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Different Effects of High and Low Shear Stress on
Platelet-Derived Growth Factor |soform Release by
Endothelial Cells

Consequences for Smooth Muscle Cell Migration

Roberta Palumbo,* Carlo Gaetano,* Annalisa Antonini, Giulio Pompilio, Enrico Bracco,
Lars Ronnstrand, Carl-Henrik Heldin, Maurizio C. Capogrossi

Abstract—In the present study, we analyzed the effect of conditioned media (CM) from bovine aortic endothelial cells

exposed to laminar shear stress (SS) of 5 dyne/cm? (SS5) or 15 dyne/cm? (SS15) for 16 hours on smooth muscle cell
(SMC) migration. In response to CM from bovine aortic endothelial cells exposed to SS5 (CMSS5) and SS15
(CMSS15), migration was 45+5.5 and 30+ 1.5 cells per field, respectively (P<<0.05). Similar results were obtained with
SS of 2 versus 20 dyne/cm? and also when SS of 5 and 15 dyne/cm? lasted 24 hours. Platelet-derived growth factor
(PDGF)-AA levels in CMSS5 and CMSS15 were 9+7 and 18+5 ng/10° cells for 16 hours, respectively (P<0.05);
PDGF-BB levels in CMSS5 and CM SS15 were 38+10 and 5310 ng/10° cells for 16 hours, respectively (P<0.05).
PDGF receptor o (PDGFRa) and PDGF receptor 8 (PDGFR) in SMCs were phosphorylated by CMSS15>CM SSb.
In response to CMSS15, a neutralizing antibody against PDGF-AA enhanced SMC migration to a level comparable to
that of CMSS5; in contrast, antibodies against PDGF-BB abolished SMC migration. Transfection of SMCs with a
dominant-negative PDGFR« or PDGFR increased or inhibited, respectively, SMC migration in response to CM SS15.
Overexpression of wild-type PDGFRa inhibited SMC migration in response to CMSS5, CMSS15, or recombinant
PDGF-BB (P<0.001). These results suggest that the ability of high SS to inhibit arterial wall thickening in vivo may
be related to enhanced activation of PDGFRa in SMCs by PDGF isoforms secreted by the endothelium. (Arterioscler
Thromb Vasc Biol. 2002;22:405-411.)
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mooth muscle cell (SMC) migration and proliferation
lay key rolesin neointimal accumulation,* and in native
arteries and in vascular grafts with an intact endothelium,
SMC function is modulated by shear stress (SS). In fact,
intimal thickness is enhanced by low blood flow, whereas it
isinhibited by high blood flow.23 Endothelia cells (ECs) are
directly in contact with the bloodstream, and in response to
SS, they secrete a variety of growth factors, including
platel et-derived growth factor (PDGF), a potent modulator of
SMC migration and proliferation. Therefore, it is possible
that the different effects of high and low SS on neointimal
accumulation in the presence of an intact endothelium may be
partialy due to PDGF secreted by ECs.4-6
PDGF isoforms consist of homodimers and heterodimers
of A, B, C, and D chains, and at least 5 PDGF isoforms have
been identified so far: AA, AB, BB, CC, and DD.”# They
bind PDGF receptor (PDGFR) « or B subunits (PDGFR« and

PDGFRp, respectively) with different affinities, inducing
receptor dimerization and autophosphorylation. Receptor
dimer aa binds AA, AB, BB, and CC dimers; 83° binds BB
and DD dimers; and receptor dimer o8 binds BB and AB
dimers. Once activated, PDGFRs retain distinct chemotactic
properties’® In fact, cells expressing Bp-receptor dimers
migrate toward PDGF-BB,'* whereas activation of «aa-
receptor dimers does not elicit SMC chemotaxis*2 The
molecular basis for these different responses is not com-
pletely clarified but may be the consequence of the activation
of different signaling pathways* In fact, severa reports
indicate that - and BB-receptor dimer signaling relies on a
differential usage of intermediate signal transducers, such as
Ras and phosphatidylinositol 3'-kinase (PI3K).11.13.14

In the present study, it is shown that the chemotactic
response of SMCs to conditioned media (CM) from ECs
exposed to high SSis lower than that induced by CM from
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cells exposed to low SS and that this effect is partially due to
enhanced PDGFRa activation. These results provide a new
insight into how SS may modulate SMC migration in the
presence of an intact endothelium.

M ethods

Cell Isolation

Bovine aortic ECs and SMCs were isolated as previousy de-
scribed.’> Cells between passages 3 and 10 were used in dl
experiments. ECs and SMCs were characterized by immunofluores-
cence staining for factor VIII and anti-SMC a-actin (Dako A/S),
respectively. Cell populations >95% pure were used in all
experiments.

SS Apparatus

Confluent EC monolayers in DMEM without FCS were exposed to
laminar fluid SS of 2, 5, 15, or 20 dyne/cm? (SS2, SS5, SS15, and
SS20, respectively) for 8, 16, or 24 hours in a cone-and-plate
apparatus'® maintained at 37°C in humidified air with 5% CO.,.
Control ECs were kept under static conditions. CM from static
control cells (CMC) or from cells exposed to SS of different intensity
(CMSS2, CMSS5, CMSS15, and CMSS20) was used as chemoat-
tractant in SMC migration assays.

Migration Assay

SMC migration was evaluated in a modified Boyden chamber assay
as previously described.” Briefly, bovine aortic SMCs were de-
tached with trypsin, counted, centrifuged, and resuspended at 2 10°
cell/800 uL in DMEM containing 0.1% BSA. Cells were plated on
the upper side of agelatin-treated polycarbonate filter (8.0-um pores,
Nucleopore Costar Scientific Corp). In the lower chamber of the
Boyden apparatus, either human recombinant PDGF-AA (1 or 5
ng/mL, Collaborative Research), PDGF-BB (5 or 10 ng/mL, Collab-
orative Research), or CM from ECs exposed to SS were used as
chemoattractants.

In migration-inhibition experiments, neutralizing antibodies
against PDGF-AA and PDGF-BB were placed in the lower chamber
of the Boyden apparatus at a concentration of 40 ug/mL. After 4
hours of incubation, cells on the filter were fixed with ethanol and
stained with toluidine blue. Cells from 5 randomly chosen high-
power (magnificationx400) fields on the lower side of the filter were
counted.

Determination of PDGF Isoformsin CM

PDGF-AA and PDGF-BB in CM was assayed by an inhibition
antibody binding assay. Fixed amounts of polyclonal rabbit anti—
PDGF-AA and anti—-PDGF-BB were incubated with aliquots of CM
in Eppendorf tubes precoated with PBS supplemented with 2%
gelatin (PBS-gelatin 2%). After 20 hours of incubation at 4°C,
Saphylococcus aureus protein A (Sigma Chemical Co) was added,
and immunoaggregates were removed by centrifugation. The resid-
ual antibody-binding activity in the supernatant was measured by
direct ELISA, as previously described.18

Immunoprecipitation and Western Blot Analysis

SMCs were incubated for 10 minutes with CM from ECs subjected
to SS. Cells were rinsed twice with ice-cold PBS and lysed with 1%
Triton X-100, 1 mmol/L phenylmethylsulfonyl fluoride, 100 mmol/L
NaCl, 10 pug/mL leupeptin, and 10 wg/mL pepstatin. Lysates were
incubated overnight at 4°C with 1 pg anti-PDGFRa or anti-
PDGFRp antisera (Santa Cruz) with an orbital shaker. Subsequently,
50 pL of protein A—Sepharose (Sigma) was added, and orbital
shaking was continued for additional 16 hours at 4°C. The immu-
nocomplexes were washed 10 times with lysis buffer and then
subjected to 6% SDS-polyacrylamide electrophoresis. For Western
blotting, proteins were transferred from the gel to a nitrocellulose
membrane and then blocked in PBS containing 5% nonfat dry milk,
washed, and incubated with anti-phosphotyrosine antibody (4G10,
Upstate Biotechnology). The membranes were then stripped and
incubated with anti-PDGFRa or anti-PDGFRp. Specific signals

were visualized by using the ECL Western Blot Detection Kit
according to manufacturer’s instructions (Amersham Pharmacia
Biotech).

Plasmids and Transfection M ethodology

SMCs (1.8 10°% were transfected by using the Lipofectamine Plus
reagent (GIBCO-BRL), as previously reported,’® either with 15 ug
of DNA encoding dominant-negative PDGFRa (DN-PDGFRa),
dominant-negative PDGFRB (DN-PDGFRp), wild-type PDGFRq,
or PDGFRB mutants in which single or double tyrosine residues
were mutated to phenylalanine a amino acid positions 1009,
1009/1021, or 740/751. Controls received equal amounts of
pCDNA3 empty vector. All transfections were performed in the
presence of 5 ug (3:1 ratio) cotransfected enhanced green fluorescent
protein (GFP)-N1 vector (bEGFP-N1) (Clontech).

Because cotransfection with 2 independent vectors results in the
internalization of both plasmids by the same cell,2° migrated cells
were counted by using fluorescence microscopy to evaluate only
GFP-positive cells to overcome the limitations of low transfection
efficiency, ie, transfection of 5% to 10% of the total population.

Statistical Analysis

Continuous variables were analyzed by the Student t test and
ANOVA. Post hoc tests according to the Student-Newman-Keuls
methods were used when the P value (by ANOVA) indicated a
statistically significant difference among groups. Data are expressed
as mean+=SD. A value of P<0.05 was deemed statisticaly
significant.

Results

Modulation of SMC Migration

In these experiments, the chemotactic effect of CM from ECs
kept under static conditions (CMC) or exposed to different
levels of SS on SMC migration was examined (Figure 1A).

In the Boyden chamber assay, al CM from ECs exposed to
SS enhanced EC migration compared with CMC (P<0.05).
However, the ability of CMSS15 and CMSS20 to induce
SMC migration was ~40% lower than that of CMSS2 and
CMSS5 (P<0.05). The chemotactic effect of CMSS5 versus
CMSS2 was enhanced (P<<0.05), whereas there was no
significant difference between CM SS15 versus CM SS20. It is
noteworthy that the chemotactic effect of CMSS2 and
CMSS5 was close to that of 10 ng/mL PDGF-BB, which, in
prior studies, has been shown to be the concentration of
PDGF-BB that elicits maximal or near-maximal SMC migra-
tion in the Boyden chamber assay.21-22 In other experiments,
the time course of the effect of SS on SMC migration was
examined. After 8 hours of exposure to SS, it was found that
CMSS15 versus CMC enhanced SMC migration, but this
effect did not achieve statistical significance, whereas a
significant difference (P<<0.05) was observed after 16 and 24
hours of exposure to SS (Figure 1B). In addition, after 24
hours of exposure to SS, the chemotactic effect of CMSS5
was dtill stronger than that of CMSS15 (Figure 1B).

The levels of PDGF-BB, PDGF-AA, and PDGF-AB were
examined in CM from ECs kept under static conditions or
exposed to either SS5 or SS15 for 16 hours (Table). Signif-
icant levels of PDGF-AA and PDGF-BB were found in all
CM, and both PDGF isoforms were significantly increased in
response to SS15 compared with SS5 or with the static
condition (P<<0.05). In contrast, the increase induced by SS5
versus the dtatic condition was not datitically significant.
PDGF-AB was either undetectable or extremely low in al CM.
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Figure 1. Effect of EC CM on SMC migra-
tion. CM from ECs exposed to SS2, SS5,
SS15, or SS20 were used as chemoat-
tractants. CM from bovine aortic ECs
grown under static conditions was used
as control (CMC). Human recombinant
PDGF-BB (10 ng/mL) was used as posi-
tive control. DMEM not conditioned was
used as negative control. A, Effect of SS
of different intensities. SMC migration was
markedly lower in response to CMSS15
and CMSS20 compared with CMSS2 and
CMSS5 (P<0.05). The chemotactic effect
of CMSS5 vs CMSS2 was enhanced
(P<0.05), whereas there was no signifi-
cant difference between CMSS15 vs
CMSS20. In these experiments, exposure
to SS lasted 16 hours. C indicates control
endothelial cells. Results represent
mean=SD of 4 independent experiments
for each group. B, Time course experi-
ments. Left graph shows that after 8
hours, the chemotactic effect of CMSS15
vs CMC was enhanced but did not

8 hr 16 hr 24 hr

24 hr achieve statistical significance; a signifi-
cant difference was observed after 16

hours, and it persisted at 24 hours (P<0.05). Right graph shows that after 24 hours, the chemotactic effect of CMSS5 vs CMSS15
was still enhanced (P<<0.05) and that the magnitude of this effect was comparable to that observed after 16 hours and shown in
panel A. Results represent mean+=SD of 3 experiments for each group.

Induction of PDGFR Activation

PDGF family members bind cell surface «- and B-tyrosine
kinase receptors and induce receptor dimerization and trans-
phosphorylation.® To investigate whether the EC CM induced
receptor activation in SMCs, we examined PDGFR« and
PDGFRB phosphorylation by immunoprecipitation and
Western blot analyses (Figure 2). CMSS5 enhanced a-
and B-receptor phosphorylation ~6-fold and 2-fold, respec-
tively, compared with CMC, whereas CMSS15 enhanced
PDGFRa and PDGFRpB phosphorylation ~10-fold and
3-fold, respectively, compared with CMC (please see online
Figure I, which can be accessed at http://atvb.ahajournal-
s.org). These results indicate that PDGF isoforms present in
the CM collected from ECs exposed to different SS levels
activated PDGF receptors and that the activation of PDGFR«
and PDGFRB was higher in response to CMSS15 than to
CMSS5.

Effects of PDGF-AA and PDGF-BB on

SMC Migration

It has been shown previously that PDGF-AA inhibits the
chemotactic effect of PDGF-BB on SMCs.13 Therefore, the
possibility was examined that the presence of PDGF-AA in
the CM may inhibit PDGF-BB—directed SMC migration. To
address this issue, anti-PDGF-BB and anti-PDGF-AA anti-

PDGF Isoforms Released by Bovine Aortic ECs After Exposure
to SS

PDGF Levels, ng/10° Cells

Treatment PDGF-AA PDGF-BB PDGF-AB
CMC 8x7 27+10 0
CMSS5 9+7 3810 0.065+0.033
CMSS15 18+5 53+10 0.0650.028

Values are mean+SD and are expressed as nanograms per 10° cells over
16 hours.

bodies were used, and their effectiveness was evauated in
preliminary experiments with human recombinant PDGF-BB
and PDGF-AA.. In agreement with the results of prior studies,
PDGF-BB exhibited a strong chemotactic effect on SMCs
(Figure 3A). In contrast, SMC migration in response to
PDGF-AA was markedly lower and comparable to that
observed in the absence of a chemoattractant (not shown).
The chemotactic effect of PDGF-BB was inhibited by
PDGF-AA in a dose-dependent manner, and under these
conditions, PDGF-AA antibodies reversed the inhibitory
effect of 1 and 5 ng/mL PDGF-AA on SMC migration. In
contrast, anti-PDGF-BB antibodies decreased the effect fur-
ther when PDGF-BB and PDGF-AA were used in a5:1 ratio
(Figure 3A). When CMSS5, CMSS15, or CMC was used as
a chemoattractant, anti-PDGF-BB antibodies inhibited SMC
migration 57+0.6%, 50+1%, or 13+2%, respectively. This
result suggests that the ability of EC CM to induce SMC
migration is largely related to the presence of PDGF-BB in
the CM. In contrast, anti-PDGF-AA antibodies enhanced the
chemotactic effect of CMSS15, which achieved a level
comparable to that of CMSS5 in the absence of any antibody,
whereas the chemotactic effect of CMSS5 and CM C were not
affected by the anti-PDGF-AA antibody (Figure 3B). Taken
together, these results suggest that the weaker chemotactic
effect of CMSS15 compared with CMSS5 is due to the
presence of PDGF-AA in CMSS15.

PDGFRa and PDGFRB in SMC Migration

Because previous studies?324 have demonstrated that PI3K
and phospholipase C-y (PLC-v) are required for SMC mi-
gration, we examined whether PDGFRB mutants, in which
the tyrosines residues involved in the binding of PI3K and
PLC-vy were changed to phenylalanine residues, could alter
SMC migration. Cells transfected with the control plasmid
revealed the same migratory capacity as did mock-transfected
cells (Figure 1). In contrast, SMC migration was markedly
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Figure 2. Effect of EC CM on PDGFRp (A) and PDGFR« (B)
phosphorylation. SMCs were incubated for 10 minutes with
CMSS5, CMSS15, or CMC. PDGFRa and PDGFRB were immu-
noprecipitated (IP) from SMC whole-cell extracts by using poly-
clonal antibodies recognizing either PDGFRB or PDGFRe, sepa-
rated on 6% SDS-polyacrylamide gel, transferred onto
nitrocellulose membrane, and probed sequentially with antibod-
ies against phosphotyrosine (PY99) and PDGFRpB(A) or PY99
and PDGFRa (B). Immunocomplexes were visualized by West-
ern blot (WB) analysis and quantified by densitometric analysis
(please see online Figure | at http://atvb.ahajournals.org). Data
show that PDGFRB and PDGFR« phosphorylation was
enhanced when SMCs were incubated either with CMSS15 or
with CMSS5 vs CMC and that the activation of both receptors
was more marked in response to CMSS15 vs CMSS5. Exposure
to 10 ng/mL PDGF-BB for 10 minutes was used as a positive
control. Similar results were obtained in 4 independent
experiments.

inhibited when cells were transfected with PDGFR mutants
Y 1009/Y 1021F and Y 1021F, which are unable to activate
PLC-v, or when cells were transfected with the Y 740/751F
mutant, which is unable to activate PI3K (please see online
Figure Il, which can be accessed at http://atvb.ahgjournals.
org). To further explore this aspect, we used DN-PDGFRa
and DN-PDGFRp containing the transmembrane and extra-
cellular domains but lacking the cytoplasmic domains. SMCs
transfected with DN-PDGFRB showed a strong inhibition of
the chemotactic response to PDGF-BB, CMSS5, and
CMSS15 (P<0.05), whereas there was no significant inhibi-
tion in response to CMC (Figure 4A). Cells transfected with
DN-PDGFRa exhibited an enhanced chemotactic response to
CMSS15 (P<0.05), whereas the effect of CMSS5, CMC, and
PDGF-BB was not modulated (Figure 4B). Furthermore, the
overexpression of wild-type PDGFR« inhibited SMC migra-
tion under all conditions tested (Figure 4C), and the magni-
tude of this effect was comparable to that of DN-PDGFRB
(Figure 4A). These data are in agreement with prior studiesin
other cellular systems?1.25.26 showing that positive chemotac-
tic signals are mediated only by PDGFRf, whereas PDGFRa
activates negative regulatory pathways. Our data suggest that

the production of different PDGF isoforms by ECs in re-
sponse to SS could be one of the mechanisms by which the
endothelium modulates the biological responses of SMCs.

Discussion

In the present study, we report that SMC migration is lower
in response to the CM of ECs exposed to high SS compared
with low SS. The increase in SS from 5 to 15 dyne/cm?
enhanced PDGF-BB and PDGF-AA secretion. In addition,
the degree of phosphorylation of PDGFRa and PDGFRS in
SMCs was enhanced when the cells were incubated with CM
from ECs exposed to low SS, and it was increased even
further when the cells were incubated with CM from ECs
exposed to high SS. Inhibition of PDGFRa-mediated effects
either by overexpressing DN-PDGFRa or by a PDGF-AA
antibody enhanced SMC migration in response to CM SS15;
in contrast, these interventions failed to modulate SMC
migration when CMSS5 was used as a chemoattractant.
Taken together, these results indicate that PDGFRa activa-
tion on SMCsis enhanced when the cells are treated with the
CM of ECs exposed to high SS and that, via this mechanism,
PDGFRpB-directed SMC migration is inhibited. PDGF-BB
binds BB-, aB-, and aa-receptor dimers, whereas PDGF-AA
selectively binds aa dimers; it has been shown that
PDGF-AA inhibits PDGF-BB—directed SMC migra-
tion,13222526 gnd this effect has been attributed to different
signaling mechanisms between PDGFRB and PDGFR«.4 In
fibroblasts, PDGF-AA inhibits the increase in cytosolic Ca2*
concentration triggered by PDGF-BB, which is a key signa
in SMC migration.2” Furthermore, o- and B-receptors activate
extracellular signal-regulated kinases, whereas only
PDGFRa activates c-Jun NH,-terminal kinase 1, which in-
hibits the PDGFRB-induced phenotypic transformation of
NIH 3T3 cells.28 Previoudly, it has been shown that PDGFRp,
on exposure to high concentration PDGF-BB, can aso inhibit
SMC chemotaxis.®®* However, under the conditions of the
present study, the PDGFRB-mediated inhibition of SMC
migration did not appear to play arole, inasmuch as the cells
overexpressing DN-PDGFRB or cells treated with anti—
PDGF-BB neutralizing antibody failed to exhibit an enhanced
chemotactic response; rather, they showed a decrease in
migration in response to CMSS5 and CMSS15.

In humans and in animal models, intimal-media thickness
in the presence of an intact endothelia layer is modulated by
SS29:30 as well as by some risk factors for atherosclerosis.3t
Studies with noninvasive ultrasound techniques, performed
either on human autopsy specimens or in vivo,3233 have
shown that in elastic and in muscular arteries, low SS is
associated with enhanced arterial wall thickness. Similar
conclusions have been reached in studies using animal
models.2° In endothelialized balloon vascular grafts, a reduc-
tion in flow and SS initiates subendothelial SMC prolifera-
tion, which ultimately leads to severe neointimal accumula-
tion.34-%6 |n one in vivo study, the roles of PDGFRa and
PDGFRg in neointimal accumulation in vascular grafts were
addressed34-36 by treating the animals with blocking antibod-
ies either to PDGFRB or to PDGFRa.36:37 Baboons treated
with the antibody to PDGFRa exhibited a decrease in SMC
nuclear density, consistent with the known effect of PDGFRa
on SMC proliferation; however, despite this effect on cell
number, there was not a decrease in neointima. SMC prolif-
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Figure 3. Effect of anti-PDGF-BB and anti-PDGF-AA antibodies on SMC migration. A, SMCs were exposed to PDGF-BB (5 ng/mL) and
PDGF-AA (1 or 5 ng/mL) either alone or in a 5:1 or a 1:1 ratio. PDGF-AA (1 ng/mL and 5 ng/mL) exhibited a dose-dependent effect to
inhibit PDGF-BB-directed SMC migration. Furthermore, the chemotactic effect of PDGF-BB/PDGF-AA was inhibited by anti-PDGF-BB
antibodies (40 ug/mL) when PDGF-BB/PDGF-AA was used in a 5:1 ratio, whereas it was enhanced by anti-PDGF-AA antibodies (40
ng/mL) when PDGF-BB/PDGF-AA was used in a 5:1 or a 1:1 ratio (P<0.05). The number of migrated cells was determined after 4
hours of exposure to PDGF-BB, PDGF-AA, or PDGF-BB/PDGF-AA. Results represent mean=SD of 3 independent experiments for
each group. B, Cell migration in response to different CM was evaluated in the presence of anti-PDGF-AA (40 wg/mL) or anti-PDGF-BB
(40 wg/mL) antibodies. Anti-PDGF-AA enhanced SMC migration in response to CMSS15 (P<0.05), whereas it had no significant effect
on migration in response to CMSS5 and CMC. In contrast, anti-PDGF-BB antibody inhibited SMC chemotactic response to CMSS5

and CMSS15 (P<0.05), whereas it had no effect on CMC. Results represent mean=SD of 3 independent experiments in each

condition.

eration and migration from the media to the intima and
extracellular matrix production are key eventsin arterial wall
remodeling. However, the mechanisms by which blood flow
affects SMC function within the arterial wall, in the presence
of an intact endothelium, are still poorly characterized.
Recently, it has been shown that ECs exposed to flow
produce and secrete plasminogen activator inhibitor-1 and,
thus, inhibit SMC migration in vitro.3® The potential role of
PDGF has been examined in several prior studies because this
growth factor is a powerful SMC chemotactic agent and also
enhances SMC proliferation and matrix metalloproteinase-2

and -9 expression in SMCs.?° Hsieh et a“o reported that SS
transiently increases PDGF-A and -B mRNA. Specifically,
PDGF-A mRNA increased when SS was enhanced from 6 to
51 dyne/cm?, whereas PDGF-B mRNA was upregulated at
significantly lower SS rates, ranging between 0 and 6 dyne/
cm? This effect of SS on PDGF gene expression has been
confirmed by other studies,*-44 and more recently, an SS
response element has been identified in the promoter region
of severa genes, including PDGF-B and PDGF-A.43 These
results on PDGF gene expression were corroborated by
PDGF-BB measurements in CM of ECs; in these experi-
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Figure 4. Effect of CM on migration of SMCs transfected with DN-PDGFRB, DN-PDGFR«, wild-type PDGFRe, and equal amount of
pEGFP-N1 (see Methods). A, Cells transfected with DN-PDGFRp exhibited a significant decrease in migration compared with cells
transfected with control plasmid in response to PDGF-BB, CMSS5, and CMSS15 (P<<0.05). In contrast, the decrease in response to
CMC did not achieve statistical significance. B, The chemotactic effect of CMSS15 was enhanced in SMCs transfected with
DN-PDGFRa, whereas the chemotactic effect of CMSS5, CMC, and PDGF-BB was not modulated by PDGFR« overexpression. C,
Cells transfected with wild-type PDGFRa exhibited a decrease in migration in response to CMSS5, CMSS15, CMC, and PDGF-BB. In
contrast, cells transfected with control plasmid showed a chemotactic response similar to that reported in Figure 1. These experiments
were performed with cells cotransfected with GFP and DN-PDGFRB, DN-PDGFRe, wild-type PDGFRa, or control expression vectors
pcDNAS; only GFP-positive cells were counted in the migration assay. PDGF-BB (10 ng/mL) was used as positive control. All results
represent mean=SD of 4 independent experiments in each condition. P<0.001.

ments, SS of 3 to 9 dyne/cm? enhanced PDGF-BB secretion.*:
Furthermore, in vivo studies have shown that flow reduction
enhances endothelial PDGF-A and -B gene expression in the
rat carotid.*> The present report confirms that SS modulates
PDGF secretion by the endothelium; in addition, it shows that
different levels of SS lead to the production of different
PDGF isoforms, which, in turn, exhibit different chemotactic
effects on SMCs. Under the experimental conditions of the
present study, SMC migration in response to the CM of ECs
exposed to 15 or 20 dyne/cm?® versus 2 or 5 dyne/cm? was
~40% lower. It is difficult to establish the biological signif-
icance of thisfinding and extrapolate it to in vivo studies that
have shown a protective effect of higher SS on arterial wall
thickness.32 Nevertheless, these results, without excluding
other contributing mechanisms, establish proof of the princi-
ple that SS levels comparable to those found in the human
arterial system32 determine which PDGF isoform is preferen-
tialy secreted by the endothelium; because PDGF isoforms
exhibit different binding affinities for PDGFRa and
PDGFRp, signaling via these receptors may be responsible,
at least in part, for the different behavior of SMCs underlying
ECs exposed to high versus low SS.

Acknowledgments
This work was partialy supported by the Italian Ministero della
Salute. Dr Palumbo was partially supported by an EMBO Fellow-
ship. Dr Ronnstrand holds a position as Senior Researcher funded by

the Swedish Research Council. We thank Alessandra Cucina, PhD,
and Vaeria Borrelli, PhD, for PDGF quantification. We acknowl-
edge Gabriella Ricci Cinzia Carloni and Susanna Rulli for excellent
secretarial assistance.

References

1. Ross R. The pathogenesis of atherosclerosis: an update. N Engl J Med.
1986;314:488-500.

2. Bassiouny HS, Song RH, Hong XF, Singh A, Kocharyan H, Glagov S.
Flow regulation of 72-kD collagenase IV (MMP-2) after experimental
arterial injury. Circulation. 1998;14:157-163.

3. Jama A, Bendeck M, Langille BL. Structural changes and recovery of
function after arterial injury. Arterioscler Thromb. 1992;12:307-317.

4. Kohler TR, Kirkman TR, Kraiss LW, Zierler BK, Clowes AW. Increased
blood flow inhibits neointimal hyperplasia in endothelialized vascular
grafts. Circ Res. 1991,69:1557-1565.

5. Geary RL, Kohler TR, Vergal S, Kirkman TR, Clowes AW. Time course
of flow-induced smooth muscle cell proliferation and intimal thickening
in endothelialized baboon vascular grafts. Circ Res. 1994;74:14-23

6. Jackson CL, Raines EW, Ross R, Reidy MA. Role of endogenous plate-
let-derived growth factor in arterial smooth muscle cell migration after
balloon catheter injury. Arterioscler Thromb. 1993;13:1218-1226.

7. Li X, Ponten A, Aase K, Karlsson L, Abramsson A, UutelaM, Backstréom
G, Hellstrém M, Bostrém H, Li H, et a. PDGF-C is a new protease-ac-
tivated ligand for the PDGF aphareceptor. Nat Cell Biol. 2000;2:
302-309

8. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, Alitalo K,
Eriksson U. PDGF-D is a specific, protease-activated ligand for the
PDGF beta-receptor. Nat Cell Biol. 2001;3:512-516

9. Heldin C-H, Westermark B. Mechanism of action and in vivo role of
platelet-derived growth factor. Physiol Rev. 1999;4:1283-1316.

10. Davies MG, Owens EL, Mason DP, LeaH, Tran PK, Vergel S, Hawkins
SA, Hart CE, Clowes AW. Effect of platelet-derived growth factor


http://atvb.ahajournals.org/

810z ‘zz AInr uo 19nb Aq /Bio'seuinofeye-gate//:dny woly pspeojumoq

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Palumbo et al

receptor-alpha and -beta blockade on flow-induced neointimal formation
in endothelialized baboon vascular grafts. Circ Res. 2000;14:779-786.
KundraV, Escobedo JA, Kazlauskas A, Kim HK, Rhee SG, WilliamsLT,
Zetter BR. Regulation of chemotaxis by the platel et-derived growth factor
receptor-beta. Nature. 1994;367:474—476

Ferns GA, Raines EW, Sprugel KH, Motani AS, Reidy MA, Ross R.
Inhibition of neointimal smooth muscle accumulation after angioplasty by
an antibody to PDGF. Science. 1991;253:1129-1132

Koyama N, Morisaki N, Saito Y, Yoshida S. Regulatory effects of
platelet-derived growth factor AA homodimer on migration of vascular
smooth muscle cells. J Biol Chem. 1992;267:22806-22812.

Bazenet C, Kazlauskas A. The PDGF receptor alpha subunit activates
p2lras and triggers DNA synthesis without interacting with rasGAP.
Oncogene. 1994;9:517-525

Sterpetti AV, Cucina A, D’Angelo LS, Cardillo B, Cavalaro A. Shear
stress modulates the proliferation rate, protein synthesis, and mitogenic
activity of arterial smooth muscle cells. Surgery. 1993;113:691—-699.
Davies PF, Remuzzi A, Gordon EJ, Dewey CF Jr, Gimbrone MA Jr.
Turbulent fluid shear stress induces vascular endothelial cell turnover in
vitro. Proc Natl Acad Sci U SA. 1986;83:2114-2117.

Pauly RR, Passaniti A, Bilato C, Monticone R, Cheng L, Papadopoulos
N, Gluzband YA, Smith L, Weinstein C, Lakatta EG, et a. Migration of
cultured vascular smooth muscle cells through a basement membrane
barrier requires type 1V collagenase activity and is inhibited by cellular
differentiation. Circ Res. 1994;75:41-54.

Cucina A, Corvino V, Sapienza P, Borrelli V, Lucarelli M, Scarpa S,
Strom R, Santoro-D’Angelo L, Cavalaro A. Nicotine regulates basic
fibroblastic growth factor and transforming growth factor betal produc-
tion in endothelial cells. Biochem Biophys Res Commun. 1999;13:257:
306-312.

Palumbo R, Gaetano C, Mdlillo G, Toschi E, Remuzzi A, Capogrossi
MC. Shear stress downregulation of platelet-derived growth factor
receptor-B and matrix metalloprotease-2 is associated with inhibition of
smooth muscle cell invasion and migration. Circulation. 2000;102:
225-230.

Wigler M, Sweet R, Sim GK, Wold B, Pellicer A, Lacy E, Maniatis T,
Silverstein S, Axel R. Transformation of mammalian cells with genes
from procaryotes and eucaryotes. Cell. 1979;16:777-785

Heldin CH. Simultaneous induction of stimulatory and inhibitory signal
PDGF. FEBS Lett. 1997;410:17-21.

Facchiano A, De Marchis F, Turchetti E, Facchiano F, Guglielmi M,
Denaro A, Palumbo R, Scoccianti M, Capogrossi MC. The chemotactic
and mitogenic effects of platelet-derived growth factor-BB on rat aorta
smooth muscle cells are inhibited by basic fibroblast growth factor. J Cell
Sci. 2000;113:2855-2863.

Wennstrom S, Siegbahn A, Y okote K, Arvidsson A-K, Heldin C-H, Mori
S, Claesson-Welsh L. Membrane ruffling and chemotaxis transduced by
the PDGF B-receptor require the binding site for phosphatidylinositol 3’
kinase. Oncogene. 1994;9:651-660.

Hansen K, Johnell M, Siegbahn A, Rorsman C, Engstrom U, Wernstedt
C, Heldin CH, Ronnstrand L. Mutation of a Src phosphorylation site in
the PDGF beta-receptor leads to increased PDGF-stimulated chemotaxis
but decreased mitogenesis. EMBO J. 1996;15:5299-5313.

Heldin CH, Ostman A, Rénnstrand L. Signal transduction via platelet-
derived growth factor receptors. Biochim Biophys Acta. 1998;1378:
F79-F113.

Koyama N, Hart CE, Clowes AW. Different functions of the platelet-
derived growth factor-alpha and -beta receptors for the migration and
proliferation of cultured baboon smooth muscle cells. Circ Res. 1994;75:
682—691.

Diliberto PA, Gordon GW, Yu CL, Earp HS, Herman B. Platelet-derived
growth factor (PDGF) apha receptor activation modulates the calcium
mobilizing activity of the PDGF beta receptor in Balb/c3T3 fibroblasts.
J Biol Chem. 1992;267:11888—-11897.

Yu J, Deuel TF, Choi Kim HR. Platelet-derived growth factor (PDGF)
receptor-a activates c-Jun NH,—terminal kinase-1 and antagonizes PDGF

29.

30.

31

32.

33.

35.

36.

37.

38.

39.

41.

42.

Shear Stress and SMC Migration 411

receptor-B induced phenotypic transformation. J Biol Chem. 2000;275:
19076-19082.

Kamiya A, Togawa T. Adaptive regulation of wall shear stress to flow
change in the canine carotid artery. Am J Physiol. 1980;239:H14—H21.
Ku DN, Giddens DO, Zarins CK, Glagov S. Pulsatile flow and athero-
sclerosis in the human carotid bifurcation: positive correlation between
plague location and low and oscillating shear stress. Arteriosclerosis.
1985;5:293-302.

Baldassarre D, Amato M, Bondioli A, Sirtori CR, Tremoli E. Carotid
artery intima-media thickness measured by ultrasonography in normal
clinical practice correlates well with atherosclerosis risk factors. Stroke.
2000;31:2426-2430.

Kornet L, Hoeks AP, Lambregts J, Reneman RS. In the femora artery
bifurcation, differences in mean wall shear stress within subjects are
associated with different intima-media thicknesses. Arterioscler Thromb
Vasc Biol. 1999;19:2933-2939.

Jiang Y, Kohara K, Hiwada K. Low wall shear stress contributes to
atherosclerosis of the carotid artery in hypertensive patients. Hypertens
Res. 1999;22:203-207

. Kohler TR, Kirkman TR, Kraiss LW, Zierler BK, Clowes AW. Increased

blood flow inhibits neointimal hyperplasia in endothelialized vascular
grafts. Circ Res. 1991;69:1557-1565.

Kraiss LW, Kirkman TR, Kohler TR, Zierler B, Clowes AW. Shear stress
regulates smooth muscle proliferation and neointimal thickening in
porous polytetrafluoroethylene grafts. Arterioscler Thromb. 1991;11:
1844-1852.

Davies MG, Owens EL, Mason DP, Lea H, Tran PK, Vergel S, Hawkins
SA. Effect of platelet-derived growth factor receptor-alpha and -beta
blockade on flow-induced neointimal formation in endothelialized
baboon vascular grafts. Circ Res. 2000;14:779—-786

Hart CE, Kraiss LW, Vergel S, Gilbertson D, Kenagy R, Kirkman BA,
Crandell DL, Tickle S, Finney H, Yarranton G, et a. PDGFB receptor
blockade inhibits intimal hyperplasia in the baboon. Circulation. 1999;
99:564-569.

Redmond EM, Cullen JP, Cahill PA, Sitzmann JV, Stefansson S,
Lawrence DA, Okada SS. Endothelial cells inhibit flow-induced smooth
muscle cell migration: role of plasminogen activator inhibitor-1. Circu-
lation. 2001;103:597-603.

Kenagy RD, Hart CE, Stetler-Stevenson WG, Cloves AW. Primate
smooth muscle cell migration from aortic explants is mediated by endog-
enous platelet-derived growth factor and basic fibroblast growth factor
acting through matrix metalloproteinases 2 and 9. Circulation. 1997;96:
3555-3560.

. Hsieh HJ, Li NQ, Frangos JA. Shear stress increases endothelia plate-

let-derived growth factor mRNA levels. Am J Physiol. 1991;260:
H642-H646.

Aromatario C, Sterpetti AV, Palumbo R, Patrizi AL, Di Carlo A, Proietti
P, Guglielmi MB, Cavallaro A, Santoro D’ Angelo L, Cucina A. Fluid
shear stress increases the release of platelet-derived growth factor BB
(PDGFBB) by aortic endothelia cells. Minerva Cardioangiol. 1997,
45:1-7.

Malek AM, Gibbons GH, Dzau VJ, Izumo S. Fluid shear stress differ-
entially modulates expression of genes encoding basic fibroblast growth
factor and platelet-derived growth factor B chain in vascular endothelium.
J Clin Invest. 1993;92:2013-2021.

. Resnick N, Collins T, Atkinson W, Bonthron DT, Dewey CF, Gimbrone

MA. Platelet-derived growth factor B chain promoter contains a cis-
acting fluid shear-stress-responsive element. Proc Natl Acad Sci U SA.
1993;15:4591—-4595.

. Mitsumata M, Fishel RS, Nerem RM, Alexander RW, Berk BC. Fluid

shear stress stimulates platel et-derived growth factor expression in endo-
thelia cells. Am J Physiol. 1993;265:H3-H8

. Mondy JS, Linder V, Miyashiro JK, Berk BC, Dean RH, Geary RL.

Platel et-derived growth factor ligand and receptor expression in response
to atered blood flow in vivo. Circ Res. 1997;81:320-327


http://atvb.ahajournals.org/

810z ‘zz AInr uo 19nb Aq /Bio'seuinofeye-gate//:dny woly pspeojumoq

Arteriosclerosis, {p ol

Association.

Thrombosis, and

Vascular Biology

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Different Effectsof High and L ow Shear Stresson Platelet-Derived Growth Factor |soform
Release by Endothelial Cells. Consequences for Smooth Muscle Cell Migration
Roberta Palumbo, Carlo Gaetano, Annalisa Antonini, Giulio Pompilio, Enrico Bracco, Lars
Ronnstrand, Carl-Henrik Heldin and Maurizio C. Capogrossi

Arterioscler Thromb Vasc Biol. 2002;22:405-411

doi: 10.1161/hq0302.104528
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association, 7272
Greenville Avenue, Dallas, TX 75231
Copyright © 2002 American Heart Association, Inc. All rights reserved.
Print ISSN: 1079-5642. Online ISSN: 1524-4636

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://atvb.ahajournal s.org/content/22/3/405

Data Supplement (unedited) at:
http://atvb.ahajournal s.org/content/suppl/2002/02/25/22.3.405.DC1

Permissions. Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Arteriosclerosis, Thrombosis, and Vascular Biology can be obtained via RightsLink, a service of the
Copyright Clearance Center, not the Editorial Office. Once the online version of the published article for which
permission is being requested is located, click Request Permissions in the middle column of the Web page
under Services. Further information about this process is available in thePermissions and Rights Question and
Answer document.

Reprints: Information about reprints can be found online at:
http://mww.Ilww.com/reprints

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular Biology is online
at:
http://atvb.ahajournal s.org//subscriptions/



http://atvb.ahajournals.org/content/22/3/405
http://atvb.ahajournals.org/content/suppl/2002/02/25/22.3.405.DC1
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://atvb.ahajournals.org//subscriptions/
http://atvb.ahajournals.org/

SS15

SS5

PDGFRa

5050

-— -

spun go Aesqiy

SS15

SS5

Figure I



Migration ( %)

120 - pcDNA3

100
80 - Y1009/Y1021 Y1021 Y740/Y751
T
60 -
L T
40 -

T T T T l

PDGF-BB SS5 SS15 C PDGF-BB SS5 SS15 C PDGF-BB SS5 SS15  C PDGF-BB SS5 SS15 C

Figure 11



