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Hydroosmotic Effect of Vasopressin on Rabbit Cortical Collecting Tubule
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Introduction

Weexplored the role for protein kinase C (PKC) in modulating
vasopressin (AVP)-stimulated hydraulic conductivity (Lp) in
rabbit cortical collecting tubule (CCT) perfused in vitro at 370C.
In control studies, 10 ;&U/ml AVP increased Lp (mean±SE,
X10-7 centimeters/atmosphere per second) from 4.4±0.9 to
166.0±10.4. Pretreatment with dioctanoylglycerol (DiC8) sup-
pressed AVP stimulated peak Lp (peak Lp, 21.9±3.1). Pre-
treatment with 10-' and 10-7 M4,8-phorbol 12,6-myristate 13a-
acetate (PMA) also blocked the increase in Lp in a dose-depen-
dent fashion (peak Lp, 593±7.5 and 18.6±4.8, respectively).
Inactive phorbol ester, 4a-phorbol 12ft,13a-didecanoate (10-v
M), had no effect. PMAalso suppressed the increase in Lp
induced by 101 M8-p-chlorophenylthio-cyclic AMP(CcAMP):
peak Lp was 169A±14.9 in control, 79.2±5.5 with 10' MPMA,
and 25.7±2.9 with 10-7 MPMA. Furthermore, when 10-7 M
PMAwas added to the bath 10 min after exposure to AVP, the
Lp response to AVPwas blocked. Peak Lp was 52.4±9.6 with
PMAvs. 165.1±10.0 in control.

Phosphatidic acid (PA), which is thought to stimulate phos-
phatidylinositol (PI) turnover, produced similar inhibitory effects
on AVPas well as CcAMP-stimulated Lp: PA suppressed 10-
AU/ml AVP-induced peak Lp from a control value of 159.6±7.9
to 88.9±15.8, and 10-4 MCcAMP induced peak Lp from
169.4±14.9 to 95.5±7.7.

Weconclude that (a) PMA, at concentrations known to spe-
cifically activate PKC, suppresses the hydroosmotic effect of
AVPon CCT; (b) This suppression is primarily a post-cAMP
event; (c) Inhibition of AVP-stimulated Lp by DiC8 and PAalso
suggests an inhibitory role for the PKCsystem; (d) The ability
of pre- and post-AVP administration of PMAto blunt the AVP
response suggests that agents that act through modulation of PI
turnover in CCTmay regulate the hydroosmotic effect of AVP.
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Calcium-activated, phospholipid-dependent protein kinase C
(PKC)' is widely distributed in mammalian tissues (1, 2), and
is considered an integral component of an intracellular signal
transduction pathway used by numerous hormones and biolog-
ically active substances (3, 4). Interactions between the PKC
pathway and the better-characterized pathway mediated by cyclic
adenosine monophosphate (cAMP) is a topic of great physio-
logical importance. To test for this interaction in a system rel-
evant to the kidney, we examined the effect of dioctanoylglycerol
(DiC8), phorbol esters, and phosphatidic acid (PA) on the hy-
droosmotic response of the rabbit cortical collecting tubule (CCT)
to arginine vasopressin (AVP), which is a classic cAMP-mediated
response.

Our findings suggest that activation of PKCantagonizes the
effect of AVPon the rabbit CCTpredominantly via a post-cAMP
action.

Methods

Female New Zealand white rabbits weighing 1.5-2.0 kg were killed by
decapitation. The left kidney was removed and 1-mm-thick coronal
slices were made. These slices were placed in ice-chilled medium that
had the same composition as dissection medium described below. A slice
in dissection medium was transferred to an ice-chilled stage of a dissection
microscope and individual CCTswere dissected with sharpened forceps.
The isolated CCT(1.0-2.5 mmin length) was then transferred to a ther-
mostatically controlled lucite bath chamber on an inverted microscope
stage. The tubule was cannulated and perfused with concentric micro-
pipettes as previously described (5-7). Generally CCTs were mounted
in the perfusion set up within 15 min after exsanguinating the animal.

After cannulation of a tubule, flow rate of bath solution was adjusted
to 0.5 ml/min with an infusion pump (Sage Instruments, Inc., Cambridge,
MA). Transepithelial potential difference was monitored with an elec-
trometer (model 602; Keithley Instruments, Inc., Cleveland, OH) and
recorded on a strip chart recorder (Primeline model R-02; Soltec Co.,
Sun Valley, CA).

The bath medium was warmed to 37°C. To retain an effective trans-
epithelial osmotic gradient along the entire length of the tubule, the
perfusion rate was adjusted to 15-20 nl/min. The perfused fluid was

1. Abbreviations used in this paper: AA, arachidonic acid; AVP, arginine
vasopressin; [Ca++]i, intracellular calcium ion concentration; CcAMP,
8(p-chlorophenylthio)-cyclic AMP; CCT, cortical collecting tubule;
DiC8, dioctanoylglycerol; Jv, net volume flux; Lp, hydraulic conductivity;
PA, phosphatidic acid; PDD, 4a-phorbol 120,13a-didecanoate; PG,
prostaglandin; PH, intracellular pH; PKC, protein kinase C; PMA, 4#-
phorbol 12,-myristate 13a-acetate.
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collected in a constriction pipette of known volume (between 80 and
150 nQ).

Composition of bath medium, dissection medium, and isotonic per-
fusate was as follows (in millimolars): NaCl, 105, NaHCO3, 25, Na ac-
etate, 10, NaHPO4, 2.3, KC1, 5, CaCl2, 1.8, MgSO4, 1.0, glucose, 8.3,
and alanine, 5 (osmolality 300 mosmol). Before use, all solutions were
bubbled to equilibration at 370C with 95% 02/5% CO2gas mixture to
achieve a pH of 7.40. Bath medium was put in a silicon-coated glass
syringe mounted on the infusion pump. Composition of hypotonic per-
fusate was the same 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 con-
tained 0.2 mg/ml Food, Drug and Cosmetic dye No. 3 (Aniline and
Chemical Co., Chicago, IL) to detect cell damage and perfusate leak (8).

Net volume flux (Jv, nanoliters per minute per millimeter) was cal-
culated for each collection as follows:

Vo = Vp/t, (1)

Vi = Vo X CofCi, and (2)

Jv=(Vi- Vo)/L, (3)

where Vo and Vi are collection and perfusion rate (nanoliters per minute),
respectively, Vp is volume of constriction pipette (nanoliters), t is col-
lection time (minute), Co and Ci are radioactivity of tritium-labeled
inulin (counts per minute per nanoliter) in collected fluid and perfusate,
respectively, and L is tubule length (millimeters). Co and Ci were counted
by liquid scintillation counter (model 6892; Tracor Analytic Co., Des
Plaines, IL). L is measured directly by eyepiece reticle at the end of each
experiment.

Hydraulic conductivity (Lp, centimeters per atmosphere [atm] per
second) was calculated according to Du Bois et al. (9):

(1/RTS) * (l/0b)2 _ [Ob. (Vi- Vo) + Oi. Vi

XLn{(Ob - Oi) * Vi/(Ob * Vo - Oi* VOl}],

where R is the gas constant, T is temperature of bath medium (degree
kelvin), Sis luminal surface area of the tubule calculated using an assumed
lumen diameter of 20 Mm, and Oband Oi are osmolality of bath medium
and perfusate, respectively.

Experimental protocols
During the first 30-45 min of incubation in all experiments, tubules
were perfused with isotonic perfusate. Subsequently perfusate was changed
to hypotonic perfusate.

1. Effect of DiC8 and phorbol esters on AVP response. After the
incubation for 90 min, three collections were made for calculation of
basal Jv and Lp. Then 10 AU/ml AVPwas added to the bath and six to
seven collections were made during the 15-50 min after exposure to
AVP to determine peak Jv and Lp. This submaximal AVP dose was
chosen to theoretically enable us to see either suppressive or stimulatory
effects of the agents examined on AVP response. Peak Jv and Lp were
defined as mean of the three largest values during exposure to AVP.
Peak was usually observed 25-45 min after AVPexposure.

In experimental studies, DiC8 (50 gg/ml), I0-7-I0-11 M4#-phorbol
12fl-myristate 13a-acetate (PMA) or 10'- M4a-phorbol 12,3,13a-di-
decanoate (PDD) was added to bath medium 10-15 min before the basal
collections. To avoid degeneration of phorbol esters, the syringe mounted
on the pump was wrapped with aluminum foil. AVP was then added
and peak Jv and Lp determined as above. Pure dimethylsulphoxide
(DMSO) was used as solvent for the phorbol esters and the final con-
centration of DMSOin bath medium of all experiments was 0.0 1%by
volume. DiC8 was also dissolved in DMSOand dispersed by sonication
after being diluted into the medium. In DMSOcontrol studies, identical
amounts of DMSOwithout phorbol esters or DiC8 was added to bath
medium.

2. Effect ofPMA on post-cAMP events. I01 M8-(p-chlorophenylthio)
cyclic AMP(CcAMP) was added instead of AVPwith or without 10-'
or 10-9 MPMApretreatment. DMSOcontrol studies were pretreated
with 0.0 1%DMSOin the same manner described above.

3. Effect of PMAposttreatment on AVP response. In these studies,
0.0 1%DMSOwas added to the bath 15 min before the basal collections.
Then, 10 min after the exposure to 10 1U/ml AVP, I0-' MPMAwas
added to bath medium. Collections were started soon after the addition
of PMAand six or seven collections were made during the 10-50 min
after the AVPexposure. Peak Jv and Lp of both control and experimental
studies were calculated as mean of the three largest values during the
30-50 min after AVPexposure. The DMSOcontrol studies in protocol
1 served as the control group.

4. Effects of PA on AVP and CcAMPresponse. L-a-PA (99% pure,
Na salt) was used in place of PMA. The control studies in protocol 1
and the DMSOcontrol studies in protocol 2 served as the control for
the AVPand CcAMPstudies, respectively. In experimental studies, 25
Mg/ml PA was added to bath medium instead of PMA. An aqueous
dispersion of 5 mg/ml PA was briefly sonicated and added to bathing
medium just before the experiment to give the final concentration in-
dicated above.

Reagents
AVP, DiC8, PMA, PDD, DMSO,CcAMP, and PAwere purchased from
Sigma Chemical Co., St. Louis, MO. Radioactive tritium-labeled inulin
was purchased from DuPont NENProducts Co., Boston, MA.

Statistics
Data are presented as mean±SE, and statistical comparisons were made
using non-paired t test. Difference with P < 0.05 was considered statis-
tically significant.

Results

As Jv and Lp are qualitatively the same as a parameter of water
transport, only Lp's are presented below.

1. Effect of DiC8 and phorbol esters on AVP response (Figs.
I and 2). DiC8 (50 Ag/ml) slightly increased basal Lp (P < 0.02)
and suppressed peak Lp (P < 0.001). In addition, 10-9 and 10-7
MPMAsuppressed peak Lp in a dose-dependent fashion (P
< 0.01 and P < 0.001, respectively). At l0-7 M, PMAcompletely
suppressed the AVP response. 10-" and 10-10 MPMAhad no

significant effect on basal or peak Lp. Basal Lp was increased
slightly by l0-7 MPMA, but because of the large standard de-
viation, this increase was not statistically significant. Inactive
phorbol ester, PDD, had no effect on either basal or peak Lp
even at 10-7 M. The solvent, DMSO,at 0.01% by volume had
no effect on basal or peak Lp.

2. Effect of PMAon CcAMPresponse (Fig. 2). 10-9 and 10-7
MPMAsuppressed peak Lp induced by CcAMPin a dose-
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Figure 1. Effect of
DMSO,DiC8, phorbol
esters, and PA on basal
and peak Lp. Data are
presented as mean±SE.
(Open bar) Basal Lp.
(Shaded bar) Peak Lp
induced by 10 MU/ml
AVP. Each dot repre-
sents an individual ex-
periment. t, P < .02; tt,
P <.01; *, P <.001 vs.

corresponding control.
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Figure 2. Dose dependence
of the PMAeffect on peak
Lp induced by 10 MU/ml
AVP(closed circles) and

; 10' MCcAMP(open cir-
cles). Each data point repre-

io-7 sents the mean±SE of five
experiments.

dependent fashion (both P < 0.001). 10-7 MPMAalso induced
a small but significant (P < 0.05) increase in basal Lp; basal Lp
(X10-7 Mcm/atm per s) was 8.5±1.0 (n = 5) with PMAand
4.3± 1.1 (n = 5) in DMSOcontrol.

3. Effect of PMAposttreatment on A VP response. 10-7 M
PMAadministrated 10 min after exposure to AVPsignificantly
suppressed the subsequent increase in Lp induced by AVP (P
< 0.001); peak Lp (X 10-7 cm/atm per s) was 52.4±9.6 (n = 6)
with PMAand 165.1± 10.0 (n = 5) in DMSOcontrol.

4. Effect of PA on A VP and CcAMPresponse. PA (25 tg/
ml) suppressed AVP-induced peak Lp. Basal Lp was increased
to a small but significant degree (Fig. 1) (P < 0.02). PA also
blocked the Lp response to 10-4 MCcAMP(P < 0.01); peak
Lp (X10-7 cm/atm per s) was 95.5±7.7 (n = 5) while control
peak Lp was 169.4±14.9 (n = 5).

Discussion

Numerous hormones and biologically active substances have
been shown to stimulate PI turnover and activate PKC (10).
The role for PKCin modulating cell functions has been intensely
investigated in a variety of cell systems (1-4, 10, 1 1). The in-
teractions between the PKC pathway and other signal trans-
duction systems, especially the cAMP (or protein kinase A)
pathway, are not well characterized. In thrombocytes, cAMP
inhibits PKC-mediated serotonin release (12). In hepatic cells,
cAMPand PKCindependently stimulate glycogenolysis (3). Po-
tential modulation by PKCof the cAMPpathway has not been
well documented.

The hydroosmotic effect of AVP on mammalian CCT (13)
or amphibian urinary bladder (14) represents a typical cAMP-
mediated system. The present studies have examined the poten-
tial interaction between PKCand response of the CCTto AVP

using PMA, a highly specific activator of PKC (15). Our result

clearly revealed a powerful inhibitory effect of PMAon the hy-
droosmotic effect of AVP (Figs. 1 and 2). Since microassay for
PKCactivity has not as yet been developed, we were unable to
directly measure the PKCactivity in CCT. However, PMAex-

erted a suppressive effect in a dose-dependent manner, using
nanomolar concentrations, which were previously shown to

specifically activate PKC (3, 11). Furthermore, identical con-

centration of PDD, which is structurally similar to PMAbut
ineffective in activating PKC(15), had no suppressive effect. We
therefore attribute this inhibition to PKCactivation.

DiC8 is a synthetic diacylglycerol that has been found to
stimulate PKCin a manner similar to endogenous diacylglycerols
(16). While chemically dissimilar from PMA, DiC8 also inhibited
AVP-stimulated hydroosmotic water flow, arguing for an inhib-
itory effect of PKCon this pathway.

The suppressive effect of PA (Fig. 1) is also consistent with
this inference. PAhas recently been found to stimulate PI break-
down by apparently acting as an activator of phospholipase C
(17, 3). This results in both inositol triphosphate-mediated in-
crease in intracellular free calcium ion concentration ([Ca++]i)
and diacylglycerol-mediated PKCactivation (17). Thus, while
direct activation of PKCby PMAis not a naturally occurring
event, PAmay mimic the physiological stimulation of receptor-
linked PI turnover and PKCactivation (17).

Recent functional studies in non-mammalian urinary epi-
thelia have demonstrated an inhibitory effect of high dose PMA
on AVP-induced water flow (16, 18). However, evidence re-
garding the level at which PKC interferes with AVP action on
urinary epithelia are conflicting. Schlondorf and Levine (16)
concluded that the site of inhibition by PKCwas primarily pre-
cAMP. But in their studies, a post-cAMP inhibition was observed
in experiments with DiC8. Yorio et al. (18) thought the site of
inhibition was post-cAMP. However, they required micromolar
concentrations of PMAto demonstrate a post-cyclic AMPin-
hibition. PKC is maximally stimulated by nanomolar concen-
tration of PMA(3), and higher concentrations as used in previous
studies may exert diverse effects in addition to activation of PKC
(1 1). So it is very important to use appropriate concentrations
of PMAto exclusively examine the action of PKC. Although
we can not exclude the possibility of a co-existant pre-cAMP
inhibition as suggested by Dixon et al. in cultured rabbit CCT
cells using 10-6 MPMA(19), our studies with CcAMP(Fig. 2)
demonstrate a potent post-cAMP inhibitory effect. To our
knowledge, this is the first convincing evidence in epithelia for
a post-cAMP suppression by nanomolar PMA. Wealso found
that PMAcould block the induction of AVP-stimulated water
flux when it was administered after AVP. These results strongly
suggest that agents which stimulate PI turnover and PKC in
CCTmay antagonize AVPaction in vivo.

The specific mechanisms by which PKCinhibits AVP- and
cAMP-induced increase in water flux in CCTremain undefined.
Of the many potential mechanisms, three possible candidates
can be examined using the isolated renal tubule: (i) increased
synthesis of arachidonic acid (AA) metabolites (i.e., products of
cyclooxygenase, lipoxygenase, or epoxygenase pathways), (ii)
changes in [Ca++]i, and (iii) changes in intracellular pH (pHi).
PMAis known to stimulate AA metabolism (20, 21), and pros-
taglandins (PGs) are known to modulate AVPresponse in CCT
(22, 23) and in toad bladder (24). However, PGs are thought to
inhibit pre-cAMP steps in rabbit CCT (22, 23). Furthermore,
the inhibitory effect of PMAon AVP-stimulated water flux is
not blocked by the pretreatment with inhibitor of PGsynthesis
in toad bladder (16). It is possible, however, that PGs (24) or
other AA metabolites might act at post-cAMP steps. Calcium
is another important modulator of cell function (4). PMAin-
creases [Ca++]i in some cell types (25, 26). In addition, increased
[Ca++]i suppresses AVP-induced water flux in frog urinary blad-
der (27).

Finally, it is clear that pHi modulates several cell functions
(28, 29). In a variety of cell types, activation of PKC causes
increased pHi by stimulating amiloride-sensitive Na+/H' anti-
port (28). In toad bladder, changes in pHi modulate AVP-stim-
ulated water flow (30); and, in fibroblasts, blockade of amiloride-
sensitive Na+/H' antiport abolishes DNAsynthesis stimulated
by growth factor, a stimulator of PI turnover (31). Based on the
above arguments, the mechanism of PMA-induced inhibition
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of AVPresponse, although still unclear, could be multifactorial.
Weare currently studying these possibilities.

In summary, our present study demonstrates that DiC8,
nanomolar PMA, and PA suppress AVP action. This effect is
primarily a post-cAMP event. Inhibition of the AVP response
by pre- and post-treatment with PMAsuggests that agents which
stimulate PI turnover and activate PKCmay modulate the action
of AVP in the CCT.
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