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Phorbol Ester and A23187 Have Additive but Mechanistically Separate Effects
on Vasopressin Action in Rabbit Collecting Tubule
Yasuhiro Ando, Harry R. Jacobson, and Matthew D. Breyer
Division of Nephrology, Department of Medicine, Vanderbilt University, Nashville Tennessee 37232;
and Veterans Administration Medical Center, Nashville, Tennessee 37212

Abstract

Activation of protein kinase C (PKC) and elevation of intracel-
lular calcium ion concentration (ICa"]I) result from phosphati-
dylinositol biphosphate (PIP2) breakdown. Wepreviously
demonstrated that PKCactivation inhibits arginine vasopres-
sin (AVP)-induced osmotic water flow in rabbit cortical col-
lecting tubule (CCT) perfused in vitro at 37°C. To estimate the
potential significance of PIP2 turnover as a modulator of water
transport in this nephron segment, we examined the effect of
Ca on AVP action and explored the mechanisms of action of
PKCand increased [Ca++ji.

In rabbit CCIs perfused at 37°C, pretreatment with bath
A23187 (2 X 10-8 M, 2 X 10-6 M), a Ca ionophore, almost
totally suppressed AVP (10 AuU/ml)-induced peak hydraulic
conductivity (Lp). The suppression by 2 X 10-1 MA23187 was
as potent as that by 2 X 106 MA23187, and significant even
when it was administered 10 min after AVP. When phorbol
myristate acetate (PMA, 10' M), a PKC activator, and
A23187 (2 X jo-s M) were placed in the bath simultaneously,
the combined suppressive effect on peak Lp was greater than
that of either inhibitor alone. However, the mechanisms of
inhibition by PMAand A23187 were different. While both
10-7 and 10-9 MPMAsuppression are primarily post-cAMP,
A23187 predominantly suppressed a pre-cAMP step: 10' M
chlorophenylthio-cAMP-induced peak Lp was not affected by
2 X 10-i MA23187, and only partially inhibited by 2 X 106
MA23187. The PMA(10-7 M) suppression of AVP-induced
peak Lp was totally reversed by bath staurosporine (10-7 M), a
PKCinhibitor, but not attenuated by either bath indomethacin
(5 X 106 M) or low Ca (1-2 X 10-6 M) bath medium. In
contrast, the A23187 (2 X 10o- M) suppression of the peak Lp
was not affected by staurospotine, but was significantly re-
versed by indomethacin or low Ca bath medium.

Weconclude: (a) Elevation of ICa++j1, as well as activation
of PKC, suppresses the hydroosmotic effect of AVPon CCTat
37°C. (b) Whenstimulated simultaneously these two intracel-
lular mediators are additive in their antagonism of AVPaction.
These results suggest that stimulated PIP2 breakdown may be
an important modulator of water transport in CCT. (c) Differ-
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ent mechanisms underlie PKCand Ca-mediated suppression of
the AVP-induced water transport. The inhibition of AVPac-
tion by increased ICa"I is primarily pre-cAMP, and involves a
cyclooxygenase metabolite(s) of arachidonic acid, while the
inhibition by PKC is post-cAMP, and independent of cyclo-
oxygenase products of arachidonic acid.

Introduction

Activation of protein kinase C (PKC)' and elevation of intra-
cellular calcium ion concentration ([Ca+J]i) are two major sig-
nal transduction pathways employed by many biologically ac-
tive agents and hormones which stimulate phosphatidylinosi-
tol biphosphate (PIP2) breakdown (1-3). In many types of
mammalian cells, both pathways are known to act synergisti-
cally (1, 3, 4). While we have demonstrated that PKCactiva-
tors markedly inhibit arginine vasopressin (AVP)-induced os-
motic water flux in rabbit cortical collecting tubule (CCT) (5),
studies addressing the role for increased [Ca++]i in modulating
AVP action have yielded conflicting results. Goldfarb (6)
showed that increased bath Ca concentration augmented
AVP-induced water transport in rabbit CCTat 370C, although
Jones et al. (7) failed to reproduce such an effect. Dillingham et
al. (8) showed a stimulatory effect of the Ca ionophore A23187
on AVP-induced osmotic water flux in rabbit CCT at 250C.
Conversely, Jones et al. (9) conducted similar experiments at
370C using another Ca ionophore, ionomycin, and found that
it suppressed AVPaction.

In evaluating the PIP2 breakdown cascade as a potential
modulator of AVPaction in CCT, it is important to clarify the
role of the Ca-mediated pathway as well as that of the PKC
pathway, since both are activated simultaneously. Therefore
we investigated the role for [Ca+J]i by using the Ca ionophore
A23187. In addition, we examined the combined effect of
PMAand A23187 to look for the interaction between these
two pathways. Finally, we explored and compared possible
mechanisms of action for PKCand increased [Ca++Ji.

Methods

Single CCTs (1.0-2.5 mmin length) were dissected from kidneys of
female New Zealand white rabbits weighing 1.5-2.0 kg and perfused
using methods described previously (5). The flow rate of bath solution
was adjusted to 0.5 ml/min. The collection rate of perfusate was ad-
justed to 15-20 nl/min. The perfused fluid was collected in a constric-
tion pipette of known volume (between 65 and 150 nl).

The composition of standard bath medium, dissection medium,
and isotonic perfusate were as follows (in millimolars): NaCl, 105;

1. Abbreviations used in this paper: [Ca++Ji, intracellular calcium ion
concentration; CcAMP, chlorophenylthio-cyclic AMP; CCT, cortical
collecting tubule; IND, indomethacin; Lp, hydraulic conductivity;
PIP2, phosphatidylinositol biphosphate; PKC, protein kinase C; SSP,
staurosporine.
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NaHCO3, 25; Na acetate, 10; NaHPO4, 2.3; KCl, 5; CaCl2, 1.8;
MgSO4, 1.0; glucose, 8.3; and alanine, 5 (osmolality 300 mosmol).
Low Ca bath medium contained no CaCl2, but the other components
were the same as standard bath medium. Measured Ca concentration
of low Ca bath medium was between 0.001 and 0.002 mM. The com-
position of hypotonic perfusate was identical to that of isotonic perfus-
ate except for the low osmolality (150 mosmol), due to lower NaCl
concentration (30 mM), and the addition of tritium-labeled inulin as a
volume marker. Both isotonic and hypotonic perfusate contained 0.2
mg/ml Food, Drug and Cosmetic dye No. 3 (Aniline and Chemical
Co., Chicago, IL) to detect cell damage and perfusate leak (5). Before
use, all solutions were bubbled to equilibration at 370C with a 95%
0J5% CO2gas mixture to achieve a pH of - 7.40 and a pCO2of - 40
torr. Bath medium was held in a silicon-coated glass syringe mounted
on a infusion pump (Sage Instruments, Inc., Cambridge, MA). Hy-
draulic conductivity (Lp, centimeters per atmosphere [atm] per sec-
ond) was calculated according to DuBois et al. (10):

(l /RTS) - (l /Ob)2 _ [Ob. (Vi - Vo) + Oi . Vi - Ln{(Ob-Oi) Vi/
(Ob.Vo-Oi Vi)}],
where R is the gas constant, T is temperature of bath medium (degree
kelvin), S is luminal surface area of the tubule calculated from tubule
length as measured directly by eyepiece reticle at the end of each
experiment and an assumed lumen diameter of 20 um, Ob and Oi are
osmolality of bath medium and perfusate, Vo and Vi are collection
and perfusion rate (Vo = Vp/t, Vi = Vo* Co/Ci: Vp; volume of con-
striction pipette, t; collection time, Co and Ci; and radioactivity
[counts per minute per nanoliter] of collected fluid and perfusate. Co
and Ci were counted by a liquid scintillation counter ([model 6892;
Tracor Analytic Co., Des Plaines, IL]).

Experimental protocol at 25°C (Fig. 1)
These experiments were conducted to confirm the finding of Dil-
lingham et al. (8) that the Ca ionophore A23187 has a stimulatory

EXPERIMENTAT 25°C
basal peak 1 2 3

perfusate Lp Lp
change 44 444 44 44

CDMSO IA21871
EXPERIMENTSAT 37%C

I~
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perfusate basal Lp peak Lp

change 4,
0 30 60 90 v[il l nJl ll. w~e. orLcc AMP"'
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when indicated

POST-TREATMENT-
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Figure 1. Summary of experimental proticols. See text for details and
abbreviations. *Peak Lp was calculated as mean of the three largest
values during exposure to AVP. **Peak Lp was calculated as mean
of the three largest values during 30 to 50 min after the addition of
AVP.

effect on AVP-induced peak Lp at this temperature. Therefore the
same concentrations of AVP and A23187 used in their studies were
chosen. Pure DMSOwas used as the solvent for A23187. The final
concentration of DMSOin bath medium during AVP exposure was
0.01% by volume. Wehave already shown that this concentration of
DMSOhas no effect on basal or AVP-inducod peak Lp (5). During the
first 60 min of incubation, tubules were perfused with isotonic perfus-
ate. Subsequently the perfusate was changed to hypotonic perfusate.
After an additional 45 min, three collections were made to determine
basal Lp. Then 50 ,gU/ml AVP was added to bath medium. 40 min
after addition of AVP, three collections were made for determination
of peak Lp. Then lo-' MA23187 was added to bath medium. 15-20
min after addition of A23187, three to four collections were made to
see the effect of ionophore on peak Lp. Subsequently A23187 was
removed from the bath and three to four recovery collections were
made 10-30 min after the removal of A23187. In each period, the peak
Lp was calculated as the mean of all collections.

Experimental protocols at 370C (Fig. 1)
To compare the data with our previous studies (5), each experiment
was purposely conducted on an identical time schedule. During the
first 30-45 min of incubation in all experiments, tubules were perfused
with isotonic perfusate. Subsequently the perfusate was changed to
hypotonic perfusate. In control studies, after 90 min of incubation
three collections were made for calculation of basal Lp, then 10 U/ml
AVP was added to the bath and six to nine collections were made
during the next 15-50 min to determine peak Lp. In DMSOcontrol
studies, 0.0 1%DMSOwas added to bath medium 15 min before basal
collections. This time schedule for basal and peak collections was also
kept in all following experimental protocols except for protocol 2. A
submaximal AVPdose was chosen theoretically to enable observation
of either suppressive or stimulatory effects of the agents examined.
Both in control and experimental studies, the peak Lp was defined as
the mean of the three largest values during exposure to AVP. Peak Lp
was usually observed 25-45 min after the addition of AVP.

1. Effect ofA23187 on A VP response. This ionophore A23187 was
added to bath medium 10-15 min before the basal collections to in-
crease [Ca++]i (3, 4, 11). AVPwas then added and peak Lp was deter-
mined as defined above.

2. Effect ofA23187 posttreatment on A VP response. This protocol
served to determine whether [Ca++]i increased after initiation of the
AVPresponse can affect AVP-induced water movement. In these stud-
ies, 0.0 1% DMSOwas added to bath medium 15 min before the basal
collections. Then, 10 min after exposure to 10 MU/ml AVP, A23187
was added to bath medium. Collections were started soon after the
addition of A23187 and six to nine collections were made. Peak Lp of
both control and experimental studies were calculated as the mean of
the three largest values during 30-50 min after the addition of AVP.

3. Combined effect of phorbol myristate acetate (PMA) and
A23187. These experiments were designed to examine the interaction
between PKC and increased [Ca+J]i which synergize in many other
systems (3,4, 12). PMAand A23187 were simultaneously added to the
bath in the same experimental program as protocol 1.

4. Effect of A23187 on post-cAMP events. l0-4 M chlorophenyl-
thio-cyclic AMP(CcAMP) was applied instead of AVPwith or without
A23187 pretreatment.

5. Effect of staurosporine (SSP) on PMAaction. SSP is a potent
PKC inhibitor recently described (13). Experiments were designed to
see how SSP affects the action of PMAand A23187. 10-7 MSSP was
added to bath medium 15 min before basal collections. PMAor

A23187 was added to the bath 5 min after SSP.
6. Effect of indomethacin (IND) on the actions of PMAand

A23187. This protocol was designed to see if cyclooxygenase metabo-
lites of arachidonate mediate the actions of these compounds. 5 X 10-6
MIND was chosen because this concentration is known to inhibit
cyclooxygenase almost completely but have minimal suppressive effect
on cAMPphosphodiesterase (14). IND, PMA, and A23187 were added

to the bath in the same way as in protocol 5.
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Figure 2. Effects of A23 187 on AVPor CcAMP-induced peak Lp.
Circles and bars represent means and SE, respectively. N, Number of
experiments. At 2 X 10-8 M, A23187 produced almost maximal sup-
pression of the AVP response, but had no effect on the CcAMPre-
sponse.

7. Effect of low bath Ca on the actions ofPMA andA23187. To test
whether the effect of either of these agents is dependent on peritubular
Ca, bath medium was changed to low Ca medium 15 min before basal
collections. PMAor A23 187 was administered 5 min after the bath Ca
was reduced.

In all studies using PMA, the syringe holding the bath medium was
wrapped with aluminum foil to prevent degeneration of PMAby light.
Pure DMSOwas used as the solvent for A23 187, PMA, and SSP. The
final concentration of DMSOin bath medium in all experiments using
A23 187, PMA, or SSPwas 0.0 1%by volume.

Reagents
A23 187, AVP, CcAMP, DMSO,IND, and PMAwere purchased from
Sigma Chemical Co., St. Louis, MO. Tritium-labeled inulin was pur-
chased from E. I. DuPont, NENProducts, Boston, MA. AVP, CcAMP,
DMSO,and PMAused in this study were aliquots of the same stock as
used in our previous study (5). SSP (Kyowa Hakko Kogyo, Tokyo,
Japan) was a generous gift from Dr. Seymour Mong.

Statistics
Data are presented as mean±SE, and statistical analyses were made by
using nonpaired t test unless indicated. Differences with P < 0.05 were
considered statistically significant.

Results

Experiments at 25°C
In five experiments, 50 AU/ml AVP increased Lp (X i0' cm/
atm per s) from a basal of 3.5±0.3 to a peak of 90.1±7.5.
Superimposed A23187 (10-' M) further increased the peak Lp
up to 124.8±5.6 (P < 0.01). After removal of A23187, peak Lp
decreased to 106.4±4.0 X 10-7 cm/atm per s, though this
change was not statistically significant. These results were es-
sentially the same as those shown by Dillingham et al. (8).

Experiments at 37°C
In control studies, 10 ,uU/ml AVP increased Lp (X 10-7 cm/
atm per s) from a basal of 5.0±0.6 to a peak of 166.0±5.9 (n
= 15). Both of these values were identical to those of the
DMSOcontrol group (basal, 4.7±1.4; peak, 166+10.4; n = 5).

1. Effect of A23187 on AVPresponse. Two different doses
of A23187 (2 X 10-8 and 2 X 10-6 M) were examined (n = 5
and 4, respectively). The basal Lp (X 10-7 cm/atm per s) was

slightly increased by 2 X 10-8 or 2 X 1o-6 MA23187 pretreat-
ment (12.8±2.0 and 12.6±1.7, respectively; P < 0.01 vs.
DMSOcontrol basal Lp in either case). However, in contrast
to the result at 250C, AVP-induced peak Lp was markedly
suppressed by A23187 as shown in Fig. 3. The low dose of
A23187 was as potent as the high dose: AVP-induced peak Lp
(X10-7 cm/atm per s) was 44.8±4.4 with 2 X 10-8 MA23187
pretreatment and 37.6±4.4 with 2 X 10-6 MA23187 pretreat-
ment, respectively (P < 0.001 vs. DMSOcontrol peak Lp in
either case). This suggests that 2 X 10-8 Mis close to the
maximal dose for A23187 suppression of the AVP-induced
peak Lp in this system. Thus to avoid nonspecific or toxic
effects of A23187 (11, 12) discussed later, the low dose (2
X 10-8 M) was applied in the following studies with the excep-
tion of protocol 4.

2. Effect ofA23187posttreatment on AVP response. In five
experiments, basal Lp (3.03±0.7 X I0- cm/atm per s) was not
different from that of DMSOcontrol. Like PMAposttreat-
ment (5), the addition of 2 X 1o-8 MA23187 10 min after 10
MU/ml AVP suppressed the peak Lp (X 10-' cm/atm per s)
significantly to 99.2±11.0 (n = 5) compared with the DMSO
control peak Lp (165.1±10.0, n = 5, P < 0.01).

3. Combined effect of PMAand A23187 (Fig. 3). For this
study we chose a submaximal dose of PMA(I0-' M) (5) with a
near maximal dose of A23187 (2 X 10-8 M). The maximal
dose (10-7 M) of PMAis inadequate to use in this protocol,
since in our previous study (5) it completely abolished the
increase in Lp after AVPadministration. In four experiments,
by pretreating with these agents simultaneously, the basal Lp
(X 10-` cm/atm per s) was increased to 18.4±2.6 (P < 0.001 vs.
DMSOcontrol). This value was higher, though not signifi-
cantly, than that of 10-9 MPMA(5.9±2.9 X I0- cm/atm per
s) or 2 X 10-8 MA23187 alone. The peak Lp after AVP
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addition was almost completely suppressed (24.0±3.5 X l0-7
cm/atm per s). This suppression of peak Lp (X1O0- cm/atm
per s) was significantly greater than that by 10-9 MPMA
(59.3±6.0, n = 5) or 2 X 10-8 MA23187 (44.8±4.4, n = 5)
alone (P < 0.02 in both cases).

4. Effect ofA23187 on post-cAMP events. In eight control
studies, l0-4 MCcAMPincreased Lp (XlI-` cm/atm per s)
from a basal of 4.2±0.7 to a peak of 177.9±14.1. Basal Lp
(X 10-7 cm/atm per s) was increased by either dose of A23 187
(15.5±2.3 with 2 X 10-8 M, and 16.6±1.9 with 2 X 10-6 M,
respectively; P < 0.01 vs. control basal Lp in both cases). As
shown in Fig. 3, the CcAMP-induced peak Lp (X10-7 cm/atm
per s) was not suppressed by 2 X 10-8 MA23 187 (177.1±5.0, n
= 4), and was only partially suppressed by 2 X 10-6 MA23 187
(1 10.5±17.7, P < 0.05 vs. control).

5. Effect of SSPon the action of PMAandA23187 (Fig. 4).
In four SSP control experiments, 10-7 MSSP pretreatment
itself affected neither the basal Lp (4.4±0.9 X l0- cm/atm per
s) nor the AVP-induced peak Lp (172.1±11.6 X lo- cm/atm
per s). However, the suppression of peak Lp by l0-7 MPMA
was totally reversed by SSP; the PMApretreated peak Lp in
the presence of SSP (165.2±7.5 X l0-7 cm/atm per s, n = 4)
was statistically the same as the SSP control peak Lp. Con-
versely the suppression by 2 X 108 MA23 187 was not signifi-
cantly attenuated by SSP. The peak Lp with SSPand A23 187
pretreatment was 53.4±6.1 X 10-7 cm/atm per s (n = 4).

6. Effect of IND on the actions of PMAand A23187 (Fig.
5). In four IND control experiments, 5 X 10-6 MIND pre-
treatment itself had no effect on basal or peak Lp (6.9±2.7 and
166.4±20.5 X 10-7 cm/atm per s, respectively). 10-7 MPMA
completely suppressed the AVP effect on Lp despite the pres-
ence of IND: basal and peak Lp were 10.9±2.1 and 14.6±2.0
X l0-7 cm/atm per s, respectively (n = 4, not significant by
paired t test). IND also failed to attenuate the suppression by a
submaximal dose of PMA: the PMA(10-9 M) pretreated peak
Lp in the presence of IND (52.2±7.1 X l0-7 cm/atm per s, n
= 4) was not significantly different from that without IND. In
marked contrast, IND significantly attenuated the suppression

200-

21 00

x

E0.

P-

Cu
a,
w.em

0]

N=( )

*o* 0l

.:..;:..............
..!

..

......._._
....,.-.. _ *
.....() () () (
.- ......

() () (5) (4)

Wa

ii X

x
a 05 -

Cu

r._

-C +

2

o

PV
U)

0

...........................( ) (

(5) (4)
0.01% DMSO PMA A23187

CONTROL 10 7M 2x10 -M

Figure 4. Reversal effect of SSPon the peak Lp suppression by PMA
or A23 187. Bars above each column represent SE. N, Number of ex-
periments. SSP totally reversed the PMAsuppression of AVP-in-
duced peak Lp, but had no effect on the A23 187 suppression.

c 200

CuE
U

'o

0.C
T-
x

Cu
0.

QX

em

1 00 -

O-A
N=( )

I
I

tii
,lLIs'-

(15) (4)

CONTROL

EE .
E QE

E la

:> + O O
2.S -v

0

o5
z

0

0

(5) (4) (5) (4)
PMA A23187

10 7 M 2x10-8M

Figure 5. Effect of IND on the peak Lp suppression by PMAor
A23 187. Bars above each column represent SE. N, Number of exper-
iments. IND had no effect on the PMAsuppression but significantly
attenuated the A23 187 suppression.

of peak Lp (X10-7 cm/atm per s) by 2 X 10-8 MA23187
(105.0±13.4 with IND, n = 4, and 44.8±4.4 without IND, n
= 5,P<0.01).

7. Effect of low bath Ca on the actions of PMAand
A23187. In six low Ca bath control experiments, low peritu-
bular Ca concentration had no effect on basal Lp (6.2±1.0
X l0-7 cm/atm per s, not significant vs. control basal Lp with
normal bath medium), but augmented the AVP-induced peak
Lp response (223.6±14.5 X l0-7 cm/atm per s, P < 0.001 vs.
control peak Lp with normal bath medium). Even under this
condition, l0-7 MPMAstill suppressed AVP response com-
pletely: the basal and the peak Lp was 28.8±2.5 and 33.0±1.8
X l0-7 cm/atm per s, respectively (n = 4, not significant by
paired t test). Conversely, the suppression of the peak Lp by 2
X 10-8 MA23187 was attenuated (138.0±7.9 X l0-7 cm/atm
per s, n = 4). Since lowering bath Ca concentration itself signif-
icantly changed the peak Lp response to AVP, the effect of low
Ca bath on the PMAor A23187 suppression was estimated by
calculating percent inhibition of peak Lp. As shown in Fig. 6,
while the degree of inhibition by l0-7 MPMAwas unaffected
by low Ca bath (88.8±2.9% with normal bath and 85.2±0.9%
with low Ca bath), that by 2 X 10-8 MA23187 was signifi-
cantly attenuated (73.0±2.6% in normal bath and 38.3±3.5%
in low Ca bath, P < 0.001).

Discussion
Our knowledge about the role of PIP2 breakdown in signal
transduction is expanding rapidly. The individual roles of
PKCand increased [Ca++]i and the complex interactions be-
tween these two branches of PIP2 breakdown cascade in regu-
lating cell function are being elucidated in various mammalian
tissues (1-4, 15, 16). These intracellular mediators also have
been found to interact with the other signal transduction path-
ways, especially the cAMP-mediated pathway (3, 4). The type
of interaction between the PIP2 breakdown-initiated pathways
and the cAMP-mediated pathway differs from tissue to tissue.
These signalling pathways can be additive or antagonistic in
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electing cellular response. In some cells, there is no interaction
between these signal transduction pathways (3). In the mam-
malian collecting tubule, investigation of the specific interac-
tion between these signalling pathways is a subject of great
interest, since the cAMP-mediated pathway is utilized by AVP
in regulating water transport of this nephron segment. We
have recently demonstrated that PKC activators markedly
suppress AVP-induced water transport in rabbit CCTprimar-
ily at a step distal to cAMPgeneration (5). Furthermore, addi-
tional evidence suggesting the physiological importance of
PKCas a negative regulator of water transport has been ob-
tained. Carbachol, a cholinergic agent, is known to stimulate
PIP2 breakdown (17) and has been found in toad bladder to
inhibit AVP-induced water flow at a step distal to cAMPgen-
eration (18). Epidermal growth factor, which stimulates PIP2
breakdown in certain cells (19), was found in our laboratory to
inhibit both AVP and cAMP action on rabbit CCT water
transport in a manner similar to that of PMA(20). In prelimi-
nary studies Raymond (21) showed that chronic hypokalemia
suppressed the hydroosmotic effect of AVPon medullary col-
lecting tubule, and this inhibition could be reversed by H-7, a
PKCinhibitor.

Conversely, there have been conflicting findings about the
role of intracellular Ca, another branch of PIP2 breakdown
cascade, on the action of AVP. Goldfarb (6) found that in-
creasing bath Ca concentration from 1.25 to 3.75 mMaug-
mented the hydroosmotic effect of AVP in rabbit CCT per-
fused in vitro at 370C. Dillingham et al. (8) found that A23 187

stimulated AVP-induced water transport in rabbit CCT, and
lowering bath Ca had an opposite effect. However, and very
importantly, these experiments were conducted at 250C. In
contrast to these stimulatory results, studies conducted at
370C using agents that increase [Ca+J]i suggest that increased
[Ca++]1 suppresses AVPaction (9, 22). In amphibian urinary
bladder, maneuvers that increase [Ca++]i generally suppress
AVP action (18, 23-26), although Hardy (23) demonstrated
that A23187 administered simultaneously with AVP aug-
mented AVP-induced water flow. In all previous studies (18,
23-25) the concentrations of A23187 used were micromolar
or greater. Such high concentrations of A23187 could produce
diverse effects not specific to activation of the Ca-mediated
pathway. For example, at micromolar concentrations, A23187
acts as an uncoupler of mitochondrial respiration and oxida-
tive phosphorylation (11). In platelets, while 2-3 X lO-' M
A23187 exclusively activates the Ca-mediated pathway, doses
higher than 5 X l0-7 Mstimulate PKCas well (12). Both of
these nonspecific actions could suppress a post-cAMP step of
the AVP response (5, 27). Therefore it is important to use
A23187 at lower than 5 X l0-7 Mto examine more specifically
the role of the Ca-mediated pathway (15). As PIP2 breakdown
results in activation of both the PKC and the Ca-mediated
pathway, it is also necessary to explore the combined effect of
both pathways on AVPaction to evaluate the significance of
stimulated PIP2 breakdown in water transport regulation.

Our experiments performed at 370C show that A23 187 is a
potent inhibitor of AVP-induced osmotic water flow when
used at a concentration of 2 X 10-8 M(Fig. 3). The mechanism
responsible for the opposite action of A23 187 at 250C (Fig. 2)
is unknown. The hydroosmotic response of CCT to AVP is
different at 250 and at 370C (28). The peak Lp at 250C is lower
and more stable than that at 37°C (28, 29). Cholera toxin, an
activator of stimulatory guanine nucleotide regulatory protein
(Gs), which stimulates water transport by activating adenylate
cyclase at 37°C, has no effect at 25°C (30, 31). It is also known
that [Ca++]i itself and Ca-dependent calmodulin exert triphasic
effects on adenylate cyclase activity: they are stimulatory at a
certain Ca concentration and suppressive at higher or lower Ca
concentrations (32). Therefore it is possible that increased
[Ca"+i has different effects on AVP-induced water transport at
different temperatures.

There are some similarities between the actions of PMA
and A23 187: both increased basal Lp slightly and were equally
potent inhibitors of AVPresponse either in pre- or posttreat-
ment studies (5). Both agents also have been found to inhibit
Na transport in this nephron segment (33, 34). Furthermore,
the suppressive effects of these agents are additive (Fig. 3).
Thus it is important to examine whether the PKCpathway
and the Ca-mediated pathway act through a commonmecha-
nism or not.

Our series of studies clearly demonstrate the difference be-
tween these two pathways in their suppression of the AVP
action. As shown in Fig. 2, A23 187 suppressed the AVPaction
predominantly at a pre-cAMP step. This is in accord with the
inhibitory effect of Ca on cAMPgeneration or accumulation
reported by other investigators (35-37). Jones et al. (9) also
found that pre-cAMP factors, i.e., stimulation of prostaglandin
synthesis and phosphodiesterase, mainly mediated the sup-
pression of AVP-induced Lp by Ca. In our experiments,
A23187 partially (38%) suppressed the CcAMP-induced peak
Lp only at a micromolar concentration (2 X 10-6 M). This
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finding is essentially the same as recent studies by Taylor et al.
(25) or Lorenzen et al. (22). They found that increasing [Ca++]i
with micromolar A23187 or quinidine partially inhibit
cAMP-induced water transport. In their studies, as well as our
micromolar A23187 study, the Ca inhibition of cAMPaction
was smaller than that of AVPaction. This suggests that the Ca
action is both pre- and post-cAMP when high concentration of
A23187 or quinidine were used. However, we can not exclude
the possibility that nonspecific or toxic effects mentioned
above are seriously involved in these post-cAMP suppression.
The suppression by 2 X 10-8 MA23187 was not reversed by
SSP (Fig. 4). This clarified that the action of A23187 at this
concentration is not mediated by activation of PKC, which
can be caused by micromolar A23187 (15). The action of 2
X 10-8 MA23187 was significantly attenuated by removal of
bath Ca (Fig. 6). Failure of complete reversal might be due to a
small increase in [Ca++]i by influx of the remaining peritubular
Ca, or by Ca release from intracellular storage (4, 38). At any
rate this attenuation means that a Ca ionophoric action is
responsible for the A23187 inhibition. Our present studies also
demonstrate that the A23187 action is largely dependent on
IND-inhibitable cyclooxygenase metabolites of arachidonate
(Fig. 5). This is in agreement with previous studies in CCT(9)
or toad bladders (24,39). Incomplete reversal by IND could be
explained by the existance of other mechanisms of the Ca
inhibition. Stimulation of cAMPphosphodiesterase by Ca is
well known (35), and its involvement in the Ca-mediated inhi-
bition of AVP-induced water transport has been confirmed
(9). Calcium also stimulates arachidonic acid release by acti-
vating phospholipase A2 (40). Thus it is also possible that in-
creased synthesis of noncyclooxygenase metabolites of arachi-
donate are responsible for the Ca inhibition. Indeed, in our
laboratory, certain epoxygenase metabolites of arachidonate
have been found to inhibit AVP-induced water transport (41).

Conversely, PMA(either at lO-' or 10-' M) suppression of
AVPaction is primarily at a post-cAMP step as we have pre-
viously demonstrated (5). The peak Lp suppression by lO-' M
PMAwas totally abolished by inhibition of PKC with SSP
(Fig. 4). This suggests that the action of PMAis exclusively via
activation of PKC. IND pretreatment could not reverse the
suppression by either l0-7 or 10-9 MPMA(Fig. 5). Accord-
ingly, the PMAaction on AVP-induced water transport can
not be mediated by stimulation of prostaglandin synthesis,
which has been observed in Madin Darby canine kidney
(MDCK) cells in response to PKCactivation (42). Increased
Ca influx is known to result from PKCactivation in some cell
types (43, 44). However, it would not be responsible for the
suppression of AVPaction, since lowering bath Ca concentra-
tion failed to attenuate the peak Lp suppression by l0-7 M
PMA, while it significantly attenuated the A23187 suppression
(Fig. 6). Wedid not examine the effect of low Ca bath on the
suppression by 10-9 MPMA. If this concentration of PMA
exerts the suppression, even in part, via increasing Ca influx
like A23187, IND must attenuate this submaximal PMAac-
tion; but it did not.

In summary, our studies suggest (a) Both branches of the
PIP2 hydrolysis cascade are potent negative modulators of the
hydroosmotic effect of AVP in rabbit CCT; (b) Activation of
PKCand elevation of [Ca++]i are additive in their suppression
of AVP action; (c) The Ca-mediated pathway preferentially
blocks a pre-cAMP step, and this inhibition is partly mediated
by cyclooxygenase metabolites, but not by PKC activation;

and (d) The PKCpathway predominantly blocks a post-cAMP
step, and this action is independent of either peritubular Ca or
cyclooxigenase metabolites.
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