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Effect of Inhibition of Na+/K+-Adenosine Triphosphatase
on Vascular Action of Vasopressin
Koji Okada, Carlos Caramelo, Phoebe Tsai, and Robert W. Schrier
Department of Medicine, University of Colorado School of Medicine, Denver, Colorado 80262

Abstract

The present study was undertaken to examine the cellular in-
teraction between a Na+/K+-ATPase inhibitor, ouabain, and
arginine vasopressin (AVP) in rat vascular smooth muscle cells
(VSMC) in culture. Preincubation with 10- Mouabain for 60
min increased basal cytosolic free Ca2+ ([CaI2li) concentration
and intracellular 15Ca2+ uptake. Ouabain, however, did not af-
fect basal '5Ca2' efflux or AVP-stimulated 45'Ca2 efflux. As
assessed by cell shape change, preincubation with 10-5 M
ouabain for 60 min also enhanced the sustained cellular con-
tractile effect of a submaximal (10-8M AVP, 21.5% vs. 30.5%,
P< 0.01) but not maximal dose of 10- MAVP. Preincubation
with 10-5 Mouabain for 60 min did not change AVP-induced
VI-specific surface receptor binding or AVP-induced inositol
phosphate production but did however potentiate the mobili-
zation of [Ca21], induced by a submaximal (10-8 MAVP, 301
vs. 385 nM, P < 0.01) but not a maximal dose of AVP. These
effects of ouabain on the mobilization of [Ca2+h were abolished
by incubation in Ca2+-free buffer or 5 X 10-5 Mverapamil.
Ouabain (10-5 M) also enhanced the sustained cellular con-
tractile effect of a direct protein kinase C activator, phorbol
12-myristate 13-acetate. The present results therefore indicate
that the inhibition of Na+/K+-ATPase may enhance the vascu-
lar action of AVP, and perhaps other vasoconstrictors, by in-
creasing the AVP-induced mobilization of [Ca2+'j and by po-
tentiating the activity of protein kinase C stimulated by AVP
through enhancing basal and AVP-stimulated cellular Ca2+
uptake. (J. Clin. Invest. 1990. 86:1241-1248.) Key words: ar-
ginine vasopressin - calcium * Na+/K+-adenosine triphospha-
tase * ouabain * vascular smooth muscle cell

Introduction

A current theory on the pathogenesis of arterial hypertension
proposes that an increased intracellular Na+ concentration in
the smooth muscle cells of the arterial wall is an important
event in the generation of hypercontractility of the resistance
vessels (1, 2). Such an increase in intracellular Na+ appears to
provoke increased Na+/Ca2 exchange, leading to the eleva-
tion of intracellular Ca , which in turn favors smooth muscle
cell contraction and increased arterial pressure (1-7). In recent
years, circulating digitalis-like substances, with Na+/K+-ATP-
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ase inhibitory activity, have been proposed as principal media-
tors of increased intracellular Na+ concentration in hyperten-
sion (1, 2). An increased digitalis-like activity has been de-
tected in hypertensive humans (8-14) as well as in animal
models of hypertension (15-19). The Na+/K+-ATPase inhibi-
tors have been also reported to enhance the action of vaso-
pressor hormones (2, 5, 20, 21). However, in spite of evidence
indicating that the Na+/K+-ATPase inhibitors increase vascu-
lar contractility and enhance the action of vasopressor hor-
mones, the intracellular mechanisms whereby Na+/K+-ATP-
ase inhibition enhances the cellular action of vasopressor hor-
mones is not known (22).

The present study was therefore undertaken to examine the
cellular interaction of a Na+/K+-ATPase inhibitor, ouabain,
and a vasopressor hormone, arginine vasopressin (AVP), in rat
vascular smooth muscle cells (VSMC)' in culture. The effect of
ouabain on the cellular action of AVPwas studied by using cell
shape change as an index of the sustained cellular contractile
response. The cellular interactions between ouabain and AVP
were investigated by examining the effects of ouabain on (a)
AVPVI receptor binding, (b) AVP-induced inositol phosphate
production, (c) basal and AVP-stimulated intracellular 45Ca2"
uptake, (d) basal and AVP-induced 45Ca2' efflux, and (e) basal
and AVP-mobilized cytosolic free Ca>2 ([Ca2+],). In addition,
the effects of the calcium channel blocker, verapamil, and the
removal of extracellular Ca2 were also examined to assess the
mechanism of the effect of ouabain on the cellular action of
AVP. Finally, the effect of ouabain on the sustained cellular
contraction produced by the protein kinase C activator, phor-
bol 12-myristate 13-acetate (PMA) was also examined.

Methods

Cell culture. Rat VSMCwere isolated using a modification (23-25) of
the technique described by Chamley et al. (26). Briefly, the rat thoracic
aortas dissected from 8-10 Sprague-Dawley male rats (250-300 g)
were incubated in Eagle's minimum essential medium (MEM) con-
taining 2 mg/ml collagenase (Cooper Biomedical Inc., Malvern, PA)
for 60 min at 37'C. After the removal of adventitia and small frag-
ments of the outer membrane, the aortas were minced and incubated
in Eagle's MEMcontaining 2 mg/ml collagenase for 2 h at 37°C. The
freshly isolated cells were resuspended in Eagle's MEMcontaining 1
uM L-glutamine, 100 U/ml penicillin, 100 gg/ml streptomycin, and
10% fetal calf serum, pH 7.4. The cells were plated in 35 X 10-mm
culture dishes at a density of 1 X 106 and 2 X 106 cells/ml for the cell
contraction studies and the subculture, respectively. The cells were
incubated in a humidified atmosphere of 95%air and 5%CO2at 37°C.
All of the experiments except the cell contraction studies were per-
formed in subcultured cells within the fourth passage. The subculture
was performed by trypsin-EDTA (0.25-0.1 %) treatment. The identity

1. Abbreviations used in this paper: IP2, inositol bisphosphate; IP3,
inositol trisphosphate; PSS, physiological saline solution; VSMC, vas-

cular smooth muscle cells.
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of cells was confirmed by electron microscopy and viability was
> 95%, as judged by Trypan blue exclusion.

Cell contraction studies. The sustained cellular contractile response
was assessed by quantitation of cell surface area changes using phase-
contrast microscopy (model IM, Carl Zeiss, Oberkochen, FRG) and a
digital imaging analysis system (Zidas, Carl Zeiss). This morphometric
analysis is similar to the method reported from our and other laborato-
ries (23, 25, 27). The cell contraction studies were performed 6-8 d
after seeding the primary cultures. The magnitude of the shape change
response was determined by comparing groups of 14-20 cells. The
measurements of cell surface areas were obtained in triplicate and the
mean value of one cell was used for comparison. The cells were washed
twice with 2 ml physiological saline solution (PSS) (140 mMNaCI, 4.6
mMKCI, 1 mMMgCl2, 2 mMCaCI2, 10 mMglucose, and 10 mM
Hepes, pH 7.4) before the first measurement of cell surface area. The
cells were incubated with 2 ml of PSS or l0-5 M ouabain (Sigma
Chemical Co., St. Louis, MO) for 60 min at 370C and the second
measurement of cell surface area was performed. The third measure-
ment of cell surface area was done after 20 min incubation at 370C
with 2 ml PSS or 10-5 Mouabain in the absence or presence of effec-
tors; specifically, AVPor PMA(Sigma Chemical Co.) to examine the
effects of ouabain on the AVP- or PMA-induced sustained cellular
contractile response. The cells with more than a 10% decrease in cell
surface area between the first and the second measurement or between
the second and the third measurement were considered the contractile
cells. The results are expressed as a percentage of the contractile cells.

A VP VI receptor binding study. Confluent cell monolayers grown
on 35 X 10-mm plastic dishes were used to examine the effect of
ouabain on AVPVI receptor binding. After the cells were washed twice
with 2 ml of PSS, the cells were incubated with 2 ml of PSS or 10-' M
ouabain for 60 min at 370C. At the end of the incubation period the
cells were washed twice with 2 ml of ice-cold PSS or l0-5 Mouabain
and then incubated with 2 ml of ice-cold PSS or 10-5 M ouabain
containing 2 X 10-9 M[3H]AVP (specific activity, 67.7 Ci/mmol, New
England Nuclear, Boston, MA) in the absence or presence of 1 X 10-6
MAVPat 4VC for 60 min. After the incubation the cells were rinsed
four times with 2 ml of ice-cold PSSand dissolved with 2 ml of sodium
dodecyl sulfate (SDS)-alkaline solution (0.1% SDSand 0.1 NNaOH).
Samples (100 ul) were stored at 4°C for protein assay by the method of
Lowry et al. (28) and the radioactivity of SDS-alkaline solution was
counted using a liquid scintillation counter (Tri-Carb 460C, Packard
Instrument Co., Inc., Downers Grove, IL).

Measurement of inositol phosphates. Confluent monolayers on 35
X 10-mm plastic dishes were also used in this study. The measurement
of the intracellular levels of inositol phosphates was performed as de-
scribed (24, 25). The cells were washed twice with 2 ml of inositol-free
Dulbecco's modified Eagle's MEM(DME) (Hazleton Research Prod-
ucts Inc., Lenexa, KS) and incubated for 2 d with 1.5 ml of inositol-free
DMEcontaining 5 gCi/ml myo-2 [3H]inositol (specific activity, 19
Ci/mmol, Amersham Corp., Arlington Heights, IL) in a humidified
atmosphere of 95%air and 5%CO2at 37°C. At the time of the experi-
ment, the cells were washed twice with 2 ml of PSSand then incubated
with I ml of PSSor 10-5 Mouabain for 60 min at 37°C. At the end of
the incubation the cells were exposed for lO s at 37°C to I ml of PSSor
10-5 Mouabain in the absence or presence of 10-8 or 10-6 MAVP.
The reaction was stopped by the addition of 100 ,d of ice-cold 100%
trichloroacetic acid and the cells were scraped using an Eppendorf
pipette tip. The suspensions containing the disrupted cells were centri-
fuged using a microcentrifuge (model 5413, Eppendorf, Brinkmann
Instruments Co., Westbury, NY). The supernatants were washed four
times with 3 ml of ether and the water-soluble fractions were brought
to pH 7.0 using I MTris-base and stored at -20°C until analysis. The
pellets were dissolved with I ml SDS-alkaline solution and stored at
4°C for protein assay. The water-soluble fractions were applied to
columns containing I ml of Dowex (I-x8, formate form) and serially
eluted with 2-ml aliquots of H20, Borax (5 mMdisodium tetraborate
[Sigma Chemical Co.], 60 mMsodium formate [Sigma Chemical

Co.]), 0.2, 0.4, and 1.0 Mammonium formate (Sigma Chemical Co.)
in 0.1 Mformic acid, separating inositol, glycero-phosphatidylinositol,
inositol- 1-phosphate, inositol bisphosphate (UP2), and inositol tris-
phosphate (UP3), respectively. IP3 fraction includes 1,3,4- and 1,4,5-IP3
and 1,3,4,5-inositol phosphate. Samples were collected in scintillation
counter vials and counted using a liquid scintillation counter. The
extraction procedure has been previously validated in this laboratory
with radioactive phosphoinositides.

Intracellular 45Ca2+ uptake. Confluent monolayers of cells on 60
X 15-mm plastic culture dishes were used to measure intracellular
45Ca2+ uptake. The cells were washed twice with 2 ml of PSSand then
incubated with 2 ml of PSS or lo-' Mouabain containing 2 uCi/ml
45Ca2" (specific activity, 12.3 mCi/mg Ca2+; ICN Radiochemicals, Ir-
vine, CA) at 370C for different times (1, 5, 10, 15, 30, and 60 min).
After the incubation period, external 4'Ca2+ was removed by rinsing
the dish three times with 5 ml of ice-cold Ca2`-free PSS containing 1
mMEGTA. The cells were treated with hypotonic shock by the addi-
tion of I ml of deionized water and the disrupted cells were collected
using a rubber policeman. The suspension containing the disrupted
cells was placed into a microcentrifuge tube with 0.25 ml 4 N perchlo-
ric acid and centrifuged using a microcentrifuge (model 5413, Eppen-
dorf ). The radioactivity of supernatants and the protein of pellets were
measured using the same methods as previously described.

'Ca2+ efflux study. Confluent monolayers of cells on 35 X 10-mm
plastic dishes were used in this study. The cells were washed twice with
2 ml of PSS and preincubated for 60 min at 37°C with 2 ml of PSS or
lO-' Mouabain containing 8 ,Ci/ml 45Ca2+ (ICN Radiochemicals). At
the end of the preincubation the cells were rapidly washed 10 times
during 60 s with 2 ml of PSS or lO-5 Mouabain. The medium was
removed and replaced with 2 ml of PSS or lO-5 Mouabain at each
minute from I to 6 min. AVPwas added at 7 min of the time course of
45Ca2+ efflux and 1-min samples collected for an additional 5 min. The
amount of 45Ca2+ lost from the cells in each time interval was mea-
sured by a liquid scintillation counter. The cells were dissolved for the
measurement of intracellular radioactivity and the protein content.

Measurement of [Ca2`]i concentration. Confluent monolayers of
cells were grown on round glass coverslips (13 mmdiam) (Fisher
Scientific Co., Pittsburgh, PA) for the measurement of [Ca2+],. The
fluorescence indicator dye, fura2/AM (Molecular Probes, Inc., Eu-
gene, OR), was used. After the cells were washed twice with PSS, the
cells were incubated with PSS or l0-5 Mouabain containing 4 gM
fura2/AM at 37°C in a humidified atmosphere of 95%air and 5%CO2
for 60 min. At the end of the loading period the cells were washed twice
with PSS or 10-5 Mouabain and inserted into quartz cuvettes (Fisher
Scientific Co.) with 3 ml of PSSor lO-' Mouabain. AVPwas added to
the cells after the measurement of basal [Ca2+]i concentration. The
fluorescent intensity of fura2-loaded cells was measured using a fluo-
rescence spectrophotometer (model 650-10S, Perkin-Elmer Corp.,
Norwalk, CN) equipped with a thermostatically controlled cuvette
holder. The complete intracellular hydrolysis of fura2/AM to fura2
was judged by changes in the excitation and emission spectra. The
fluorescence of fura2 was measured using two excitation wavelengths,
345 and 380 nm (5-nm slit), and a 500 nm (5-nm slit) emission wave-
length. The ratios of the emitted fluorescence signals at two excitation
wavelengths permitted the calculation of [Ca2+]J concentration inde-
pendent of cell number, dye loading conditions and dye bleaching. The
autofluorescence was measured in similar cells which had not been
loaded with fura2/AM and was below 10% of the total fluorescence of
fura2 loaded cells. After the subtraction of autofluorescence for each
wavelength the [Ca2+]J concentration was calculated using the method
of Grynkiewicz et al. (29). Rma. and Rmin were determined by treating
the cells with 5 X 10-5 Mdigitonin and I X 10-2 MEGTA, respec-
tively. Since there exists a linear correlation between the maximal
change in [Ca2+]J concentration and the area under the response curve
from 0 to 180 s after the addition of the hormonal mediators, maximal
changes in [Ca2+], were used for the comparison.

Statistical analysis. All results were expressed as the mean±SEM.
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The unpaired Student's t test was used for statistical comparison. v
value of less than 0.05 was considered significant.

Results

Effect of ouabain on basal [Ca2+]i concentration. Since 1
intracellular Ca2" is thought to be a major determinant of 1
cellular contractile response to vasopressor hormones, the
fect of ouabain on basal [Ca2+]i concentration was examined
determine the optimal concentration of ouabain for studyi
the cellular interaction between ouabain and AVP. The inc
bation of the cells with the different concentrations of ouaba
at 370C for 60 min increased basal [Ca2+]i concentration ir
dose-dependent manner (Fig. 1). Ouabain (more than l0-` I
increased basal [Ca2"fi concentration beyond 300 nM, whii
was higher than the maximal [Ca2+]i response to 10-8 MA)
(see Fig. 6 a). Therefore in the following studies, l0-5 Mou
bain was used to examine the cellular interaction betwee
ouabain and AVP.

Effect of ouabain on 4'Ca2+ uptake and efflux. Intracellul
45Ca2+ uptake and 45Ca2+ efflux were measured to examine tl
mechanisms whereby 10-5 Mouabain increases intracellul
Ca2+ concentration. In Fig. 2 is shown the time course of tl
effect of l0-5 Mouabain on intracellular 45Ca2+ uptake. Ou
bain (l0-5 M) significantly increased intracellular 45Ca2+ u]
take beginning 15 min after its addition as compared with th
of vehicle. On the other hand, the preincubation of the ce]
with l0-5 Mouabain at 370C for 60 min did not effect ti
basal- or AVP-stimulated 45Ca2+ efflux (Table I). These resul
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Figure 1. Dose-dependent effect of ouabain on basal cytosolic free
Ca2" ([Ca2+],) concentration in rat VSMCin culture. The cells were

incubated with different concentrations of ouabain for 60 min.
Values are expressed as mean±SEM(n = 6). *P < 0.01 (vs. vehicle).
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Figure 2. Time course of effect of ouabain on intracellular "5Ca2" up-
take in rat VSMCin culture. (o) Vehicle and (-) Io-' Mouabain.
Values are expressed as mean±SEM(n = 5). *P < 0.01 (vs. vehicle).

suggest that 10-5 Mouabain increased intracellular Ca2+ con-
lar centration by enhancing cellular Ca2+ uptake.
Ahe Effect of ouabain on AVP-induced VSMCcontraction. The
lar effect of ouabain on the cellular action of AVPwas studied by
he using cell shape change as an index of the sustained cellular
la- contractile response. The incubation of the cells with 10-5 M
lp- ouabain at 370C for 60 min did not affect the cell contraction
at as compared with the vehicle. However, preincubation with
l1s 10-' Mouabain for 60 min potentiated the AVP-induced sus-
he tained cellular contractile response (Fig. 3). AVP induced a
Its sustained (20 min) cellular contractile response in a dose-de-

pendent manner and the maximal cellular contractile response
occurred in 10-6 MAVP. The potentiating effect of ouabain
was evident with submaximal but not maximal doses of AVP.
This effect of ouabain was completely blocked by 5 X l0-5 M
verapamil (Fig. 4).

Effect of ouabain on AVP V, receptor binding. Scatchard
analysis, obtained by the incubation of the cells with 2 X 10-9
M[3H]AVP for 60 min at 40C, revealed a single class of surface
binding sites with a Kd of 4.7 X 10-9 mol and Bm., of 1.7
X 10-10 mol (30). The preincubation of the cells with 10-5 M
ouabain at 370C for 60 min did not change AVP V1-speci-
fic surface receptor binding (100.0±2.3 vs. 95.7±0.8%, n
= 3, NS).

Effect of ouabain on A VP-induced inositol phosphate pro-
duction. The preincubation of the cells with lo-' Mouabain at
370C for 60 min did not affect submaximal (10-8 M) or maxi-
mal (10-6 M) AVP-induced IP2 and IP3 production (Fig. 5).

Effect of ouabain on basal and AVP-mobilized [Ca2+]J.
AVPmobilized [Ca2+]J from the intracellular Ca2+ stores in a
dose- and time-dependent manner (Figs. 6, a and b). The
preincubation of the cells with l0-5 Mouabain at 370C for 60
min significantly increased basal [Ca2+]i and the mobilization
of [Ca2J11 in response to the submaximal dose of AVP(10-8 M)
(Fig. 6 a). The [Ca2+], level 2 min after the addition of 10-8 M

2 AVPwas also significantly higher in the ouabain-treated cells
than that in the vehicle (Fig. 6 a). However, 10-5 Mouabain
did not enhance the effect of 10-6 MAVP to mobilize [Ca2"Ji
(Fig. 6 b). The enhancing effect of ouabain on the AVP (10-8
M)-induced mobilization of [Ca2"]J was mainly dependent on
an increase in cellular Ca2" uptake in response to AVP. Since
incubation in Ca2" free media decreased the AVP-induced
mobilization of [Ca2+]i and also abolished the potentiating ef-
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Table I. Absence of Effect of Ouabain on Basal and A VP-induced 45Ca2" Efflux in Rat VSMCin Culture

Basal AVP (IO-8 M) AVP(10-6 M)

Time(min) 1 2 3 1 2 3 1 2 3

Vehicle
(cpm/mg protein) 1,099±52 1,029+40 988±58 4,393±371 6,059+354 2,830±140 8,658+88 5,448±144 2,353+205

Ouabain (10-' M)
(cpm/mg protein) 1,162+31 1,068±30 996±53 4,919±382 6,144±355 3,072+236 8,821±223 5,596+225 2,361+124

Values are expressed as mean±SEM(n = 4). Time shows the time after the addition of effectors. There was no statistical difference between the vehicle and ouabain
experiments (10-5 M) during the basal or AVP (10-8 or 10-6 M) periods.

fect of ouabain on the AVP-mobilized [Ca2+]i without any
changes in the effect of ouabain on basal [Ca2+], (Table II). The
effects of ouabain on basal [Ca2+1, concentration and the
AVP-induced mobilization of [Ca2+], were also blocked by 5
X IO-' Mverapamil. As shown in Fig. 7, the incubation of the
cells with 5 X 10-' Mverapamil at 370C for 60 min induced a
significant decrease of basal [Ca2+], concentration and the
maximal change in the 10-8 MAVP-induced mobilization of
[Ca2+1 as compared with the vehicle. In addition, the preincu-
bation of the cells with 5 X 10-5 M verapamil completely
abolished the potentiating effects of ouabain on basal [Ca2+],
concentration and the maximal change in [Ca2+], in response
to 10-8 MAVP (Fig. 7).

Effect of ouabain on PMA-induced VSMCcontraction. In
Fig. 8 is shown the potentiating effect of ouabain on the
PMA-induced sustained cellular contractile response. PMA
has been shown previously to induce a sustained cellular con-

50
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Figure 3. Potentiating effect of ouabain on AVP-induced sustained
cellular contractile response in rat VSMCin culture. (o) Vehicle and
(-) 10'- Mouabain. Values are expressed as mean±SEM(n = 6). *P
< 0.01 (vs. vehicle).

tractile response in a dose- and time-dependent manner with-
out a rise in [Ca2"]i (31). In the present study, the preincuba-
tion of the cells with 10-5 M ouabain at 37°C for 60 min
significantly potentiated the submaximal PMA-induced con-
tractile response but did not alter the response to a maximal
dose of PMA.

Discussion

Inhibition of Na+/K+-ATPase in vascular smooth muscle is
proposed to be associated with an increase in cellular Na+
concentration, enhanced Na+/Ca2" exchange and a rise in cel-
lular Ca2" concentration (1-7). A rise in [Ca2+]i concentration
then may directly increase vascular smooth muscle tone and/
or enhance the effect of circulating vasopressor hormones (2,
5, 20, 21). The present study was undertaken to examine the
mechanisms whereby an increase in cellular Ca2+ concentra-
tion due to the inhibition of Na+/K+-ATPase results in in-
creased contractility of vascular smooth muscle in response
to AVP.

It was first necessary to establish the optimal concentration
of ouabain suitable for examination of the cellular interaction
between ouabain and AVP in cultured rat VSMC. Since
preincubation of VSMCwith > l0-4 Mouabain for 60 min at

6 37'C increased basal [Ca2+]i concentration to a level higher
2 than that induced by 10-8 MAVP, l0-5 Mouabain was used

p<.O 1 NS

T
p<.O p<.O

X/P (10-' M) P (10-' M)
+

(10-5 M)

AVP (10-7 M) P (10-7 M)
+ +

Veraparn Ouabain
(5X 10-5 M) (10-S M)

+

Verapanw
(5 X 10-5 M)

Figure 4. Inhibitory effect of verapamil on potentiation of ouabain in
AVP-induced sustained cellular contractile response in rat VSMCin
culture. Values are expressed as mean±SEM(n = 6).
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Figure 5. Effect of ouabain on AVP-induced production of inositol
phosphates in rat VSMCin culture. Vehicle (open bars) and lo-' M
ouabain (solid bars). Values are expressed as mean±SEM(n = 5).

in the present studies. In other tissues and VSMCa similar rise
in [Ca2+]i with inhibition of Na+/K+-ATPase has been sug-
gested to be due to an increase in cellular Ca2" uptake (3-8).
This interpretation is compatible with the findings in the pres-
ent studies of a time-dependent enhancement in intracellular
45Ca2" uptake and no change in basal 45Ca"+ efflux in VSMC
preincubated with 10-5 Mouabain for 60 min at 370C. More-
over, either the calcium channel blocker, verapamil, or re-
moval of extracellular Ca2" abolished the increase in [Ca2+],
induced by ouabain.

The present results also demonstrated that preincubation
of VSMCwith IO-5 Mouabain enhanced the effect of sub-
maximal, but not maximal, doses of AVP to induce the sus-
tained cellular contractile response. This effect of ouabain was
also completely blocked by verapamil. Taken together, these
results implicate increased cellular Ca2+ uptake as a factor in
the effect of ouabain to enhance AVP-induced vascular
smooth muscle contraction.

Previous studies have shown that after AVPbinding to the
VI receptor, AVP activates phospholipase C to produce (a)
IP3, which mobilizes [Ca2+]J from intracellular Ca2+ stores to
induce the initial cellular contractile response (24, 25, 32-36),
and (b) diacylglycerol (DAG), (37) which activates protein ki-
nase C (38) to produce the sustained cellular contractile re-
sponse (31, 39, 40). The cellular interaction between ouabain
and AVP was therefore studied by examining the effects of
ouabain on AVP VI receptor binding, IP3 production, and

Cytosolic 1. *
free

Calcium 200
Concentration.

(nM) * *

100
I . ----i..-.'. Ii. .

a AVP (10- M)

0 1 2 3

Time (min)

500

400

Cytosolic 300 I
free 30

Calcium i 1
Concentration 200

(nM)
100 *

b 0 AVP(10 M)
00 1 2 3

Time (min)

Figure 6.(a) Potentiating effect of ouabain on mobilization of [Ca2+],
in response to submaximal dose of AVP in rat VSMCin culture.
AVP (10-8 M) was added at 0 min. (o) Vehicle and (-) I05 Moua-
bain. Values are expressed as mean±SEM(n = 5). *P < 0.05, **P
< 0.01 (vs. vehicle). (b) Effect of ouabain on mobilization of [Ca2+],
in response to maximal dose of AVP in rat VSMCin culture. AVP
(0-6 M) was added at 0 min. (o) Vehicle and (-) lo-' Mouabain.
Values are expressed as mean±SEM(n = 5). *P < 0.01 (vs. vehicle).

mobilization of [Ca2"]1. The effect of ouabain on the contrac-
tile response to the protein kinase C activator, PMA, was also
examined to investigate the possible role of a protein kinase
C-mediated mechanism in the effect of ouabain on the cellular
action of AVP.

Since AVP V1 receptor binding and AVP-stimulated IP3
production were not affected by the preincubation with oua-

Table II. Effect of [Ca2+ie Concentration on an Increase in Basal [Ca2+]j Concentration and Maximal Change in A VP-induced
Mobilization of [Ca2Y], Due to Ouabain in Rat VSMCin Culture

Maximal changes in 1o-8 MAVP-induced mobilization
Basal [Ca2+]i concentration of [Ca2i],

IO-, M l0-5 M
[Ca2+J. Vehicle ouabain P value Vehicle ouabain P value

nA' nM

2 mM 94.0±7.4 169.7±18.9 <0.01 326.0±13.4 459.3±18.1 <0.01
0 mM 35.5±2.1 45.9±5.5 NS 140.6±21.1 135.4±25.4 NS
P value <0.01 <0.01 <0.01 <0.01

Values are expressed as mean±SEM(n = 6). Abbreviation: [Ca2+]e, extracellular Ca2+ concentration.
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Figure 7. Inhibitory effect of verapamil on'
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changes in [Ca2+i, the vehicle (open bars),
bars), 5 X 10-5 Mverapamil (solid bars), ai
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mean±SEM(n = 6).

bain, direct effects on receptor activati4
signal transduction did not seem to be
interaction between ouabain and AN
with 10' M ouabain did, however, c

submaximal, but not maximal, dose c
crease [Ca2+]j. These findings indicate
hancement of AVP-induced vascular s
tion is associated with increased [Ca2+]
ations in either VI receptor bindin

50 r

401

Cell
Contraction

(%)

301

20 F

activation as assessed by IP3 concentrations. Since either the
calcium entry blocker, verapamil, or Ca2+-free buffer, which
completely blocks cellular Ca2+ uptake, abolished the poten-
tiating effect of ouabain on the AVP-induced mobilization of
[Ca2+]j, the increase in the AVP-mobilized [Ca2+]i in the cells
preincubated with ouabain appeared to be dependent on en-
hanced basal and AVP-stimulated cellular Ca2+ uptake by
ouabain.

In addition to enhancing [Ca2+]1, cellular Ca2+ uptake po-
I ] | tentiated by ouabain may also enhance the effect of protein

kinase C and thus sustained VSMCcontraction. Specifically,AVlP (104M) the activation of phospholipase C by AVPproduces not only

potentiation of ouabain in IP3 but also diacylglycerol, a physiological activator of protein
)n of [Ca2+], in response to kinase C (37), and the activation of protein kinase C is in-
epresent the maximal volved in the sustained phase of vascular smooth muscle con-
lO-5 Mouabain (hatched traction (39-45). Recent studies in cultured rat VSMCfrom
nd i0-5 Mouabain and 5 our laboratory have demonstrated that both PMAand dioc-
ialues are expressed as tanoylglycerol cause the sustained vascular smooth muscle

contractile response in the absence of a detectable rise in
[Ca2+], (31). Phorbol esters are also known to increase the

on and transmembrane affinity of protein kinase C for [Ca2+], so that the activation of
involved in the cellular this enzyme occurs at basal [Ca2+], concentration (46-49).

(P. The preincubation Moreover, the preincubation of VSMCwith 10-5 Mouabain
enhance the effect of a for 60 min increased basal [Ca2J]i concentration to a similar
Af AVP (10-8 M) to in- concentration as observed with 10-9 MAVP. On this back-
e that the ouabain en- ground, the effect of ouabain on the contractile response of
;mooth muscle contrac- VSMCto PMAwas investigated as a means to examine

in the absence of alter- whether the effect of inhibition of Na+/K+-ATPase on AVP-
g or phospholipase C induced cellular contraction might involve an enhancement of

protein kinase C activity. The results demonstrated that the
preincubation of VSMCwith l0-5 Mouabain for 60 min at
37°C enhanced the sustained VSMCcontraction due to sub-
maximal, but not maximal, doses of PMA. This finding is
compatible with the observation that a Ca2+ ionophore also
enhances the contractile response to PMA(31). These results
therefore suggest that the effect of Na+/K+-ATPase inhibition
to increase the AVP-induced sustained cellular contractile re-
sponse may involve an enhancement of protein kinase C ac-
tivity.

* in In conclusion, the present results suggest that an increase
*in cellular Ca2 uptake induced by the inhibition of Na+/K+-

ATPase may enhance the cellular contractile response to AVP
by (a) increasing the mobilization of [Ca2+]i in the absence of a
change in receptor binding or transmembrane signal trans-
duction, and (b) enhancing protein kinase C activation. These
findings provide potential insights into the effect of circulating
Na+/K+-ATPase inhibitors to enhance the pressor activity of
endogenous vasoconstrictors and the effect of calcium channel
blockers to protect against cardiac glycoside intoxication (5,
50, 51).10-

10-9 10-8 10-7 10'6 10-5

PMA (M)
Figure 8. Potentiating effect of ouabain on PMA-induced sustained
cellular contractile response in rat VSMCin culture. (o) Vehicle and
(-) l10- Mouabain. Values are expressed as mean±SEM(n = 6). *P
< 0.01 (vs. vehicle).
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