
RAPID

PUBLICATIONS

Role of the Endogenous Kallikrein-Kinin System in

Modulating Vasopressin-stimulated Water Flow and

Urea Permeability in the Toad Urinary Bladder

CHRISTOSP. CARVOUNIS,GEORGIACARVOUNIS,and LEONARDA. ARBEIT, Department
of Medicine, Division of Nephrology and Hypertension, State University of
New York at Stony Brook, Stony Brook, New York 11794

A B S T RA C T This study investigates the endogenous
kallikrein-kinin system's role as a modulator of
vasopressin action in the toad urinary bladder. Kalli-
krein inhibition by aprotinin, which results in decreased
kinin production, significantly increased both vaso-
pressin and 8-Br-cyclic (c) AMP-stimulated water flow.
Kinin potentiation by the kininase II inhibitor
captopril (SQ 14225) significantly decreased vaso-
pressin and 8-Br-cAMP-stimulated water flow. In
contrast to water flow, vasopressin-stimulated urea
permeability was decreased by aprotinin and increased
by captopril. We conclude that the endogenous
kallikrein-kinin system represents a significant modulator
of vasopressin action and it permits separate control
of vasopressin-stimulated water flow and solute
transport.

INTRODUCTION

The action of vasopressin on transepithelial water
transport has been shown to be modulated by several
hormonal systems including aldosterone (1) and
prostaglandins (2, 3). Several lines of indirect evidence
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suggest that the kallikrein-kinin system may also
modulate the action of vasopressin. The infusion of
kinin in vivo has been shown to increase free water
clearance (4). An increase in kallikrein excretion
accompanies an increase in free water clearance (5, 6).
Moreover, kallikrein has been shown to be located on
the luminal membrane of the distal convoluted tubule
and collecting duct of the mammalian nephron (7, 8),
the major site of vasopressin's action. An endogenous
kallikrein-kinin system has also been identified in the
toad urinary bladder (9, 10), a close analogue of the
mammalian distal nephron. Furthermore, Furtado (11)
has reported that exogenous bradykinin decreases
vasopressin-stimulated water flow in the amphibian
urinary bladder.

Stimulated by these previous observations, we
examined the hypothesis that the endogenous kalli-
krein-kinin system is a physiological modulator of
vasopressin-stimulated water and solute transport.
The results demonstrate that inhibition of the
endogenous kallikrein-kinin system augments vaso-
pressin-stimulated water flow but depresses vaso-
pressin-stimulated urea transport, whereas activation
of the endogenous kallikrein-kinin system depresses
vasopressin-stimulated water transport but augments
vasopressin-stimulated urea permeability. The opposite
effects of the kallikrein-kinin system on vasopressin-
stimulated water and urea transport makes this
endogenous modulator system distinct from aldosterone
and prostaglandins, both of which alter water and urea
transport in the same direction (1, 3).
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METHODS

Female Dominican toads (National Reagents, Bridgeport,
Conn.) were doubly pithed, and glass bongs were tied into
both hemibladders in situ. The bladders were excised and
washed three times with amphibian phosphate Ringer's
solution (120 mMNa+, 4 meq K+, 0.5 mMCa++, 116 meq Cl, 5
mMphosphate,osmolality 240mosmol/kg,pH 7.4). They were
finally filled with 8 ml buffered distilled water (0.5 mMsodium
phosphate, pH 7.4) and suspended in a bath containing 35 ml
Ringer's solution.

Aprotinin, an inhibitor of kallikrein (8, 12) was added at a
concentration of 600 kallikrein inhibition units (KIU)/ml (91
AM) to the mucosal solution of experimental hemibladders.
The control hemibladder was treated with vehicle. After 1 h of
incubation the mucosal and serosal solutions of both
experimental and control hemibladders were replaced with
fresh solutions of identical composition to remove any
preformed kinins. The bladders were allowed to equilibrate
for 15-30 min and then osmotic water flow and urea
permeability were determined at 15-min intervals. After
obtaining base-line observation for two 15-min periods, the
response to vasopressin stimulation was determined. In
separate experiments we examined the response of 8-Bromo-
cyclic(c)AMP (8-Br-cAMP) on osmotic water flow and urea
transport. The concentration of vasopressin or 8-Br-cAMP
used in different experiments is shown in Results for each type
of experiment.

In another group of hemibladders prepared as above, the
activity of the endogenous kallikrein-kinin system was
potentiated by the kininase II inhibitor (13), captopril (SQ
14225, Squibb Laboratories, Div. E. R. Squibb & Sons,
Princeton, N. J.). The inhibitor was added to the mucosal
solution of the experimental hemibladders at a concentration
of 100 ,g/ml. Both hemibladders were preincubated 1 h
before measurement of vasopressin-stimulated water flow and
urea permeability. Captopril inhibits kininase II activity (13).
In cells scraped from the bladder and osmotically ruptured,
this dose of captopril inhibits 90-100% of the degradation of
bradykinin (unpublished findings).

Osmotic water flow was measured gravimetrically (14).
The urea permeability coefficient (Ktrans urea) was determined
by sampling the serosal and mucosal solutions at 15-min
intervals (15). Samples were pipetted into liquicint (National
Diagnostics, Somerville, N. J.) and counted in a Beckman
LS8000 scintillation counter (Beckman Instruments, Inc.,
Fullerton, Calif.).

Aprotinin was kindly provided in crystal form by Dr. Gert
Haberland, Beyer Pharmaceutical, Munich, West Germany.
Captopril was a gift of Dr. Z. F. Horovitz, Squibb Laboratories.
Fresh solutions of these compounds were prepared daily.
Vasopressin and 8-Br-cAMP were purchased from Sigma
Chemical Co., St. Louis, Mo. "4C-urea was purchased from
New England Nuclear, Boston, Mass.

Comparisons between control and experimental hemi-
bladders were donie by paired t test.

RESULTS

In hemibladders containing aprotinin in the mucosal
solution water transport was augmented in response to
a low dose (2 mU/ml) or supramaximal dose (50 mU/ml)
of vasopressin compared with the paired controls
(Table I). Aprotinin-treated bladders also exhibited
increased water transport in response to 8-Br-cAMP
(Table I). Addition of aprotinin to the serosal solution

TABLE I
Effect of Aprotinin (91 M) on Base-line and

Stimulated Water Transport

Control Aprotinin
Stimulating

agents Base line Stimulated Base line Stimulated

pi/min pi/min
Vasopressin,

2 mU/mI
(n = 9) 3.9±0.4 13±2.5 1.4±0.4* 23±2.8*

Vasopressin,
50 mU/ml
(n = 4) 3.1+0.7 35±8.3 2.1±0.6 56±5.4*

8 Br-cAMP,
0.1 mM
(n = 7) 2.1+0.3 6+0.8 1.9±0.6 13±3.34

Comparisons are between control and experimental hemi-
bladders.
* P < 0.01; t P < 0.005. Data are expressed as mean+SEM.

had no effect on water transport (not shown). The dose
of aprotinin used in these experiments, 91 ,M (600
KIU/ml), produced a maximal increase in vasopressin-
mediated water flow 99±19% of control (n = 15). A
dose of 40 ,uM (250 KIU/ml) caused a 51±+ 15% increase
in water flow (n = 4), whereas there was no consistent
increase in water flow when 15 ,M (100 KIU/ml) or less
aprotinin was used (n = 9).

In hemibladders containing captopril or in the
mucosal solution, water transport in response to a low
dose (2 mU/ml) or supramaximal dose (50 mU/ml) of
vasopressin was reduced -33% below that of the
paired-control hemibladders (Table II). A similar
decrease was observed in response to stimulation by
8-Br-cAMP (Table II). In these experiments 1 mMwas

TABLE II
Effect of Captopril (100 ,ug/ml) otn Base-line and

Stimulated Water Transport

Control Captopril
Stimulating

agents Base line Stimulated Base line Stimulated

pi/min pi/min
Vasopressin,

2 mU/ml
(n = 10) 1.6±0.1 14.9±1.1 1.3±0.1 9.4+1.5*

Vasopressin,
50 mU/mI
(n = 6) 1.8±0.4 32.7±4.1 1.7±0.2 25.5±5.6t

8 Br-cAMP,
1 mM
(n = 9) 1.5±0.2 50.1±5.2 1.0±0.3 37.5+ 6.3t

Comparisons are between control and experimental hemi-
bladders.
* P < 0.01; t P < 0.05. Data are expressed as mean±SEM.
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used rather than 0.1 mMas in the aprotinin experiments
to magnify the absolute difference in water flow
between the control and captopril-treated hemi-
bladders. In a few experiments performed with 0.1 mM
8-Br-cAMP, captopril diminished osmotic water flow to
a similar extent; however, the absolute change was
small.

In a separate set of experiments the effect of aprotinin
on vasopressin-stimulated urea permeability was
examined. Aprotinin had no effect on base-line urea
permeability, whereas in response to vasopressin
(2 mU/ml) urea permeability was significantly reduced
compared with that of the control hemibladders
(Fig. 1). As shown in Fig. 1 the diminished vasopressin-
stimulated water flow was seen in these hemibladders.

In captopril-treated hemibladders urea permeability
was increased in response to vasopressin (50 mU/ml),
whereas vasopressin-stimulated water transport was
reduced (Fig. 2).

DISCUSSION

In these experiments we sought to determine whether
the endogenous kallikrein-kinin system might function
as a modulator of vasopressin's action on water and
solute transport. Studies were performed in the toad
urinary bladder because the action of vasopressin on
water and urea transport has been well characterized
in this tissue and it has been shown that the toad urinary
bladder contains an endogenous kallikrein-kinin
system. Weused an experimental design in which the
effects of inhibiting as well as potentiating the activity
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of the endogenous kallikrein-kinin system on vaso-
pressin-stimulated water and urea transport could be
examined. To depress the activity of the kallikrein-
kinin system we added aprotinin (a competitive
inhibitor of kallikrein) to the solution bathing the
mucosal bladder. This agent would be expected to
decrease kinin production. Potentiation of the en-
dogenous kallikrein-kinin system was accomplished by
the addition to the mucosal solution of captopril, an
inhibitor of kininase II, a kinin degrader.

We found that addition of aprotinin, which should
diminish kinin production, was associated with signifi-
cant increases in vasopressin and cAMP-stimulated
water flow. Conversely, addition of captopril, which
should augment kinin levels, was associated with
significant decreases in vasopressin and cAMP-
stimulated water flow. Although kinins were not
measured in these experiments, these results are
consistent with the view that the alterations in vaso-
pressin and cAMP-stimulated water flow were causally
related to reciprocal changes in kinin production.
Indeed a naturally occurring amphibian kinin, phy-
salaemin, in a concentration of 30 ,uM completely
reverses aprotinin's stimulation of water flow (un-
published observation).

Our findings extend the observations of previous
studies in intact animals in that they demonstrate a
direct effect of the kallikrein-kinin system on water
transport independent of changes in renal hemo-
dynamics or distal tubular delivery of filtrate. Our
studies also extend Furtado's (11) observations with
exogenous kinin in that they demonstrate that altera-
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FIGURE 1 Effects of 91 ,uM aprotinin on 2 mU/ml vasopressin-stimulated water flow and urea
permeability (n = 6). B represents base-line periods whereas V represents vasopressin-stimulated
periods. Statistical analyses compare control vs. aprotinin-treated bladders.
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FIGURE 2 Effect of 100 ,ug/ml (captopril) on 50 mU/ml vasopressin-stimulated water flow and
urea permeability (1i = 7). B represents base-line periods, whereas V represents vasopressin-
stimulated periods. Statistical analyses compare control vs. SQ 14225 periods.

tions in activity of the endogenous kallikrein-kinin
system can modulate the action of vasopressin.

It should be noted that our findings are at variance
with a recent report by Orce et al. (12) who examined
the effect of kallikrein inhibitors on sodium transport
and found that aprotinin had no effect on vasopressin-
stimulated water flow. Several reasons may account for
the differences between studies, including the fact that
a different species of toad was used by Orce et al. (12)
(Mexican and Puerto Rican toads compared with
Dominican toads as used in our study) as well as the
magnitude of water flow. In their study water flow was
approximately one order of magnitude greater than that
obtained in our studies when normalized for differ-
ences in surface area. Thus, it may be that aprotinin had
no detectable effect on water flow because water flow
was already at maximal levels or that endogenous kinin
levels in their toads were significantly lower than those
present in our experiments.

We also obtained evidence that the endogenous
kallikrein-kinin system can modulate vasopressin's
action on urea permeability; however, the effects of
alterations of endogenous kinin production on vaso-
pressin-stimulated urea permeability were opposite in
direction to the effects of endogenous kinins on vaso-
pressin-stimulated water transport. Thus, inhibition of
kinin production by aprotinin reduced vasopressin's
effect to increase urea permeability, whereas augment-
ing kinin production with captopril potentiated the
increase in urea permeability stimulated by vaso-
pressin. Previous studies have provided evidence for
the concept that the pathways mediating water and
urea transport are to a significant extent independent

and distinct from one another (3, 16, 17). This concept
is strengthened by the original observation of this study
that endogenous kinins modulate vasopressin's action
on the water and urea transport pathways in opposite
directions. The ability of kinins to modify vasopressin's
action on water flow and urea permeability in
opposite directions could promote increased urea
transport at a time when water transport was
attenuated. Thus, the endogenous kallikrein-kinin
system may provide a mechanism for conserving
important solutes, such as urea, while permitting
excretion of water.

Our observation that the endogenous kallikrein-
kinin system can modulate water and urea transport
coupled with the recent finding that vasopressin
augments kallikrein activity in vivo (18) provides
support for the hypothesis that the endogenous kalli-
krein-kinin system may function as a negative feedback
mechanism for regulating vasopressin-stimulated water
transport. Thus, in addition to stimulating adenylate
cyclase activity and cAMPproduction, vasopressin may
also increase kallikrein activity and thereby promote
increased kinin production. Kinins in turn appear to act
at a step distal to the generation of cAMP to attenuate
water transport, whereas urea transport is enhanced.
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