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Abstract

Directed migration or chemotaxis of arterial smooth muscle
cells (SMC) contributes to intimal SMC accumulation, a key
event in the development of atherosclerotic lesions and in reste-
nosis after angioplasty. The present study compares and con-
trasts insulin-like growth factor I (IGF-I) and platelet-derived
growth factor (PDGF-BB) as chemoattractants and mitogens
for human arterial SMC. Compared with PDGF-BB, IGF-I is a
weaker SMC mitogen. Thus, PDGF-BB, but not IGF-I, evokes
a strong and rapid activation of mitogen-activated protein
(MAP) kinase kinase and MAP kinase. However, IGF-I is a
potent stimulator of directed migration ofhuman arterial SMC,
as measured in a Boyden chamber assay. The half-maximal
concentration for migration is similar to the Kd for IGF-I recep-
tor interaction. An IGF-I receptor-blocking antibody blocks the
effects of IGF-I, IGF-II, and insulin, indicating that the effects
are indeed mediated through the IGF-I receptor. The maximal
effect of IGF-I on directed migration ranges between 50% and
100% of the effect of PDGF-BB, the strongest known chemoat-
tractant for SMC. The ability of IGF-I and PDGF-BB to in-
duce chemotaxis coincides with their ability to stimulate phos-
phatidylinositol turnover, diacylglycerol formation, and intra-
cellular Ca2" flux and suggests that these signaling pathways,
but not activation of the MAP kinase cascade, are required for
chemotaxis of human arterial SMC. (J. Clin. Invest. 1994.
93:1266-1274.) Key words: chemotaxis * insulin-like growth
factors * platelet-derived growth factor signal transduction,
smooth muscle

Introduction

Smooth muscle accumulation is a key event in the formation
and progression of lesions of atherosclerosis and in restenosis
after angioplasty and bypass surgery ( 1, 2). The accumulation
of arterial smooth muscle cells (SMC)' during lesion forma-

Dr. T. Nakano's current address is Shionogi Research Laboratories,
Fukushima-ku, Osaka, Japan.

Address correspondence to Dr. Karin E. Bornfeldt, Department of
Pathology, SM-30, University of Washington School of Medicine,
Seattle, WA 98195.

Receivedfor publication 6 April 1993 and in revisedform 16 Sep-
tember 1993.

1. Abbreviations used in this paper: ERK, extracellular signal-regulated
kinase; MAP, mitogen-activated protein (kinase); MBP, myelin basic
protein; PDS, plasma-derived serum; PIP2, phosphatidylinositol bis-
phosphate; PKI, protein kinase inhibitor; PLC, phospholipase C;
SMC, smooth muscle cell(s).

tion is due to a combination of proliferation and directed mi-
gration of arterial SMC from the media into the intima (3, 4).
Both ofthese activities can be stimulated by a number ofregula-
tory polypeptides, produced within the lesion or derived from
circulating cells. PDGF has been shown to be involved in the
accumulation ofSMC after balloon catheterization ofthe nor-
mal rat carotid artery in vivo (3), and is present in developing
lesions of atherosclerosis (5). In vitro, PDGF-BB is a strong
mitogen for arterial SMC (6), and PDGF is a potent inducer of
directed migration of SMC (7-9).

Less interest has been focused on IGF-I in relation to a
possible role in atherogenesis. The actions of IGF-I are gener-
ally mediated through the IGF-I receptor, although IGF-I in-
teracts with the insulin receptor and the IGF-II receptor with
lower affinity. In vitro studies show that IGF-I can be released
by most cell types that contribute to atheroma formation, in-
cluding arterial SMC, macrophages, and platelets ( 10-13). Ar-
terial SMC express abundant IGF-I receptors, whereas expres-
sion ofinsulin receptors is low or absent ( 14). IGF-I expression
is increased in the artery wall after balloon angioplasty ( 15-
17), and thus may play a potentially important role in the
response of the vascular wall to injury.

The intracellular signaling pathways involved in cell move-
ment and directed migration are obscure, and it is unclear
whether they are similar or different from those required for
cell proliferation. Reorganization of the cytoskeleton and ad-
hesion ofthe cell to extracellular matrix components are proba-
bly of importance in the migratory response of a cell to a che-
moattractant. Recent reports indicate links between the phos-
phatidylinositol pathway, actin fiber formation and cell
migration (for review see references 18 and 19). Phosphatidyl-
inositol turnover is stimulated by various chemoattractants
(20, 21 ). Furthermore, stimulation ofthe phosphatidylinositol
pathway does not seem to be absolutely required for prolifera-
tion induced by PDGF-BB (22). In contrast, activation of a
signaling pathway involving the mitogen-activated protein
(MAP) kinase, and the activator MAP kinase kinase, has been
suggested to be of importance in PDGF-induced prolifera-
tion (23).

The aim of the present study was to determine whether
IGF-I mediates chemotaxis of human arterial SMC, and to
compare the relative effects of IGF-I with PDGF-BB, both of
which have been implicated in atherogenesis. The possibility of
distinct intracellular signaling pathways involved in chemo-
taxis versus proliferation also prompted investigation of some
of the signaling events that follow activation of IGF-I and
PDGF receptors.

Methods

Cell cultures. Human newborn (2 d to 3 m) arterial SMC were obtained
from the thoracic aortas of infants after accidental death, the sudden
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infant death syndrome, or congenital defects. Arterial SMC from adult
thoracic aortas were obtained from normal donor heart transplants.
The cells were isolated by the explant method and cultured as described
previously (24). Cells were used in passages 2-10, and were character-
ized as smooth muscle by morphologic criteria and by expression of
smooth muscle a-actin. The cells were negative in mycoplasma assays,
and had a normal chromosome number. Three different strains (do-
nors) of newborn aortic SMC and two different strains of adult aortic
SMC were used with similar results.

Growth factors andpeptides. Human recombinant IGF-I and IGF-
II were obtained from Upstate Biotechnology Inc. (UBI), Lake Placid,
NY, and human recombinant insulin was from Boehringer-Mannheim
GmbH, Mannheim, FRG. Human recombinant PDGF-BB was kindly
provided by Zymogenetics Inc., Seattle, WA, and human recombinant
PDGF-AA was kindly provided by Hoffmann La Roche Inc., Basel,
Switzerland. For binding studies, PDGF-BB and PDGF-AA were la-
beled with '25I to a specific activity of340 and 3,400 cpm/fmol, respec-
tively, using lodo-Beads (Pierce Chemical Co., Rockford, IL). PDGF-
BB was modified with the Bolton-Hunter reagent (Pierce Chemical
Co.) before iodination. '251-IGF-I was obtained from Amersham Inter-
national, Amersham, UK.

PKI peptide (a peptide inhibitor of cAMP-dependent protein ki-
nase) was synthesized at the peptide synthesis facility, Howard Hughes
Medical Institute, Seattle, WA. Recombinant rat extracellular signal-
regulated kinase (ERK-2) was a gift from Dr. M. Cobb, University of
Texas, Austin, TX.

Migration assay. The migration and chemotaxis ofcells were quan-
tified using a 48-well micro-Boyden chamber apparatus (Neuroprobe
Inc., Cabin John, MD). Growth factors were diluted in DME with
0.25% BSA and loaded into the lower wells of the Boyden chamber in
triplicates. The wells were subsequently covered with a polyvinylpyrro-
lidone (PVP)-free filter with 8-,um pores (Nucleopore Corp., Pleas-
anton, CA) coated with type I collagen (Vitrogen, Collagen Corp., Palo
Alto, CA). Confluent cell cultures were washed four times in PBS and
trypsinized (trypsin diluted 1:5 to a final concentration of0.01% tryp-
sin/0. 11 mM EDTA) for the minimum period of time required to
obtain a monocellular suspension. The cells were washed twice in
DME/0.25% BSA, and resuspended at a density of 1 or 2 million cells/
ml. Cells (25,000 or 50,000 cells in 50 yl) with or without growth
factors were loaded into the upper wells of the Boyden chamber. The
chambers were incubated for 4 h at 37°C in an atmosphere of 95%
air/5% CO2.

In experiments performed with the specific IGF-I receptor blocking
antibody, monoclonal aIR-3 (kindly provided by Dr. S. Jacobs, Well-
come Research Laboratories, Research Triangle Park, NC), cells were
trypsinized and subsequently incubated for 30 min at 37°C with 1 or
10 ,g/ml aIR-3, or 10 qg/ml of a monoclonal nonblocking PDGF
(i-receptor antibody (pR 7212) of the same subclass (IgG 1), as a con-
trol. The cells were then loaded into the Boyden chamber and incu-
bated in the absence or presence ofgrowth factors and antibodies for 4
h. At the end ofthe incubation time, the cells attached to the filter were
fixed and stained in Dif Quick stain (American Hospital Supply Corp.,
McGaw Park, IL). The migrated cells, on the lower side of the filter,
were counted manually or by using a video image processing system
(BioScan OPTIMAS, BioScan Inc., Edmonds, WA). Chemotaxis was
calculated as the difference between the number ofmigrated cells in the
presence (i.e., total migration) or absence (i.e., chemokinesis) of a
concentration gradient of the chemoattractant.

Measurement ofDNA synthesis. Cells were grown in 24-well trays
and, when they reached - 80% confluency, were changed to DME/ 1%
human PDS for 48 h. After 48 h, PDGF-BB, IGF-I or insulin was
added, and the cells were incubated for an additional 18 h (PDGF-BB)
or 12 h (IGF-I and insulin), and subsequently labeled with 2 MCi/ml
[3H]thymidine (New England Nuclear, Boston, MA) for 2 h. [3H]-
thymidine incorporation into DNA was measured as TCA-insoluble
radioactivity. Initial experiments showed that the peak ofDNA synthe-
sis after PDGF-BB-stimulation occurred 18-20 h after addition,
whereas the peak after stimulation with IGF-I occurred 12-14 h after
addition of IGF-1.

PDGF and IGF-I binding studies. Binding of PDGF A or B-chain
homodimers was performed as previously described (25). Confluent
cells in 24-well trays were changed to DME with 1% human plasma-
derived serum (PDS) for 48 h before initiation of experiments. Cells
were washed in binding buffer, and subsequently incubated with '25I-
PDGF-BB, 125I-PDGF-AA, or '25I-IGF-I for 3 h at 4VC. Nonspecific
binding of PDGF was defined as binding in the presence of 17 nM
unlabeled partially purified PDGF (PDGF-AB, -AA, and -BB) from
outdated platelets, and nonspecific binding of IGF-I was defined as
binding in presence of 100 nM unlabeled IGF-I.

To compare the effects oftrypsinization on PDGF and IGF-I bind-
ing site number and affinities, cells were treated exactly as for the mi-
gration assay, i.e., they were trypsinized (1:5 dilution of trypsin),
plated in Vitrogen-coated 24-well trays, and were allowed to adhere for
30 min at 370C. In parallel, nontrypsinized cells in 24-well trays were
assayed. Other experiments were set up to study whether IGF-I affects
binding of PDGF-BB or PDGF-AA. Cells were preincubated with 1
nM IGF-I for 2 or 4 h at 370C, and binding studies performed as
described above.

Inositol monophosphate accumulation and measurement ofphos-
phatidylinositol and diacylglycerol lipid masses. For measurement of
inositol monophosphate formation, cells in 6-well plates were incu-
bated in DME/ 1% human PDS for 24 h, and subsequently in Medium
199 (Gibco Laboratories, Grand Island, NY) with 1% PDS and 2,qCi/
ml myo-[3HJinositol (Amersham International) for 24 h at 370C.
Cells were washed three times in Medium 199, incubated for 24 min in
the presence of 20 mM LiCl, and thereafter stimulated with growth
factors or vehicle at the indicated concentrations for 30 min at 370C.
After 30 min, 100 ,tl TCA (100%) was added, the solubilized medium
was extracted four times with ether, and neutralized extracts applied to
BioRad Laboratories (Richmond, CA) 1-X8 AG columns (formate
form, 100-200 mesh). After elution of unincorporated inositol and
glycerophospho-derivates, inositol monophosphate was eluted in 0.2
M ammonium formate and 0.1 M formic acid, and radioactivity was
subsequently measured.

For measurements of phosphatidylinositol biphosphate (PIP2) and
diacylglycerol lipid mass, cells in 100 mm-dishes were incubated in
DME/ 1% human PDS for 2 d, and for an additional 12 h in DME
without PDS or BSA. The cells were then stimulated with 10 nM IGF-I
or 1 nM PDGF-BB. At the indicated times, the medium was removed
and the lipids were extracted with ice-cold methanol. High-perfor-
mance liquid chromatography analysis was performed with a 0.45 x 25
cm g-Porasil silica column (Waters Associates, Milford, MA) (26).
The mobile phase consisted of a gradient of 1-9% water in hexane/
isopropanol (3:4, vol/vol) run at a flow rate of 1 ml/min. This was
found to give adequate separation of diacylglycerol, phosphatidic acid,
phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine,
phosphatidylcholine, and sphingomyelin. Lipids in column effluent
were monitored at 260 nm. The fractions were also analyzed for phos-
phorus content, amines, and acyl esters according to established meth-
ods (27, 28).

Measurement ofintracellular calcium levels. Intracellular Ca2+ lev-
els were measured according to Grynkiewicz et al. (29). In short, SMC
were trypsinized and suspended in Hanks' medium/0.1% BSA buff-
ered with Hepes (pH 7.4), and subsequently incubated with 2,uM Fura
2-acetoxymethylester for 1 h at room temperature. Fluorescence was
measured as a 340/ 380 nm ratio after PDGF-BB or IGF-I stimulation
of the cells in the presence or absence of 2 mM EGTA at 37°C in a
CAF-100 Ca2' analyzer (JASCO, Tokyo, Japan).

Measurement of MAP-kinase and MAP-kinase kinase activity.
Cells in 100-mm dishes (- 5 million cells) were incubated in DME/
1% human PDS for 2 d. The cells were washed twice in DME/0.25%
BSA, and stimulated with growth factors for the indicated periods of
time. Immediately after stimulation, the cells were washed twice in
ice-cold PBS, once with buffer H containing 50 mM fl-glycerophos-
phate, pH 7.4, 1.5 mM EGTA, 0.1 mM Na3VO4, 1 mM DTT, 10
,ug/ml aprotinin, 5 Ag/ml pepstatin, 20 ,g/ml leupeptin, and 1 mM
benzamidine, scraped off the plates, and sonicated in 0.5 ml buffer H
for 20 s. After sonication the cell extracts ( - 0.7 ml) were centrifuged
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at 100,000 g for 20 min at 4VC in a model TL-100 ultracentrifuge
(Beckman Instruments, Inc., Fullerton, CA) and the supernatants
( 1 mg protein/ml) were saved for kinase assays.

Cell extracts (5 Ml) were assayed for MAP kinase activity in a solu-
tion (30 Al) containing 25 mM fl-glycerophosphate, pH 7.4, 1.25 mM
EGTA, 10 mM MgCI2, 0.5 mM DTT, 0.15 mM Na3Vo4, 2 ,M PKI
peptide, 1 mg/ml BSA, 10IM calmidizolium, 0.33 mg/ml myelin
basic protein (MBP), and 0.1 mM [Y-32P]ATP (sp act 700 cpm/
pmol), Du Pont-New England Nuclear). After incubation for 15 min
at 30'C, 25 zd was spotted onto P-81 phosphocellulose paper (What-
man, Hillsboro, OR), washed several times in 150 mM phosphoric
acid and counted in 200 Asl ofEcolume scintillation fluid (ICN Biomedi-
cals, Inc., Irvine, CA). To calculate MAP kinase activity, samples incu-
bated in the absence of MBP were subtracted from the same samples
incubated in the presence of MBP.

For measurement of MAP kinase kinase, cell extracts were incu-
bated at 4VC for 15 min with half a volume of Whatman DE-52 anion
exchange resin equilibrated in buffer B (50 mM j3-glycerophosphate,
1.5 mM EGTA, 1.0 mM DTT, and 0.15 mM Na3VO4). The DE-52
was removed by passing the sample over a small plug ofglass wool. This
pretreatment effectively removed all MAP kinase activity. MAP kinase
kinase activity was measured by incubating DE-52 incubated extracts
with 50 ng of recombinant ERK-2 in the assay buffer described above
plus 0.1 mM ATP. After incubation at 30°C for 15 min, labeled 0.1
mM ['Y-32P]ATP (sp act 700 cpm/pmol) and 0.33 mg/ml MBP were
added and the reaction was allowed to proceed for an additional 10
min. The reaction mixture was spotted onto P-8 1 paper and counted as
described above. To calculate the MAP kinase kinase activity, samples
incubated in the absence of ERK-2 were subtracted from those incu-
bated in the presence ofERK-2. 1 U ofMAP kinase kinase activity was
defined as the amount of enzyme that activates 100 pmol of recombi-
nant ERK-2 per min/ml during the 15-min incubation.

Results

IGF-I, IGF-II, and insulin stimulate SMC migration via the
IGF-I receptor. IGF-I stimulates migration and chemotaxis of
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Figure 1. IGF-I induces migration of newborn human aortic SMC,
and IGF-II, insulin and [Leu27]IGF-II are less potent. Cells were in-
cubated in DME containing 1% human PDS for 48 h, trypsinized,
and incubated in a Boyden chamber for 4 h at 37°C in the presence

or absence ofthe indicated concentrations of IGF-I, IGF-II, insulin
(n = 6), or the IGF-II analogue [Leu27]IGF-II (n = 5). Values are

presented as -fold increase in migration as compared with cells ex-

posed to vehicle (mean±SEM). The basal migration in the different
experiments was 125±1 1 (mean±SD of six replicates), 1 19±7 cells
x 200 high-power field (HPF) (25,000 cells/well) and 177+9,
170±10, 161±8, and 105±9 cells X 200 HPF (50,000 cells/well).
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Figure 2. IGF-I and PDGF-BB induce migration of newborn and
adult human arterial SMC. Migration studies with (A) newborn and
(B) adult aortic SMC were performed as described in Fig. 1, with the
indicated concentrations of growth factors. Values are presented as
mean±SEM (A, n = 4; B, n = 3). The chemotactic response (filled
symbols) was calculated by subtracting the number of migrated cells
exposed to the same concentration ofgrowth factor in the upper and
lower well from the number of migrated cells exposed to growth fac-
tors only in the lower well (open symbols). The basal migration in the
different experiments in A was 68±9 (mean±SD of six replicates),
57±9, 55±8, and 174±18 cells X 200 HPF, and the basal migration
in B was 70±8, 54±5 and 58±14 cells x 200 HPF (25,000 cells/well).

human arterial SMC from both newborn and adult thoracic
aorta (Figs. 1 and 2). The concentration of IGF-I required for
half-maximal stimulation (ED50 value) of migration and che-
motaxis ranges between 0.08 and 0.2 nM, dependent on the
strain of SMC. IGF-II and insulin induce increases in arterial
SMC migration similar to IGF-I, but are 6 and 300 times less
potent than IGF-I, respectively (Fig. 1 ). This is consistent with
their affinities for the IGF-I receptor. Furthermore, the IGF-II
analogue [Leu27]IGF-II, which is highly specific for the IGF-II
receptor at concentrations lower than 7 nM (30), does not
induce migration until concentrations that interact with the
IGF-I receptor are used (Fig. 1 ). The maximal effect ofIGF-I is
not enhanced by IGF-II when tested over a wide interval of
concentrations (data not shown).

To further examine the receptor that mediates IGF-I, IGF-
II, and insulin-induced migration we utilized an IGF-I receptor
blocking antibody, aIR-3. This antibody was able to block the
migratory response to IGF-I, as well as to IGF-II and insulin
(Fig. 3). It did not, however, block the migratory or chemokin-
etic response to PDGF-BB (Table I).
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Figure 3. The effects of IGF-I, IGF-II, and insulin are mediated
through the IGF-I receptor. Newborn aortic SMC were trypsinized
and incubated in the presence or absence of 1 or 10 ,g/ml of the
IGF-I receptor blocking antibody, aIR-3, or 10 ,g/ml of a nonblock-
ing PDGF fl-receptor antibody (pR 7212) of the same subclass for
30 min at 370C. The cells were subsequently incubated in the Boyden
chamber with or without antibodies and polypeptides at the indicated
concentrations. Values are presented as mean±SEM (n = 4). The
basal migration in the different experiments was 278±18 (mean±SD
of six replicates), 335+35, 71+11, and 120±13 cells X 200 HPF
(50,000 cells/well).

Comparison of chemotactic and growth-promoting effects
induced by IGF-I and PDGF-BB. When tested in the same

experiments, IGF-I is typically able to induce - 50% of the
maximal migratory effect observed with PDGF-BB. Similar
migratory responses to IGF-I and PDGF-BB were observed
with arterial SMC obtained from newborn thoracic aorta (Fig.
2 A), as compared with adult thoracic aorta (Fig. 2 B). In one

strain (newborn) the effect of IGF-I was comparable to the
maximal effect observed with PDGF-BB (the maximal-fold in-
crease in migration induced by IGF-I was 1.62±0.09 and by
PDGF-BB was 1.72±0.08, n = 4).

To determine whether IGF-I increases migration by modu-
lation ofPDGF receptor numbers or affinities, binding studies

Table L IGF-I Receptor Antibodies Inhibit IGF-I-induced,
but Not PDGF-BB-induced Migration

No pR72 12 aIR-3 aIR-3
Treatment addition (10 g/ml) (1 'ig/ml) (1Ojig/ml)

number ofcells/X20 high powerfield

IGF-I migration 64±4 60±14 14±4 10±3
IGF-I chemokinesis 37±4 38±5 6±5 4±4
PDGF-BB migration 116±15 100±11 107±15 124±18
PDGF-BB chemokinesis 36±7 40±8 36±10 40±12

Newborn aortic SMC were trypsinized and incubated in the presence
or absence of 1 or 10 lg/ml ofthe IGF-I receptor blocking antibody
aIR-3, or 10 Ag/ml of a nonblocking PDGF a-receptor antibody (pR
7212) ofthe same subclass for 30 min at 37°C. The cells were subse-
quently incubated in the Boyden chamber with or without antibodies
and 1 nM IGF-I or 1 nM PDGF-BB. Values are presented as number
ofcells/X200 high-power field above basal migration (mean±SEM,
n = 3).

with 1251-PDGF-BB and -PDGF-AA were performed. Neither
a- nor f-receptor number, nor receptor affinities (Kd) were

affected by a 2 or 4 h of preincubation with 1 nM IGF-I (data
not shown).

PDGF-BB strongly induces DNA synthesis, whereas IGF-I
evokes a lower response, reaching - 20% of the response

evoked by PDGF-BB (Fig. 4). Furthermore, whereas the maxi-
mal concentration ofPDGF-BB is approximately the same for
migration and DNA synthesis (ED50 = 0.05 and 0.08 nM, re-

spectively), concentrations of IGF-I required to stimulate
DNA synthesis are 5-10 times higher, as compared with stimu-
lation of migration (ED.IJ = 1 nM and 0.08-0.2 nM, respec-

tively). Insulin is 60 times less potent than IGF-I in stimulating
DNA synthesis, with a maximal response at 1 uM (Fig. 4).
IGF-II stimulates DNA synthesis to a maximal level similar to
that of IGF-I, but the ECe value is approximately three times
higher (data not shown). Similar results on DNA synthesis are

obtained when the growth factors are added in the absence of
1% human PDS to minimize the possible contribution of
plasma IGF-I and IGF-binding proteins. The stimulation of
DNA synthesis by PDGF-BB is reflected by an - 40% increase
in cell number 3 d after addition ofPDGF-BB ( 1 nM), whereas
cell number is not significantly increased 3 d after stimulation
with 10 nM IGF-I (data not shown).

IGF-I, PDGF-BB, and PDGF-AA binding sites and affini-
ties. The SMC cells used (newborn) express 15,000 high-af-

finity (Kd 0.1 nM) binding sites for IGF-I (Fig. 5 A). This is
in the same order ofmagnitude as the number ofPDGF recep-
tor a-subunits (Fig. 5 B), but - 15 times lower than the ex-

pression level of high affinity (Kd = 0.1 nM) binding sites for
PDGF-BB (Fig. 5 C). High-affinity binding of [1251 ](A 14)
monoiodinated human insulin (Amersham International)
could not be detected in several independent experiments. To
investigate the effect of the trypsinization procedure used for
the migration assay on the different receptors, cells were treated
exactly as for migration studies, and the number and affinities
of binding sites were compared with nontrypsinized cells.
Trypsinization does not affect binding of IGF-I (Fig. 5 A),
whereas the binding of both PDGF-AA and PDGF-BB was

about half of that observed in nontrypsinized cells (Fig. 5, B
and C). This is likely to be due to a decreased number ofbind-
ing sites, since the affinities ofthe high affinity binding sites are
not significantly affected by trypsinization as estimated with
Scatchard plots (inserts, Fig. 5, B and C).

c 3.5 Figure 4. PDGF-BB is a0
X PDGF-BB more efficient mitogen than
0 3.0l-T ; IGF-I in human arterial
° 2.5- SMC cells. Newborn hu-

man cells were kept in
c 2.0 - DME/ I% human PDS for

E°1G- 2 d before the experiments.
The cells were stimulated

1.0 < ff Insulinfor 18 h with PDGF-BB or

____,_,_,_,_,_, _, for 12 h with IGF-I or in-
-12 -1 -10 -9 -8 -7 -6 -5 sulin, and then pulse la-

Log [Polypeptide] (M) beled with 2 ,sCi/ml [3H]-
thymidine for 2 h. DNA

synthesis was measured as TCA-insoluble radioactivity. The values
are presented as mean±SD ofthree different experiments (each ex-

periment performed with triplicate samples at each point). Basal [3H]-
thymidine incorporation was 25.5±3.6 cpm/yg protein.
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Figure 5. Measurements of high-affinity binding of IGF-I, PDGF-AA and PDGF-BB on human newborn arterial SMC: effects of trypsinization.
Confluent cell cultures were incubated in DME/ 1% human PDS for 2 d before the experiment. Binding of (A) '251-IGF-I, (B) 1251-PDGF-AA,
or (C) 1251-PDGF-BB was measured after a 3-h incubation at 4°C. Nonspecific binding was defined as binding in the presence of 100 nM unla-
beled IGF-I or 17 nM unlabeled partially purified PDGF. The experiments were repeated two to four times with different cells and passage
numbers. Scatchard plots (inserts) were used to estimate number and affinities of specific binding sites (B/F is expressed as B/F per cell). At-
tached cells (L) have 14,400 high-affinity IGF-I binding sites/cell (Kd = 0. 11 nM), 17,100 high-affinity PDGF-AA binding sites/cell (Kd = 50
pM), and 215,500 high-affinity PDGF-BB binding sites/cell (Kd = 0.19 nM). The reattached cells (0) have 15,200 high-affinity IGF-I binding
sites/cell (Kd = 0.09 nM), 8,100 high-affinity PDGF-AA binding sites/cell (Kd = 40 pM) and 84,500 high-affinity PDGF-BB binding sites/cell
(Kd = 0.17 nM).

Ability ofIGF-I and PDGF-BB to induce chemotaxis corre-
lates with their ability to stimulate phosphatidylinositol turn-
over, diacylglycerol formation, and intracellular calcium re-

lease. Both PDGF-BB and IGF-I stimulate inositol monophos-
phate formation in newborn aortic SMC. The concentrations
of IGF-I and PDGF-BB required to stimulate inositol mono-
phosphate formation are similar to the concentrations that
stimulate chemotaxis (Table II and Fig. 2). The increased inosi-
tol monophosphate formation is reflected by an early (maxi-
mal effect 15-45 s after stimulation) increase in diacylglycerol

formation and a reciprocal decrease in PIP2 lipid mass after
stimulation by either IGF-I or PDGF-BB (Fig. 6, A and B).
Neither PDGF-BB, nor IGF-I affect phosphatidylcholine or
phosphatidylethanolamine lipid mass over the studied period
oftime (data not shown). Stimulation of phosphatidylinositol
turnover by IGF-I and PDGF-BB is associated with an in-
creased intracellular [Ca2+ ] as shown by Fig. 7. Subnanomolar
concentrations ofeither IGF-I or PDGF-BB stimulate Ca2+-re-
lease, with a maximal effect reached 10-40 s after stimulation
(Fig. 7 A). The EC50 values of IGF-I and PDGF-BB, as esti-

Table II. PDGF-BB and IGF-I Stimulate Inositol Monophosphate
Formation in Newborn Human Aortic SMC

Inositol monophosphate
formation

cpm/well

Vehicle 294±106
PDGF-BB (0.1 nM) 1066±1 15
PDGF-BB (1 nM) 2331±387
IGF-I (0.1 nM) 733±184
IGF-I (1 nM) 1098±251

Inositol monophosphate formation was measured in cells incubated
in 2 AtCi/ml myo-[3H]inositol in Medium 199 containing 1% human
PDS in six-well trays for 24 h. Phosphatidylinositol turnover was
blocked with 20 mM LiCl for 24 min, and the cells subsequently
stimulated with growth factors for 30 min at 370C. Cells were ex-
tracted with TCA and free inositol monophosphate was eluted from
a BioRad 1-X8 AG column. The results are shown as cpm/well
(700,000-800,000-cells), mean±SEM (n = 4). Time after stimulation (s)

Figure 6. IGF-I and
PDGF-BB induce in-
creases in diacylglycerol
lipid mass and recipro-
cal decreases in PIP2
lipid mass. Newborn
SMC in 100-mm dishes
were stimulated with
10 nM IGF-I, 1 nM
PDGF-BB or vehicle
(10 mM acetic acid/
0.25% BSA) for the in-
dicated periods of time.
(A) Diacylglycerol mass

and (B) PIP2 lipid mass
were measured using
high-performance liquid
chromatography. The
results are presented as

mean±SD of triplicate
samples. The experi-
ment was repeated twice
with similar results.
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Figure 7. IGF-I and PDGF-BB induce calcium mobilization in hu-
man arterial SMC. Newborn cells were preloaded with fura-2 acetox-
ymethylester for 1 h at room temperature, washed and stimulated
with indicated -concentrations of PDGF-BB or IGF-I at 370C. The
340/380 nm ratio ofemitted fluorescence was measured in a CAF-
100 Ca2+-analyzer. The resting intracellular [Ca2+] level was 105±2
nM. Representative effects ofIGF-I and PDGF-BB (of four different
experiments) on (A) Ca 2k-transients and (B) dose-response curves of
intracellular Ca2" levels are shown.

mated from the dose-response curves, are 0.27 and 0.38 nM,
respectively (Fig. 7 B). The rise in intracellular [Ca2"] is likely
due to release from intracellular compartments, since both
IGF-I and PDGF-BB give rise to similar Ca2+ transients in the
presence of 2 mM EGTA (data not shown).

PDGF-BB, but not IGF-I, is a strong activator oftheMAP
kinase cascade. The pattern of responses to PDGF-BB versus

IGF-I is quite different when activation ofMAP kinase kinase
or MAP kinase are assessed. PDGF-BB (1 nM) evokes a
marked activation of both MAP kinase and MAP kinase ki-
nase, whereas 10 nM IGF-I does not (Figs. 8 and 9). Activation
ofMAP kinase kinase and MAP kinase is maximal 5 min after
addition of PDGF-BB, and the time course of activation of
MAP kinase kinase shows a more rapid decrease in activity
compared with MAP kinase. Dose-response curves reveal that
the EDo values for PDGF-BB activation of both MAP kinase
(ED50 = 0.12 nM) and MAP kinase kinase (ED50 = 0.1 1 nM)
are similar to the Kd of receptor binding (Fig. 9). IGF-I has
little effect on MAP kinase kinase and MAP kinase within a

broad range of concentrations in cells adherent to plastic as

shown in Fig. 9, nor are they significantly activated when the
cells are plated under conditions used for the migration studies.
Similar effects are observed when a specific synthetic peptide
(ST 1) RRRELVEPLTPSGEAPN (the MAP kinase phosphor-
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nase activity was measured as phosphorylation ofmyelin basic pro-
tein during a 15-min incubation at 30'C. The results are expressed
as mean ofduplicate samples (the mean variation within duplicates
was 9.1% in A and 6.3% in B). The lower MAP kinase activity at t
= 0 in the presented experiment (B) is due to variation within the
duplicates, and was not consistently found to be lower than basal or
IGF-I-stimulated samples.
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Figure 9. PDGF-BB is a potent activator ofMAP kinase kinase and
MAP kinase in human arterial SMC. Newborn human cells were
incubated in DME/ I% human PDS for 2 d, washed, and stimulated
with PDGF-BB or IGF-I in DME/0.25% BSA for 5 min at 370C.
For measurement ofMAP kinase kinase activity (A), cell lysates were
precleared on a DE-52 mini column, and phosphorylation of myelin
basic protein by activated recombinant ERK-2 was measured. MAP
kinase activity (B) was measured as phosphorylation of myelin basic
protein during a 15-min incubation at 300C. The results are expressed
as mean of duplicate samples (the mean variation within duplicate
samples was 9.5% in A and 8.4% in B). Experiments were repeated at
least twice using cells from different passages.
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ylation site is underlined) is used instead of MBP as a MAP
kinase substrate. Furthermore, 10 nM IGF-I demonstrates no
significant MBP phosphorylating activity after separation of
the samples on a Mono-Q column (Pharmacia, Uppsala,
Sweden).

In contrast to IGF-I, PDGF-AA ( 1 nM) evokes a marked
activation ofMAP kinase kinase and MAP kinase after 5 min,
comparable to half-maximal activation by PDGF-BB (data not
shown). Although the number of PDGF receptor ,8-subunits
(which bind only PDGF B-chain) are significantly greater than
the number ofPDGF receptor a-subunits (which bind PDGF
A- or B-chain) or IGF-I receptors, the number of IGF-I and
PDGF receptor a-subunits are very comparable (Fig. 5). To
verify that the increased phosphorylation ofMBP after PDGF-
BB stimulation is due to activation of MAP kinases, samples
were separated on a Mono-Q column, and fractions containing
MBP phosphorylating activity were analysed by immunoblot-
ting using an antibody (7884E) against the MAP kinases. The
antibody was raised in a rabbit against the peptide ITVEEA-
LAHPYLEQYYDPTDE, which represents residues 307-327
of the ERK gene product. Western blots showed the presence
of both ERK- 1 and ERK-2 in fractions containing MBP phos-
phorylating activity. Activation by PDGF-BB was demon-
strated as a shift in migration in the gel (data not shown).

Discussion

The IGF-I receptor mediates SMC chemotaxis. The present
study shows that IGF-I is a potent stimulant of directed migra-
tion, or chemotaxis, of both newborn and adult human aortic
SMC obtained from several donors. IGF-II and insulin are able
to induce the same maximal migration, although they are 6 and
400 times less potent than IGF-I, respectively. In previous stud-
ies on different cell lines, IGF-II was reported to be able to
stimulate migration through both the IGF-I receptor (31 ) and
the IGF-II receptor (32). The present study demonstrates that
the effect of IGF-II is not additive with that observed with
IGF-I and that the effects of IGF-I, IGF-II and insulin can each
be blocked with the IGF-I receptor specific antibody, aIR-3.
To further investigate the effect of IGF-II, an IGF-II analogue
([ Leu27 ] IGF-II), highly selective for the IGF-II receptor (30),
was used. [Leu27 ] IGF-II is - 60 times less potent than native
IGF-II as a stimulant of SMC migration. Taken together, the
results strongly suggest that the migratory effect of IGF-I is
mediated through the IGF-I receptor and, when present in suf-
ficient concentrations, IGF-II and insulin stimulate migration
of human arterial SMC via cross-reaction with the IGF-I re-
ceptor.

IGF-I has been shown to stimulate migration of epithelial
cells and endothelial cells (33-36), rat periodontal ligament
fibroblastic cells (37), and some human malignant cell lines
( 31, 38, 39 ). These data, together with the results ofthe present
study, show that IGF-I can act as a chemoattractant for various
types of epithelial and mesenchymal cells.

Stimulation ofSMC migration by IGF-I and PDGF-BB.
The level ofSMC migration induced by IGF-I ranges between
50% and 100% of the maximal response obtained with PDGF,
the strongest chemoattractant for arterial SMC described to
date. The chemotactic effect of IGF-I has recently been shown
to be of a similar magnitude as that of PDGF-BB in another
mesenchymal cell type; rat periodontal ligament fibroblastic
cells (37). The lower maximal effect of IGF-I we observed

compared to PDGF-BB may result from the lower number of
high affinity binding sites for IGF-I on these cells. Although
PDGF-BB binding sites are decreased after the trypsinization
procedure used for migration studies, the number is still about
five times higher than for IGF-I. Further support for this inter-
pretation comes from the observation in a single isolate ofnew-
born SMC in which PDGF-BB and IGF-I induced a similar
maximal migratory response, in which the number of PDGF-
BB binding sites is - 40% of that observed in the strain shown
in Fig. 2 A. Regardless, IGF-I is a potent chemoattractant for
cultured human arterial SMC.

The potential importance of migration in lesion formation
has been highlighted by in vivo studies implicating PDGF in
the neointima that forms in the rat carotid artery within 2 wk
after balloon angioplasty. In vivo administration ofanti-PDGF
antibody after balloon injury of the rat carotid decreases inti-
mal accumulation of SMC by > 40% with no decrease in the
labeling index in the neointima or the media in the time win-
dow of labeling examined (3). These studies, together with
gentle injury studies in which PDGF was administered to the
injured rat carotid artery (4), suggest that the effect of PDGF
on intimal thickening may result primarily from stimulation of
SMC migration from the media into the intima. Migration
stimulated by IGF-I may also contribute to this accumulation.

Intracellular signaling pathways involved in chemotaxis
versus proliferation. The signal transduction pathways from the
PDGF and IGF-I receptors, and the molecular mechanisms
required to stimulate chemotaxis versus proliferation are not
completely understood. Recent studies have shown that phos-
phoinositides bind several actin-binding proteins, and indicate
that phosphatidylinositol turnover may be associated with the
cytoskeletal reorganization required for chemotaxis (40, 41;
for review see 18, 19). We, therefore, asked whether phosphati-
dylinositol turnover may be involved in the chemotactic re-
sponse of SMC. Indeed, both PDGF-BB and IGF-I were found
to stimulate phosphatidylinositol turnover, diacylglycerol for-
mation and intracellular Ca2 -release.

PDGF-BB-induced phosphatidylinositol turnover is likely
to involve activation ofphospholipase Cy (PLC-y) after associa-
tion of src homology 2 (SH2) domains in PLCy with specific
phosphorylated tyrosine residues in the carboxy-terminal por-
tion of the PDGF p-receptor (22). PDGF ,-receptor mutants
lacking the PLCy-binding tyrosine residues are able to induce
the same maximal mitogenic response as the wild-type recep-
tor, suggesting that activation of PLCy is not an absolute pre-
requisite for PDGF induced proliferation (22), although re-
dundant signaling pathways from the PDGF receptor f3-sub-
unit that lead to mitogenesis most likely exist (42).

The mechanism of IGF-I-induced phosphoinositol turn-
over is less clear, but may, under some circumstances, involve
activation of PLC, rather than PLCy (43). In many cell lines,
IGF-I does not induce inositol trisphosphate formation, and
one of the IGF-I receptor signaling mediators (insulin receptor
substrate 1) does not appear to bind SH2-fusion proteins con-
taining PLC7-SH2 domains in vitro (44). However, in some
primary cell types, such as cardiac myocytes and thyroid cells,
IGF-I stimulates inositol trisphosphate formation (45, 46).
The mechanism of IGF-I-induced phosphatidylinositol turn-
over in SMC remains to be elucidated.

The mitogenic effects of various growth factors, acting
through tyrosine kinase receptors, may be dependent on acti-
vation of a pathway involving p21 Ras and the MAP kinase
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cascade (47, reviewed in reference 48 and references therein).
The present study shows that in human arterial SMC, PDGF-
BB is a potent mitogen and a strong activator of the MAP
kinase cascade, whereas IGF-I is not. Taken together, these
results suggest that activation of MAP kinase, after PDGF re-
ceptor activation, is involved in PDGF-BB mitogenic signaling
whereas our results further imply that activation of the MAP
kinase pathway is not required for chemotaxis of hu-
man SMC.

In contrast to the present study, IGF-I has been reported to
activate MAP kinase signaling in other cell types (49), and
insulin is known to activate the MAP kinase cascade (50, 51 ).
The lack of effect of IGF-I in the SMC may very well be cell
type specific, and does not reflect a low IGF-I receptor number,
since PDGF-AA gives a marked activation of the MAP kinase
cascade, despite similar receptor numbers. The effects ofIGF-I
on SMC DNA synthesis may, at least in part, be due to activa-
tion of intracellular pathways distinct from the MAP kinase
pathway. This is in line with the observation that mitogenic
effects of PDGF and IGF-I are additive in SMC (52).

The present study shows a correlation ofthe ability ofIGF-I
and PDGF-BB to induce phosphatidylinositol turnover, dia-
cylglycerol formation, and Ca2"-release from intracellular
compartments during chemotaxis of human arterial SMC. In
contrast, IGF-I does not share the potency of PDGF-BB to
activate the MAP kinase cascade and induce SMC prolifera-
tion. Further studies will be required to establish the extent of
the differences in signaling pathways involved in chemotaxis
versus proliferation.
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