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Angiotensin II-augmented migration of
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ERK 1/2 activation

� Abstract Activation of the local and systemic renin-angiotensin system is
directly and indirectly involved in mechanisms of vascular remodeling dur-
ing chronic hypertension. This study investigated the effect of angiotensin II
(AII) on rat vascular smooth muscle cell (VSMC) migration towards platelet-
derived growth factor-BB (PDGF-BB) in vitro. Pre-treatment with AII (1 µM)
for 48 or 72 h induced a significant increase in PDGF-BB-directed migration
by 77 ± 21% and 58 ± 24%, respectively (both p < 0.01). This effect was con-
centration dependent and inhibited by the selective angiotensin receptor type
I (AT1) blocker DUP 753. PDGF-directed migration of VSMCs was signifi-
cantly inhibited by antibodies against �3-and �5-integrins, indicating an
important role of these integrins in VSMC migration. However, AII aug-
mented migration was not accompanied by an increased expression of �3-
and �5-integrin mRNA and protein levels in VSMCs. Inhibition of the mito-
gen-activated protein kinase ERK 1/2 with PD 98059 (30 µM) completely
abolished the effect of AII on PDGF-BB-directed VSMC migration (p < 0.01).
The proline-rich tyrosine kinase 2 (Pyk2) and focal adhesion kinase (FAK) are
cytoskeleton-associated protein kinases participating in integrin-dependent
signaling. Therefore, expression and phosphorylation of these kinases was
determined 48h after AII treatment, revealing a significant increase in Pyk2
and FAK protein levels (up to 2-fold, both p < 0.05) and increased phospho-
rylation of Pyk2 (2-fold, p < 0.05) and ERK 1/2 (4-fold, p < 0.05) as compared
to controls. Furthermore, immunofluorescence and Western blot analysis
demonstrated a translocation of Pyk2 from the plasma membrane to the
cytosol, as well as a perinuclear enrichment of ERK 1/2 protein 48 h after AII
treatment. In conclusion, our data suggest that changes in the levels of Pyk2
and ERK 1/2 phosphorylation, responsible for integrin-dependent signaling,
as well as their subcellular translocation are important for the enhanced
chemotactic response of VSMCs after AII pre-treatment.

� Key words Vascular smooth muscle cell – mitogen-activated protein kinase
– Pyk2 – migration – integrins
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Introduction

Angiotensin II (AII) has various biological functions
besides its role as a potent vasoconstrictor. AII has been
shown to stimulate the growth of vascular smooth mus-
cle cells (VSMCs) in vitro and to enhance neointimal
hyperplasia in vivo, when elevated in circulation (1, 2).
The receptors for AII have been classified into two sub-
types: the angiotensin type I (AT1) receptor and the type
II (AT2) receptor. Both are members of the G-protein
coupled receptor superfamily that have seven trans-
membrane helices (3, 4). The AT1 receptor has been iden-
tified to mediate effects such as vasoconstriction, cardio-
vascular hypertrophy and aldosterone secretion (5).
Signal transduction following activation of AT1 receptor
is complex and includes stimulation of phospholipase C
(PLC), which generates diacylglycerol and inositol 1,4,5-
triphosphate (IP3). This leads to increased intracellular
calcium, activation of protein kinase C (PKC) and acti-
vation of the RAS-RAF-MEK-ERK kinase pathway (6, 7).
Furthermore, AII causes a rapid phosphorylation of mul-
tiple tyrosine kinases such as focal adhesion kinase
(FAK), paxillin, STAT1 and Pyk2 (8–12). AII induces
migration and DNA synthesis of VSMCs via the AT1
receptor, involving the activation of the mitogen-acti-
vated protein kinase ERK 1/2 (13, 14). Cell adhesion and
migration, which play an important role in vascular
remodeling during hypertension and atherosclerosis, are
controlled by several growth factors. Platelet-derived
growth factor-BB (PDGF-BB), fibroblast growth factor-2
(FGF-2) and AII are factors known to contribute to these
processes. VSMC migration also depends on the compo-
sition of the extracellular matrix and the expression of
specific cell surface receptors, which include the family of
integrin receptors. It has been demonstrated that inte-
grin receptors are essential for migration of VSMCs (15,
16). Recent studies demonstrate that growth factors can
enhance integrin-dependent motility and chemotaxis of
vascular cells: FGF-2 potentiates cell motility and migra-
tion of VSMCs towards PDGF-BB (17) and AII enhances
adhesion and spreading of human VSMCs on collagen I
and fibronectin via activation of �1-integrins (18).

In the present study we demonstrate that pre-treat-
ment of VSMCs with AII, but not PDGF-BB, increases
VSMC migration towards PDGF-BB, which is potentially
mediated by chemotactic signaling involving Pyk2 and
ERK 1/2 phosphorylation and translocation. 

Methods

� Materials 

Angiotensin II was obtained from Bachem, phorbol 12-
myristate 13-acetate (PMA) and PD 123319 from Sigma,
PDGF-BB from Biosource, DUP 753 from Merck Labora-
tories and PD 98059 from Calbiochem. Hybond enhan-
ced chemiluminescence (ECL) nitrocellulose membrane,
horseradish peroxidase-linked anti-rabbit and anti-
mouse antibodies and ECL Western blotting detection
reagents were from Amersham Life Science. Antibodies
were purchased from the following vendors: anti-�1-inte-
grin (AB1937) and anti-�5-integrin (AB1926) from
Chemicon; anti-�3-integrin (F11), anti-�1-integrin (F19),
anti-�2-integrin (N19), anti-�5-integrin (P1F6), anti-
Pyk2, anti-FAK and anti-phosphotyrosine (pTyr) from
Santa Cruz; secondary FITC-conjugated anti-goat, anti-
mouse and anti-rabbit from Sigma; antibodies against
phosphorylated and total ERK 1/2 from Promega; anti-
phosphorylated Pyk2 (pY402) from Biosource Inter-
national, and anti-�-smooth-muscle actin from Dako.
Reagents for immunofluorescence were purchased from
Vector Laboratories.

� Cell culture 

Rat vascular smooth muscle cells were prepared from
the thoracic aorta of 2 – 3 month old Sprague-Dawley rats
by the explant technique as described previously (19, 20).
The cells were cultured in DMEM containing 10% fetal
calf serum, 100 U/ml penicillin, 100 µg/ml streptomycin
and 200 mM glutamine. For all experiments, early pas-
saged (3 to 6) VSMCs were grown to 60 – 70% confluence
and made quiescent by serum starvation in serum-free
medium for 24 h. When used, inhibitors or blocking anti-
bodies were added 60 min before stimulation. PMA 
(0.1 µM) was added 24 h before the start of the experi-
ment to completely downregulate PKC activity. Each
individual experiment represented in the n value was
performed with an independent preparation of VSMCs.
Cell purity (> 95 %) and identity was assessed by
immunostaining with an antibody against �-smooth
muscle actin.

� Flow cytometry

Integrin cell surface expression was evaluated by indirect
immunofluorescence using flow cytometry (18). Briefly,
VSMCs were incubated in PBS containing 5% bovine
serum albumin (BSA) to suppress nonspecific binding,



followed by incubation on ice for 60 min with control or
integrin-specific antibodies at predetermined saturating
concentrations. Cells were incubated with appropriate
fluorescein isothiocyanate (FITC)-conjugated secondary
antibodies for 20 min on ice (dilutions: anti-goat 1:100,
anti-mouse 1:30, anti-rabbit 1:40). Cells were then fixed
with 4% paraformaldehyde, washed and resuspended in
PBS and then analyzed using a Becton-Dickinson FAC-
Scalibur flow cytometer. 

� Migration

Migration experiments were performed in transwell
chambers with gelatin-coated polycarbonate membranes
as described previously (13). For inhibition studies, cells
were pre-treated for 60 min with PD 98059 (30 µM), DUP
753 (100 µM), PD 123319 (100 µM) or vehicle (0.2 %
FCS/DMEM), followed by the addition of AII (1 µM). 100
µl cell suspension (final concentration 500,000 cells/well)
were added to the upper compartment at 37 °C. Migra-
tion was induced by addition of PDGF-BB at a final con-
centration of 20 ng/ml to the lower compartment. After
a 4 h migration period, non-migrating cells were remo-
ved with a cotton swab from the upper surface. The num-
ber of cells that had migrated to the lower surface of the
membrane was determined per x200 high power field
(HPF). Four randomly chosen HPFs were counted per
membrane. Experiments were performed in quadrupli-
cate and repeated at least three times.

� Western blot analysis 

Cells were made quiescent by serum starvation for 24 h
and then stimulated with AII (1 µM) or PDGF-BB (20 ng/
ml) for the indicated time intervals. Proteins were
extracted in RIPA-buffer supplemented with proteinase
inhibitors. For subcellular fractionation analysis, nuclear
and cytosolic fractions were prepared by the method of
Dignam et al. (21). To assure that the seperation was
accurate, cytosolic and nuclear fractions were controlled
by detection of tubulin. Proteins (30 – 50 µg) were sepa-
rated by 10% SDS-PAGE gel electrophoresis as described
previously (5). Proteins were blotted onto nitrocellulose
membranes followed by incubation with antibodies that
recognize either a) ERK 1/2 when phosphorylated on
threonine 202 and tyrosine 204 (pERK), or b) Pyk2, when
phosphorylated at tyrosine 402 (pPyk2). Antibodies were
used at a concentration of 1:500 (Pyk2), 1:1000 (pPyk2),
1:2000 (ERK 1/2) and 1:5000 (pERK) at 4 °C overnight.
The ECL system was used for visualization. Band inten-
sity was analyzed by densitometry using the NIH Image
Program 1.62 on a Macintosh PC and expressed in arbi-
trary units (A.U.). Experiments were performed at least
three times with separate preparations of VSMCs.

� Immunoprecipitation

Equal amounts of protein (500 µg) were incubated with
an antibody against phosphotyrosine residues (pTyr).
Immune complexes were then precipitated using protein
G agarose (4 °C, overnight). Beads were centrifuged,
washed, resuspended in sample buffer and analyzed by
10 % SDS-PAGE and Western blotting as described
above.

� Immunofluorescence 

Immunofluorescence was used to investigate the subcel-
lular distribution of ERK 1/2 or Pyk2 in response to AII.
Cells were grown on gelatin-coated chamber slides and
made quiescent by serum starvation for 24 h. AII (1 µM)
or PDGF (20 ng/ml) stimulated cells (48 h) or untreated
cells were fixed in 4% paraformaldehyde/PBS for 15 min
at room temperature, and then permeabilized with 0.5%
Triton X-100/PBS for 5 min at 4°C. After blocking (2%
BSA/10% horse serum) cells were incubated with anti-
ERK 1/2 or anti-Pyk2 antibody (4°C, overnight) followed
by a secondary fluorescein-conjugated antibody for 60
min at 37°C. Slides were mounted in Vectashield mount-
ing medium and specimens were examined and pho-
tographed using a fluorescence microscope.

� Statistical analysis

Analysis of variance (ANOVA) and paired or unpaired 
t-test were performed for statistical analysis as appropri-
ate. P-values less than 0.05 were considered to be statis-
tically significant. Results are expressed as mean ± S.E.M. 

Results

� AII pre-treatment increases PDGF-BB-directed
migration 

Rat aortic VSMCs were made quiescent by 24 h treatment
in serum-free culture medium. Treatment of VSMCs for
48 h with AII (1 µM) increased the number of migrated
cells towards PDGF-BB (20 ng/ml) in a transwell cham-
ber migration system by 77 ± 21% over control (n = 6, 
p < 0.01, Fig. 1A). The AT1 receptor blocker DUP 753
completely inhibited AII-augmented migration (p <
0.01), whereas blockade of the AT2 receptor with PD
123319 had no effect (Fig. 1A). In contrast to AII, pre-
treatment with PDGF-BB (20 ng/ml) for 24 to 72 h did not
increase the chemotactic response of VSMCs. The migra-
tion assays demonstrated that the increase of migrated
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cells towards PDGF-BB after pre-treatment with AII for
48 h is dependent on the AII-concentration used (Fig.
1B). AII induced a significant increase in migration by
43 ± 10% at 100 nM (n = 8, p < 0.05) and 77 ± 12% at 
1 µM (n = 9, p < 0.01). The effect of AII was also time-
dependent: while no significant increase was observed
after treatment with AII for 24 h, treatment for 48 or 72 h
with AII (1 µM) resulted in significantly augmented

migration (Fig. 1C). The AII-mediated increase in migra-
tion was inhibited by co-incubation with the ERK 1/2
MAPK pathway inhibitor PD 98059 (30 µM). The effect of
AII on PDGF-BB-directed migration was also inhibited
after downregulation of protein kinase C with PMA
(0.1 µM) for 24 h (Fig. 2A). To confirm that the effect of
PD 98059 on VSMC migration was not caused by an
induction of apoptosis, migration of untreated VSMCs
and cells that had been pre-treated with PD 98059 for 48
h were compared. PD 98059 pre-treatment had no effect
on migration of VSMCs towards PDGF-BB (Fig. 2A). Fur-
thermore, PD 98059 did not change intracellular �-
smooth muscle actin organization, as investigated by
immunofluorescence (data not shown). No significant
amount of apoptosis and cell necrosis was observed by

Fig. 1   A Pre-treatment with AII (1 �M) for 48 h induced a significant increase 
(*p < 0.01 vs. control, C) in PDGF-BB-directed migration in a transwell chamber
system. Treatment with PDGF-BB for 48 h did not increase the rate of migration. The
AT1 receptor blocker DUP 753 (DUP, 100 �M) completely inhibited the AII-mediated
effect (# p < 0.01 vs. AII alone), whereas the AT2 receptor blocker PD 123319 (PD 123,
100 �M) had no effect. B The increase in PDGF-BB-directed migration after pre-
treatment with AII is concentration dependent. C The effect of treatment with AII
was investigated in a time course experiment. VSMCs were treated for various time
intervals between 4 and 72 h with AII (1 �M, hollow circles), PDGF-BB (20 ng/ml,
filled squares) or control diluent (black circles). A significant increase in PDGF-BB-
directed migration was observed after pre-treatment with AII between 48 and 72
h, whereas treatment with PDGF-BB or diluent did not further augment the chemo-
tactic response of VSMCs. All experiments (A-C) were performed in quadruplicate
with three different sets of cells (*p < 0.01 vs. untreated controls, # p < 0.01 vs. AII
alone, mean � S.E.M.). Fig. 2  A To investigate the role of ERK 1/2 and PKC, experiments with AII were per-

formed after downregulation of PKC activity by PMA (0.1 �M) for 24 h or in the pres-
ence of the MEK inhibitor PD 98059 (PD98, 30 �M). Downregulation of PKC by PMA
or co-incubation with PD 98059 inhibited the augmented migration-response
towards PDGF-BB in cells that were pre-treated with AII (1 �M). Experiments were
performed in quadruplicate with different sets of cells (*p < 0.01 vs. untreated con-
trols, # p < 0,01 vs. AII alone, mean � S.E.M.). B Migration towards PDGF-BB was
significantly inhibited in the presence of blocking antibodies against anti-�3-inte-
grin (clone F11, 25 �g/ml) or anti-�5-integrin (clone P1F6, 25 �g/ml). Non-immune
IgGs (25 �g/ml) or diluent served as controls. The same experiment was conducted
after 48 h AII (1 �M) treatment of VSMCs, revealing comparable results. Experiments
were performed in quadruplicate with three different sets of cells (*p < 0.01 vs.
untreated control cells, # p < 0.01 vs. AII alone, mean � S.E.M.).



blocking the ERK 1/2 MAPK pathway. These results are
in accordance with a recent publication of Das et al.,
demonstrating that long-term treatment with PD 98059
did not induce apoptosis (22).

� AII does not change the expression of integrins
involved in cell migration

The chemotactic response of VSMCs is known to be par-
tially mediated via �3- and �5-integrins. Preincubation
with the blocking antibody F11, which inhibits �3-inte-
grin, and P1F6, which blocks �5-integrin, demonstrated
similar inhibitory effects on VSMCs migration. Both
antibodies demonstrated about 50% inhibition (both p <

0.01) of migration in response to PDGF-BB in untreated
controls and in cells pre-treated with AII for 48 h (Fig.
2B). This confirms the importance of these integrins in
VSMC migration, but does not explain the mechanism
how AII augmented the migration towards PDGF-BB.
Therefore, the surface expression of integrin receptors
was investigated by flow cytometry. No significant
changes of �1-, �2-, �1-, �3- and �5-integrin expression in
VSMCs after 48 h AII treatment  were detected (Fig. 3),
which is in line with previous results from our laboratory
(13). We also tested whether the inhibitory effect of the
blocking antibodies on PDGF-BB-directed migration was
changed after AII treatment. However, quantity of inhi-
bition (in percentage) was not significantly changed in
AII pre-treated cells, as compared to controls: �3-inte-
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Fig. 3 Flow cytometry analysis demon-
strated no effect of AII treatment (48 h,
1 �M) on the expression of integrins by
VSMCs. Cells were incubated with a
non-specific mouse IgG (gray area) or
with specific anti-�1-integrin (clone
F19), anti-�2-integrin (clone N19), anti-
�1-integrin (clone AB1937), anti-�3-
integrin (clone F11) or anti-�5-integrin
(clone AM1926) (at predetermined sat-
urating concentrations). The x-axis cor-
responds to fluorescence intensity on a
logarithmic scale and the y-axis to the
cell number.
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grin inhibition by F11 in controls 61.5 ± 15.2% (n = 4), in
AII treated cells 53.7 ± 6.8% (n = 3); �5-integrin inhibi-
tion by P1F6 in controls 50.8 ± 8.7% (n = 4), in AII treated
cells 56.0 ± 9.1% (n = 3).

� AII modulates intracellular protein kinase expression
and phosphorylation 

AII is known to rapidly phosphorylate FAK, Pyk2 and
ERK 1/2 (20, 23, 27, 28). The proline-rich tyrosine kinase
Pyk2 and FAK are cytoskeleton-associated protein
kinases which are involved in integrin signaling. ERK 1/2
and FAK are important for VSMC migration (6, 8). As
shown in Fig. 4, the cellular levels of ERK 1/2 were not
changed after 48 h treatment with either AII (1 µM),
PDGF-BB (20 ng/ml), or AII (1 µM) plus DUP 753 (100
µM) as compared to controls. AII alone induced an 82%
increase of Pyk2 protein expression (control: 51.1 ± 7.3
A.U., AII: 93.4 ± 9.8 A.U. p < 0.05, n = 4 from different
VSMC preparations) and 55% increase in FAK protein
content as determined by Western blotting and image
analysis (control: 40.7 ± 4.3 A.U., AII: 63.0 ± 6.4, A.U.,
p < 0.05, n = 3 from different VSMC preparations). Treat-
ment with PDGF-BB or AII alone after pre-incubation
with the AT1 receptor blocker DUP 753 had no effect on
protein levels of FAK, Pyk2 or ERK 1/2. A modest but sig-
nificant increase in the phosphorylation state of ERK 1/2
by 4-fold and Pyk2 by 2-fold (n = 4, both p < 0.05) was

detected with phospho-specific antibodies 48 h after AII
treatment (Fig. 4). In contrast, phosphorylation of FAK
was not significantly changed by AII pre-treatment. Also,
48 h pre-treatment with PDGF-BB or AII plus DUP 753
did not cause significant changes in FAK, Pyk2 or ERK
1/2 phosphorylation.

� AII induces translocation of ERK 1/2 and Pyk2

VSMCs were stimulated with AII (1 µM), PDGF-BB (20
ng/ml) or diluent for 8 and 48 h to examine the subcellu-
lar distribution of FAK, Pyk2 and ERK 1/2 protein by
immunofluorescence. Pyk2 immunoreactivity was trans-
located from the plasma membrane to the cytosol after 8
and 48 h AII treatment (Fig. 5), while AII led to a translo-
cation of ERK 1/2 from the cytoplasm to perinuclear/
nuclear regions. These changes in immunoreactivity of
Pyk2 and ERK 1/2 were not observed in PDGF-BB-
treated VSMCs (data not shown). On the other hand 
FAK showed a typical perimembranous localization in
VSMCs, which was not significantly changed after treat-
ment with AII or PDGF-BB (data not shown). Treatment
of VSMCs with either AII or PDGF-BB did not change �-
smooth muscle actin staining. Translocation of ERK 1/2
protein after long-term AII treatment was confirmed by
subcellular fractionation studies and immunoblotting:
nuclear translocation of ERK 1/2 was observed after 30
min AII stimulation with a further increase in nuclear

Fig. 4  A AII treatment for 48 h causes
enhanced ERK 1/2 and Pyk2 phosphory-
lation. VSMCs were treated with AII (1
�M), PDGF-BB (20 ng/ml) or a combi-
nation of AII and the AT1 receptor
blocker DUP 753 (DUP, 100 �M) for
48 h. Proteins were analyzed for expres-
sion of ERK 1/2, FAK and Pyk2 and their
phosphorylated forms pERK 1/2, pFAK
and pPyk2 using specific antibodies.
The Western blots shown are represen-
tatives of experiments that were per-
formed with cells from four different
preparations. B Densitometric analysis
of four experiments obtained with
phospho-specific antibodies against
pERK 1/2, pFAK and pPyk2. Only treat-
ment with AII (1 �M) resulted in a sig-
nificant phosphorylation of ERK 1/2 and
Pyk2 after 48 h (*p < 0.05 vs. untreated
controls, mean � S.E.M.).



ERK 1/2 protein after 8 h (8-fold, p < 0.05). Total ERK 1/2
protein levels in the whole cell extract were not changed
after AII stimulation (Fig. 6).

Discussion

The present study demonstrates that pre-treatment with
AII enhances the migration of VSMCs towards PDGF-BB.
This effect was concentration-dependent and occurred at
physiologically relevant concentrations. The AT1 recep-
tor blocker DUP 753 completely abolished these AII-
induced effects, whereas the AT2 receptor antagonist PD
123319 had no effect. 

Incubation of VSMCs with the pharmacological MEK
inhibitor PD 98059, which blocks the activation of ERK
1/2, abrogated these AII-induced effects, indicating an
involvement of this pathway in these mechanisms. Inter-
estingly, downregulation of PKC with PMA also abol-
ished the AII-dependent increase in PDGF-BB-directed
migration, confirming that the increase in migration
involves PKC dependent signal transduction. AII is
known to induce the synthesis and release of different
cytokines and growth factors in VSMCs, including inter-
leukin 6 (IL-6) and transforming growth factor-� (TGF-
�), which could constitute a possible mechanism for AII
promigratory actions. Increases of IL-6, observed after 30
min of AII stimulation with a second peak at 12 to 24 h,
have been reported to be completely abolished by the
MEK inhibitor PD 98059, whereas downregulation of
PKC with PMA had no effect on the expression (23). Since
we found that the AII-mediated increase in migration
towards PDGF-BB was inhibited by PD 98059 and PMA,
different or additional pathways appear to be involved in
AII-induced IL-6 expression and the promigratory effect
of AII. This is underscored by our observation that
PDGF-BB, which is also known to induce IL-6 synthesis
in different cell types (24), did not increase PDGF-BB-
directed migration. We have recently shown that PDGF-
BB-directed migration of human and rat VSMCs is ERK
1/2 dependent (13). Treatment with growth factors can
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Fig. 5 Immunofluorescence staining with ERK 1/2 antibody revealed an AII-induced
translocation of ERK 1/2 from the cytoplasm to perinuclear/nuclear regions. Pyk2
translocated from the plasma membrane to the cytosol. Cells were stimulated with
AII (1 �M) for 8 and 48 h and localization of total Pyk2 protein (C, E) (anti-Pyk2 at
1:200) and total ERK 1/2 (D, F) (anti-ERK 1/2 at 1:200) and was compared to unstim-
ulated controls (A, B).

Fig. 6 AII induces nuclear translocation
of ERK 1/2 without affecting total ERK
1/2 protein levels. Serum-starved
VSMCs were treated with AII (1 �M) for
0.5, 2 and 8 h and nuclear (A) and
whole cell extracts (B) were immuno-
blotted with an anti-ERK 1/2 antibody.
The Western blot shows representative
immunoblots from three separate
experiments. Data from densitometric
analysis are expressed as mean �
S.E.M., *p < 0.05 vs. unstimulated
controls.
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enhance cell motility and chemotaxis of vascular cells.
Pickering and coworkers (17) demonstrated that FGF-2
potentiates migration of VSMCs via an activation and
increase of �1-integrins, as well as intracellular reorgan-
ization of stress fibers. We and others have reported that
the chemotactic response of VSMCs is mediated via �3-
and �5-integrins (25, 26). The specific blocking antibody
F11, which inhibits �3-integrins and P1F6, which blocks
�5-integrins, significantly inhibited PDGF-BB-directed
migration. This effect was also observed in AII-treated
cells. In the present and in previous studies (18), we did
not detect changes in the expression of integrin receptors
in AII-treated cells, which is in contrast to the work of
Pickering et al. (17), who observed an upregulation of �1-
integrin receptors after FGF-2 pre-treatment. These dif-
ferent observations may be due to a FGF-2-specific effect.
FGF-2 pre-treatment also caused reorganization of stress
fiber composition in VSMCs which potentially contri-
buted to increased cell migration. Similar changes have
also been reported in VSMCs after AII treatment (27). AII
stimulated bundling of actin filaments to form stress
fibers, the assembly of focal adhesions and protein tyro-
sine phosphorylation at focal adhesions such as p130Cas,
an adapter protein to Pyk2, and paxillin, which binds to
the cytoplasmatic tail of integrins (27). Using flow cytom-
etry we did not detect a relevant upregulation of integrin
expression on the cell surface of VSMCs. Unfortunately,
a potential modulation of the affinity/avidity of integrin
receptors can not be assessed by this method. However,
changes in the affinity/avidity of integrin receptors in
AII-treated cells or alterations in post-receptor signaling
pathways might still play an important role in the mech-
anisms of AII-augmented VSMC migration.

Therefore, we investigated the involvement of protein
kinases which participate in the signaling of integrins
and AII. Treatment with AII for 48 h resulted in a signif-
icant increase in Pyk2 and FAK protein concentration.
We also observed a significant increase in Pyk2 phos-
phorylation after 48 h of AII treatment, whereas FAK
phosphorylation was not affected. In previous studies
ERK 1/2 has been demonstrated to be a downstream
target of FAK and Pyk2 (28, 29). While ERK 1/2 protein
concentrations were not affected, its phosphorylation
was significantly increased after 48 h of AII treatment.
Co-treatment with the AT1 receptor blocker DUP 753
completely abolished the AII-induced effects. Treatment
with PDGF-BB for 48 h did not significantly increase Pyk2
and FAK concentrations, nor did it result in increased
ERK 1/2 or Pyk2 phosphorylation. Our data demonstrate

that the AII-induced migration is associated with an
increase in FAK and Pyk2 protein concentration and a
prolonged activation of ERK 1/2 and Pyk2. 

AII can rapidly stimulate tyrosine phosphorylation of
FAK, Pyk2 and the activation of ERK 1/2 in cultured
VSMCs (11, 12, 30). The non-receptor tyrosine kinase
Pyk2 appears to function at a point of convergence of
integrins and certain G-protein coupled receptor signal-
ing cascades. It associates with focal adhesion proteins
such as paxillin and p130 cas, which are a linkage to the
PI3-kinase pathway and Akt (29). Recent studies demon-
strated that integrin activation results in focal adhesion
targeting of Pyk2 in an integrin-clustering-dependent
manner (31). Activation of FAK and ERK 1/2 are required
for migration of VSMCs (13, 32). It has been suggested
that Pyk2 is involved in VSMC migration (33). Further-
more, Pyk2 is essential for AII signaling and AII-medi-
ated protein synthesis. Pyk2 antisense oligodeoxynu-
cleotides (ODNs) did significantly reduce ERK 1/2 acti-
vation and protein synthesis induced by AII (28), indi-
cating an important role of Pyk2 in AII-mediated ERK
1/2-dependent signal transduction. Our data indicate
that the increase in total Pyk2 after 48 h AII stimulation
is accompanied by an increased phosphorylation state of
Pyk2. The phosphorylation of Pyk2 is PKC dependent
(28) which might explain the observed inhibition of AII-
augmented migration after PKC downregulation by PMA
in the present study. Subcellular analysis of ERK 1/2 and
Pyk2 by immunofluorescence after long-term AII stimu-
lation demonstrated a translocation of ERK 1/2 to the
perinuclear/nuclear region and a change in Pyk2 distri-
bution from the plasmamembrane to cytosolic compart-
ments. Due to the semiquantitative aspect of immuno-
fluorescence, Western blot experiments with nuclear
fractions were performed to strengthen the translocation
data. This translocation might contribute to the des-
cribed increase in migration. The data suggest that AII
facilitates and increases cellular responsiveness via
translocation of intracellular ERK 1/2 and Pyk2. 

In conclusion, the present data underscore the impor-
tance of ERK 1/2 and Pyk2 in regulating AT1 receptor-
dependent intracellular mechanisms in response to AII
treatment. Our results suggest that AII modulates inte-
grin-dependent functions in VSMCs by altering expres-
sion, phosphorylation and the subcellular localization of
the protein kinases Pyk2 and ERK 1/2.
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