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A B S T R A C T Prostaglandins are important
modulators of the action of vasopressin. Other re-
searchers have proposed that vasopressin stimulates
prostaglandin synthesis, completing a negative feed-
back loop and thereby limiting vasopressin's anti-
diuretic effect. We have re-examined this question,
using specific radioimmunoassay and thin-layer radio-
chromatography to determine prostaglandin synthesis
by the toad bladder. Under control conditions, the
bladder synthesizes prostaglandin (PG)E2 and throm-
boxane (TX)B2. There was no evidence for synthesis
of PGE, or PGF2,,, by radioimmunoassay, or of other
prostaglandins by radiochromatography. Furthermore,
there was no evidence for metabolism of PGE2 by
the bladder. Using a variety of protocols, in isolated
epithelial cells as well as intact bladders, we were
unable to detect any significant increase in PCE2 or
TXB2 synthesis after stimulation with arginine vaso-
pressin (AVP) or deamino-8-D-arginine vasopressin
(DDAVP).

Arachidonic acid, the specific precursor of prosta-
glandin synthesis, increased PCE2 synthesis twofold,
and significantly inhibited AVP- and DDAVP-stimu-
lated water flow by 60 and 75%, respectively. Naproxen
and acetaminophen inhibited prostaglandin synthesis
and enhanced water flow in response to AVP and
DDAVP(44-54%).

Our findings indicate that the toad bladder produces
two prostaglandins, PGE2 and TXB2, and that vaso-
pressin does not alter their rate of synthesis. Because
agents such as acetaminophen and naproxen inhibit
prostaglandin synthesis and enhance vasopressin- and
DDAVP-stimulated water flow, we suggest that it is
the inhibitory effect of these agents on the hormone-
independent rate of prostaglandin synthesis that is
responsible for their enhancement of water flow.
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Furthermore, because AVP appears to increase
prostaglandin synthesis by the intact kidney, we sug-
gest that cells other than those of the collecting tubule
are responsible for the increased prostaglandin
production.

INTRODUCTION

Arginine vasopressin (AVP)1 increases the osmotic
water flow across the mammalian collecting tubule and
the toad urinary bladder (1). There is strong evidence
that this response can be influenced by prostaglandins.
Specifically, administration of exogenous prosta-
glandin (PG)E, or E, can markedly inhibit the re-
sponse of the toad bladder (2-4) and isolated collect-
ing tubule (5) to AVP. Inhibition of endogenous prosta-
glandin synthesis by cyclo-oxygenase inhibitors, on the
other hand, enhances the response to AVP, both in
vitro in toad bladder (3) and in vivo in animals (6, 7)
and man (6).

Zusman et al. (8) have proposed that coincident with
its effect on water permeability, vasopressin stimu-
lates prostaglandin biosynthesis, completing a negative
feedback system. This proposal is based on their find-
ings of increased PGE synthesis in vasopressin-
treated toad bladders as measured by means of an in-
direct radioimmunoassay system. This concept is not
easily reconciled with several other studies or with our
present results, however. Earlier studies by Wonget al.
(9) reported that AVP did not increase toad bladder
PGEproduction as measured by bioassay. Several re-
cent reports using a variety of in vitro systems have
suggested that it is the pressor rather than the anti-
diuretic activity of vasopressin that affects prosta-
glandin synthesis in rat renomedullary interstitial cells
(10) and isolated perfused rabbit kidney (I11). Deamino-
8-D-arginine vasopressin (DDAVP), the nonpressor,
highly antidiuretic analogue of AVP, did not stimulate

I Abbreviations used in this paper: AVP, arginine vaso-
pressin; DDAVP, deamino-8-D-arginine vasopressin; i, im-
munoreactive; PG, prostaglandin; TX, thromboxane.
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prostaglandin synthesis in these systems, however (10,
11). Studies on rats with congenital diabetes insipidus
have shown increases in urinary prostaglandin ex-
cretion in response to DDAVP (12, 13), whereas
DDAVPdoes not increase urinarv PGE2 excretion in
human central diabetes insipidus (14, 15). The pos-
sibility remains that chronic administration of DDAVP
may stimulate prostaglandin synthesis in the mam-
malian collecting tubule either directly or indirectly,
through, for example, changes in medullary composi-
tion or blood flow. Although not entirely clear, these
data thus raise the possibility that it is not the primary
antidiuretic activity of vasopressin on the collecting
tubule, but rather its pressor activity elsewhere in the
kidney or secondary phenomena, that stimulate renal
prostaglandin synthesis. This concept is in contrast to
the one proposed by Zusman et al. (8), which suggested
that vasopressin stimulates prostaglandin synthesis as
an integral part of its antidiuretic activity in the toad
bladder, an analogue of the mammalian collecting
tubule.

Wehave reexamined prostaglandin synthesis in both
the whole toad bladder and isolated epithelial cells, the
vasopressin target cells, using specific radioimmunoas-
says and thin-layer radiochromatography. Our results
confirm that the toad bladder produces PGE2 and
thromboxane (TX)A2. Neither AVP nor DDAVP
produced any change in prostaglandin synthesis, how-
ever, whereas agents that caused inhibition and
stimulation of endogenous prostaglandin synthesis
caused marked alterations in the water permeability
response. Wetherefore propose an alternate hypothesis
to characterize the interrelations among vasopressin,
water permeability, and prostaglandins in the toad
bladder that is not dependent on hormonal stimulation
of prostaglandin synthesis. Our results also support the
concept that the in vivo increase in prostaglandin
synthesis with AVP administration is the result of the
hormone's pressor activity, probably on the renal inter-
stitial cells. Finally, the possibility remains that vaso-
pressin may indirectly influence prostaglandin syn-
thesis and excretion through changes in medullary
solute composition or blood flow.

METHODS

WVater flotw stuidies. Female Dominican toads (Btufo
marinus, National Reagents, Bridgeport, Ct.) were doubly
pithed, glass bungs were tied onto both hemibladders in situ,
and the hemibladders were excised. Care was taken to assure
that the paired hemibladders were of equal size. Paired hemi-
bladders were then randomly assigned to control or experi-
mental groups. Eleven pairs of hemibladders prepared in this
manner were blotted dry and weighed; mean weights for the
control and experimental hemibladders corresponded closely
(132±16 vs. 134±16 mg). Bladders were then washed three
times, on the outside with amphibian phosphate-buffered
Ringer's solution (120 mMNa+, 4 mMK+, 0.5 mMCa++, 116

P '0.01

2.6nM 53nM 260nM 53OnM

FIGURE 1 Increment in osmotic water flow (AXV) in micro-
liters per minute above base-line values measured over 30
min in paired hemibladders exposed to equimolar concentra-
tions of AVP (hatched bars) and DDAVP(open bars). Values
are mean±SEMof experiments in five pairs of hemibladders
for 530 nM and seven pairs for each of the remaining con-
centrations of hormone. P values above bars refer to com-
parisons of AVP and DDAVP. *, DDAVP response sig-
nificantly greater than base-line water flow (P < 0.05).

mMCl-, 5 mMphosphate, 230 mosmol/kg, pH 7.4), and on the
inside with Ringer's diluted 1:10 vith distilled water. The
hemibladders were finally filled with 6 ml of 1:10 Ringer's
and suspended in a bath of 15 ml frill-strength Ringer's. The
preparations were continuously aerated by bubbling a
steady stream of compressed air through the serosal bath.
Osmotic wvater flowv was cletermined gravinmetrically (14).
After a 15-min equilibrationi period, water flow xvas meas-
ured over a single 30-min basal period. Basal water flowvs were
comparable in control and experimental hemibladders in all
the studies reported. This vas followed by the addition
of AVP (Sigma Chemical Co., St. Louis, Mo.) or a solution of
crystalline DDAVP(gift of Dr. J. Cort, Mt. Sinai School of
Medicine, New York) to the serosal bath as appropriate, and
the determination of osmotic water flov over the next 30 min
(poststimulation period). In preliminary experiment, the os-
motic water flow response to equimolar concentrations of AVP
and DDAVPwas tested over the range from 2.6 to 530 nM
(corresponding to 1-200 mU/ml of AVP) (Fig. 1). For the
remainder of our studies we chose concentrations of 130 nM
for DDAVPand 13 nM for AVP, concentrations that produced
consistent submaximal water flow responses of approximately
equal magnitude (33.7±3.2 vs. 39.5±3.0 u/r/min, respectively,
P not significant, n = 24, unpaired data). In those experiments
in which the effects of naproxen (Syntex Laboratories, Inc.,
Palo Alto, Calif.), acetaminophen (Sigma Chemical Co.), or
arachidonic acid (Sigma Chemical Co.) were tested, these
agents were present in the serosal solutions during the entire
experiment (equilibration, basal, and poststimulation
periods). Arachidonic acid (purity 99%) was stored under
nitrogen in the dark at -20°C. Aliquots of the stock solution
were then placed in the serosal beakers, dried under nitro-
gen, and then resuspended in 15 ml Ringer's. Mixing was
ensured by placing the beakers in a sonic bath (Ultramet
III, Beuhler Ltd., Evanston, Ill.). These soltutions were al-
lowed to remain at room temperature for 30 min to permit
conversion of the arachidonic acid to the salt. All solutions
uised in these studies were prepared fresh daily.

Determinsation of prostaglandin synthesis in intact blad-
ders. In those experiments in which prostaglandin synthe-
sis was measured, the serosal baths wvere changed to fresh solu-
tions between each period. At the end of each period, an
aliquot of the serosal bath was removed and either assayed
for prostaglandin on the same day or immediately frozen
and stored at -20°C until the day of the assay. No differ-
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ences were noted in the results when samples were assayed
immediately or frozen and assayed up to 4 wk later.

Determination of immunoreactive PGE2 and TXB2
synthesis by epithelial cells. In these experiments, doubly
pithed toads were perfused until bloodless (about 15 min) by
means of intracardiac instillation of Ringer's with the liver
edge cut. Bladders were then excised and washed three times
inside and outside in regular Ringer's solution. Epithelial cell
suspensions were obtained by scraping the mucosal surface
with a glass coverslip (15). The epithelial cells from both
hemibladders were pooled and kept at 4°C for 60 min, then
washed in Ringer's, centrifuged, and then resuspended in 5 ml
fresh Ringer's at room temperature. Previous studies from
this and other laboratories have shown that epithelial
cells prepared in this manner retain morphologic integrity and
vasopressin sensitivity (16-18). 1-ml aliquots of these
homogenous suspensions were immediately placed in test
tubes containing 1 ml of either Ringer's alone (control), AVP
(26 nM), DDAVP(260 nM), arachidonic acid (10 ,uM), or
naproxen (100 ,tM). These suspensions were incubated for
15 min at 20°C in a shaking water bath (40 cycles/min),
and then immediately cooled to 4°C and centrifuged at 1,000
rpm for 2 min. The supernatant solution was removed, im-
mediately frozen, and stored at -20°C until assayed for im-
munoreactive (i) PGE2and TXB2. The pellet was dissolved in
0.1 N NaOH and protein content was determined by the
method of Lowry et al. (19).

Radioimmunoassay for prostaglandins and thromboxane.
iPGE2, iPGE,, and iPGF2a, content was measured by the radio-
immunoassay method of Dray et al. (20), using specific anti-
sera supplied by Boehringer Mannheim Biochemicals,
Indianapolis, Ind., or the Institut Pasteur, Paris, France.
Antisera from these two sources had identical cross-reac-
tivities and binding constants, and yielded comparable
standard curves. Cross-reactivity (at B/Bo = 0.5) for the PGE2
antisera was 3.2% with PGEI, 0.02% with PGA2, 0.01% with
PGF2,,, 0.15% with 13,14-dihydroPGE2, 0.11% with 13,14-
dihydro-15-ketoPGE2, and 0.01% with PGB2. Cross-reactivity
(at B/Bo = 0.5) for the PGE, antisera was 15% with PGE2,
0.03% with PGA2, 0.05% with PGF2,,, and <0.00001% PGB2.
Cross-reactivity (at B/Bo = 0.5) for the PGF2,, antisera was
0.25% with PGE1, 0.15% with PGE2, and <0.1% with PGA2
and PGB2-

iTXB2, the stable metabolite of TXA2, was determined by the
same technique using a specific antiserum supplied by Sera-
gen, Inc., Boston, Mass. Cross-reactivity for this anti-
serum (at B/Bo = 0.5) was 2.52% with PGD2, 0.26% with
PGE2, 0.07% with PGF2G,f, 0.05% with 6-ketoPGFlG,,, and
<0.05% with PGA2-

Final antibody titer was 1/4,000 for anti-TXB2, 1/5,Q00 for
anti-PGE2, 1/36,000 for anti-PGF2., and 1/54,000 for anti-
PGE, (20). Standard solutions were prepared from authentic
prostaglandins (gift of Dr. J. Pike, Upjohn Co., Kalamazoo,
Mich.). [3H]PGE2, [3H]PGF2., [3H]PGE1, and [3H]TXB2 were
obtained from NewEngland Nuclear, Boston, Mass. (specific
activities 130, 120, 89.5, and 150 Ci/mmol, respectively).

All determinations were performed in duplicate on 100-
ILI aliquots. Intra-assay variability was <5%(n = 12 for PGE2
and n = 20 for TXB2). To minimize interassay variability (5-
10%), paired control and experimental samples were tested
in the same assay (n = 30 for iPGE2 and n = 20 for iTXB2).
In preliminary experiments, no difference was noted between
results of direct radioimmunoassay and lipid extraction fol-
lowed by radioimmunoassay. Because of the highly specific
antisera used, therefore, we chose to perform radioimmuno-
assay on unextracted samples. This procedure also avoids
any problems with recovery or chemical interconversion of
prostaglandins during the extraction process (21).

Serial dilution of samples revealed that radioimmunoas-
sayable prostaglandins decreased in proportion to the
degree of dilution up to dilutions of 1:50 (the greatest dilu-
tion tested). In a series of preliminary experiment, known
amounts of PGE2 (100 and 25 pg/100 ,uI serosal medium)
were added to the serosal medium of naproxen-treated hemi-
bladders in the presence and absence of AVP (13 nM).
Subsequent radioimmunoassay for PGE2 revealed values
virtually identical to those predicted (96±1 and 25±2 pg/
100 ,l, n = 9 and 6, respectively). Radioimmunoassay of the
arachidonic acid-containing solution revealed 0.01% cross-
reactivity with the PGE2antiserum. Therefore, iPGE2 activity
was measured in aliquots of the exogenous arachidonic acid-
containing solutions, and these blank values were sub-
tracted from the values obtained for iPGE2 synthesis in the
presence of bladder tissue.

In experiments with intact bladders, prostaglandin synthe-
sis was determined by measuring the concentration of
prostaglandin present in the serosal bath at the end of a
30-min period and was expressed as picomoles of prosta-
glandin per minute per hemibladder. Prostaglandin synthesis
by epithelial cells was determined by measuring the ap-
pearance of prostaglandin in the incubation medium during a
15-min period and was expressed as picomoles of prosta-
glandin per minute per milligram protein in the incubation.
Over the range of protein content per incubation (0.09-0.55
mg protein/incubation), iPGE2 synthesis was linearly cor-
related with protein concentration (r = 0.911, linear regres-
sion analysis, n = 8).

The minimal detectable amounts of the various prosta-
glandins in the radioimmunoassay were PGE, or PGE2,
1-2 pg; TXB2, 1 pg; and PGF2S, 5 pg/0.1-ml sample aliquot.
For the intact bladder studies, these correspond to synthetic
rates of -0.015-0.03 pmol/min per hemibladder for PGE, or
PGE2, -0.015 pmol/min per hemibladder for TXB2, and -0.08
pmol/min per hemibladder for PGF2.-

Determination of prostaglandin synthesis from exogenous
[1-14CJarachidonic acid in intact bladders. After an initial
15-min equilibration period, paired hemibladders (n = 4)
were incubated in either Ringer's alone or in naproxen (100
,uM). 30 min later the serosal baths were changed to fresh
beakers in which 2 /LCi of [1-14C]arachidonic acid (New
England Nuclear, specific activity 36.5 mCi/mmol) in toluene-
methanol (9:1) was dried under nitrogen and resuspended
in Ringer's or Ringer's containing naproxen (100 ,uM). Aliquots
of serosal media were then removed at 0 and 30 min. These
samples were immediately acidified to pH 3.0-3.5 with 1 N
HCI; crystalline NaCl was added and then extracted twice in
an equal volume of ethyl acetate. The aqueous layer was
discarded and the organic layer evaporated to dryness under
a stream of nitrogen. The sides of the tubes were washed
down with ethyl acetate and spotted along with authentic
standard solutions of arachidonic acid, PGE2, TXB2, and PGA2
on precoated, silica gel 60 thin-layer chromatography plates
(E. Merck Reagents, Elmsford, N. Y.). The plates were de-
veloped in solvent system I (the organic phase of ethyl
acetate:glacial acetic acid:iso-octane:H20 [11:1:5:10]) or sol-
vent system II (chloroform:methanol:acetic acid:H20 [98:8:
1:0.8]). Standards were identified by iodine staining. Sample
lanes were cut into 5-mm strips, immersed in liquid scintilla-
tion cocktail (National Diagnostics, Inc., Somerville, N. J.),
and radioactivity determined by liquid scintillation counting.

Metabolism of exogenous [3H]PGE2. Paired hemibladders
were incubated for 30 min in a serosal bath containing 1 ,zCi
[5,6,8,11,12,14,15-3H(N)]PGE2 (specific activity 130 Ci/mmol,
NewEngland Nuclear), with experimental bladders receiving
AVP (13 nM) as well (n = 2 pairs). Aliquots of the serosal
media of these incubations and of a solution of [3H]PGE2 in
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Ringer's were then acidified, extracted, and processed by
thin-layer chromatography in solvent system I, as de-
scribed above.

Determination of prostaglandin synthesis from exogfenous
["4C] arachidonic acid in epithelial cell suspensions. Epithe-
lial cell suspensions were prepared as above. Equal volumes
of the resuspended cells were incubated for 30 min in either
regular Ringer's or Ringer's containing naproxen (100 ,tM).
The suspensions were then centrifuged, the supernatant
solutions discarded, and the pellets resuspended in Ringer's
or Ringer's plus naproxen. The suspensions were then placed
in test tubes containing 0.5 ,uCi [14C]arachidonic acid. The
suspensions were incubated for 30 min at 20°C in a shaking
bath (40 cycles/min), then cooled to 40C and centrifuged
at 1,000 rpm for 2 min. The supernatant solution was immedi-
ately removed and acidified, and aliquots were processed for
thin-layer chromatography in solvent system I, II, or III
(diethyl ether:methanol:acetic acid [90:1:2]).

Determination of AVP's effects oni a raichidonic acid release
and prostaglandin synthesis in bladders pretreated wcith
radiolabeled ar(achidonic acid. Paired hemibladders were
incubated overnight (18 h) in Ringer's containing glucose
(5 mM), penicillin (100 U/ml), streptomycin (100 U/ml),
and [1-'4C]arachidonic acid (n = 4 pairs). A total of 1 dACi of
['4C]arachidonic acid was added to each serosal bath and 0.4
,uCi to each mucosal bath. The bladders were then washed
three times by replacing the serosal and mucosal baths every
30 min with Ringer's and Ringer's diluted 1:10 with distilled
H20, respectively. Nonincorporated '4C-labeled products
were removed with the initial bath and first wash (98% of the
total nonincorporated counts removed). Counts appearing in
the second and third wash reached a plateau. After a third
washing, the baths were changed again, and AVP (13 nM)
was added to the serosal bath of the experimental hemi-
bladder. Total radioactivity of the serosal and mucosal
solutions was determined before and after the 18-h incubation,
at the end of each wash, and at the end of the experimental
period. Water flow was measured over 30 min. At the end of
the experimental period, the serosal solutions were removed,
10 ml extracted, and thin-layer radiochromatography per-
formed in solvent system II. Recovery of 14C label was
70-80% for both control and experimental solutions during
the extraction process. At the end of the experiment the
bladders were emptied, blotted dry inside and out, and
dissolved in 5 ml of IN NaOH; radioactivity was then counted.

An identical series of experiments (n = 4 pairs) was per-
formed using [5,6,8,9,11,12,14,15-3H(N)]arachidonic acid with
4 ,uCi added to the serosal bath and 1 ,uCi added to the
mucosal bath of each hemibladder (specific activity 62
Ci/mmol, New England Nuclear).

All values are expressed as the means±the standard error
of the mean. In intact bladder sttudies, the results in one
hemibladder are compared with those in the paired hemi-
bladder by the method of paired analysis (22). Results in
epithelial cell suspensions are compared by the same method.

RESULTS

Effects of naproxen, acetamiinophen, and arachi-
donic acid on twater flotw. We first investigated the
effects of stimulation and inhibition of prostaglandin
synthesis on the osmotic water flow response to
DDAVPand AVP. Incubation of experimental hemi-
bladders with the prostaglandin synthetase inhibitor
naproxen (100 ,uM) did not affect basal water flows
compared with control hemibladders incubated in
Ringer's alone (2.1+0.2 vs. 2.2+0.3 ,ul/min, respec-
tively). Addition of AVP (13 nM) resulted in a 54%
greater osmotic water flow response in naproxen-
treated hemibladders (58.7+4.2 ,ul/min) compared with
the paired control hemibladders (38.0+2.8 ,u1/min,
P < 0.005, n = 6). In another series of experiments,
naproxen (100 p.M) resulted in a similar degree of
enhancement in the response to DDAVP(130 nM)
(Table I).

We next investigated the effects of acetaminophen
on basal and DDAVP-stimulated water flow. Acet-
aminophen has been reported to enhance the response
to AVP in toad bladder (23, 24) and have antidiuretic
activity in human central diabetes insipidus (25).
Recently this compound has been found to inhibit
prostaglandin synthesis in rat renal medullary slices (26).

In our studies, treatment of bladders with acet-
aminophen (300 ,uM) led to a response similar to that
seen with naproxen. Basal water flow was not affected.
The water flow in response to 130 nM DDAVPwas
25.9±3.1 ,ul/min in control hemibladders and 37.2
±+3.5 ,ul/min in acetaminophen-treated bladders, a
44% enhancement (Table I).

To determine whether the effects of naproxen and
acetaminophen were additive, paired hemibladders
were incubated in naproxen (100 ,uM) and the experi-

TABLE I
Effects of Naproxen and Acetaminophen on Basal and DDAVP-stimulated Osmotic Water Flow

Agents added Basal Post-DDAVP (130 nM)

Control Experinmental tl Control Experimental Control Experimental P

,uIlhlnin Ll/min

Naproxen (100 ,M) 10 2.4±0.3 2.4±0.5 38.9±6.0 56.1±6.2 <0.001
Acetaminophen (300 ,uM) 12 2.1±0.2 1.9±0.2 25.9±3.1 37.2±3.5 <0.001

Naproxen (100 ,uM) Acetaminophen (300 ,uM)
naproxen (100 ,uM) 6 2.2±0.4 2.4±0.3 46.7+5.1 46.0±5.6

Naproxen and acetaminophen were added to the serosal baths 15 min before the basal period. Basal water flow was measured
over 30 min followed by the addition of DDAVP(130 nM) and measurement of water flow over the next 30 min. P values
refer to the comparison of DDAVP-stimulated water flow in the control and experimental hemibladders.
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TABLE II
Effects of Arachidonic Acid on Basal and Hormone-stimulated Osmotic Water Flow

Basal Hormone-stimulated

Arachidonic Arachidonic
tl Control acid (10 FM) Control acid (10 ,IM) P

,ul/min ILI/min

AVP (13 nM) 3 2.3+0.2 2.1+0.7 44.3+5.0 18.5+7.1 <0.05
DDAVP(130 nM) 6 2.0+0.2 1.9±0.2 25.8±3.3 6.6±2.2 <0.001

Arachidonic acid (10 ,uM) was added to the serosal baths of experimental hemibladders 15 min
before the basal period. Basal water flow was measured over a 30-min period followed by addition
of hormone (13 nM AVP or 130 nM DDAVP) to control and experimental hemibladders.
Hormone-stimulated water flow was then measured over the next 30 min. P values refer to the
comparison of hormone-stimulated water flow in control and arachidonic acid-treated
hemibladders.

mental hemibladders were treated with acetamino-
phen (300 AM) as well. Basal water flows were com-
parable in the two groups. There was no significant
difference in the water flow response to 130 nM
DDAVPbetween the two groups (Table I). Thus,
acetaminophen would appear to share a common
mechanism of action with naproxen in the toad bladder.

Arachidonic acid (10 ,uM), the specific precursor
of prostaglandins, was administered to experimental
hemibladders to stimulate endogenous prostaglandin
production. Basal water flow was not affected. How-
ever, the response to DDAVP(130 nM) and AVP (13
nM) was markedly inhibited by administration of
arachidonic acid (10 ,M) (Table II).

Prostaglandin synthesis in intact bladders. Using
specific radioimmunoassay for iPGE2, iPGE,, and
iPGF2a,,, we determined the rates of synthesis of these
various prostaglandins in intact bladders. No prosta-
glandins could be detected in the mucosal medium.
Neither iPGE, nor iPGF2, could be detected in the
serosal medium in the basal state or after stimulation
with AVP or DDAVP. Synthesis of iPGE2 was 2.72
+0.32 pmol/min per hemibladder under basal condi-
tions, and increased to 5.96±0.63 pmol/min per hemi-
bladder in the presence of arachidonic acid (10 ,uM),
the specific precursor of PGE2 (P < 0.005) (Table III).

Incubation with naproxen (100 ,uM) decreased basal
iPGE2 synthesis to levels <0.07 pmol/min per hemi-
bladder (Table III). Acetaminophen (300 ,uM) in-
hibited basal iPGE2 synthesis by 60% compared with
paired control hemibladders (P < 0.05) (Table III),
thus confirming that acetaminophen acts as an inhibitor
of prostaglandin synthesis in toad bladder.

Wenext investigated the effects of AVPand DDAVP
on iPGE2 synthesis. AVP (13 nM) failed to produce a
significant increase in iPGE2 synthesis compared with
control (2.1±0.4 vs. 1.6±0.4 pmol/min per hemi-
bladder, respectively) (Table III). DDAVPalso failed

to increase iPGE2 synthesis. Synthesis of iPGE2 was
0.8±0.1 pmol/min per hemibladder in tissue exposed
to DDAVP(130 nM), compared with 0.9±0.1 pmol/
min per hemibladder in controls (Table III). The
differences in control values between these experi-
ments most likely relate to different batches of toads
used in the different sets of experiments.

Experiments performed in an identical manner but
using bicarbonate-buffered Ringer's (90 mMsodium
chloride, 25 mMsodium bicarbonate, 1 mMcalcium
chloride, 0.5 mMpotassium dihydrogen phosphate,
0.5 mMmagnesium sulfate, and 5 mMglucose gassed
with 97% 02-3% C02) instead of phosphate-buffered
Ringer's also revealed no evidence for stimulation
of iPGE2 synthesis in response to AVP (13 nM) (0.8
±0.2 in controls vs. 0.7±0.1 pmol/min per hemibladder
in AVP-treated bladders, n = 6, P > 0.2). All other
studies were performed in phosphate Ringer's. To

TABLE III
Synthesis of iPGE2 by Toad Bladders

iPGE, synthesis
Experimental agents

added ?I Conltrol Experimental P

p)1nol)ininl1h/enlaibladder
Arachidonic acid

(10 uM) 9 2.72±0.32 5.96±0.63 <0.005
Naproxen

(100 gM) 3 1.79±+0.80 <0.07 <0.01
Acetaminophen

(300 ,M) 6 1.60+0.37 0.65+0.11 <0.05
AVP (13 nM) 12 1.62+0.37 2.11+0.44 >0.1
DDAVP

(130 nM) 15 0.91+0.12 0.79±0.11 >0.3

Synthesis of iPGE2 in experimental hemibladders is compared
with simultaneous values for iPGE2 in the paired control
hemibladders.
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determine whether the failure to observe a stimulation
of prostaglandin synthesis by AVPmight be secondary
to high basal iPGE2 production, we measured basal
iPGE2 synthesis over 30-min periods up to 2 h. Syn-
thesis of iPGE2 decreased progressively with time
from 1.60+0.26 to 1.30+0.10 to 0.71+0.12 to 0.06
+0.06 pmol/min per hemibladder for the four succes-
sive 30-min periods (n = 13). Even with the low levels
reached after 2 h, however, addition of AVP (13 nM)
did not alter iPGE2 synthesis compared with paired
control hemibladders (0.06±+0.06 vs. 0.06+0.05 pmol/
min per hemibladder, respectively, it = 4).

Prostaglandin synthesis from exogenois [14C] arachi-
donic acid in the toad bladder. To determine whether
prostaglandins other than PGE2 are produced by the
bladders or whether the bladders metabolize prosta-
glandins, we investigated the conversion of exogenous
[14C]arachidonic acid (n = 4 pairs). Incubation of intact
bladders with [14C]arachidonic acid for 30 min, fol-
lowed by acid extraction of the serosal baths and thin-
layer chromatography in solvent system I, revealed
a broad peak of '4C-labeled prostaglandins, which
was completely suppressed by naproxen (Fig. 2). This
peak corresponds to the standards for PGE2and TXB2,
which comigrate in this solvent system. In solvent
system II, which allows separation of PGE2and TXB2,
three separate peaks of '4C-labeled prostaglandins
appeared, corresponding to the authentic standards of
PGE2, TXB2, and PGA2. It should be noted that in
solvent system I, PGA2 migrates close to arachidonic
acid, so that small amounts of [14C]PGA2 would not
be clearly separated from the large peaks of unreacted
['4C]arachidonic acid. Thus the only prostaglandins
identified were PGE2, TXB2, and PGA2.

Metabolism of exogenous [3H]PGE2 by intact blad-
ders. We considered the possibility that AVP might
accelerate the metabolism of PGE2 into a substance
not measurable by specific assay for iPGE2, and thereby
obscure any hormonal stimulation of PGE2 synthesis.
To test this possibility, we incubated paired hemi-
bladders with exogenous [3H]PGE2 in the presence
or absence of AVP (13 nM). Acid extraction and thin-
layer chromatography (solvent system I) of the serosal
medium from both control and AVP-treated bladders
yielded identical radiochromatograms. The 3H label
appeared exclusively in two peaks, a major one (75%)
corresponding to PGE2 and a minor one (25%) cor-
responding to PGA2. An identical pattern was seen
when the experiment was carried out in the absence
of bladder tissue, indicating that the PGA2 seen
represents an artifact of the extraction procedure (21).
The ratio of PGA2:PGE2 was identical in all instances
regardless of whether bladder tissue or AVP was
present.

Prostaglandin synthesis in scraped epithelial cells.
It was possible that our studies in intact bladders did

| ~ ~~~~~~~~~~~I
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FIGURE 2 Representative thin-layer radiochromatogranm of
the acid lipid extracts of serosal baths from paired hemi-
bladders incubated for 30 min with exogenouis ['4C]arachi-
donic acid in the presence (open circles) and absence (filled
circles) of naproxen (100 A.tM). Migration of auithentic lipid
standards is shown along the abscissa. Developed in solvent
system I. For details see Methods. AA, arachidonic acid.

not accurately reflect prostaglandin synthesis in the
vasopressin-sensitive target cell, the epithelial cell.
For example, the TXB2 seen might have represented
production by platelets trapped in blood vessels in the
bladder wall. Wetherefore investigated prostaglandin
synthesis in suspensions of scraped epithelial cells
from bladders perfused free of blood before scraping.
This eliminates any contribution to prostaglandin syn-
thesis by the supporting layers of the bladders or the
formed elements of blood (e.g., platelets).

Incubation of scraped epithelial cells with [14C]-
arachidonic acid (tl = 4) yielded results comiiparable
to those shown for the intact bladder in Fig. 2. Acid
extraction and thin-layer chromatography in Solvent
Systems I, II, and III revealed 14C-labeled TXB2,
PGE2, and PGA2 as the only prostaglandin peaks. No
peaks comigrating with PGE2 metabolites (e.g., 15-
keto-13,14-dihydroPGE2) were observed.

These findings were confirmed by radioimmuno-
assay determination of prostaglandin synthesis in
epithelial cells. Under control conditions, epithelial
cells produced 2.69+0.24 pmol iPGE2/min per mg
protein and 0.85+0.22 pmol iTXB2/min per mgprotein
(Table IV). Incubation with arachidonic acid (10 ,uM)
increased both iPGE2 and iTXB2 synthesis by 120%,
whereas naproxen (100 ,uM) inhibited iPGE2 synthesis
by 34% and iTXB2 synthesis by 38% (Table IV).
Neither AVP (13 nM) nor DDAVP(130 nM) altered
epithelial cell iPGE2 or iTXB2 synthesis compared
with control values (Table IV), confirming the results
obtained in whole bladders (Table III).
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TABLE IV
Synthesis of iPGE2 and iTXB2 by Toad Bladder Epithelial Cells

AVP DDAVP Arachidonic acid Naproxen
Control (13 nM) (130 nM) (10 MM) (100 ,uM)

iPGE2 (pmollminlmg protein) 2.69+0.24 2.63±0. 19 2.41±0. 18 5.91+0.82 1.77±0.13
P NS NS <0.01 <0.001

iTXB2 (pmol/minlmg protein) 0.85±0.22 0.87±0.25 0.77±0.16 1.89±0.28 0.53±0.10
P NS NS <0.0005 <0.05

Homogenous suspensions of scraped epithelial cells were incubated in Ringer's (control), AVP (13
nm), DDAVP(130 nM), arachidonic acid (10 IAM), or naproxen (10 ,uM) for 15 min at 21°C in a shaking
water bath. Suspensions were then immediately placed on ice, centrifuged, and the supernatant solutions
removed and assayed for iPGE2 and iTXB2. n = 8.

Effects of AVP on prostaglandin synthesis in
bladders prelabeled with [1"C]arachidonic acid and
[3H]arachidonic acid. Because of the failure to ob-
serve increased iPGE2 and iTXB2 synthesis after AVP
stimulation, we examined the effect of AVPon prosta-
glandin synthesis in bladders prelabeled (overnight)
with either ['4C]- or [3H]arachidonic acid.

After washing the bladders free of nonincorporated
[14C]arachidonic acid, 50±4% of the label remained
incorporated in the hemibladders. Addition of AVP
(13 nM) to these prelabeled hemibladders resulted in a
significant increase in water flow compared with
control (43.3±7.5 vs. 4.8±3.3 ,ul/min, P < 0.025),
indicating that the bladders responded normally.
Total 14C released into the mucosal solution during
the experimental period was comparable in the control
and AVP-treated hemibladders (1,280±110 vs. 1,250
±260 cpm, respectively). Release of 14C into the serosal
bath during the experimental period was also not
significantly different between the control and AVP-
treated hemibladders (4,570±500 vs. 4,020±300 cpm).
Thin-layer radiochromatography of the extracted sero-
sal solutions was performed in Solvent System II. As
shown in Fig. 3, there was no difference in the release
of [14C]arachidonic acid, [14C]PGE2, [14C]TXB2, [14C]-
PGA2, or 14C-neutral lipids between the control or
hormone-treated bladders. Thus, there was no evi-
dence of an effect of AVP on either release of ["4C]-
arachidonic acid or synthesis of "4C-labeled prosta-
glandins in prelabeled bladders.

In contrast, Zusman et al. (8) reported that AVP
caused a 40-fold increase in the release of total counts
and arachidonic acid, with a proportionate increase
in the synthesis of PGE2 in bladders prelabeled with
[3H]arachidonic acid. To determine whether this
discrepancy with our results might be due to differ-
ences in the radiolabel used, we repeated our prelabel-
ing experiments using [3H]arachidonic acid and a
protocol comparable to the one used by Zusman et al.
(8). Paired hemibladders incorporated comparable
amounts of the [3H]arachidonic acid (480,160+68,000

and 454,620+48,750 cpm). Total counts released
during the experimental period were also not sig-
nificantly different in the control and AVP-treated
hemibladders (4,190±748 vs. 5,190±730 cpm). Water
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FIGURE 3 Thin-layer radiochromatogram of the acid lipid
extracts of serosal baths from prelabeled toad bladders.
Hemibladders were prelabeled ovemight with [1-14C]arachi-
donic acid and then washed free of nonincorporated 14C-
labeled products. After the third washing, the baths were
changed again, and AVP (13 nM) was added to the serosal
bath of the experimental hemibladders. At the end of the
30-min experimental period, the serosal solutions were
removed and processed for thin-layer radiochromatography.
For details refer to Methods. Each point represents the
mean+SEMunder control (filled circles, solid line) or AVP-
treated (open circles, dashed line) conditions for four pairs
of hemibladders. Migration of authentic lipid standards is
shown along the abscissa. Results are expressed as counts
per minute corrected for machine background. AA, arachi-
donic acid. NL, neutral lipids.
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flow was significantly increased in the AVP-treated
hemibladders compared with control (48.7±9.2 vs.
1.9±+0.3 ,lI/min, P < 0.025). Thin-layer radiochroma-
tography of the serosal medium showed a similar
pattern of radiolabeled products, as shown for the
14C-label experiments in Fig. 3, with peaks correspond-
ing to the TXB2, PGE2, PGA2, arachidonic acid, and
neutral lipid standards. Table V gives the results for the
radiolabel comigrating with the corresponding stand-
ards from control and AVP-treated hemibladders.
There were no significant differences in either prosta-
glandin or arachidonic acid release between control
and experimental hemibladders.

DISCUSSION

Our studies demonstrate that the toad urinary bladder,
and specifically its vasopressin-sensitive cell, the
epithelial cell, produces two prostaglandins, PGE2and
TXB2. This has been confirmed by two independent
techniques, radioimmunoassay and thin-layer radio-
chromatography. Furthermore, there is no evidence
that AVPor DDAVPstimulates prostaglandin synthesis
as measured by either techni(lue.

Based on these results, we propose an alternate
hypothesis to characterize the interrelation of vaso-
pressin, water permeability, and prostaglandins in
this tissue. In this scheme, it is the basal rate of endog-
enous prostaglandin synthesis that modulates the water
flow response to vasopressin. In the absence of vaso-
pressin, prostaglandins have no effect on water perme-
ability. Also, vasopressin does not initiate any negative
feedback response via increases in prostaglandin
synthesis, as has been proposed in the past (8).

The present studies support this alternate hypothe-
sis. Toad bladders, and specifically the epithelial cells,
synthesize PGE2 and thromboxane as determined by
radioimmunoassay and thin-layer chromatography.
Extrapolation of the data from epithelial cell incubation
indicates that these cells account for most, if not all,
of the iPGE2 synthesis in the whole bladder. Inhibition
of basal prostaglandin synthesis by the cyclooxygenase
inhibitor naproxen markedly enhances the water flow
response to vasopressin without affecting basal water
flow. As with naproxen, acetaminophen also inhibited
prostaglandin synthesis and enhanced hormone-stimu-
lated, but not basal water flow. These studies demon-
strate that acetaminophen acts as a prostaglandin
synthesis inhibitor in toad bladders, as has been
reported in renal medullary slices (26). When, on the
other hand, endogenous prostaglandin synthesis was
stimulated by administration of arachidonic acid,
basal water flow was unaffected, but hormone-stimu-
lated water flow was markedly inhibited. These data
confirm the important role played by prostaglandins
in modulating the response to vasopressin.

TABLE V
Prostaglandin Synthesis from Bladders Prelabeled

with [3H]Arachidonic Acid

Arachi-
donic

Total counts PGE, PGA, TXB, acid

Control 1,045+85 248±+-33 81±+ 12 63±+-5
NS NS NS NS

31+7
NS

AVP (13
nM) 1,278+144 257+52 115+23 77±17 50+8

Paired hemibladders (n = 4) were prelabeled with [3H]arachi-
donic acid and then incubated without (control) or with
AVP (13 nM). After 30 min, the serosal solutions were re-
moved and processed for thin-layer radiochromatography in
solvent system II. For details, refer to Methods. The values
represent the mean+SEM for total radioactivity per plate
(total counts) and for each of the radiolabeled peaks co-
migrating with the respective standards. Radioactivity not
accounted for represents neutral lipids, hydroxyacids, phos-
pholipids remaining at the origin, and diffuse background
radioactivity.

Radioimmunoassay studies revealed that in intact
bladders, iPGE2 synthesis was not altered by AVP.
Similarly, AVPhad no effect on either iPGE2 or iTXB2
synthesis by isolated epithelial cells. These results
were confirmed by a second, independent method,
thin-layer radiochromatography. Vasopressin did not
increase synthesis of labeled prostaglandins or release
of labeled arachidonic acid in bladders in which
the endogenous arachidonic acid pool was prelabeled
with either [1-'4C]- or [3H]arachidonic acid.

These findings are supported by the earlier work
of Wong et al. (9), who found that vasopressin in the
toad bladder had no effect on the synthesis of PGE
as determined by bioassay. A recent preliminary report
has failed to observe any increase in iPGE2 synthesis
by vasopressin in the toad bladder (27). However,
these results and ours are at odds with those of Zusman
et al. (8). These workers reported that vasopressin
stimulated toad bladder PGE synthesis in a dose-
dependent manner. At the concentration of AVP used
in our study (13 nM), they reported a sixfold increase
in iPGE synthesis. After prelabeling toad bladders
with [3H]arachidonic acid, they found a 40-fold increase
in radiolabeled arachidonic acid release and a pro-
portionate increase in radiolabeled PGE2 synthesis.
Based on these results they proposed that vasopressin
increased prostaglandin synthesis in the toad bladder
by activating phospholipase, and thus increasing the
amount of arachidonic acid available for prostaglandin
synthesis. This increased prostaglandin production
would in turn inhibit vasopressin's effect on water
flow, thus closing a negative feedback loop.

Vasopressin-Prostaglandin Interaction in Toad Bladder 1207



There are several possible explanations for the
discrepancies between our results and those of other
workers (8, 28). The first involves the differences
between the radioimmunoassay systems used. These
investigators measured PGEsynthesis after conversion
of PGE to PGB, followed by radioimmunoassay for
PGB. Another report from the same laboratory (29)
demonstrated that this technique greatly overestimated
PGE concentrations in human urine in comparison
with measurements of PGE2 by gas chromatography-
mass spectroscopy. This discrepancy was attributed to
possible cross-reactivity of the antiserum with a PGE
metabolite. However, direct measurements of PGE2
and its major urinary metabolite did not consistently
account for the discrepancy. This raises the possibility
of nonspecific interference with the radioimmunoassay
for PGB. Therefore, results for PGE2 synthesis ob-
tained with the PGB radioimmunoassay system must
be interpreted with caution.

For a number of reasons, we feel that the radio-
immunoassay for PGE2 used in the present study
reflects actual PGE2 synthesis. The antiserum em-
ployed in our studies was highly specific for PGE2.
Serial dilution of samples up to 1:50 revealed no
evidence of nonspecific interference with antigen-
antibody binding. Radioimmunoassay measured vir-
tually all of the exogenous PGE2 added to the serosal
bath of bladders in which endogenous prostaglandin
production was blocked by naproxen. Furthermore,
this was not altered by administration of AVP. In
addition, the results with administration of naproxen
and arachidonic acid confirm that appropriate changes
in iPGE2 synthesis can be detected with this method.

Because we employed a different buffer system than
used in the previous reports (8, 28), we considered
the possibility that this might account for the dis-
crepancies between these reports and the present
study. However, iPGE2 synthesis was not altered by
AVPwhen we employed a bicarbonate-buffered Ringer's
similar to that used by Zusman et al. (8). In the report
of Burch et al. (28), bladders were allowed to equili-
brate for 2 h before measurement of iPGE2 synthesis.
As shown in the present report, iPGE2 synthesis
decreased to very low levels at this time, comparable
to the levels reported by Burch et al. (28). Even at
these low levels, however, iPGE2 synthesis was not
increased by AVP in our studies. Thus the factor of
time does not appear to account for the differences
between our results and those of previous reports
(8, 28). The remainder of our studies were performed
in a time frame comparable to that used by Zusman
et al. (8).

We investigated another possible explanation for
the difference between the present study and the
previous reports. Vasopressin might stimulate syn-
thesis of some prostaglandins other than PGE2 or

TXB2, which might be measured as PGEby the PGB
assay system, but not cross-react with the specific
PGE2 antiserum used in our studies. Radioimmuno-
assay failed to detect any PGE1 or PGF2a in our study,
however, and thin-layer radiochromatography indi-
cated that the only labeled prostaglandins produced
by the toad bladder in the presence of [14C]arachidonic
acid were PGE2 and TXB2.

Although there was no evidence for the presence
of PGE2 metabolites in the experiments involving
[14C]arachidonic acid, we investigated the possibility
that AVPmight simultaneously stimulate the synthesis
and metabolic breakdown of PGE2; however, there was
no evidence of any metabolism of exogenous [3H]PGE2
in either control or AVP-treated hemibladders. In
addition, experiments with prelabeled bladders showed
no radiolabeled prostaglandin metabolites under either
control or AVP-treated conditions. These studies also
demonstrate that AVP does not stimulate the release
of total radiolabel, endogenous [14C]- or [3H]arachi-
donic acid, or its products from prelabeled bladders.
These results are in marked contrast to those of Zusman
et al. (8), who reported a 40-fold increase in arachidonic
acid release from prelabeled bladders in response to
AVP with a proportionate increase in PGE2 synthesis.
As has been suggested by others (30), such large
increases in arachidonate release in the absence of
some method of trapping the released arachidonate
(e.g., addition of albumin to the medium) are unusual,
as free arachidonic acid is rapidly reincorporated
into phospholipids. Clearly, our experiments provide
no evidence for increased release of arachidonate or
increased prostaglandin synthesis. Incomplete wash-
ing of bladders might account for the large increases
in the appearance of radiolabel in the serosal medium
in the study of Zusman et al. (8). If this were the case,
then vasopressin-stimulated water flow across the
bladders might passively wash out nonincorporated
products into the serosal bath.

The present study also demonstrate that toad bladder
epithelial cells produce TXB2. TXB2 is the stable
metabolite of the active but quite short-lived parent
compound, TXA2. The role, if any, of TXA2 in modulat-
ing vasopressin's action is not clear from the present
studies. An interaction of thromboxane with vaso-
pressin has been postulated (28, 31). However, studies
with the prostaglandin endoperoxide-thromboxane
agonist (15S)-hydroxy-1 1a, 9a-(epoxymethano)prosta-
5Z, 13E-dienoic acid have revealed conflicting results.
Burch and Halushka (31) demonstrated that this agent
stimulated basal and vasopressin-stimulated water
flow, whereas Ludens and Taylor (32) found that it
inhibited vasopressin-stimulated water flow. Imida-
zole (1 mM), a thromboxane synthesis inhibitor,
inhibited vasopressin-stimulated water flow, but at
this concentration this agent also increased iPGE2
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synthesis (28). At higher doses (50 mM), imidazole
inhibited both iTXB2 and iPGE synthesis and en-
hanced vasopressin-stimulated water flow (28). There-
fore, its effect cannot be clearly attributed to inhibition
of thromboxane synthesis.

Our finding of TXB2 synthesis by the toad bladder
confirms the recent report of Burch et al. (28); however,
in contrast to these investigators we find no evidence
that vasopressin increases thromboxane synthesis.
The reasons for the discrepancy are not clear.

Although the results of the present study differ from
those of several previous reports, there are data from a
variety of systems that tend to support our concept.
In vivo studies in Brattleboro rats and in man have
demonstrated an increase in urinary PGE2 excretion
in response to AVP administration (12, 33). However,
results with the administration of the nonpressor
analogue of AVP, DDAVP, are conflicting. Dunn et al.
(12) and Walker and Frolich (13) reported an increase
in urinary PGE2 excretion in Brattleboro rats given
DDAVP. Two reports on human diabetes insipidus,
however, failed to find any increase in urinary PGE2
excretion in response to DDAVP(14, 15).

A possible explanation for the conflicting results
may relate to the duration of exposure to hormone. The
studies demonstrating increased urinary PGE2 excre-
tion in rats with congenital diabetes insipidus involved
chronic administration of DDAVP. It may be that
chronic hormonal stimulation of the collecting tubule
may lead to increased prostaglandin synthesis, pos-
sibly secondary to changes in, for example, medullary
composition and the attendant alterations in medullary
blood flow.

Furthermore, prostaglandin synthesis in cultured
renomedullary interstitial cells was stimulated by
AVPbut not by DDAVP(10). Similarly, pressor doses
of AVP increased prostaglandin and thromboxane
synthesis in isolated perfused rabbit kidney, whereas
e(Iual doses of DDAVPdid not (11). These data thus
raise the possibility that it is not the antidiuretic
activity of vasopressin on the collecting tubule, but
rather its pressor activity elsewhere in the kidney that
acutely stimulates renal prostaglandin synthesis. Chronic
administration of vasopressin, on the other hand,
could influence medullary prostaglandin synthesis and
excretion indirectly, by changing renal medullary
blood flow or medullary solute composition for ex-
ample. This cooncept is consistent with our finding
that neither AVPnor DDAVPstimulates prostaglandin
synthesis in the toad urinary bladder, an analogue
of the mammalian renal collecting tubule.

Although our results do not support the presence
in the toad bladder of a negative feedback loop in
which vasopressin stimulates prostaglandin synthesis,
they do support the importance of the basal rate of
prostaglandin synthesis as a modulator of vasopressin's

action. Clearly, factors that influence the basal rate of
prostaglandin synthesis will have a marked influence
on vasopressin response.
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