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SUMMARY
We have reported previously that in the vascular smooth muscle canoate, which does not activate protein kinase C, did not
cell line A-i 0 (ATCC CRL 1 476), vasopressin stimulated phos-
phatidylinositol turnover Ca2� efflux and inhibited isoproterenol-

attenuate the responses. These data suggest that activation of
protein kinase C by phorbol dibutyrate attenuates the responses

stimulated cAMP accumulation. Here we report that pretreat- of vascular smooth muscle cells to isoproterenol and vasopres-
ment of these cells with phorbol dibutyrate, an activator of protein sin. Although phorbol ester did not affect [3H]-8-arginine vaso-
kinase C, attenuated the responses to vasopressin and isopro- pressin binding to intact cells, it appeared to uncouple vasopres-
terenol. This effect was concentration dependent and could be sin receptors from guanine nucleotide-binding protein.
observed after pretreatment for 2 mm. 4a Phorbol 1 2,1 3-dide-

The mechanisms of hormonal regulation of cellular function Materials and Methods
have elicited a great deal of investigative interest. In addition

to the adenylate cyclase system, another major second messen-

ger pathway has been described recently (1, 2). This pathway

involves receptor-mediated stimulation of P1 turnover that

mvv-12-3H]Inositol (15.6 Ci/mmol) was obtained from Amersham

Corp. (Chicago, IL), 8-arginine vasopressin (AVP) from Bachem (Tor-

rance, CA); l1HIAVP (53 Ci/mmol) and 4�CaCl2 (16.16 mCi/mg) from

leads to the formation of DG and IP:1. IP:t has been shown to New England Nuclear (Boston, MA); AG-i x8 resin (formate form),

induce the release of Ca2� from intracellular storage sites and 100-200 mesh, from Bio-Rad (Richmond, CA); and (-)-isoproterenol,

DG activates PKC (1, 2). isobutylmethylxanthine, PDBu, and aPDD from Sigma Chemical Co.

Phorbol esters such as 4(3 phorbol 12(3-myristate l3ct acetate

and PDBu are structurally similar to DG and activate PKC (3,

4). Phorbol esters have been shown to affect hormonal stimu-

lation of adenylate cyclase and P1 turnover in different exper-

imental systems. In duck and turkey erythrocytes, phorbol

esters mimicked f3-adrenergic-induced receptor desensitization

(St. Louis, MO). lHISK&F 101926 (37.90 Ci/mmol) was prepared at

Smith, Kline and French Laboratories (Philadelphia, PA).
Culture of smooth muscle cells. Rat aortic vascular smooth

muscle cells (A-10; ATCC CRL 1476) were obtained from the American

Type Culture Collection Rockville, MD and cultured as described (15).
Experiments were performed 3 days after inoculation of the culture

wells (35 mm diameter) with 75,000 cells.

(5, 6). Phorbol ester treatment of human platelets (7), PC12

cells (8), DDT� MF-2 cells (9), and isolated hepatocytes (10,
Labeling of smooth muscle cells with [3H]inositol, treatment

with phorbol esters, and extraction of inositol phosphates. The

11) decreased agonist-induced P1 turnover. cells were labeled with 2 �Ci of l3H]inositol for 24 hr starting on day 3

We have recently reported that rat aortic smooth muscle as described ( 14). Cells were treated with phorbol esters in HEPES

cells (A-b) express vascular V1 vasopressin receptors (12) and buffer (140 mM NaCl, 5.4 mM KC1, 1.8 mM CaCl2, 1.6 mM Mg504, 1.0

/1-adrenergic receptors (13). In these cells, vasopressin in-

creased P1 turnover (14) and decreased cAMP accumulation

induced by �3-adrenergic agonists (15). The cells were subcloned

to ensure a monoclonal cell population and thus provided an

excellent model to study vasopressin regulation of these re-

Na2HPO4, 5.5 mM D-glucose, 25.0 mM HEPES, and 0.06% bovine

serum albumin) for the times indicated. Subsequently, the cells were

washed three times with 1 ml of HEPES buffer and incubated with 750

�l of HEPES buffer containing 10 mM LiCl for 5 mm at 37’. The

reaction was started by adding 250 Ml of buffer containing 10 mM LiCl

with AVP and the incubation was continued for 1 mm at 3T . Incuba-
sponses in the same cells. In the present study we have em-

ployed PDBu and aPDD to assess the role of PKC in the
tions were terminated with 100 pl of 10% perchloric acid at 0#{176}and

neutralized with i25 �l of 1.53 M KOH, and buffered to pH 7.4 by the

vasopressin-induced responses. addition of 250 �l of 75 mM HEPES. The neutralized extract ( 1 ml)

ABBREVIATIONS: P1, phosphatidylinositol; DG, diacylglycerol; 1P3, inositol trisphosphate; PKC, protein kinase C; PDBu, phorbol 12,1 3-dibutyrate;
�PPDD, 4P phorbol 12��,13a acetate; AVP, 8-arginine vasopressin; HEPES, 4-(2-hydroxyethyl)-1-piperazinesthanesulfonic acid; EDTA, ethylenedia-
minetetraacetic acid; DPBS, Dulbecco’s phosphate-buffered saline containing 10 m� MgCl2; 0.1% glucose, 0.2% bovine serum albumin; Gpp(NH)p,
guanosine 5’-(�1,-y-imido)triphosphate.
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after removal of KC1O4 was diluted to 5 ml with 5 mM sodium tetra-

borate/0.5 mM EDTA and applied to a column (5 cm x 0.4 cm) of Bio-

Rad AG 1-x8 resin (formate form) and inositol phosphates were sepa-

rated as described (14).

45Ca2’ efflux. Cells were labeled with 45CaC12 (5 �nCi/ml) for 16 hr

and then washed with HEPES buffer and preincubated with or without

100 nM phorbol esters for 10 mm at 37#{176}. Cell-associated 45Ca2� was

determined as described ( 14) after incubating the cells in the presence

or absence of 1 �M AVP for 5 mm.
Phorbol ester pretreatment and cAMP determination. The

cells were incubated in 1 ml of fresh medium with the phorbol esters
for the times indicated. Subsequently, the cells were washed three times

with DPBS. The cells were incubated with 1 MM (-)-isoproterenol with

or without 10 nM AVP for 10 mm at 3T in DPBS containing 0.5 mM

isobutylmethyixanthine. cAMP was extracted as previously described

(15) and determined by radioimmunoassay (New England Nuclear).

[3HJAVP binding to A-b cells. [3H]AVP binding was performed

on intact cell monolayers. Cells were washed with DPBS and incubated

in 1 ml of DPBS with or without 1 �zM PDBu for 60 mm at 3T. At the

end of incubation, the buffer was removed and the cells were washed

two times with 1 ml of DPBS. The binding was initiated with i ml of
DPBS containing 1-40 nM I3HIAVP with or without 10 pM unlabeled

AVP. Assays were carried out for 20 mm at 37#{176}.Assays were terminated

by rapidly washing the monolayers two times with 1 ml of ice-cold

DPBS. The cells were scraped in ice-cold DPBS and washed rapidly in
Amicon filters; then, the cell-associated radioactivity was measured.

The KD and B,,.,�. values were determined by Scatchard analysis.

Membrane preparation from A-1O cells. A-b cell membranes

were prepared as described (13). Briefly, the cells were washed with

DPBS, scraped, frozen in liquid N2, and thawed. To this was added 10
volumes of hypotonic buffer (5 mM Tris, 2 mM � 1 mM EDTA, pH

7.5) and the cells were homogenized using a Dounce homogenizer (25
strokes). The homogenate was centrifuged at 300 xg for 10 mm at

40 The supernatant was centrifuged at 40,000 xg for 10 mm and the

pellet was resuspended in hypotonic buffer.

[3HJSK&F 101926 binding to membranes. The cell membranes
in hvpotonic buffer were incul)ated for 60 mm at 37’ with [3HISK&F

101926 (2 nM), a newly developed AVP antagonist, (16), in the absence

(total) and presence of increasing concentrations (competition) of AVP
in a total volume of 500 �cl. At the end of incubation the bound and
free ligand were separated by centnifugation. The membrane pellet was
solubilized with NCS solubilizer and radioactivity was determined by
liquid scintillation counting.

Results

Preincubation of [3H]inositol-labeled A-10 cells with 100 nM

PDBu had no significant effect on basal inositol phosphate

levels. However, PDBu inhibited IPt formation induced by

AVP. This inhibition by PDBu was dependent on the time of

preincubation, being observed as early as 2 mm (Fig. 1). aPDD,

a non-tumor-promoting phorbol ester, had no effect on AVP-

induced ‘P;1 formation (data not shown). The dose-dependent

effect of phorbol ester pretreatment on AVP-induced 1P3 for-

mation is shown in Fig. 2. With 20 mm preincubation, PDBu

significantly inhibited the AVP response at a concentration as

low as 1 nM. At all concentrations tested, aPDD was inactive.

To determine whether the PDBu-induced inhibition was due

to an effect on the vasopressin receptor itself, the effect of

PDBu on increasing concentrations of AVP was tested. As

shown in Fig. 3, PDBu-induced inhibition was observed at all

concentrations of AVP tested. Increasing the concentrations of

AVP did not overcome the PDBu-mediated inhibitory effect.

The attenuated formation of 1P3 after PDBu pretreatment does

not seem to be a consequence of an accelerated degradation of

1P3 because levels of inositol bisphosphate and monophosphate

(degradation products of 1P3) were also inhibited (data not

Fig. 1. Time course of phorbol ester pretreatment on vasopressin-
induced PI turnover. Prelabeled A-i 0 cells were incubated with 1 00 n�i
PDBu for the indicated times and then exposed to 1 �M AVP for 1 mm.
Values are means of two experiments done in triplicate. The basal 1P3
value was 479 ± 9 dpm/i06 cells.

Fig. 2. Dose response of phorbol ester pretreatment. Prelabeled A-iO
cells were incubated with various concentrations of phorbol esters for
20 mm and then exposed to 1 �M AVP for 1 mm in the presence of 10
mM LICI: #{149},untreated; 0, PDBu; or D, aPDD. The experiment was done
in triplicate and repeated with similar results. The basal lP3 value was
479 ± 9 dpm/i 06 cells.

shown). To test whether the inhibitory effect of PDBu on IP:t

formation is also reflected in the calcium efflux, 45Ca2�-loaded

cells were preincubated with 100 nM PDBu (10 mm at 37#{176})and

Ca2� efflux in response to AVP was measured. As shown in Fig.

4, pretreatment with PDBu inhibited AVP-induced Ca2� efflux

by 60% without affecting the basal levels.
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a Per cent inhibition of isoproterenol-induced cAMP production by phorbol esters.
S Per cent inhibition of isoproterenol-induced cAMP production by AVP.

I I � I I U

l0 �9 8 �7 6

[AvP] (LogM)
Fig. 3. Effect of phorbol ester pretreatment on lP3 formation induced by
increasing concentrations of AVP. Prelabeled A-i 0 cells were treated
with (D) or without (#{149})iOO nr� PDBu for iO mm and then exposed to
increasing concentration of AVP for 1 mm in the presence of 10 mM LiCI.

Control PDBu a-PDD
Fig. 4. Effect of phorbol esters on AVP-induced 45Ca2� efflux. 45Ca2�-
loaded A-iO cells were incubated with phorbol esters for 1 0 mm and
then exposed to 1 pM AVP for 5 mm: 0, no AVP; El, i MM AVP.

TABLE 2

Another response induced by AVP in these cells is the

inhibition of (3-adrenergic agonist-stimulated cAMP formation

(13). Pretreatment of the cells with PDBu resulted also in the

inhibition of (a) isoproterenol-stimulated cAMP accumulation

(45% with 5 mm preincubation) and (b) vasopressin-induced

inhibition of isoproterenol-stimulated cAMP accumulation

(51% in control versus 25% in PDBu-treated cells) (Table 1).

The dose-dependent effects of PDBu pretreatment on cAMP

formation are shown in Table 2. Whereas aPDD was without

effect, PDBu inhibited isoproterenol-stimulated cAMP accu-

mulation in a dose-dependent fashion. The maximum inhibi-

tion was 48%. AVP induced inhibition in control and 1 �tM

PDBu-treated cells to 47% and 29%, respectively. The inhibi-

tory effect of PDBu on AVP-induced inhibition was further

investigated using increasing concentrations of AVP. As shown

in Table 3, 1 nM PDBu diminished the inhibition at all AVP

concentrations, e.g., 100 nM AVP inhibited isoproterenol-stim-

ulated cAMP accumulation by 30% and 56% in PDBu-treated

and control cells, respectively.

The effect of PDBu pretreatment on AVP binding to intact

A-1O cells was also examined. [1H]AVP bound to these cells in

a saturable manner with an apparent Kd of 4.1 nM and Bmax of

48 fmol/10” cells. Pretreatment of the cells with 1 �zM PDBu

for upto 60 mm at 37#{176}had no effect [1H]AVP binding (Kd 4.8

nM, B,nax 45 fmol/106 cells).

The effect of 100 �M Gpp(NH)p on the binding of [3H]SK&F

101926 to A-b cell membranes in the presence of increasing

concentrations of AVP is shown in Fig. 5. In membranes from

control A-b cells, the AVP competition of [3H]SK&F 101926

binding yielded a shallow binding curve. Addition of Gpp(NH)p

Phorbol ester effects on cAMP levels in response to isoproterenol
and isoproterenol plus AVP in AlO cells
Cells were pretreated without and with 1 �M PDBu for 5 mm at 37#{176}and cAMP
levels fl response to 1 pM isoproterenol and 1 pM isoproterenol plus 1 0 flM AVP
were measured. Each value IS the mean ± standard error of thplicate determinations
from one experiment. The experiment was repeated with similar results.

pmc� of CAMPformed
Addition

Contrt� 1 �iM POBu pretreated

Basal 12.4±2.i 12.0±2.0
Isoproterenol i 33.0 ± 5.8 73.0 ± 4.0 (45)8

Isoproterenol + AVP 66.0 ± 1 .2 (51 �) 54.5 ± 5 (258)

AVP 11.5±3.0 12.0± 2.0
a Values in parentheses indicate the per cent decrease in cAMP accumulation.

Dose response of phorbol ester effects on cAMP levels in response to isoproterenol and isoproterenol plus AVP
A-i 0 cells were pretreated with various concentrations of �PDD or PDBu for 30 mm at 37#{176}and cAMP levels in response to 1 �M (-)-isoproterenol and 1 �M (-)-

isoproterenol + 1 0 nM AVP were measured. Each value is the mean ± standard error of triplicate determinations. The experiment was repeated with similar results.

pmc� of CAMP with Percentage of �‘#{176}� � �MP with
isoproterenc� Percentage ofPretreatment Basal

r*vbition5isoproterenol inhibition + AVP

None 18.2 ± 2.2 124.0 ± 3.4 0 65 ± 2.5 47

(i’PDD
iOnM i7.9±2.5 i22±3.0 0 65±2.0 47

i000nM 18.8±3.4 124±4.0 0 63±1.5 49

PDBu
i nM i8.8 ± 3.8 95 ± 2.5 23 52 ± 4.8 45

io n� 17.5 ± 2.8 88 ± 6.0 29 53 ± 7.0 40
iOOnM 17.4±4.5 65±4.0 48 50±1.5 23

i000nM 16.6±2.8 68±2.0 45 48±2.5 29
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TABLE 3

Effect of phorbol ester on AVP-induced inhibition of isoproterenol-
stimulated cAMP formation as a function of the AVP concentration
A-i 0 cells were pretreated without or with 1 � PDBu for 1 0 mm at 37#{176}.The cAMP
levels without (basal) and in response to 1 �M (-)-isoproterenol and 1 MM (-)-

isoproterenol and various concentrations of AVP were measured. Each value is the
mean ± standard error of triplicate determinations. The experiment was repeated
with similar results.

0 No Gpp(NH)p

A 00 jiM Gpp(NH)p

0
2

a
z
0
m

[AVP] (Log M)

-80 -7.5 -7.0 -6� -60 -5.5 -50

0 Nocipp(NH)p

A 00 �iM Gpp(NH)p

-6.5 -6.0 -5.5 -5.0
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Concentrabon of
AVP(nM)

Contra

pmol of CAMP % Inhibition

POBupretrea

pmol of CAMP

tinent

% Inhibition

Basal 14±2 13±2
0 180±8 114±6

0.i 155±5 14 113±3 1
1.0 118±2 35 105±2 8

10.0 95±2 47 92±4 20
100.0 78±3 56 80±2 30

shifted the competition curve to the right (Fig. 5A). However,

with the membranes obtained from PDBu-pretreated cells, the

competition curves in the absence and presence of Gpp(NH)p

were not significantly different (Fig. 5B). The curves were

similar to that observed in control cell membranes with the

Gpp(NH)p. These data suggest that the vasopressin receptors

are coupled to a guanine nucleotide-binding protein, and that

pretreatment with PDBu resulted in the uncoupling of those

receptors from the guanine nucleotide-binding protein.

Discussion

The key findings of the present study are that treatment of

cultured vascular smooth muscle cells with PDBu, a potent

activator of PKC, resulted in an attenuation of vasopressin-

induced responses, i.e., stimulation of P1 turnover, 45Ca2� efflux,

and inhibition of isoproterenol-stimulated cAMP formation.

The inhibition was dependent on the time of preincubation and

the concentration ofphorbol esters used. Higher concentrations
of vasopressin (1 �M) could not overcome the PDBu-induced

inhibition. This is in contrast to studies using hepatocytes in
which phorbol ester treatment inhibited vasopressin-mediated

effects only at concentrations below 1 nM AVP (10, 11). In

A-b cells, PDBu inhibition of the vasopressin-induced effects

was likely mediated via activation of PKC, because aPDD,

which does not activate PKC, was ineffective.

PDBu also inhibited isoproterenol-stimulated cAMP forma-

th:�n in 440 cells. It is possible that attenuation of the isopro-
ter�nol�timubnt�d cAMP formuion ln A� 10 �t))� wi� thti result
of pho�phoryb*tion of ths� #{231}i�drtin�rgk rttc�ptor by phorbol
tt�t.�tr�iwtiv*ttid PKC, This ttvtint h� btittn rtiportttd for th� �
t�artitwrgie rti�pfor in tIm duck i*nd �irktty �irythrtwyttt UI, 6),
In th�� �tudl�8, phosphorylittion of th� )�l-�dr�rwrgw rttt�ptor

�PP�r�d o tincoupiti tint rtl(.’s3ptor� from itd�nyli�tti cyclMs�, In
th� pr�8�nI study, d�w to high non�pe�ific binding ttnd v�try tow
dtinstty of �i�ttdrttnergi� rt’�jitors (�-� fmol/mg of protttin) in
th�� � �nti�f�wtory binding 8tudi� c01)14 not bti ptir1orm�id
to ld�nt�f?V ‘� �it� of niodifi�nt�on indui�ed by PDHu,

Att@nutitlon of � rt�pon8� by PDBu
could h�t �aiised ttithttr fIt th� rttctiptor or ni t postrti�eptor �

Phobphorylinkrn of nonitcktnytnttt eyeliiset�oupk�d r�ttptor�

lndu�’ttd by phorhol t�tt�r i*nd tf corwom�Utn( &wreffse in �tim�
utntlon of Pt turnovtr h� r�c�ntly h@�n reporu�d by Lintllwrg

(Sf til, (O)� Thty 8howt�d that. phorhol �tttr tr�fftmttnt of DDT1
MF-� �mooth flfll�k �tL1� �nu�tcI pho�phory1ntion of �
nstrgi� rticttptor �tnd dtwrt��ttd � Pt turn�

(AVP](LogM)

Fig. 5. Effect of Gpp(NH)p on AVP competition curves of [3H]SK&F
10i926 binding in control and PDBu-treated A-i 0 cell membranes.
Shown are the AVP competition curves of [3HISK&F 101926 binding
performed on membranes prepared from control A-i 0 cell membranes
(A) and PDBu-treated A-i 0 cell membranes (B) in the absence (0) and

pre�on�o (A) of 100 �M �pp(NH)p, Membr�ne� were incubated with �
OM 4hJ�K�F 1019�6 in the �b8ence �n�1 pre�en� cit in�r�ssng concen�
lr�tion8 Of AVI� for 60 mm �t 37’� wi#{248}proce�set1 � e�p$�snet1 in M�lers�$ti
nntl Mfflho#{248}�.�ch v�$we i� lh� rnew i til�nc14r#{248}error from tripIic�te
c1etermin�tion�. The i:1�l� �re ropresenl�Iive ofthe results oftwo sep�r4le
e*perimentb.

ovtir In htipattcyte� PI)Bu incre�ed Pho8phorylation of ter-
tnin prott�in� �tl respon8t� to t,,�ndrstnttrgic i*goni�ts, vtsoprti�in

ond ttng�otnn�in II ( 17) It httb niso htittn 8hown thtit Phort)oL
�frrs decr�n�d binding of t�piaermitl growth (iwlor8 itnd it1-

ttdrttnstrgk� tignnd� �n A431 t�t4l� (114) nnd httpittocytttb tl()),
rtt8ptCtiVtllv, In contrn�t, jhorho$ tihter� did not i*ttttci l)ifitlmfl�
of vn�oprt�8�in in lmpntocyttts ( it)), nngiott�min 11 in smooth
mu�ele c�tl� (19), �htmotiwtic p�iptidtt� in tinutrtiph1l� �W, or
in�ul�n in �uIturt�d htipnomtt c�tt� (21 ), Our �tudie� �il�u show
thiu Pflhlu hnd no tifTtt�t on (1HJAVP hinding to intiwt vtills,

�ugg�ting thnt th� inhihitory tfft�t’t muy tui nt n po�trttctiptor
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Recent studies have shown an involvement of guanine nu-

cleotide-binding protein(s) in regulating the activity of phos-

pholipase C in a number of systems (22, 23). Pertussis toxin

pretreatment of A-b cells caused ADP-ribosylation of a mem-

brane protein (molecular weight 36,000-38,000) when incu-

bated with [Y32PINAD (data not shown) and marginally in-

hibited (15-18%) AVP-induced P1 turnover (14). It is conceiv-

able that, in addition to this pertussis toxin substrate, other

guanine nucleotide protein(s) might be involved in AVP-me-

diated responses. PDBu, through the stimulation of protein

kinase C, could cause phosphorylation of the guanine nucleo-

tide-binding protein(s) and thereby uncouple them from AVP

receptors resulting in an inhibitory vasopressin response.

In conclusion, our studies show that treatment of cultured

vascular smooth muscle cells with active phorbol ester (PDBu)

causes inhibition of: (a) isoproterenol-stimulated cAMP for-

mation, (b) vasopressin-induced stimulation of IP:i formation,

4�Ca2� efflux, and inhibition of isoproterenol-stimulated cAMP

formation. It is likely that these effects of phorbol ester are

mediated by PKC and the key interactions are at a postreceptor

site. To our knowledge, this is the first report in which phorbol

ester has been shown to inhibit several responses induced by

one hormone, vasopressin.
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