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ABSTRACT
We demonstrated recently that endothelin-1 (ET-1) activates
two types of Ca2�-permeable nonselective cation channels
[designated nonselective cation channel (NSCC)-1 and
NSCC-2] and a store-operated Ca2� channel (SOCC) in rabbit
internal carotid artery vascular smooth muscle cells (ICA
VSMCs). These channels can be distinguished by their sensi-
tivity to Ca2� channel blockers 1-(�-[3-(4-methoxyphenyl)
propoxy]-4-methoxyphenethyl)-1H-imidazole hydrochloride
(SK&F 96365) and (R,S)-(3,4-dihydro-6,7-dimethoxy-isochino-
lin-1-yl)-2-phenyl-N,N-di[2-(2,3,4-trimethoxyphenyl)ethyl]acet-
amid mesylate (LOE 908). NSCC-1 is sensitive to LOE 908 and
resistant to SK&F 96365, NSCC-2 is sensitive to both LOE 908
and SK&F 96365, and SOCC is resistant to LOE 908 and
sensitive to SK&F 96365. The purpose of the present study was
to identify the Ca2� channels involved in the ET-1–induced,
proline-rich tyrosine kinase 2 (PYK2) phosphorylation in ICA
VSMCs. Based on sensitivity to nifedipine, an L-type voltage-

operated Ca2� channel (VOCC) blocker, Ca2� influx through
VOCC seems to play a minor role in the ET-1–induced PYK2
phosphorylation. In the presence of nifedipine, PYK2 phos-
phorylation was abolished by blocking Ca2� influx through
NSCC-1, NSCC-2, and SOCC. The phosphoinositide 3-kinase
(PI3K) inhibitors wortmannin and 2-(4-morpholinyl)-8-phenyl-
4H-1-benzopyran-4-one (LY 294002), inhibited ET-1–induced
Ca2� influx through NSCC-2 and SOCC. In addition, these
inhibitors blocked PYK2 phosphorylation that depends on
Ca2� influx through NSCC-2 and SOCC. These results indicate
that 1) Ca2� influx through NSCC-1, NSCC-2, and SOCC plays
essential roles in ET-1–induced PYK2 phosphorylation, 2)
NSCC-2 and SOCC are stimulated by ET-1 via a PI3K-
dependent cascade, whereas NSCC-1 is stimulated via a PI3K-
independent cascade, and 3) PI3K is involved in the PYK2
phosphorylation that depends on Ca2� influx through SOCC
and NSCC-2.

Endothelin-1 (ET-1) exhibits mitogenic activity in vascular
smooth muscle cells (VSMCs) (Battistini et al., 1993; Iwasaki
et al., 1999; Kawanabe et al., 2002), suggesting a possible
role for ET-1 in the pathogenesis of clinical conditions such as
hyperlipoproteinemia, atherosclerosis, and restenosis after
angioplasty, including that of the carotid artery (Lerman et
al., 1991; Douglas et al., 1994; Haak et al., 1994; Burke et al.,
1997). The molecular mechanisms of the ET-1–induced mi-
togenic response, however, remain unclear. The effects of

ET-1 are mediated by ligand-dependent activation of the
specific G protein-coupled receptors (GPCRs), endothelinA

and endothelinB receptors (ETAR and ETBR, respectively)
(Arai et al., 1990; Sakurai et al., 1990). GPCRs are devoid of
intrinsic tyrosine kinase activity. Therefore, the protein ty-
rosine phosphorylation induced by ligands of GPCRs depends
ultimately upon subsequent activation of cellular tyrosine
kinases. ET-1 activates members of the Src family of cyto-
plasmic tyrosine kinases and tyrosine phosphorylation seems
to be essential for the mitogenic response (Simonson et al.,
1996; Cazaubon et al., 1997; Schieffer et al., 1997). One of the
typical cellular responses to ligand-dependent GPCR activa-
tion shared by ET-1 is the mobilization of intracellular cal-
cium. The cloning of the calcium-regulated cytoplasmic pro-

This study was supported by the Banyu Fellowship Awards in Cardiovas-
cular Medicine (to Y.K.), sponsored by Banyu Pharmaceutical Co., Ltd., and by
The Merck Company Foundation (to Y.K.), by a grant from the Smoking
Research Foundation, Japan, and by the Uehara Memorial Foundation Fel-
lowship, Tokyo, Japan.

ABBREVIATIONS: ET-1, endothelin-1; VSMC, vascular smooth muscle cell; GPCR, G-protein coupled receptor; ETxR, endothelin type x receptor
(x � A or B); PYK2, proline-rich tyrosine kinase 2; VICC, voltage-independent Ca2� channels; PI3K, phosphoinositide 3-kinase; VOCC,
voltage-operated Ca2� channel; NSCC, nonselective cation channel; SOCC, store-operated Ca2� channel; SK&F 96365, 1-(�-[3-(4-methoxyphe-
nyl)propoxy]-4-methoxyphenethyl)-1H-imidazole hydrochloride; LOE 908, (R,S)-(3,4-dihydro-6,7-dimethoxy-isochinolin-1-yl)-2-phenyl-N,N-di[2-
(2,3,4-trimethoxyphenyl)ethyl]acetamid mesylate; ICA, internal carotid artery; PBS, phosphate-buffered saline; BQ 788, N-cis-2,6-dimethylpiper-
idinocarbonyl-L-�-methylleucyl-D-1-methoxycarbonyltrptophanyl-D-Nle; LY 294002, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one; BQ123,
cyclo-D-Asp-Pro-D-Val-Leu-D-Trp.

0026-895X/03/6304-808–813$7.00
MOLECULAR PHARMACOLOGY Vol. 63, No. 4
Copyright © 2003 The American Society for Pharmacology and Experimental Therapeutics 2221/1050235
Mol Pharmacol 63:808–813, 2003 Printed in U.S.A.

808

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


line-rich tyrosine kinase (PYK2) suggested a link between
GPCRs and the induction of tyrosine phosphorylation via
mobilization of intracellular calcium (Rikitake et al., 2001;
Beitner-Johnson et al., 2002). Moreover, PYK2 plays an im-
portant role in coupling GPCRs with extracellular signal-
regulated kinase activation (Dikic et al., 1996; Blaukat et al.,
1999). ET-1–induced extracellular signal-regulated kinase
activation was found to coincide with PYK2 tyrosine phos-
phorylation in primary astrocytes (Cazaubon et al., 1997).
Therefore, it is important to investigate the intracellular
signaling pathways that regulate the activation of PYK2. We
have focused on voltage-independent Ca2� channels (VICCs)
and phosphoinositide 3-kinase (PI3K) in this context. We
recently demonstrated that ET-1 activates three types of
VICCs in addition to VOCCs in ICA VSMCs (Kawanabe et
al., 2002). The VICCs include two types of Ca2�-permeable
nonselective cation channel (designated NSCC-1 and
NSCC-2) and a store-operated Ca2� channel (SOCC)
(Kawanabe et al., 2002). Importantly, these channels can be
distinguished by their sensitivity to receptor-operated Ca2�

channel blockers such as SK&F 96365 and LOE 908 (Meritt
et al., 1990; Encabo et al., 1996). NSCC-1 is sensitive to LOE
908 and resistant to SK&F 96365; NSCC-2 is sensitive to
both LOE 908 and SK&F 96365; and SOCC is resistant to
LOE 908 and sensitive to SK&F 96365 (Kawanabe et al.,
2002). Previous studies demonstrated that PI3K plays im-
portant roles for stimulation of L-type VOCCs by angiotensin
(Seki et al., 1999; Viard et al., 1999) and T cell Ca2� signaling
via the phosphatidylinositol 3,4,5-triphosphate-sensitive
Ca2� entry pathway (Hsu et al., 2000). In this study, we
examined whether and which VICCs are activated by ET-1 in
VSMCs via PI3K-dependent pathway. We also investigated
the effects of PI3K on ET-1–induced PYK2 phosphorylation.

Materials and Methods
Cell Culture. Isolated VSMCs were prepared from rabbit ICA as

described previously (Kawanabe et al., 2002). The cells were main-
tained in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum supplemented with 100 units/ml penicillin G and 100
ug/ml streptomycin under a humidified 5% CO2/95% air atmosphere.

Measurement of PYK2 Phosphorylation. Measurement of
PYK2 phosphorylation was performed using a universal tyrosine
kinase assay kit (Takara, Tokyo, Japan). Extraction buffer and ki-
nase reacting solution were provided in this kit. Cells seeded at 5 �
106 cells/well in six-well plates were deprived of serum for 24 h then
stimulated with various concentrations of ET-1 for the indicated
times. Reaction was terminated by washing cells three times with
phosphate-buffered saline (PBS). After the addition of 1 ml of extrac-
tion buffer, the cells were scraped off and centrifuged at 14,500 rpm
for 10 min at 4°C. The supernatant was incubated with rabbit poly-
clonal anti-PYK2 antibody (Upstate Biotechnology, Lake Placid, NY)
for 1 h at room temperature and subsequently incubated with pro-
tein A-agarose for an additional 20 min. The mixture was centrifuged
at 10,000g for 1 min at 4°C, and the pellets were washed three times
with PBS. The washed pellets were resuspended in 150 �l of kinase
reaction buffer. PYK2 phosphorylation was determined according to
the manufacturer’s instructions. The absorbance of the lysate at 450
nm was measured with an EL340 Microtiter plate reader (Bio-Tek
Instruments, Winooski, VT).

Immunoblotting. Samples resuspended in kinase reaction buffer
were analyzed by SDS-polyacrylamide gel electrophoresis and trans-
ferred electrophoretically to polyvinylidene difluoride membranes
(15 V, 90 min). After blocking with 5% bovine serum albumin for 1 h,

membranes were reacted with anti phosphotyrosine monoclonal an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit poly-
clonal anti-PYK2 antibody for 1 h. The blots were washed and then
incubated with horseradish peroxidase-conjugated secondary anti-
bodies for 1 h. After further washing, immunoreactive proteins were
detected by the enhanced chemiluminescence system.

Monitoring of [Ca2�]i. [Ca2�]i was monitored using the fluores-
cent probe, fluo-3, as described previously (Kawanabe et al., 2001).
Briefly, cells were loaded with fluo-3 by incubation with 10 �M
fluo-3/AM at 37°C in the dark for 30 min. After washing, the cells
were suspended at a density of �2 � 107 cells/ml, and 0.5-ml aliquots
were used for measurement of fluorescence by a CAF 110 spectro-
photometer (JASCO, Tokyo, Japan) at an excitation wavelength of
490 nm and an emission wavelength of 540 nm. At the end of the
experiment, Triton X-100 and subsequently EGTA were added to a
final concentration of 0.1% and 5 mM, respectively, to determine
maximum fluorescence (Fmax) and the minimum fluorescence (Fmin)
values. The [Ca2�]i was calculated by the equilibrium equation,
[Ca2�]i � Kd(F � Fmin)/(Fmax � F), where F is the experimental value
of fluorescence and Kd was defined as 0.4 �M (Minta et al., 1989).

Drugs. LOE 908 was kindly provided by Boehringer Ingelheim
K.G. (Ingelheim, Germany). All other chemicals were of reagent
grade and were obtained commercially.

Statistical Analysis. All results were expressed as mean �
S.E.M. The data were subjected to a two-way analysis of variance,
and when a significant F value was encountered, the Newman-Keuls’
multiple-range test was used to test for significant differences be-
tween treatment groups. A probability level of P � 0.05 was consid-
ered statistically significant.

Results
Effects of ET-1 on PYK2 Phosphorylation in VSMCs.

To investigate whether PYK2 participate in ET-1–induced
signaling pathways in ICA VSMCs, we first examined the
activation of PYK2 by immunoblot analysis (Fig. 1). Our
results indicate that PYK2 is expressed in ICA VSMCs and
that the protein is tyrosine-phosphorylated within 5 min
(Fig. 1A). PYK2 phosphorylation induced by 10 nM ET-1

Fig. 1. Effects of ET-1 on PYK2 phosphorylation in VSMCs. A, the cells
were incubated with 10 nM ET-1 for the indicated times. B, the cells were
pretreated with or without 5 �M BQ123 or BQ788 for 30 min and
incubated with 10 nM ET-1 for 2 min. PYK2 was immunoprecipitated
from cell lysates with polyclonal anti-PYK2 antibody and analyzed by
immunoblotting with either anti-phosphotyrosine (PY20) (top) or poly-
clonal anti-PYK2 antibody (bottom). C, effects of various concentrations
of ET-1 on PYK2 phosphorylation in VSMCs. The cells were stimulated
with increasing concentrations of ET-1 for 2 min. PYK2 phosphorylation
was determined using a universal tyrosine kinase assay kit as described
under Materials and Methods. Data presented are the mean � S.E.M. of
three determinations, each done in triplicate.
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increased with time and reached a peak value after approx-
imately 2 min (Fig. 1A). Thus, the stimulation time was set to
2 min in subsequent experiments. ET-1–induced PYK2 phos-
phorylation was inhibited significantly by 5 �M BQ 123, a
specific blocker of ETAR, whereas it was not inhibited signif-
icantly by 5 �M BQ 788, a specific blocker of ETBR (Fig. 1B).
PYK2 phosphorylation was induced by ET-1 in a concentra-
tion-dependent manner with EC50 values of �1 nM (Fig. 1C).
The stimulation reached its maximum at concentrations �10
nM (Fig. 1C).

Effects of Extracellular Ca2� and Nifedipine on ET-
1–Induced PYK2 Phosphorylation. The magnitudes of
ET-1–induced PYK2 phosphorylation in the absence of extra-
cellular Ca2� were near the basal level (Fig. 2). Therefore,
extracellular Ca2� influx seems to play an important role in
ET-1–induced PYK2 phosphorylation.

We examined the effects of extracellular Ca2� influx
through VOCCs on ET-1–induced PYK2 phosphorylation us-
ing nifedipine, a specific blocker of L-type VOCCs. Nifedipine
at 1 �M completely inhibited the ET-1–induced extracellular
Ca2� influx through VOCCs in VSMC (data not shown). In
contrast, it inhibited ET-1–induced PYK2 phosphorylation
by a maximum of only about 10% (Fig. 2B).

Effects of SK&F 96365 and LOE 908 on ET-1–Induced
PYK2 Phosphorylation. Using SK&F 96365 and LOE 908,
we attempted to determine the effects of extracellular Ca2�

influx through VICCs on ET-1–induced PYK2 phosphoryla-
tion. In the following experiments, nifedipine was added to
the incubation media at a final concentration of 1 �M to
analyze the role of Ca2� channels other than L-type VOCC.
SK&F 96365 inhibited ET-1–induced PYK2 phosphorylation
in a concentration-dependent manner with an IC50 value of
�3 �M (Fig. 3, A and C). Maximal inhibition was observed at
concentrations �10 �M (Fig. 3C). The extent of maximal
inhibition was around 80% of nifedipine-resistant part of
PYK2 phosphorylation (Fig. 3D). Similarly, the IC50 values of
LOE 908 for inhibition of ET-1–induced PYK2 phosphoryla-
tion were �3 �M, and maximal inhibition was observed at

concentrations �10 �M (Fig. 3, B and C). The extent of
maximal inhibition was around 60% of PYK2 phosphoryla-
tion (Fig. 3D). Notably, the combined treatment with maxi-
mal effective concentration (10 �M) of SK&F 96365 and LOE
908 completely inhibited nifedipine-resistant PYK2 phos-
phorylation (Fig. 3D).

Effects of Wortmannin and LY 294002 on the ET-1–
Induced Increase in [Ca2�]i. Next, we examined the ef-
fects of PI3K on the ET-1–induced increase in [Ca2�]i using
wortmannin and LY 294002, inhibitors of PI3K. ET-1 at 10
nM induced a biphasic increase in [Ca2�]i consisting of an
initial transient peak and a subsequent sustained increase in
both VSMCs and VSMCs preincubated with wortmannin
(Fig. 4, A and B). In experiments performed on cells incu-
bated in a bath depleted of extracellular Ca2�, treatment
with 10 nM ET-1 did not affect the transient peak, but
abolished the sustained increase (data not shown). The mag-
nitude of the transient increase in [Ca2�]i caused by 10 nM
ET-1 in VSMCs preincubated with wortmannin was similar
to that in control VSMCs (Fig. 4, A–C). On the other hand,
the magnitude of the sustained increase in [Ca2�]i caused by
10 nM ET-1 in VSMCs preincubated with wortmannin was
�20% of that in VSMCs (Fig. 4, C and D). In contrast,
addition of wortmannin after stimulation with ET-1 did not
affect the sustained increases in [Ca2�]i (Fig. 4B).

We also used LY 294002 to evaluate the effects of PI3K on
ET-1–induced extracellular Ca2� influx. LY 294002 at 50 �M
inhibited PI3K activation completely in VSMCs (Kusch et al.,
2000). The magnitudes of the ET-1–induced transient in-
crease in [Ca2�]i in VSMCs preincubated with 50 �M LY
294002 were similar to those in VSMCs (Fig. 5, A–C). Con-

Fig. 2. Effects of extracellular Ca2� and nifedipine on ET-1–induced
PYK2 phosphorylation in VSMCs. A, the cells were washed five times
with Ca2�-free PBS and incubated with Ca2�-free PBS containing 10 nM
ET-1 or Ca2�-plus PBS containing 10 nM ET-1 for 2 min. PYK2 phos-
phorylation was analyzed as described under Materials and Methods. B,
the cells incubated for 15 min with nifedipine and then stimulated with
10 nM ET-1. PYK2 phosphorylation was determined using a universal
tyrosine kinase assay kit as described under Materials and Methods.
Data presented are the mean � S.E.M. of three determinations, each
done in triplicate.

Fig. 3. Effects of SK&F 96365 and LOE 908 on ET-1–induced PYK2
phosphorylation in VSMCs. A, B and D, effects of a maximal effective
concentration (10 �M) of SK&F 96365 and LOE 908 on ET-1–induced
PYK2 phosphorylation in VSMCs. PYK2 was immunoprecipitated from
cell lysates and analyzed by immunoblotting with either anti-phosphoty-
rosine (PY20) (top) or polyclonal anti-PYK2 antibody (bottom). C, effects
of various concentrations of SK&F 96365 and LOE 908 on ET-1–induced
PYK2 phosphorylation in VSMCs. Starved cells were incubated for 15
min with various concentrations of SK&F 96365 (E) or LOE 908 (F) in
addition to 1 �M nifedipine and then stimulated with 10 nM ET-1 for 2
min. PYK2 phosphorylation was determined using a universal tyrosine
kinase assay kit as described under Materials and Methods. Data pre-
sented are the mean � S.E.M. of five determinations, each done in
triplicate. #, P � 0.05; significantly different from the control values in
each experiment.
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versely, 50 �M LY 294002 affected approximately 80% inhi-
bition of the ET-1–induced sustained increase in [Ca2�]i (Fig.
5, B and D). Addition of LY 294002 after stimulation with
ET-1 did not affect the sustained increases in [Ca2�]i (Fig.
5B).

Effects of SK&F 96365 and LOE 908 on the ET-1–
Induced Sustained Increase in [Ca2�]i in VSMCs Pre-
incubated with Wortmannin. As described previously
(Kawanabe et al., 2002), the ET-1–induced sustained in-
crease in [Ca2�]i was partially suppressed by LOE 908 or
SK&F 96365 in VSMCs. Moreover, combined treatment with
these drugs abolished ET-1–induced sustained increase in
[Ca2�]i in the presence of nifedipine On the other hand, the
ET-1–induced sustained increase in [Ca2�]i in VSMCs pre-
incubated with 1 �M wortmannin was inhibited by LOE 908;
complete inhibition was observed at concentrations �10 �M
(Fig. 6). Moreover, SK&F 96365, up to 10 �M, failed to inhibit
the ET-1–induced sustained increase in [Ca2�]i in VSMCs
preincubated with 1 �M wortmannin (Fig. 6). These results
suggest that NSCC-1 is activated by ET-1 via a wortmannin-
independent pathway, whereas NSCC-2 and SOCC are acti-
vated via a wortmannin-dependent pathway. In VSMCs pre-
incubated with 50 �M LY 294002, the ET-1–induced
sustained increase in [Ca2�]i was also sensitive to LOE 908
and resistant to SK&F 96365 (data not shown).

Effects of Wortmannin and LY 294002 on the ET-1–
Induced PYK2 Phosphorylation. The magnitudes of
PYK2 phosphorylation caused by 10 nM ET-1 in VSMCs
preincubated with wortmannin or LY 294002 were smaller
than those in VSMCs (Fig. 7, A and B). Wortmannin inhib-
ited ET-1–induced PYK2 phosphorylation in a concentration-
dependent manner with an IC50 value of �30 nM (Fig. 7C).
Maximal inhibition was observed at concentrations �1 �M
(Fig. 7C). The extent of maximal inhibition was around 80%
of nifedipine-resistant PYK2 phosphorylation (Fig. 7D). The

Fig. 4. A and B, original tracings illustrating the effects of wortmannin
on the ET-1–induced increase in [Ca2�]i in VSMCs. The cells loaded with
fluo-3 were incubated with 1 �M wortmannin before (A) or after (B) 10
nM ET-1 stimulation. C, effects of various concentrations of wortmannin
on the ET-1–induced transient (E) and sustained (F) increase in [Ca2�]i
in VSMCs. Wortmannin was added 15 min before stimulation with ET-1.
D, effects of a maximal effective concentration (1 �M) of wortmannin on
ET-1–induced sustained increase in [Ca2�]i. The cells loaded with fluo-3
were incubated with 1 �M wortmannin before stimulation with 10 nM
ET-1. Each point represents the mean � S.E.M. of five experiments.

Fig. 5. A and B, original tracings illustrating the effects of LY 294002 on
the ET-1–induced increase in [Ca2�]i in VSMCs. The cells loaded with
fluo-3 were incubated with 50 �M LY 294002 before (A) or after (B) 10 nM
ET-1 stimulation. C and D, effects of a maximal effective concentration
(50 �M) of LY 294002 on ET-1–induced transient (C) or sustained (D)
increase in [Ca2�]i. The cells loaded with fluo-3 were incubated with 50
�M LY 294002 before stimulation with 10 nM ET-1. Each point repre-
sents the mean � S.E.M. of five experiments.

Fig. 6. A, original tracings illustrating the effects of SK&F 96365 and
LOE 908 on the ET-1–induced sustained increase in [Ca2�]i in VSMCs
pretreated with wortmannin. The cells loaded with fluo-3 were incubated
with 1 �M wortmannin before 10 nM ET-1 stimulation. After [Ca2�]i
reached a steady-state, 10 �M SK&F 96365 or 10 �M LOE 908 was added
at the time indicated by horizontal bars. B, effects of a maximal effective
concentration (10 �M) of SK&F 96365 or LOE 908 on the 10 nM ET-1–
induced sustained increase in [Ca2�]i in VSMCs pretreated with 1 �M
wortmannin. Each point represents the mean � S.E.M. of five experi-
ments.
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ET-1–induced PYK2 phosphorylation in VSMCs preincu-
bated with 1 �M wortmannin was inhibited by LOE 908,
concentrations �10 �M effecting complete inhibition (Fig.
7D). In contrast, SK&F 96365, up to 10 �M, failed to inhibit
ET-1–induced PYK2 phosphorylation in VSMCs preincu-
bated with 1 �M wortmannin (Fig. 7D).

Discussion
ET-1 induces PYK2 phosphorylation in rabbit ICA VSMCs

(Fig. 1). Based on the sensitivity to BQ123 and BQ788, ETAR
plays essential roles in this ET-1–induced PYK2 phosphory-
lation (Fig. 1B). The magnitudes of ET-1–induced PYK2
phosphorylation in the absence of extracellular Ca2� were
near the basal level (Fig. 2). These results indicate that
extracellular Ca2� influx plays important roles in ET-1–
induced PYK2 phosphorylation in ICA VSMCs. Therefore, we
tried to characterize the Ca2� channels involved in ET-1–
induced PYK2 phosphorylation in ICA VSMCs. Our recent
study indicated that NSCC-1, NSCC-2, and SOCC mediate a
major part of the ET-1–induced extracellular Ca2� influx in
ICA VSMCs (Kawanabe et al., 2002). Moreover, extracellular
Ca2� influx through these Ca2� channels plays essential
roles in the ET-1–induced mitogenesis (Kawanabe et al.,
2002). Thus, we examined the involvement of NSCC-1,
NSCC-2, and SOCC in ET-1–induced PYK2 phosphorylation
using SK&F 96365 and LOE 908. According to the nifedipine
sensitivity of ET-1–induced PYK2 phosphorylation, involve-
ment of VOCC in this response was estimated to be minor
(�10%) (Fig. 2B). We demonstrated in a recent report that
nifedipine suppressed the 10 nM ET-1–induced sustained
increase in [Ca2�]i by a maximum of no more than 10%
(Kawanabe et al., 2002). This suggests that Ca2� channels

other than VOCC may play an important role in ET-1–in-
duced PYK2 phosphorylation in addition to mediating extra-
cellular Ca2� influx in rabbit ICA VSMCs.

The inhibitory action of SK&F 96365 and LOE 908 on
ET-1–induced PYK2 phosphorylation is considered to be me-
diated by blockage of Ca2� entry through VICCs for the
following reasons. 1) In our recent work using whole-cell
patch-clamp and [Ca2�]i monitoring, ET-1 was found to ac-
tivate three types of VICCs in VSMCs: NSCC-1, NSCC-2, and
SOCC. In addition, LOE 908 was found to be a blocker of both
NSCC-1 and NSCC-2, whereas SK&F 96365 was found to be
a blocker of NSCC-2 and SOCC (Kawanabe et al., 2002). 2)
The IC50 values of these blockers for ET-1–induced PYK2
phosphorylation (Fig. 3) correlated well with those for ET-1–
induced extracellular Ca2� influx (Kawanabe et al., 2002).
Moreover, because SK&F 96365 and LOE 908 failed to in-
hibit the ET-1–induced transient increase in [Ca2�]i result-
ing from the release of Ca2� from intracellular Ca2� stores
(Kawanabe et al., 2002), the release of sarcoplasmic reticu-
lum Ca2� is insufficient to stimulate PYK2 phosphorylation.
Three types of VICC seem to be involved in the ET-1–induced
PYK2 phosphorylation in terms of its sensitivity to SK&F
96365 and LOE 908 (Fig. 3). One type of Ca2� channel is
sensitive to LOE 908 and resistant to SK&F 96365, another
type is sensitive to both LOE 908 and SK&F 96365, and the
third type is resistant to LOE 908 and sensitive to SK&F
96365. Based on pharmacological criteria, these channels are
believed to be NSCC-1, NSCC-2, and SOCC, respectively.
The magnitudes of the ET-1–induced PYK2 phosphorylation
that were inhibited by combined treatment with nifedipine,
SK&F 96365, and LOE 908 were similar to those observed in
the absence of extracellular Ca2� (Fig. 3D). Extracellular
Ca2� influx through NSCC-1, NSCC-2, and SOCC plays im-
portant roles for ET-1–induced PYK2 phosphorylation in rab-
bit ICA VSMCs.

Next, we investigated the effects of PI3K on ET-1–induced
PYK2 phosphorylation in ICA VSMCs. For this purpose, at
first, we examined whether PI3K was involved in the ET-1–
mediated activation of Ca2� channels. The inhibitory effects
of wortmannin on the ET-1–induced sustained increase in
[Ca2�]i may be because of its inhibitory effects on PI3K,
judging from the following data: 1) Wortmannin is generally
accepted as a PI3K inhibitor (Ui et al., 1995). Moreover, at
nanomolar concentrations, wortmannin acts specifically on
PI3K (Yano et al., 1993). 2) Another PI3K inhibitor, LY
294002, also inhibited the wortmannin-sensitive ET-1–in-
duced sustained increase in [Ca2�]i (Fig. 5). 3) The IC50

values (�30 nM) and maximal effective concentration (1 �M)
of wortmannin for the ET-1–induced sustained increase in
[Ca2�]i (Fig. 4) were similar to those for ET-1–induced phos-
phatidylinositol triphosphate formation, which was mea-
sured as an index of PI3K activity (Sugawara et al., 1996).
Just as wortmannin and LY 294002 partially suppressed the
ET-1–induced sustained increase in [Ca2�]i (Fig. 1), ET-1
induces extracellular Ca2� influx through VICCs via both
PI3K-dependent and PI3K-independent pathways. Based on
the sensitivity to SK&F 96365 and LOE 908 (Fig. 4), the
wortmannin resistant sustained increase in [Ca2�]i was
caused by Ca2� influx through NSCC-1 (LOE 908-sensitive
and SK&F 96365-resistant). Therefore, Ca2� influx through
NSCC-2 and SOCC are wortmannin-sensitive. These results
indicate that PI3K may play important roles for ET-1–in-

Fig. 7. Effects of wortmannin and LY 294002 on ET-1–induced PYK2
phosphorylation in VSMCs. Starved cells were incubated for 15 min with
1 �M wortmannin (A) or 50 �M LY 294002 (B) in addition to 1 �M
nifedipine and then stimulated with 10 nM ET-1 for 2 min. PYK2 was
immunoprecipitated from cell lysates and analyzed by immunoblotting
with either anti-phosphotyrosine (PY20) (top) or polyclonal anti-PYK2
antibody (bottom). C, effects of various concentrations of wortmannin on
ET-1–induced PYK2 phosphorylation. D, effects of SK&F 96365 or LOE
908 on ET-1–induced PYK2 phosphorylation in VSMCs pretreated with
wortmannin. PYK2 phosphorylation was determined using a universal
tyrosine kinase assay kit as described under Materials and Methods.
Data presented are the mean � S.E.M. of three determinations, each
done in triplicate.
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duced activation of NSCC-2 and SOCC. Moreover, from the
data demonstrating that addition of wortmannin or LY
294002 after stimulation with ET-1 does not suppress the
sustained increase in [Ca2�]i (Figs. 4 and 5), PI3K seems to
be required for the activation of Ca2� entry but not for its
maintenance. On the other hand, wortmannin and LY
294002 failed to inhibit the ET-1–induced transient increase
in [Ca2�]i (Fig. 1). The ET-1–induced transient increase in
[Ca2�]i involves intracellular cascade such as phospholipase
C/inositol trisphosphate/mobilization of Ca2� from intracel-
lular stores (Berridge, 1993). PI3K does not seem to affect
this cascade.

To evaluate the effects of PI3K on ET-1–induced PYK2
phosphorylation, we investigated the effects of wortmannin
on ET-1–induced PYK2 phosphorylation. The IC50 values
(�30 nM) and maximal effective concentration (1 �M) of
wortmannin for the ET-1–induced PYK2 phosphorylation
(Fig. 7) were similar to those for ET-1–induced sustained
increase in [Ca2�]i (Fig. 4). Therefore, the inhibitory effects of
wortmannin on ET-1–induced PYK2 phosphorylation may be
also caused by its inhibitory effects on PI3K. The wortman-
nin-resistant, ET-1–induced PYK2 phosphorylation was de-
pendent on extracellular Ca2� influx through NSCC-1, based
on the resistance to SK&F 96365 and sensitivity to LOE 908
(SK&F 96365-resistant and LOE 908-sensitive) (Fig. 6).
These results indicate that the inhibitory effects of wortman-
nin on ET-1–induced PYK2 phosphorylation might be medi-
ated by blockage of Ca2� entry through NSCC-2 and SOCC.
The detailed mechanisms of NSCC-1–dependent PYK2 phos-
phorylation caused by ET-1 remain unclear. The signaling
pathways involved in ET-1–induced PYK2 phosphorylation
remain unknown.

In conclusion, extracellular Ca2� influx through NSCC-1,
NSCC-2, and SOCC plays an essential role for ET-1–induced
PYK2 phosphorylation in rabbit ICA VSMCs. In addition,
PI3K seems to be involved in ET-1–induced PYK2 phosphor-
ylation that depends on the extracellular Ca2� influx
through SOCC and NSCC-2.
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