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1 The second messenger cyclic AMP regulates diverse biological processes such as cell morphology
and cell growth. We examined the role of the second messenger cyclic AMP on rat aortic vascular
smooth muscle cell (VSMC) morphology and the intracellular transduction pathway mediated by
platelet-derived growth factor b-receptor (PDGF-Rb).
2 The e�ect of PDGF-BB on VSMCs growth was assessed by [3H]-thymidine incorporation.
Tyrosine phosphorylation of PDGF-Rb, PLC-g1, ERK1 and ERK2, p125FAK and paxillin as well as
Sm a-actin was examined by the chemiluminescence Western blotting method. Actin mRNA level
was quantitated by Northern blotting. Visualization of Sm a-actin ®laments, paxillin and PDGF-Rb
was performed by immun¯uorescence microscopy.

3 Cholera toxin (CTX; 10 nM) treatment lead to a large and sustained increase in the cyclic AMP
concentration after 2 h which correlated with change of VSMC morphology including complete
disruption of the Sm a-actin ®lament array and loss of focal adhesions. Treatment of VSMCs with
CTX did not in¯uence tyrosine phosphorylation of p125FAK and paxillin but decreased the content
of a Sm a-actin protein. Maximal decrease of 70% was observed after 24 h of treatment. CTX also
caused a 90% decrease of the actin mRNA level. CTX treatment completely abolished PDGF-BB
stimulated DNA-synthesis although PDGF-Rb level and subcellular distribution and translocation
was not altered. Furthermore CTX attenuated the PDGF-BB-induced tyrosine phosphorylation of
the PDGF-Rb, PI 3'-K, PLC-g1 and ERK1/2 indicating an action of cyclic AMP on PDGF-b
receptor.

4 We conclude that although cyclic AMP attenuates the PDGF-Rb mediated intracellular
transduction pathway, an intact actin ®lament may be required for the PDGF-BB-induced DNA
synthesis in VSMCs.
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Introduction

Platelet-derived-growth factor-BB (PDGF-BB) propagates its
mitogenic signals through tyrosine phosphorylation of the
PDGF-Rb receptor, thereby activating several tyrosine

kinases via their phosphorylation on tyrosine residues.
Binding of PDGF-BB to two PDGF-Rb results in
dimerization and autophosphorylation of tyrosine residues

of the PDGF-Rb. Upon activation of PDGF-Rb, phospho-
lipase C-g1 (PLC-g1), GTPase activating protein, phospha-
tidylinositol 3' kinase (PI 3'-K) and Src tyrosine kinases bind

to the autophosphorylated receptor via their Src homology 2
(SH2) domain and become tyrosine phosphorylated (Kaplan
et al., 1990; Kypta et al., 1990; Pawson, 1995; RoÈ nnstrand
et al., 1992). Activation of the Ras-dependent stimulation of

the mitogen-activated protein (MAP) kinases, in particular
the extracellular response kinases 1 and 2 (ERK1 and

ERK2) (also known as p44mapk and p42mapk) occurs by a
cascade that requires the activation of the adapter protein
complex Grb2/Shc/Sos, p21ras, p21ras GAP, Raf-1 kinase and

MAP kinase kinase (MEK) (Marshall, 1995a,b). In this
context, it is assumed that upon activation of PDGF-Rb,
Grb2/Shc/Sos complex is activated by the autophosphory-

lated PDGF-Rb receptor resulting in activation of the p21ras

signalling pathway after release of GDP by Sos, thereby
allowing binding of GTP (Arvidsson et al., 1994; Boguski &

McCormick, 1993). Finally, tyrosine autophosphorylated
PDGF-Rb activates the transcriptional factor Stat1 via
tyrosine phosphorylation (Silvennoinen et al., 1993).

Mitogen-induced Ras signalling pathway promotes

transcription of the cyclin D1 gene via a kinase cascade
that depends on the sequential activities of Raf-1, mitogen-
activated protein kinase kinase (MEK1 and MEK2), and

ERK1/2. In this context, it is well established that
progression through the G1 phase into the S phase of the*Author for correspondence; E-mail: sachinidis@uni-bonn.de
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cell cycle requires assembly of D-type cyclins (cyclin D1,
D2, D3) with cyclin-dependent kinase (CDK) proteins
(Sherr, 1993). Assembly of Cyclin D1 with cyclin-dependent

kinase (CDK) proteins depends on the same cascade but
the substrate(s) of the ERK1/2 phosphorylation that is
mediated in this process is as yet unknown (for review see
Sherr & Roberts, 1999).

It is well established that the second messenger cyclic
AMP and its e�ector protein kinase A (PKA) regulates
diverse biological processes such as cell morphology, gene

transcription and cell growth (Edelman et al., 1987).
Although several studies demonstrated that cyclic AMP is
implicated in the regulation of di�erent cell types such as

®broblasts (Kato et al., 1994) and VSMCs (Assender et al.,
1992; Meisenhelder et al., 1989), the underlying inhibitory
mechanisms are not clear. In general, a number of previous

studies have favoured the concept that the anti-proliferative
e�ect of cyclic AMP is mediated through inhibition of the
growth factors-induced activation of ERK1/2 by preventing
activation of the Ras-dependent activation of the serine/

threonine kinase Raf-1 (Graves et al., 1993). Recent studies
demonstrated that elevation of cyclic AMP in VSMCs by
cyclic AMP increasing pharmacological tools signi®cantly

inhibited the PDGF-induced DNA synthesis in VSMCs
probably via an inhibition of the PI 3'-K/p70 ribosomal
protein S6 kinase (p70s6k) activity (Scott et al., 1996) or by an

inhibition of the cyclin D1 expression (Musa et al., 1999;
Vadiveloo et al., 1997).

Focal adhesion kinase (FAK) is a protein tyrosine kinase

with a molecular weight of 125 kDa (p125FAK) that co-
localizes with integrins in cellular focal adhesions and
normally mediates signalling between the actin cytoskeleton
and the integrin-regulated signalling transduction pathway

(Schaller & Parsons, 1994; Zachary & Rozengurt, 1992). The
p125FAK can be normally phosphorylated on tyrosine
residues by extracellular adhesion matrix ligands such as

®bronectin. Paxillin that is a substrate for p125FAK is tightly
associated with p125FAK (Han & Rubin, 1996; Schaller &
Parsons, 1994; Zachary et al., 1993). Although the cellular

function of p125FAK and paxillin is not de®nitively
elucidated, it is generally assumed that both may play an
important role in the regulation of cell adhesions,
morphology and motility (Han & Rubin, 1996; Schaller &

Parsons, 1994; Zachary & Rozengurt, 1992; Zachary et al.,
1993). Recently, there is accumulating evidence that
cytoskeletal structure and cell shape may play a critical role

in control of cell growth of di�erent mammalian cells
(Huang et al., 1998). Thus, VSMC morphology and
cytoskeletal structure of VSMCs has been altered by

increasing cyclic AMP and the e�ect of PDGF-BB on the
DNA synthesis has been examined. Intracellular cyclic AMP
was elevated by cholera toxin (CTX) that induces increase of

intracellular cyclic AMP level via ADP-ribosylation of
speci®c residues of the guanylate nucleotide-binding protein
(GS) subfamily. Morphological changes were visualized by
staining of Sm a-actin ®lament array and paxillin in focal

adhesions. Moreover, Sm a-actin protein content and
mRNA expression level in VSMCs has been determined in
CTX-treated VSMCs. Since it has been suggested that the

anti-proliferative e�ect of cyclic AMP might be mediated
through inhibition of the growth factors-induced activation
of ERK1/2 (Cook & McCormick, 1993; Graves et al., 1993;

Wu et al., 1993) the PDGF-Rb dependent intracellular
signalling transduction pathway of PDGF-BB in CTX-
treated cells, including tyrosine phosphorylation of PDGF-
Rb, PLC-g1, PI 3'K and ERK1/2, has been examined.

Methods

Isolation and culture of vascular smooth muscle cells

Rat aortic VSMCs were isolated from the thoracic aorta of
Wistar-Kyoto rats (6 ± 8 weeks old, Charles River Wiga
GmbH) by enzymatic dispersion using a slight modi®cation

of the method as described previously (Sachinidis et al., 1995).
Cells were cultured in DMEM supplemented with 10% FCS (v
v71, nonessential amino acids, penicillin 100 IU ml71 and

streptomycin 100 mg ml71 at 378C in the Steri-cult incubator
(Forma Scienti®c, GoÈ ttingen, Germany) in a humidi®ed
atmosphere of 95% air and 5% CO2. Cells were grown in

75 cm2 ¯asks to con¯uence over 4 ± 5 days.

Measurement of cyclic AMP content

VSMCs were seeded on petri dishes (3 cm diameter) and
cultivated in culture medium until con¯uence. Cells were
washed with 1 ml PBS and medium was replaced with 0.5 ml

serum-free medium consisting of a mixture of DMEM and
Ham's F-10 medium (1 : 1). Following a 24 h incubation,
10 nM CTX was added to the serum-free medium for various

times. Experiments were terminated by adding small amounts
of 2 N HCl at 48C until it had a HCl concentration of 0.01 N.
Cells were scraped and centrifuged for 5 min at 10,0006g.

Supernatants of 25 ml were used for cyclic AMP determination
according to instructions of cyclic AMP[125I]-assay system
(single range, code RPA508) from Amersham Buchler,

Braunschweig, Germany. Cell pellet was dissolved in 0.5 ml
0.5 N NaOH and aliquots of 25 ml were used for protein
determinations using the Bio-Rad (Munich, Germany) protein
assay as described previously (Bradford, 1976).

Gel electrophoresis and immunostaining

Determination of the tyrosine phosphorylated ERK1/2, PLC-
g1, PI 3'-K, PDGF-Rb, p125FAK and paxillin were performed
after precipitation of tyrosine phosphorylated proteins using

sepharose-coupled anti-phosphotyrosine antibodies. Brie¯y,
con¯uent cells in 10 cm (diameter) culture dishes were
incubated in serum-free medium consisting of a mixture of
DMEM and Ham's F-10 medium (1 : 1) for 24 h before

addition of CTX. After cell treatment with 10 nM CTX for
24 h, cells were stimulated for di�erent time periods with
50 ng ml71 PDGF-BB. After removing the medium cells were

lysed with a 1 ml RIPA bu�er (in mM): NaCl 50, Tris-HCl 20,
NaF 50, EDTA 10, Na4P2O7 10H2O 20, Triton X-100 1%,
pH 7.4 containing 1 mM Na3VO4, 1 mM phenylmethylsulph-

oxide (PMSF), 10 mg ml71 leupeptin, 10 mg ml71 antipain,
and 0.023 TIU ml71 aprotinin. After 10 min at 08C, cell lysates
were centrifuged at 14,0006g for 2 min. Then supernatant was

mixed with 90 ml sepharose-coupled anti-phosphotyrosine
antibody and shaken for minimum 2 h at 48C. After elution
of tyrosine phosphorylated proteins with 100 ml the lysis bu�er
containing 5 mM phenylphosphate protein determination was

performed using the Bio-Rad DC Protein Assay. For
determination of Sm a-actin protein, con¯uent cells in 3 cm
(diameter) culture dishes were incubated in serum-free medium

consisting of a mixture of DMEM and Ham's F-10 medium
(1 : 1, v v71) for 24 h before addition of the CTX. AFter 24 h
cultivation, cells were lyzed and protein determination was

performed with the Bio-Rad DC Protein Assay. Proteins were
separated in a 7.5% SDS polyacrylamide gel (SDS ±PAGE).
Proteins were transferred to a PVDF membrane overnight at
100 mA with a bu�er containing 25 mM Tris-HCl, 192 mM

Effects of cyclic AMP on VSMCs morphology and growth1562 A. Sachinidis et al

British Journal of Pharmacology, vol 130 (7)



glycin and 20% methanol, pH 8.3. Enhanced chemilumines-
cence Western blotting analysis was performed with the
chemiluminescence Western blotting system from NEN Life

Science Products, Inc. (Boston, MA, U.S.A.), using primary
monoclonal anti-PI 3'-K (1 : 5000, anti-PLC-g1 (1 : 1000), anti-
p125FAK (1 : 1000), anti-paxillin IgG (1 : 10,000), and anti-a-Sm
(1 : 5000) IgGs or polyclonal anti-PDGF-Rb (1 : 500) and

phospho-speci®c polyclonal anti-ERK1/ERK2 (1 : 1000) IgGs.
The phospho-speci®c primary polyclonal anti-ERK1/ERK2
IgG recognizes phosphorylated (activated) ERK1/2 on the

tyrosine 204 residue. Phosphorylation of the ERK1/2 on
tyrosine 204 residue is essential for the activation of ERK1/2
(Marshall, 1995a). Chemiluminescence detection of ERK1/2

and PDGF-Rb was performed using secondary horseradish
peroxidase-labelled anti-rabbit IgG (1 : 5000). Detection of PI
3'-K, PLC-g1, paxillin, Sm a-actin and FAK was performed

using secondary horseradish peroxidase-labelled anti-mouse
IgG (1 : 5000).

Visualization of Sm a-actin ®laments, paxillin and
PDGF-Rb in VSMCs

VSMCs were cultured on round glass cover slips in 24-well

culture plates (Falcon, Heidelberg, Germany) and cultivated
until they reached about 50% con¯uence. Cells were then
preincubated for 24 h in serum-free medium before addition of

10 nM CTX. Following di�erent time incubation, cells were
washed with PBS, ®xed with 2% formaldehyde (v v71) for
5 min and permeabilized with PBS containing 0.2% Triton X-

100 (v : v) for 5 min. Following treatment of the cells with PBS
containing 2% BSA (w v71) for 1 h, cells were incubated with
a monoclonal antibody to Sm a-actin (mouse IgG2a isotype)
(10 ml per slide of the working dilution 1 : 100), anti-paxillin

antibody (10 ml per slide of the working solution 1 : 500) or
anti-PDGF-Rb (10 ml per slide of the working solution 1 : 50)
for 1 h. Cells were washed with PBS containing 0.15% Tween

20 (v : v) and were incubated with ¯uoresceinisothiocyanate
(FITC)-conjugated swine anti-rabbit IgG for 1 h (10 ml per
slide of the working dilution 1 : 200) and visualized using an

immuno¯ourescence microscope (Leitz DMRB, Leica, KoÈ ln,
Germany). All experimental steps were performed at room
temperature.

RNA extraction and analysis

The expression of actin mRNA was studied after preincuba-

tion of con¯uent cells (75 cm2 culture ¯asks) in serum-free
medium for 24 h before addition of 10 nM CTX. After 24 h
incubation, medium was aspirated and cells were lysed with

1 ml TRI reagent (Sigma) and total RNA was extracted
according to manufacturer's protocol as described previously
(Chomczynski & Sacchi, 1987). Ten mg of total RNA were

separated by electrophoresis in a 6% formaldehyde/1.2%
agarose gel, blotted on Hybond N+ membranes (Amersham,
Little Chalfont, U.K.), washed at room temperature in 56SSC
(16=0.15 M NaCl, 0.015 M sodium citrate) for 5 min, and

®xed with u.v. irradiation. After ®xing, the blots were washed
at 608C in 0.16SSC, 0.1% SDS for 5 min. Prehybridization
and hybridization were performed overnight at 608C in

56SSC, 0.2% SDS (w v71), 50 mM sodium phosphate,
106Denhardt's solution (Sigma Chemical, Deisenhofen,
Germany) 200 mg ml71 salmon spern DNA. The DNA probes

were labelled with [32P]-deoxycytidine triphosphate ([32P]-
dCTP) by the random oligonucleotide priming method
(Amersham Buchler, Braunschweig, Germany). The stringency
of the ®nal wash was 0.26SSC containing 0.1% SDS at 658C

for 2645 min. A 0.77 kg cDNA probe for actin mRNA were
used as probes. Blots were exposed to Kodak ®lms (Kodak X-
OMAT, 8610 inch, Rochester, U.S.A.) for 1 ± 7 days at

7708C. The size in kilobases (kb) of the detected mRNA was
estimated by the 18S (1.8 kb) and 28S (4.6 kb) ribosomal RNA
migration from the gel wells.

Determination of cell counts and cell diameter

For cell counting, VSMCs were cultured in DMEM,

supplemented with 10% FCS (v v71), non essential amino
acids, penicillin 100 IU ml71 and streptomycin 100 mg ml71 at
378C for 24 h until a cell con¯uence of approximately 70% was

reached. The medium was then replaced by serum-free medium
consisting of DMEM and Ham's F-10 (1 : 1, v v71). After 24 h
VSMCs were treated with 10 nM CTX. After 24 h the cells

were trypsinized and cell counting as well as determination of
cell diameter was performed using the CASY-1 system based
on the coulter counter principle (SchaÈ rfe, Reutlingen,
Germany).

Determination of DNA Synthesis

The e�ect of PDGF-BB on [3H]-thymidine incorporation into
cell DNA was assessed as previously described (Sachinidis et
al., 1995). VSMCs were cultured until approximately 70%

con¯uence. Then, the medium was replaced by serum-free
medium. After 24 h, 10 nM CTX was added to the medium.
After 24 h, cultures were exposed to 50 ng ml71 PDGF-BB

and 3 mCi ml71 [3H]-thymidine for 12, 16, 18, 24 and 36 h.
Experiments at the di�erent time periods were terminated by
aspirating the medium and subjecting the cultures to sequential
washes with PBS containing 1 mM CaCl2, 1 mM MgCl2, then

with 10% trichloroacetic acid and ®nally with ethanol : ether
(2 : 1, v v71). Acid-insoluble [3H]-thymidine was extracted into
0.5 M NaOH and [3H]-thymidine incorporation was quanti®ed

by liquid scintillation counting (Beckman LS 3801, DuÈ sseldorf,
Germany).

Materials

Cholera toxin was obtained from Calbiochem (Bad Soden,
Germany). Dulbecco's modi®ed Eagles medium (DMEM),

Ham's F-10 and Dulbecco's phosphate-bu�ered saline (PBS)
were obtained from Gibco BRL (Eggenstein, Germany).
PDGF-BB was prepared as described previously (Hoppe et

al., 1989). Monoclonal mouse anti-PI 3' K, mouse anti-PLC-
g1, mouse anti-paxillin IgG, and mouse anti-FAK antibodies
were obtained from Transduction Laboratories (Lexington,

Kentucky, U.S.A.). Monoclonal mouse anti-Sm a-actin
antibodies (mouse IgG2a) and sepharose-coupled anti-phos-
photyrosine antibodies were obtained from Sigma (St. Louis,

MO, U.S.A.). The anti-PDGF-Rb rabbit polyclonal antibodies
were obtained from Santa Cruz (Heidelberg, Germany). The
phospho-speci®c ERK1/ERK2 rabbit polyclonal antibodies
were obtained from New England BioLabs (Beverly, MA,

U.S.A). The horseradish peroxidase-labelled anti-rabbit and
anti-mouse antibodies were obtained from Amersham Life
Sciences (Little Chalfont, U.K.). The 0.77 kb actin cDNA

probe was obtained from Dianova/Oncor Science (Hamburg,
Germany). FITC-conjugated anti-mouse and FITC-conju-
gated anti-rabbit antibodies were obtained from DAKO

Corporation (Carpinteria, CA, U.S.A.). Hybond N+ mem-
branes, [32P]-deoxycytidine triphosphate ([32P]-dCTP),
[Methyl-3H]-thymidine were obtained from Amersham (Little
Chalfont, U.K.).
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Statistics

Values are expressed as means+s.e.mean. Statistical analysis

of the data was performed using the one factor Anova-
Sche�e F-test. P50.05 was considered to be statistically
signi®cant.

Results

Figure 1 shows the time course of the CTX-induced
intracellular formation of cyclic AMP. A ®rst increase from
0.03 nmol g71 protein to 3.4 nmol g71 protein cyclic AMP

was observed after 30 min. Treatment of the cells for 2, 4, 8,
and 24 h caused an increase of cyclic AMP from 0.03
(untreated cells) to 34.2, 40.9, 42.9, and 42.6 nmol g71,

respectively.
CTX caused time-dependent drastic changes in cell

morphology as inspected by phase contrast microscopy
(Figure 2a). Change of the cell morphology correlates well

with the time kinetics of the CTX-induced formation of cyclic
AMP in VSMCs (see Figure 1). After 30 min some of the
VSMCs began to transit their shape to a rounder shape.

Almost all of the cells exhibited the `rounder shape' after 2 h
and this morphology remained stable within 24 h treatment.
Sm a-actin ®lament array and focal adhesions (stained with

antibodies directed against paxillin) in control and CTX-
treated cells are shown in Figure 2b,c, respectively. Changes in
VSMCs morphology correlate with disruption of the Sm a-
actin ®lament array and loss of focal adhesions. Disruption of
the ®lament array and loss of focal adhesions started after
30 min treatment with CTX. Treatment of the cells for longer
than 2 h caused a complete disruption of the Sm a-actin

®lament array and a complete loss of focal adhesions
(representative graphs in Figure 2b,c show the e�ect of CTX
after 24 h.

In order to assess the viability, the number of intact cells
after treatment with CTX for 2 and 24 h was determined by

Figure 1 CTX evokes a large and sustained increase in cyclic AMP
concentration. Con¯uent VSMCs in 3 cm (diameter) culture dishes
were cultured in serum-free medium for 24 h. Cells were then
incubated with CTX 10 nM for various times. Aliquots of the cell
lysate were used for the determination of cyclic AMP by using the
cyclic AMP[125I] radioimmunoassay.

Figure 2 Morphological changes of VSMCs after treatment with CTX. (a) Con¯uent VSMCs in 3 cm (diameter) culture dishes
were cultured in serum-free medium for 24 h. Then cells were treated with 10 nM CTX for di�erent time periods. Cells were
photographed by phase-contrast light microscope. Calibration bar represents 200 mm. Visualization of Sm a-actin ®laments (b) and
focal adhesions in VSMCs. (c) VSMCs were cultured on round glass cover slips (1 cm diameter) and treated as above. After ®xing
of the cells, Sm a-actin ®laments and focal adhesions were visualized using monoclonal antibodies against Sm a-actin or paxillin,
respectively. The secondary antibody was ¯uoresceinisothiocyanate (FITC)-conjugated anti-mouse IgG. Bar represents 20 mm.
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the CASY cell culture counter. There was a slight reduction in
cell number of about 10% after 2 h. Less than 20% of the cells
were lost after 24 h treatment, indicating that the drastic

morphological changes are not paralleled by a loss in cell
viability. Furthermore the cell diameter did not change during
CTX treatment and remained constant at 15 mM. Thus, both
the viability and the cell volume were not altered.

In the search for possible signalling pathway that might be
involved in the actin remodelling the phosphorylation status of
the p125FAK and paxillin was studied. As demonstrated in

Figure 3a, treatment of VSMCs with 10 nM CTX for various
times had no signi®cant e�ects on p125FAK and paxillin (Figure
3b) tyrosine phosphorylation.

We next investigated the cellular content of Sm a-actin. As
demonstrated in Figure 4a, treatment of VSMCs with 10 nM
CTX caused a time-dependent decrease of the Sm a-actin
content. CTX-treatment for 4, 8 and 24 h resulted in a 22+8
(n=3), 36+6 (n=3) and 68+2.4 (n=14) inhibition of the Sm
a-actin content in VSMCs (Figure 4b).

The reduced Sm a-actin content after CTX treatment was

apparently due to a suppression of actin mRNA transcription
level in VSMCs. As demonstrated in Figure 5a, pretreatment
of the cells with CTX for 24 h caused a 85+10 (mean+
s.e.mean, n=3) reduction of the actin mRNA level.

When control cells were treated with 50 ng ml71 PDGF-BB
for 16, 18, 24 and 36 h, a signi®cant 2.2, 3.7, 4.2 and 6.3 fold
increase in DNA synthesis, respectively, was observed (Figure

6). DNA synthesis started after 16 h and continued for at least
36 h. Interestingly, a complete inhibition of the PDGF-BB-
induced DNA synthesis was observed in CTX-treated cells. To
exclude the possibility that the unresponsiveness was simply

due to a receptor downregulation the overall content of
PDGF-Rb was determined by Western blotting. As shown in
(Figure 7a) treatment of the cells for 24 h with CTX had no

e�ects on the PDGF-Rb content. To further analyse the
impaired function of the PDGF-Rb the subcellular distribu-
tion and translocation after PDGF-BB was studied by cellular

immunohistochemical methods. In control cells, the PDGF-
Rb is evenly distributed over the entire cells membrane (Figure
7b) and also detected in the endoplasmic reticulum around the

periphery of the nuclei (Simm et al., 1998). Stimulation of the
cells with 50 ng ml71 PDGF-BB resulted in the formation of
highly ¯uorescing clusters which disappeared after 1 h
stimulation with PDGF-BB. The major ¯uorescence due to

PDGF-Rb being is predominantly located in the endoplasmic
reticulum. Pretreatment of the cells with CTX for 24 h did not
alter subcellular localization of the PDGF-Rb in unstimulated

and PDGF-BB-stimulated cells.

Figure 3 CTX has no e�ect on p125FAK and paxillin tyrosine
phosphorylation. Con¯uent cells in 75 cm2 culture ¯asks were
preincubated in serum-free medium for 24 h. Then cells were
incubated with 10 nM CTX for various times. Then cells were lysed
and tyrosine-phosphorylated proteins were immunoprecipitated using
an anti-phosphotyrosine antibody coupled to sepharose. Proteins
(5 mg) were analysed by 7.5% SDS±PAGE. Tyrosine phosphorylated
p125FAK (a) and paxillin (b) were detected by the enhanced
chemiluminescence method using the respective monoclonal anti-
bodies.

Figure 4 Reduction of Sm a-actin level in VSMCs after CTX
treatment. Con¯uent VSMCs in 3 cm (diameter) culture dishes were
precultured in serum-free medium for 24 h. Cells were then incubated
in the presence and absence of 10 nM CTX for di�erent time. Cells
were then lysed and 30 mg proteins were analysed by SDS±PAGE.
Sm a-actin was detected after blotting on PVDF membranes by a
speci®c antibody that recognizes the Sm a-actin isoform (a). (b)
Densitometric analysis of blots derived form di�erent experiments
(0.5, 1, 2, 4 and 8 h, n=3, 24 h, n=14. *P50.05).
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Since both receptor number and subcellular distribution
were not altered after CTX treatment, we next studied several

downstream signals from the receptor i.e. PDGF-BB-induced
tyrosine phosphorylation of PDGF-Rb, ERK1/2, PI 3'-K, and
PLC-g1. After preincubation of VSMCs with 10 nM CTX for

24 h, VCMCs were stimulated for di�erent time periods with
PDGF-BB. After immunoprecipitation of tyrosine phosphory-
lated proteins with anti-tyrosine sepharose, speci®c proteins

were detected simultaneously using the appropriate antibodies.
PDGF-BB caused in untreated VSMCs a time-dependent
phosphorylation of PDGF-Rb, ERK1/2, PI 3'-K and PLC-g1
with a maximum at 15, 3, 5 and 5 min, respectively. In general,

PDGF-BB also stimulated phosphorylation of PDGF-Rb,

ERK1/2, PI 3-'K and PLC-g1 in CTX-treated VSMCs with
similar time-course kinetic but the amount of the phosphory-
lated kinases was attenuated in CTX treated VSMCs

compared with untreated cells (Figure 8). Results derived
from three independent experiments show that phosphoryla-
tion of PDGF-BB-induced tyrosine phosphorylation of

ERK1/2, PLC-g1, PI 3'-K and PDGF-Rb occurring at 5 min
was inhibited by 42+5, 48+7, 46+8 and 32+5%, respec-
tively.

To examine whether PDGF-BB may prevent the CTX-

induced disruption of the Sm a-actin ®lament array or Sm a-

Figure 5 Inhibition of the action mRNA expression in VSMCs after
treatment with CTX. (a) Con¯uent cells in 75 cm2 culture ¯asks were
preincubated in serum-free medium for 24 h. Then cells were
incubated with 10 nM CTX for 24 h. After RNA extraction 10 mg
of total RNA was separated on a formaldehyde-agarose gel, blotted
on Hybond N+ membranes and probed with a [32P]-labelled 0.77 kb
cDNA probe for actin). Arrows indicate the actin mRNA (2.0 kb)
and 18 S (1.8 kb) ribosomal RNA. (b) Equal loading was
demonstrated by showing the ethidium bromide gel.

Figure 6 E�ect of CTX on VSMCs DNA synthesis. Con¯uent cells
(24-well plates) were precultured for 24 h in serum-free medium. Cells
were then treated with 10 nM CTX 24 h. Cells were then stimulated
with 50 ng ml71 PDGF-BB in the presence of 2 mCi ml71 [3H]-
thymidine. [3H]-thymidine incorporation into cell DNA was
quanti®ed at 12, 16, 18, 24 and 36 h. *P50.05 for PDGF-BB e�ect
vs control.

Figure 7 CTX treatment has no e�ect on PDGF-Rb content and
subcellular localization in VSMCs. (a) Con¯uent VSMCs in 3 cm
(diameter) culture dishes were precultured in serum-free medium for
24 h. Cells were then incubated in the presence and absence of 10 nM
CTX for 24 h. Cells were then lysed and 30 mg proteins were
analysed by SDS±PAGE. PDGF-Rb was detected by the enhanced
chemiluminescence method and anti-PDGF-Rb. (b) VSMCs were
cultured on round glass cover slips (1 cm diameter) and cultivated in
10% FCS medium. Following 24 h in serum-free medium, cells were
treated with 10 nM CTX for 24 h and then stimulated with PDGF-
BB for di�erent time periods. After ®xing of the cells, subcellular
localization of PDGF-Rb was visualized using monoclonal anti-
PDGF-Rb and ¯uoresceinisothiocyanate (FITC)-conjugated swine
anti-rabbit IgG for 1 h. Bar represents 20 mm.
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actin expression, VSMCs were simultaneously treated with
PDGF-BB and CTX or ®rst with PDGF-BB for 30 min
(ERK1/2 and PI 3'-K signals returned to basal values) and

then with CTX for 24 h. As shown in Figure 9 treatment of the
cells with PDGF-BB for 24 h had no e�ect on the Sm a-actin
protein (Figure 9a) or on Sm a-actin ®lament array (Figure 9b)

in comparison to unstimulated control cells. Also, simulta-
neous addition of PDGF-BB with CTX or addition of PDGF-
BB 30 min before addition of CTX did not prevent disruption
and inhibition of the expression of Sm a-actin induced by CTX

(Figure 9a,b).

Discussion

We found that treatment of VSMCs with CTX for 24 h

resulted in a profound increase in intracellular cyclic AMP.
Morphological changes induced by elevated cyclic AMP
concentration were not accompanied by a loss of PDGF-Rb
protein or by a distinct subcellular localization of PDGF-Rb
in comparison to unstimulated VSMCs. Furthermore,
similar subcellular distribution of PDGF-Rb was observed

Figure 8 E�ect of PDGF-BB on tyrosine phosphorylation of
PDGF-Rb, ERK1/2, PI 3'-K and PLC-g1 in CTX-treated VSMCs.
Con¯uent cells in 75 cm2 were preincubated in serum-free medium
for 24 h before addition of 10 nM CTX. After 24 h VSMCs were
stimulated with 50 ng ml71 PDGF-BB for various time periods.
Then cells were lysed and tyrosine-phosphorylated proteins were
immunoprecipitated using an anti-phosphotyrosine antibody coupled
to sepharose. Immunoprecipitated proteins (5 mg) were analysed by
SDS±PAGE. Tyrosine phosphorylated PDGF-Rb (a), ERK1/2 (b),
PI 3'-K (c) and PLC-g1 (d) was detected by the enhanced
chemiluminescence method using the respective monoclonal anti-
bodies.

Figure 9 PDGF-BB cannot prevent the CTX-induced reduction of
Sm a-actin level and disruption of Sm a-actin ®laments. (a) Con¯uent
VSMCs in 3 cm (diameter) culture dishes were precultured in serum-
free medium for 24 h. Cells were then stimulated with 50 ng ml71

PDGF-BB for 30 min and then incubated with 10 nM CTX or
PDGF-BB was simultaneously added to the cells with CTX. After
24 h cells were lysed and 30 mg proteins were analysed by SDS±
PAGE. After blotting on PVDF membranes Sm a-actin was detected
(lane 1: CTX, 24 h; lane 2: PDGF-BB, 24 h; lane 3: 30 min PDGF-
BB+CTX, 24 h; lane 4: control, 24 h; lane 5: CTX, 24 h; lane 6:
PDGF-BB, 24 h; lane 7: PDGF-BB+CTX, 24 h (simultaneous
addition). (b) VSMCs were cultured on round glass cover slips
(1 cm diameter) and treated with PDGF-BB and CTX as above.
After 24 h cells were ®xed and Sm a-actin ®laments were visualized.
Bar represents 20 mm.
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in CTX-treated and untreated cells after stimulation with
PDGF-BB. Morphological changes of VSMC induced by
elevated cyclic AMP concentration were accompanied by

disruption of the Sm a-actin ®lament array and loss of focal
adhesions. Increasing levels of cyclic AMP did not elicit the
dephosphorylation of p125FAK and paxillin. Similar studies
demonstrated that increased cyclic AMP causes a reorgani-

zation of the actin cytoskeleton in REF52 ®broblasts (Lamb
et al., 1988) and adrenal cortex-derived Y1 cells (Han &
Rubin, 1996) resulting in a conversion of the ¯at cell shape

into rounded (Han & Rubin, 1996). The cyclic AMP-
induced morphological changes of Y1 cells were associated
with a depletion of paxilin from focal adhesions and a

rearrangement of the actin cytoskeleton. However, a tyrosine
dephosphorylation of paxillin has been observed (Han &
Rubin, 1996). Authors postulated that tyrosine depho-

sphorylation of paxillin is not dependent on the level of
tyrosine kinases but cyclic AMP probably activates a
protein-tyrosine-phosphatase (PTP) (Han & Rubin, 1996).
The inconsistencies among our ®ndings and ®ndings

reported in Han & Rubin (1996) most likely re¯ect
di�erences in the origin of the cells used.

Besides disruption of Sm a-actin ®lament array, the Sm a-
actin protein was signi®cantly lowered in CTX-treated cells. A
marked decrease of the Sm a-actin protein in CTX-treated cells
strongly correlates with its e�ects on cyclic AMP level.

Moreover, we found that actin mRNA transcript level was
dramatically lowered in CTX-treated cells. Therefore, we may
suggest that reduction of the Sm a-actin protein by CTX

occurs on transcriptional level. Since a decrease of the Sm a-
actin was ®rst detectable after 4 h treatment, whereas a
complete disruption occurred after 2 h treatment, we may
assume that disruption of the Sm a-actin ®laments and

decrease of Sm a-actin by cyclic AMP are induced through
di�erent cellular mechanisms. In this context, we may
speculate that disruption of Sm a-actin and loss of focal

adhesions may occur through reduction or loss of integrins by
elevation of intracellular cyclic AMP. This hypothesis is
supported by ®ndings showing that an elevation of cyclic

AMP on glomerular mesangial cells (smooth muscle-like cells)
resulted in disruption of actin ®laments and loss of focal
adhesions that was associated with a loss of vitronectin
receptor (a5b1 integrin) (Glass & Kreisberg, 1993).

The question whether cyclic AMP-increasing agents inhibit
the growth promoting e�ects of several growth factors by
inhibition of the Ras-dependent activation of ERK1/2 is

controversially discussed. In this context, it has been shown
that cyclic AMP-increasing agents inhibit the PDGF-BB- and
the EGF-induced activation of ERK1/2 in VSMCs (Graves et

al., 1993) and Rat-1 ®broblasts (Wu et al., 1993), respectively
(Cook & McCormick, 1993). We also demonstrated that CTX
caused a signi®cant inhibition of the PDGF-BB-induced

phosphorylation of the ERK1/2. However, we found that not
only ERK1/2 but also the PDGF-BB-induced tyrosine
phosphorylation of PDGF-Rb, PI 3'-K, PLC-g1 were
signi®cantly attenuated. Our ®ndings suggest that cyclic AMP

attenuates the tyrosine phosphorylation of PDGF-Rb result-
ing in an attenuation of the downstream early signalling of
PDGF-Rb. Other authors have demonstrated that although

cyclic AMP-raising agents slightly modify the time course of
MAP kinase activation in response to mitogens in CCL39
®broblasts, the cyclic AMP-induced inhibition of cell growth

occurred through a ERK1/2 independent pathway (McKenzie
& PouysseÂ gur, 1996). Furthermore, elevation of cyclic AMP
caused an inhibition of the Angiotensin II-induced growth
without a�ecting ERK1/2 activation in VSMCs (Giasson et

al., 1997; Takahashi et al., 1996). We found that although
CTX attenuated the PDGF-BB-induced tyrosine phosphoryla-
tion of the PDGF-Rb, PI 3'-K, PLC-g1 and ERK1/2 inhibited

completely the PDGF-BB-induced DNA synthesis. Therefore,
the profound inhibitory e�ect of CTX on DNA synthesis can
not only be attributed to its ability to attenuate the PDGF-BB-
induced tyrosine phosphorylation of the PDGF-Rb, PI 3'-K,

PLC-g1 and ERK1/2.
CTX completely inhibited the PDGF-BB-induced DNA

synthesis started after 16 h stimulation. These results demon-

strate that treatment of VSMCs with CTX prevents
progression of cells from G1 to the S of cell cycle. This
observation is in agreement with studies with other cell types

demonstrating that cyclic AMP increasing agents prevent cells
to enter from the G1 to the S phase (Johnson et al., 1988; Kato
et al., 1994; L'Allemain et al., 1997; Magnaldo et al., 1989;

McKenzie & PouysseÂ gur, 1996). It is well established that
progress through the G1 phase into the S phase of the cell cycle
requires assembly of D-type cyclins (cyclin D1, D2, D3) with
cyclin-dependent kinase (CDK) proteins (Sherr, 1993). In this

context, it has been shown that cyclic AMP-induced G1 phase
arrest is mediated by a blockade of the growth factor-induced
increase in cyclin D1 protein expression (Kato et al., 1994;

L'Allemain et al., 1997).
Recently, it has been demonstrated that cytoskeletal

structure and cell shape may play a critical role in control of

cell cycle progression (Huang et al., 1998). In this context, it
has been reported that ERK1/2 were normally stimulated in
capillary endothelial cells that were prevented from spreading

in medium containing growth factors. However, in contrast to
spread cells, these non-spread cells failed to progress through
G1 and enter S phase (Huang et al., 1998). As described by
authors, this shape-dependent block in cell cycle progression

correlated with the failure to increase cyclin D1 protein levels.
Furthermore, a similar block in cell cycle progression was
induced by disruption of the actin array using cytochalasin or

by inhibiting of cytoskeletal tension generation (Huang et al.,
1998). Authors also supposed that the early intracellular
signalling events alone are not su�cient for growth.

Subsequent cell cycle progression and, hence, cell proliferation
are controlled on cell shape and cytoskeletal structure (Huang
et al., 1998). From our ®ndings, we may postulate that PDGF-
BB failed to stimulate DNA synthesis in morphologically

changed VSMCs. Besides induction of morphological changes,
CTX attenuates the PDGF-Rb mediated early signals that
might cause reduction of the D-type cyclins thereby

additionally contributing to the inhibitory e�ects of cyclic
AMP on VSMCs growth. Recently, there is accumulating
evidence that the Rho small Gi proteins consisting of the Rho,

Rac and Cdc42 subfamilies are involved in the regulation of
actin cytoskeleton and cell shape organization in response to
growth factor signalling (Schoenwaelder & Burridge, 1999;

Small et al., 1999) and may play a critical role in control of cell
cycle progression (Olson et al., 1995). In this context, it has
been demonstrated that short time stimulation (15 ± 30 min) of
di�erent cell types with growth factors like PDGF (Eriksson et

al., 1992; Nobes et al., 1995; Ridley et al., 1992) and insulin
(Nobes et al., 1995) stimulate polymerization of actin at the
plasma membrane resulting in membrane ru�ing. Further-

more, it has been shown that activation of the PI 3'-K is
essential for the PDGF- and insulin-induced cell membrane
ru�ing (Nobes et al., 1995; Wennstrom et al., 1994a, b). Other

growth factors like lysophosphatidic (LPA) and bombesin
induces a PI 3'-K-independent actin stress ®bre formation
(Ridley et al., 1992). We demonstrated that long term
treatment of VSMCs (24 h) with PDGF-BB has no e�ects on
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Sm a-actin ®lament array and Sm a-actin protein content. We
further demonstrated that addition of PDGF-BB for 30 min
before addition of CTX or simultaneous addition of PDGF-

BB with CTX did not prevent the CTX-induced disruption of
the Sm a-actin ®lament array. These ®ndings demonstrated
that activation of ERK1/2 and PI 3'-K by PDGF-BB cannot
prevent the CTX-induced disruption of Sm a-actin ®lament

array or the inhibition of Sm a-actin protein and provide
further evidence that inhibition of the PDGF-BB-induced
stimulation of ERK1/2 and PI 3'-K by CTX is probably not

essential to the e�ects of cyclic AMP on DNA synthesis.
In summary, we found that elevated intracellular levels of

cyclic AMP attenuate the PDGF-Rb-mediated signalling

transduction pathway including tyrosine phosphorylation of
PDGF-Rb, PI 3'-K, PLC-g1 and ERK1/2. But most

importantly, cyclic AMP-mediated inhibition of the transition
of the cells to the S phase after stimulation with PDGF-BB
correlates well with the ability of cyclic AMP to cause

morphological changes of VSMCs via disruption of Sm a-
actin ®lament array and loss of focal adhesions. These ®ndings
demonstrate that full mitogenic activity of PDGF-BB on
VSMCs may only be exerted if they possess an intact Sm a-
actin ®lament array. These ®ndings may provide new
molecular mechanism for the growth inhibitory action of
cyclic AMP obtained in VSMCs.

This work was supported by a grant from the Deutsche
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