinary excretion of cyclic AMPwas not
due to an increase in urine flow or a change in urine
pH. Furosemide caused an increase in urine flow, but
did not affect the excretion of cyclic AMPor phosphate.
Alkalinization of the urine with bicarbonate did not in-
crease the urinary excretion of phosphate or cyclic
AMP. Acetazolamide increased the production of cyclic
AMPby rat renal cortical slices in vitro. This effect
was dose-dependent. Acetazolamide also stimulated the
activity of renal cortical adenyl cyclase in a dose-de-
pendent manner but had no effect on the activity of
cyclic nucleotide phosphodiesterase. The pattern of uri-
nary excretion of cyclic AMPand phosphate after ad-
ministration of acetazolamide was similar to that ob-
served in rats given parathyroid hormone. It is suggested
that acetazolamide stimulates the renal production of
cyclic AMPby activating adenyl cyclase and that this
may be the mechanism by which this inhibitor of car-
bonic anhydrase produces phosphaturia.

INTRODUCTION
The administration of acetazolamide, a potent inhibitor
of the enzyme carbonic anhydrase, results in marked
phosphaturia and bicarbonaturia, but only modest natri-
uresis (1, 2). These effects are strikingly similar to those
observed after administration of parathyroid hormone
(3-5). It is now widely accepted that cyclic AMPis the
mediator of the hormonal effects of parathyroid hormone
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in bone (6) and kidney (7). Recently, carbonic anhy-
drase inhibitors have been found to antagonize the cal-
cemic response observed after administration of para-
thyroid hormone to nephrectomized rats (8) and the
resorption of bone induced by parathyroid hormone in
tissue cultures (9). These findings suggest an interaction
of carbonic anhydrase inhibitors with the adenyl cyclase
system of bone activated by parathyroid hormone.

These considerations prompted us to study the effects
of acetazolamide on the urinary excretion of cyclic AMP
and on the adenyl cyclase system of the renal cortex.
Our results indicate that acetazolamide increases the
urinary excretion of cyclic AMPin normal or parathy-
roidectomized rats. The temporal relationship observed
between the urinary excretion of cyclic AMPand phos-
phate suggests that the phosphaturia associated with the
administration of acetazolamide may be mediated by
cyclic AMP. Studies in vitro indicated that acetazolamide
directly stimulates the adenyl cyclase system of the renal
cortex in the rat.

METHODS

In vivo experiments

Experiments were performed in female Sprague-Dawley
rats weighing 180 to 240 g. The rats were allowed food
and water ad lib until 12 h before study, when food was
withheld. The following studies were performed:

Administration of acetazolamnide to normal rats. Poly-
ethylene catheters were inserted, under light ether anes-
thesia, into the right femoral artery to obtain blood samples
and into the left jugular vein for the infusion of solutions.
A Silastic catheter was placed in the bladder. The rats
were then placed in Plexiglas holders and allowed to re-
cover completely from the effects of the anesthetic. A prim-
ing dose of inulin, 12.5 mg in 1 ml of normal saline, was
administered, followed by a sustaining solution of inulin
(12.5 mg/ml) in normal saline, infused at a rate of 50
Al/min. After an equilibration period of 60 min, three
30-40-min clearance periods were obtained. Acetazolamide,
3 mg in 0.3 ml of normal saline, was then administered,
followed by a sustaining infusion which delivered 3 mg

22The Journal of Clinical Investigation Volume 53 January 1974 122-130122



of acetazolainide/h, anid three additional clearance periods
(each of 10 min duration) were obtained. Urine was col-
lected under mineral oil into previously weighed tubes.

Administration of acetavolamnide to parathyroidectomized
rats. Surgical parathyroidectomy was carried out under
light ether anesthesia 24 h before study. The animals had
free access to water, but no food after surgery. Serum
calcium was less than 7.5 mg/100 ml at the time of study.
The experimental protocol for clearance studies was identi-
cal to that used in normal rats.

Administration of furosemide to normal rats. The ex-
perimental protocol was identical to that used in normal
rats receiving acetazolamide. After obtaining three control
clearance periods, 1.5 mg of furosemide was administered,
followed by a sustaining infusion delivering 1.5 mg of
furosemide/h, and three additional clearance periods were
obtained.

Administration of bicarbonate to normal rats. Three
normal rats were prepared in the manner described above.
After obtaining two to three control clearance periods, a
sodium bicarbonate solution containing 120 meq/liter of
HCO3 was given at a rate of 50 juI/min. After the urine
pH reached or exceeded 7.0, three additional clearance
periods were obtained.

In vitro experiments
Production of cyclic AMP by renal cortical slices. Fe-

male Sprague-Dawley rats weighing 200-300 g were sac-
rificed and their kidneys quickly removed, decapsulated,
and placed in ice-cold Krebs-Ringer phosphate. Cortical
slices were obtained using a Stadie-Riggs microtome. Slices
were preincubated for 1 h in Krebs-Ringer phosphate con-
taining 10-' M theophylline, 10-' M glucose, and 0.25%
bovine serum albumin, and gassed with a mixture of 95%
O. and 5% CO2 in a Dubnoff metabolic shaker at 370C.
The slices were then transferred to individual flasks con-
taining 1 ml of the same Ringer's solution, to which aceta-
zolamide, parathyroid hormone, or both were added. In
another series of experiments, the effects of 10' M furose-
mide and 10' M ethacrynic acid on the concentration of
cyclic AMP in rat renal cortical slices were studied. In-
cubations were carried out at 370C for 20 min, after which
the slices were quickly frozen in Freon (E. I. duPont &
Co., Inc., Wilmington, Del.), then boiled in 1 ml of 0.05
M Na-acetate-acetic acid buffer, pH 4, for 10 min, and
finally centrifuged at 6,000 g for 20 min. This extraction
procedure did not result in significant loss of cyclic AMP
(10). A sample for determination of protein was obtained
before centrifugation. Cyclic AMPwas measured in dupli-
cate in both the clear supernate and the incubation medium
by a modification (10) of the protein-binding assay of
Gilman (11). A standard curve was run with each assay.
The curve was linear between 0.5 and 20 pmol of cyclic
AMPwhen plotted in a semilogarithmic scale and the con-
centration of cyclic AMP in all samples tested was within
this range. Neither acetazolamide nor the phosphate buffer
interfered with the binding of cyclic AMP to the protein.

Activity of adenyl cyclase from renal cortex. Adenyl
cyclase activity was determined by a modification of the
method of Marcus and Aurbach (12). The cortex from
two kidneys was homogenized in 0.02 M Tris-HCl buffer,
pH 7.4, containing 10% vol/vol dimethylsulfoxide, and the
homogenate was centrifuged at 2,000 g for 10 min. The
precipitate was resuspended in the same buffer and centri-
fuged again. The particulate enzyme preparation was then
suspended in the Tris-HCl-dimethylsulfoxide buffer to give

a protein concentration of approximately 15-20 mg/ml and
was stored at -750C. The activity of adenyl cyclase was
assayed by determining the formation of cyclic AMP from
ATP with the addition of KCl and an ATP-regenerating
system. The reaction mixture contained: Tris-HCl, 0.02
M, pH 7.4; MgCl2, 4.5 X 10' M; theophylline, 9 X 10' M;
bovine serum albumin, 0.013%o; KCl, 3 X 10-' M; phos-
phoenolpyruvate, 5.4 X 10-8 M; ATP, 1.1 X 10' M; py-
ruvate kinase, 0.07 mg/ml; approximately 600-800 ,ug of
enzyme suspension and acetazolamide in a total volume of
200 /Al. Incubations were carried out in a Dubnoff meta-
bolic shaker at 370C for 10 min, at the end of which the
reaction was stopped by boiling for 3 min. The content of
the tubes was diluted with 1 ml of 0.05 M Na-acetate-
acetic acid buffer, pH 4, and the precipitated protein was
separated by centrifuging at 5,900g for 15 min. Cyclic
AMP then was measured in the clear supernate. In each
experiment, a blank containing the whole reaction mixture
but no enzyme suspension was run in triplicate and its
average value was subtracted from the value in each tube.

Actizity of phosphodiesterase from renal cortex. Cyclic
nucleotide phosphodiesterase was prepared from rat renal
cortex as described by Cheung for rat brain (13). The
renal cortex was homogenized in 5 vol of distilled water
and the homogenate was centrifuged for 30 min at 30,000 g.
The supernatant fluid was dialyzed for 16 h against 200
vol of 0.02 M Tris-HCl, pH 7.4. Phosphodiesterase activity
was assayed by incubating the enzyme in 200 IAI of 0.02 M
Tris-HC1, pH 7.4, containing cyclic AMP, 2 X 104 M;
MgC12, 1.8 X 10-8 M; and either theophylline or acetazola-
mide. Incubations were carried out at 370C for 30 min. The
reaction was stopped by boiling for 3 min. The content of
the tubes was diluted with 1 ml of 0.05 M Na-acetate-acetic
acid buffer (pH 4) and the protein separated 'by centri-
fuging at 5,900g for 15 min. The clear supernate was
assayed for cyclic AMP. The recovery of cyclic AMP
added to the adenyl cyclase and phosphodiesterase assays
was 95-100%.

Analytical procedures. Inulin was determined by the
microanthrone method (14), and sodium and potassium,
with a flame photometer (Model 43, Instrumentation Lab-
oratory, Inc., Lexington, Mass.). Plasma and urine pH
and Pco2 were measured on an Instrumentation Laboratory
gas analyzer, model 123, and the plasma bicarbonate was
calculated by the Henderson-Hasselbach equation, with
a pK value of 6.1 and a solubility value of 0.03 for plasma.
For urine, the solubility value used was 0.0309, and the pK
values were calculated for each sample by the formula
pK = 6.33 - 0.5 X 'lB, where B represents the total cation
concentration estimated in the urine as the sum of so-
dium and potassium concentrations. Plasma and urinary
phosphate were measured by the method of Chen, Tori-
bara, and Warner (15). For the determination of uri-
nary cyclic AMP, samples were diluted appropriately
with 0.05 M Na-acetate-acetic acid buffer, pH 4, to bring
the concentration of the nucleotide within the range of
the standard curve, and the pH (which was found to be
critical for binding) to the optimal values. Serum calcium
was measured by atomic absorption spectrophotometry with
an Instrumentation Laboratory Model 153. Protein concen-
tration was measured by the method of Lowry, Rosebrough,
Farr, and Randall (16).

Cyclic AMP and acetazolamide were purchased from
Sigma Chemical Co. (St. Louis, Mo.) and [3H]cyclic AMP
(sp act 24.1 Ci/mol) from New England Nuclear (Bos-
ton, Mass.) For the in vivo experiments, the sodium salt
of acetazolamide (Diamox, Lederle Laboratories, Div. of
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FIGURE 1 Representative experiment on the effects of
acetazolamide (3 mg in 0.3 ml of normal saline followed
by an infusion delivering 3 mg/h) on the urinary excretion
of cyclic AMP (c-AMP) (closed circles) and phosphate
(open circles) in a normal rat. The points correspond to
three control (C) and three experimental (E) periods be-
fore and after acetazolamide administration.

American Cyanamid Co., Pearl River, N. Y.) was used.
The parathyroid hormone used in these studies was the syn-
thetic, 1-34, tetratriacontapeptide (sp act 3760 IU/mg),
purchased from Beckman Instruments, Inc., Spinco Div.
(Palo Alto, Calif).

RESULTS
Effects of administration of acetazolamide on urinary

excretion of phosphate, bicarbonate, and cyclic AMPin
normal rats. A representative experiment is depicted in
Fig. 1. After infusion of acetazolamide, there was a
marked increase in the urinary excretion of cyclic AMP
during the first experimental period. Thereafter, the ex-
cretion rate decreased progressively over the ensuing two
periods. However, even at the end of 30 min, the excre-
tion of cyclic AMPwas substantially greater than in
control periods. The excretion of phosphate followed a
similar pattern, but the peak excretion of phosphate
occurred some time after the peak increase in cyclic
AMP.

Table I summarizes clearance data in four normal
rats before and after administration of acetazolamide.
Each value represents the mean of three control and
three experimental periods, with the exception of the
value for cyclic AMPduring the experimental periods,
which represents the peak response. This invariably
occurred during the first 10-min period after infusion of
acetazolamide. Inulin clearance was not significantly dif-

ferent in control and experimental periods, whereas urine
flow, sodium, bicarbonate, phosphate, and cyclic AMP
excretion rates were significantly greater after the ad-
ministration of acetazolamide.

Effects of administration of acetazokamide on urinary
excretion of phosphate, bicarbonate, and cyclic AMPin
parathyroidectomized rats. A representative experi-
ment is shown in Fig. 2. Excretion rates for cyclic AMP
and phosphate in the control periods were less than
those observed in normal rats. After administration of
aceLazolamide, there was a brisk and marked increase in
the urinary excretion of cyclic AMP during the first
experimental period, similar to that observed in normal
animals. However, unlike the pattern observed in the
normal rats, the excretion rates of cyclic AMPreturned
to control values quite rapidly. The peak excretion of
phosphate occurred in the second 10 min after the peak
excretion in cyclic AMP. This temporal relationship in
the excretion of cyclic AMPand phosphate is strikingly
similar to that seen in parathyroidectomized rats infused
with parathyroid hormone (7).

Table II summarizes clearance data in parathyroid-
ectomized rats before and after the administration of
acetazolamide. Each value represents the mean of three
control or three experimental periods. The values for
cyclic AMPin the experimental periods represent the
peak response observed in the first period after infusion
of acetazolamide. The differences for all parameters, ex-
cept for clearance of inulin, were statistically significant
between control and experimental values. The degree of
phosphaturia and the increase in the urinary excretion
of cyclic AMPwere less in parathyroidectomized than
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FIGURE 2 Effect of acetazolamide on the urinary excretion
of cyclic AMP (c-AMP) (closed circles) and phosphate
(open circles) in a parathyroidectomized rat. The points
correspond to three control (C) and three experimental
(E) periods before and after acetazolamide administration.
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TABLE I
Effects of Acetazolamide on Urinary Excretion of Sodium, Bicarbonate, Phosphate, and Cyclic AMPin Normal Rats

Experi-
ment Periods V CIn UNaV UICOIV UPO4V FEria cAMP

el/min ml/min seq/min peq/min pg/min % pmoi/min

1 Control 45.4 2.30 5.07 0.84 25.83 1.5 113.1
Experimental 121.7 2.34 15.47 28.49 33.74 4.5 220.7

2 Control 34.8 2.57 1.98 0.37 21.97 0.5 45.2
Experimental 122.2 2.05 14.84 32.96 38.93 4.9 157.3

3 Control 51.5 2.80 5.87 0.76 23.06 1.5 43.0
Experimental 151.5 2.17 19.56 36.18 44.31 6.3 277.9

4 Control 28.2 2.13 1.57 0.01 25.76 0.5 32.9
Experimental 113.2 2.23 13.80 28.06 42.45 4.0 156.3

Control
Mean 40.0 2.45 3.62 0.49 24.35 0.9 58.5
SEM 45.2 40.11 +0.60 +0.11 1.09 40.1 ±410.6

Experimental
Mean 118.7 2.20 15.92 31.35 39.86 4.9 203.1
SEM ± 14.9 0.14 0.95 1.60 2.71 0.4 29.1

P <0.001 NS <0.001 <0.001 <0.001 <0.091 <0.02

Cl,,, inulin clearance; FE,.,, fraction of the filtered sodium excreted; UHCOV, urinary excretion rate of bicarbonate; UNSV,
urinary excretion rate of sodium; Upo4V, urinary excretion rate of phosphate; V, urine flow. In these experiments, 3 mg of
acetazolamide in normal saline were given, followed by a sustaining solution delivering 3 mg of acetazolamide/h.

in normal rats, but the rise in urine flow, natriuresis, and
bicarbonaturia was comparable in the two groups of rats.

Fig. 3 summarizes the urinary excretion of cyclic
AMIP in four normal and four parathyroidectomized rats
before and after administration of acetazolamide. Control

values for excretion of cyclic AMPwere consistently
lower in the parathyroidectomized rats. After infusion
of acetazolamide, the peak response in the excretion of
cyclic AMP in both groups of rats occurred in the
first 10 min, but whereas the excretion rate returned

TABLE II
Effects of Acetazolamide on Urinary Excretion of Sodium, Bicarbonate,

Phosphate, and Cyclic AMPIn Parathyroidectomized Rats

Experi-
ment Periods V CIn UNsV U11CONV UPO4V FENA cAMP

/d/min mil/min eq/min Jeq/min pg/min % pmol/min

1 Control 60.8 2.51 4.17 0.15 16.63 1.1 27.9
Experimental 184.1 2.36 23.08 41.26 33.19 6.9 217.7

2 Control 51.1 3.03 5.98 1.04 13.94 1.4 23.9
Experimental 102.0 2.32 17.26 37.11 25.47 4.3 110.4

3 Control 61.3 2.69 7.45 2.16 12.88 1.9 27.2
Experimental 149.5 2.45 20.64 39.56 25.84 6.1 113.9

4 Control 29.4 2.15 2.68 0.01 10.44 0.9 31.7
Experimental 76.6 1.52 14.53 29.05 26.17 4.9 192.9

Control
Mean 50.6 2.59 4.85 0.72 13.53 1.3 26.9
SEM ±5.4 40.15 ±0.63 ±-0.26 ±41.59 ±0.1 ± 1.6

Experimental
Mean 128.0 2.16 18.88 36.75 27.67 5.6 158.7
SEM ±17.4 ±0.16 ±1.46 ±2.14 42.30 40.5 ±27.4

P <0.005 NS <0.001 <0.001 <0.001 <0.001 <0.02

For abbreviations, see Table I.
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FIGURE 3 Mean urinary excretion of cyclic AMP in four
normal (closed circles) and four parathyroidectomized
(open circles) rats, before and after administration of acet-
azolamide. Each point represents the mean value for three
control (C) and three experimental (E) periods of dupli-
cate or triplicate determinations in each animal.

rapidly to control values in the parathyroidectomized
rats, it remained substantially elevated in the normal
rats.

Effects of furosemide on the urinary excretion of
cyclic AMPin normal rats. To explore the role of a

marked diuresis on the observed increase in the urinary
excretion of cyclic AMP, experiments were conducted in

four normal rats, in which diuresis was induced by ad-

FIGURE 4 Effects of furosemide (1.5 mg followed by an

infusion delivering 1.5 mg/h) on the urinary excretion of
cyclic AMP (c-AMP) (closed circles) and phosphate
(open circles). See Fig. 1 for other details.

ministration of furosemide. After administration of furo-
semide to a normal rat, the urinary excretion of cyclic
AMPand phosphate did not change, despite a marked
and sustained diuresis (Fig. 4). Clearance data in rats
before and after administration of furosemide are sum-

marized in Table III. After administration of furosemide
there was a significant decrease in clearance of inulin.
A marked natriuresis occurred but there was no in-
crease in the excretion of bicarbonate, phosphate, or

cyclic AMP.

TABLE II I
Effects of Furosemide on Urinary Excretion of Sodium, Bicarbonate, Phosphate, and Cyclic AMPin Normal Rats

Peak
Experi- response
ment Period V Cin UNaV UHCOSV UPo4V FEN, cAMP in cAMP cAMP/Cin

j4/min ml/min peqimin i&eq/min pg/min % pmol/min pmol/min

1 Control 57.4 2.62 7.02 0.34 21.93 1.8 148.7 148.7 56.8
Experimental 319.5 1.90 40.00 0.72 12.57 14.6 95.3 116.0 50.2

2 Control 30.9 1.53 4.06 0.04 20.46 1.8 95.7 95.7 62.5
Experimental 260.1 1.09 32.99 1.04 9.87 21.0 111.0 105.0 101.8

3 Control 50.7 2.48 7.71 1.41 25.60 2.2 54.4 54.4 21.9
Experimental 260.7 1.54 42.70 0.68 16.89 18.5 54.5 53.7 35.A

4 Control 69.8 3.18 9.96 1.49 35.98 2.2 44.3 44.3 13.9
Experimental 230.4 1.96 30.44 0.51 34.43 11.2 12.0 15.2 6.1
Control

Mean 52.2 2.46 7.19 0.82 26.00 2.0 85.8 85.8 38.8
SEM 45.3 ±0.19 ±0.66 40.20 42.17 ±0o.07 ±14.5 ±14.5 ±12.2

Experimental
Mean 267.7 1.62 36.53 0.74 21.17 16.3 68.2 72.5 48.4
SEM 428.3 40.16 ±4.06 ±0.20 45.81 ± 1.3 ± 12.6 ±23.4 ±20.0

P <0.001 <0.01 <0.001 NS NS <0.001 NS NS NS

For details of abbreviations see Table I. In these experiments 1.5 mgof furosemide were given followed by a sustaining solution
delivering 5.5 mg of furosemide/h.
Excretion of cyclic AMPin Experimental i6 expressed as the mean value of three experimental periods, or as the peak response
(highest experimental value). In addition, the excretion of cyclic AMPhas been expressed per milliliter of inulin clearance
(c-AMP/Ci.).
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To study the possibility that the observed increase in
the urinary excretion of cyclic AMPafter acetazolamide
administration was the result of alkalinization of the in-
tratubular fluid, three normal rats were infused with
sodium bicarbonate as outlined under Methods. As the
urinary pH increased from 6.26±0.07 to 7.23±0.11, the
excretion rate of cyclic AMPfell from 106.3±8.9 pmol/
min to 52.4±+15.8 pmol/min, and phosphate excretion re-
mained unchanged 19.5±2.1 vs. 20.5±1.5 #g/n~in.

Effects of acetazolamide on production of cyclic AMP
by renal cortical slices. Acetazolamide, 10' M, in-
creased cyclic AMPconcentration in cortical slices from
20.6±+1.9 pmol/mg protein to 44.9±5.2 pmol/mg pro-
tein. Synthetic parathyroid hormone (0.03 U/ml) in-
creased cyclic AMPconcentration to 33.6±2.2 pmol/mg
protein. When both 10-' Macetazolamide and 0.03 U/ml
of parathyroid hormone were used, cyclic AMPincreased
to 70.0±9.0 pmol/mg protein. All these values are signif-
icantly different from the control (P < 0.01). The re-
sults of these experiments are summarized in Table IV.
From these data, an additive effect of acetazolamide and
PTH is apparent; however, when higher concentrations
of parathyroid hormone were used an additive effect
could not be demonstrated.

Fig. 5 shows the effects of increasing concentrations
of acetazolamide on the production of cyclic AMP. An
increase in the production of cyclic AMPwas detected
at a concentration of acetazolamide of 10' M and the
peak response occurred at a concentration of acetazol-
amide of 5 X 10-' M. Higher concentrations did not
produce a further increase in cyclic AMP, but this
could reflect the fact that acetazolamide is sparingly solu-

TABLE IV
Effects of 10-4M Acetazolamide and 0.03 U/ml Parathyroid

Hormone on the Production of Cyclic-AMP by Rat
Renal Cortical Slices

cAMP

PTH&
Experiment Control Acetazolamide PTH Acetazolamide

1 17.9 35.2 27.5 65.2
2 22.7 58.5 37.5 -
3 23.9 53.6 38.6 -
4 13.8 26.6 29.8 52.4
5 18.4 40.3 28.8 67.1
6 26.7 55.2 39.5 95.3

Mean 20.6 44.9 33.6 70.0
SEM 4+1.9 ±5.2 42.2 4±9.0
P < 0.01 < 0.01 < 0.01

PTH = parathyroid hormone. The P values refer to the
differences of each of the three experimental groups and the
control. Cortical slices from the same rat were used for the
control and experimental conditions. Each experiment repre-
sents the values for one animal.

CZ

z.,

5xl05 5x)034
Acetozolomide, mol

FIGURE 5 Cyclic AMP (c-AMP) production by rat renal
cortical slices, in picomoles per milligram of protein, as a
function of increasing concentrations of acetazolamide. The
points represent the means-+ SEM (n = 3). No cyclic
AMPwas detected in portions of the same samples treated
with phosphodiesterase.

ble at concentrations greater than 10' M. The activity
measured was entirely due to cyclic AMP, since in some

experiments, incubation of a sample of the tissue-ho-
mogenate supernate with phosphodiesterase resulted in
no measurable cyclic AMP.

Effects of acetazolamide on renal cortical adenyl cy-
clase. As shown in Fig. 6, acetazolamide, 10-' M, in-
creased the activity of rat renal cortical adenyl cyclase
from 122.3+SEM 3.0 pmol/mg protein per h to 299±5.3
pmol/mg protein per h (P < 0.001). Synthetic para-

300-
n-z 6

N PO< .00l

Ct 200

C: 100

0
Control 10-4M

Acetozolomide

FIGURE 6 Activity of rat renal cortical adenyl cyclase in
picomoles of cyclic AMP produced per milligram of pro-
tein per hour. The open bar shows the mean control value
and the cross-hatched bar the value obtained in the presence
of 10-' M acetazolamide. The bars represent the means
+1 SEM (n = 6). The difference between control and
acetazolamide is statistically significant (P < 0.001).
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FIGURE 7 Effects of increasing concentrations of acetazola-
mide on the activity of rat renal cortical adenyl cyclase.
Adenyl cyclase activity is expressed as cyclic AMP pro-
duced in picomoles per milligram protein per hour. The
points are the mean of triplicate determinations.

thyroid hormone at a concentration of 10' M (approxi-
mately 1 U/ml) increased cyclic AMP production to
354.0±7.0 pmol/mg protein per h. The values for con-
trol and parathyroid hormone-stimulated adenyl cyclase
are similar to those reported by others (12, 17).

As shown in Fig. 7, the stimulation of rat renal cor-
tical adenyl cyclase activity by acetazQlamide was dose-
dependent. The maximum effect was observed at a con-
centration of acetazolamide of 10-4 M.

Effects of acetazolamide and theophylline on rat renal.
cortical phosphodiesterase. Theophylline is a known in-
hibitor of the enzyme phosphodiesterase (18). As shown
in Fig. 8, 102 M theophylline decreased the activity of
rat renal cortical phosphodiesterase from 332.5±SEM
5.4 pmol cyclic AMPconverted to 5'-AMP/mg protein
per 30 min to 227.5±22.0 pmol/mg protein per 30 min

At
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FIGURE 8 Effects of 10-' M theophylline and 5 X 10-'
acetazolamide on the activity of rat renal cortical phospho-
diesterase. Enzyme activity is expressed as picomoles of
cyclic AMP converted to 5'-AMP per milligram protein
per 30 min. The bars represent the means±SEM (n=6)
C, control.

(P < 0.01). Acetazolamide 5 X 10-' M did not decrease
the activity of the enzyme The value of 319.5±6.8 pmol
of cyclic AMPhydrolyzed/mg protein per 30 min ob-
served with acetazolamide was not statistically different
from the control.

Effects of other diuretics on cyclic AMPproduction by
cortical slices. The effects of 10-' M furosemide and
10' M ethacrynic acid on the concentration of cyclic
AMP by renal cortical slices were also studied. The
mean value for cyclic AMP concentration in control
slices from four rats was 23.4±4.4 pmol/mg protein. In
the presence of furosemide the mean value was 25.8±2.5
and with ethacrynic acid 21.5±3.1 pmol/mg protein.
These latter two values are not significantly different
from the control value, indicating that neither diuretic
had any effect on cyclic AMPproduction in vitro.

DISCUSSION

The results of this study clearly indicate that aceta-
zolamide increases the urinary excretion of cyclic AMP
in both normal and parathyroidectomized rats. This
effect is not due to an increase in sodium and water
excretion since furosemide failed to augment the urinary
excretion of cyclic AMP, despite an increase in the uri-
nary excretion of sodium and water comparable with
that seen with acetazolamide. The increased excretion
of cyclic AMPdoes not seem to be the consequence of
an increase in urinary pH, since alkalinization of the
urine by the infusion of sodium bicarbonate did not in-
crease the excretion of the nucleotide. Although the
present studies do not completely rule out the possibility
of an increased clearance of cyclic AMPafter aceta7ol-
amide administration, this appears most unlikely in view
of the results of our in vitro studies. Acetazolamide
markedly increased the concentration of cyclic AMPin
vitro in rat renal cortical slices. There was a direct stim-
ulation of the renal cortical adenyl cyclase system by
acetazolamide, but no inhibition of phosphodiesterase,
the enzyme responsible for degradation of cyclic AMP.
Thus, it seems reasonable to conclude that the observed
increase in urinary excretion of cyclic AMPafter acet-
azolamide administration reflects an increase in the
renal production of the nucleotide.

The data in parathyroidectomized rats clearly indicate
that acetazolamide directly stimulates the urinary excre-
tion of phosphate and that this effect is not mediated via
parathyroid hormone. This is in agreement with recent
micropuncture studies (5). The marked increase in the
urinary excretion of cyclic AMPobserved with acetazol-
amide closely resembles that seen in parathyroidectom-
ized rats infused with parathyroid hormone (7), and
suggests that the mechanism of the phosphaturia in-
duced by acetazolamide is probably mediated through
stimulation of the renal production of cyclic AMP.
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The fact that normal rats responded to the administra-
tion of acetazolamide with a larger increment in urinary
phosphate excretion and with an enhanced response in
cyclic AMPproduction suggests that acetazolamide may
either potentiate the renal effects of endogenous para-
thyroid hormone or stimulate release of the hormone
from the parathyroid glands, directly or indirectly.
Although the first possibility seems to receive support
from the results of our in vitro studies, we have not
excluded the latter. In the in vitro studies, when low
doses of parathyroid hormone were used in conjunction
with maximum doses of acetazolamide an additive
effect was observed. However, we were unable to demon-
strate such additive effect with maximum doses of para-
thyroid hormone. This casts doubt about the possible
existence of two separate receptor sites for the hormone
and acetazolamide.

The mechanism of the phosphaturia after administra-
tion of acetazolamide has not been elucidated. It has
been postulated that the phosphaturia is secondary to
the increase in the urinary excretion of bicarbonate (1,
19, 20), but data from both clearance (21) and micro-
puncture studies (22) do not support this theory. The
clear stimulation of the renal cortical adenyl cyclase
system by acetazolamide as well as the temporal relation-
ship between the urinary excretion of cyclic AMPand
phosphate in the rat strongly suggest that the phos-
phaturia induced by acetazolamide is mediated by an in-
crease in the renal production of cyclic AMP. Acetazol-
amide may produce phosphaturia not only by directly
inhibiting phosphate reabsorption due to increased
levels of cyclic AMPbut also by decreasing salt and
water reabsorption in the proximal tubule (5, 23).
Phosphate reabsorption in the proximal tubule is
coupled to fluid reabsorption (5, 24) and a decrease in
fluid reabsorption due to either carbonic anhydrase inhi-
bition or cyclic AMPproduction, or both (3), by acet-

azolamide may contribute to the phosphaturia.
Furosemide, in contrast to the data reported in man

(25), did not produce phosphaturia in the rat. Furosemide
has carbonic anhydrase-inhibitory capacity, and its lack
of effect on cyclic AMPproduction may indicate either
that not all carbonic anhydrase inhibitors activate adenyl
cyclase or that the dose of furosemide used in the in
vitro studies was less than that required for carbonic
anhydrase inhibition and adenyl cyclase activation. It
has been reported that the concentrations of furosemide
required to produce 50% inhibition of carbonic anhy-
drase in vitro are about 50 times greater than those of
acetazolamide (25).

In conclusion, stimulation of the renal adenyl cyclase
system and increased production of cyclic AMPby both
acetazolamide and parathyroid hormone seem to be the
best explanation for the striking and puzzling similarities

in the renal effects of these two chemically unrelated
molecules.
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