
Platelet-derived Growth Factor Activity and mRNAExpression
in Healing Vascular Grafts in Baboons
Association In Vivo of Platelet-derived Growth Factor mRNAand Protein with Cellular Proliferation

Michael A. Golden,* Y. P. Tina Au,* Thomas R. Kirkman,* Josiah N. Wilcox,*
Elaine W. Raines," Russell Ross,* and Alexander W. Clowes*
*Department of Surgery, University of Washington, Seattle, Washington 98915; tDepartment of Cardiovascular Research, Genentech,
Inc., South San Francisco, California 94080; and ODepartment of Pathology, University of Washington, Seattle, Washington 98195

Abstract
In a baboon graft model of arterial intimal thickening, smooth
muscle cells (SMC) have been observed to proliferate under-
neath an intact monolayer of endothelium and in the absence of
platelet adherence. Because platelets are not present and there-
fore cannot be a major source of growth stimulus, we have pro-
posed that the vascular wall cells in the graft intima express
mitogens and regulate SMCproliferation. To test this hypothe-
sis, we assayed the grafts for mitogenic activity and expression
of growth factor genes. Segments of healing graft and of normal
artery, when perfused ex vivo, released mitogenic activity into
the perfusate. The graft released more mitogen than the normal
arterial segment, and some of the activity was inhibitable with
an antibody to human platelet-derived growth factor (PDGF).
In addition, Northern analysis of total RNAdemonstrated
higher expression of PDGF-Achain mRNAin the graft intima
compared to normal artery. PDGF-B chain mRNAwas barely
detectable in both tissues. PDGFmRNAlevels within the graft
interstices were not measured. In situ hybridization of 7.5- or
12-wk grafts indicated that some luminal endothelial cells and
adjacent intimal SMCcontained PDGF-A chain mRNA. By
thymidine autoradiography, intimal SMCwere observed to be
proliferating in the inner third of the intima. These data demon-
strate a difference in the pattern of PDGFtranscript expression
and luminal perfusate activity in graft as compared with control
arteries. The association of intimal smooth muscle cell prolifer-
ation with intimal PDGFmRNAexpression and release of
PDGF-like protein supports the hypothesis that factors from
cells that have grown into the graft or populated its surface
rather than platelets may regulate intimal smooth muscle cell
proliferation in this model. (J. Clin. Invest. 1991. 87:406-414.)
Key words: smooth muscle cell * endothelium * intimal hyper-
plasia

Introduction

A number of growth factors for vascular smooth muscle cells
(SMC)' have been isolated and characterized. Despite the
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abundance of information regarding growth factors and their
secretion by cells in culture, there is limited evidence in vivo
that these growth factors play a role in regulating the prolifera-
tion of SMCin either the normal artery during growth and
development or in diseased vessels with lesions of atheroscle-
rosis.

Studies of human lesions and experimental models of ath-
erosclerosis have suggested a regulatory role for platelet-de-
rived growth factor (PDGF), a potent smooth muscle cell mito-
gen released by platelets and other arterial cells after activation
(1). PDGFmRNAhas been identified by Northern analysis in
human atherosclerotic plaques (2). Increased levels of PDGF-B
mRNAwere correlated with increased expression of c-fms (a
macrophage-specific marker) and to a lesser extent (- 10%)
with von Willebrand factor (an endothelial-specific marker)
(3). PDGF-B chain protein has been observed mainly in non-
lipid containing macrophages in both human and nonhuman
primate lesions of atherosclerosis at all stages of development
(4). In addition, in endarterectomy specimens containing very
advanced fibrotic lesions of atherosclerosis, PDGF-B chain
message has been demonstrated in endothelial cells by in situ
hybridization, whereas PDGF-Achain and the PDGF-3 recep-
tor subunit message appears to be expressed by mesenchymal
cells (possibly SMC) (5). In a rat model of intimal SMCprolifer-
ation, SMCin the media of an injured carotid artery express
PDGF-A chain mRNA; at later times SMCmigrate into the
intima and express mRNAfor the beta type of PDGFreceptor
(6). In addition to mRNAfor PDGF-A chain, cultured SMC
derived from human atheroma are capable of producing a
PDGF-like protein (7). Although immunohistochemical tech-
niques have demonstrated pronounced expression of PDGF
beta receptor in vascular SMCin atherosclerotic plaques, the
receptor is not expressed or is expressed at low levels in normal
vessels (8). None of these studies, however, proves that the
PDGFexpression or protein present in the lesions are responsi-
ble for the proliferation of SMCin vivo.

To evaluate the factors responsible for SMCproliferation
and wall thickening in normal and diseased arteries, we have
studied a baboon arterial graft model of intimal thickening. In
this model (9), the first event in the healing process is endothe-
lial coverage. After the endothelium has been fully established,
SMCappear in the intima and begin to proliferate beneath the
endothelium in the absence of platelet adhesion. These obser-
vations are consistent with the hypothesis that the vascular wall
cells present in the graft intima or within the pores of the graft
synthesize growth factors, and that the SMCresponse to these
growth factors is not dependent on factors released from plate-
lets. In this report we show an association between the expres-
sion and release of PDGFand SMCproliferation within the
intima of healing baboon arterial grafts.
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Methods

Graft implantation. Polytetrafluoroethylene 4-mm-internal-diameter,
60-ym-internodal distance grafts (W. L. Gore & Associates, Inc., Flag-
staff, AZ) 6 cm long were placed bilaterally in the aortoiliac circulation
of 10-kg, 2-yr-old baboons (Papio cynocephalus). The animals were
given halothane general anesthesia and the procedures were performed
with aseptic technique. Before cross-clamping the native arteries, 10 cc

of whole blood were drawn and used to preclot the grafts. The animals
were then given 2,500 Uof heparin sodium intravenously, and on each
side, a graft was anastomosed proximally to the distal aorta, and dis-
tally to the proximal external iliac artery with continuous 6-0 polypro-
pylene suture (David & Geck, Wayne, NJ). Ligatures were placed to
interrupt the native arterial circulation just distal to the proximal anas-

tomoses and just proximal to the distal anastomoses, without disturb-
ing the inflow or outflow of the grafts.

The grafts and comparable lengths of aorta and carotid artery were

removed from the animals at 2 wk, 1 mo, and 3 moafter implantation.
Ex vivo perfusion. From heparinized animals undergeneral anesthe-

sia, graft and arterial segments measuring - 4 cm in length were re-

moved, rinsed with PBS, and tied off at both ends after filling the lumen
with perfusion medium. The perfusion medium was 25 mMHepes
buffered Ham's F12 medium (pH 7.4) (Gibco, Grand Island, NY) with
2% calf serum CMS-l . The calf serum had been treated with CM-Se-
phadex (C-50, Pharmacia Fine Chemicals, Piscataway, NJ) to remove

any cationic growth factor (10). The graft segments were then tied to a

sterile glass slide and immersed in the same medium. Segments of
commoncarotid artery or thoracic aorta were treated in the same fash-
ion. Cannulae (23-gauge butterfly needle, Abbott Laboratories, No.
Chicago, IL) were placed at each end of the graft and arterial segments.
They were perfused with the medium described above at 3 ml/h at
370C, and perfusate was collected in serial fractions and frozen at
-70'C. During the perfusion, the segments of graft and control artery
were immersed in the same medium used for perfusion.

Mitogenesis assay. The mitogenic activity in the perfusates from
the graft segments and arterial controls was evaluated by measuring
3H-thymidine incorporation into DNAof human fibroblasts 18-20 h
after sample addition as previously described (10). The sample added
to each dish was 100 aliquot of thawed perfusate (collected between 8
and 22 h after starting perfusion ex vivo). Each perfusate sample was

tested in triplicate. The mean counts per minute for each triplicate was

normalized to the luminal surface area of the perfused conduit, and the
mitogenic activity of the graft perfusate was compared with that of the
control artery perfusate from the same animal. Fibroblasts were used to
evaluate the mitogenic activity of the perfusates to provide a consistent
assay system during the course of the studies (- I y). Although both
baboon and human smooth muscle cells are used in the laboratories,
the variation in the basal cell proliferation and the fold stimulation by
exogenously added mitogens would have made such a comparative
study much more difficult.

A polyclonal goat anti-PDGF blocking antibody was added at the
concentration of 500 ug/ml to the perfusate in the mitogenesis assay
and the results were compared to those of the same perfusate contain-
ing nonimmune IgG (1 1). The goat anti-PDGF IgG used in these ex-

periments was prepared by immunizing a goat with human platelet
PDGF. HumanPDGFis a mixture of all three dimeric forms of PDGF.
This IgG neutralizes all three dimeric forms of PDGFbut requires

higher concentrations to inhibit PDGF-AA (0.8 mg/ml to inhibit I
ng/ml of exogenously added PDGF-AAas compared with 0.2 mg/ml
to inhibit I ng/ml of exogenously added PDGF-AB or PDGF-BB).
Since the level of mitogenic activity detected in the perfusate was equiv-
alent to 0.5 ng/ml (as compared to a standard curve with purified
PDGF-AB), the use of 500 ug/ml of anti-PDGF IgG was necessary to
insure neutralization of all dimeric forms (12). By immunoprecipita-
tion, neutralization of mitogenesis, and ELISA, we could not detect
cross-reactivity with acidic and basic fibroblast growth factor, epider-
mal growth factor, transforming growth factor a, transforming growth

factor fl, or insulin-like growth factor I. Both the anti-PDGF IgG and
the nonimmune IgG were purified from plasma and were therefore
devoid of platelet growth factors and had no endogenous mitogenic
activity at the doses used in these experiments.

Assays for platelet factor 4 (PF4), beta-thromboglobulin (beta-TG),
and lactate dehydrogenase (LDH). Samples of perfusate collected from
control arteries and from grafts were examined by radioimmunoassay
for content of PF4 (Abbot Laboratories, No. Chicago, IL) and beta-TG
(Amersham Corp., Arlington Heights, IL). A chromogenic activity as-
say (Macomb, Romeo, MI) was used to determine the LDHcontent in
the perfusates from both graft and artery.

RNAextraction and Northern analysis. The graft was quickly re-
moved, rinsed with 0.9% NaCl, and cut open. The intima was stripped
from the graft matrix and immediately frozen in liquid nitrogen. Three
grafts were analyzed at each time point. The thoracic aorta was also
removed, rinsed, and immediately frozen in liquid nitrogen.

The frozen intima and aortic tissue was ground to a fine powder
with a mortar and pestle cooled with liquid N2 and then homogenized
with a polytron in buffer containing 5 Mguanidine isothiocyanate, 10
mMEDTA, 50 mMTris-HCJ, pH 7.5, and 8% (vol/vol) f-mercap-
toethanol (13). RNAwas not extracted from graft matrix. All reagents
were molecular biology grade. Total RNAwas selectively precipitated
by the addition of lithium chloride according to the procedure of Cath-
ala et al. (12). 10 gg of total RNAsample was electrophoresed in 1%
agarose and transferred to nylon membranes (Zetaprobe; Bio-Rad Lab-
oratories, Richmond, CA) for Northern analysis (14). HumanPDGF-
A (1.3-kb Eco RI human cDNA fragment) (15) or PDGF-B (1.2-kb
PST I fragment of v-sis) (16) cDNA probe labeled with 32P by nick
translation (17) was added to the hybridization solution (50% form-
amide in 0.14 Msodium phosphate buffer, pH 7.2, containing 0.25 M
NaCl/7.0% SDS/1 mMEDTA/10% polyethylene glycol) at 2 X 106
cpm/ml. Hybridization was performed at 42°C for 20-24 h. After hy-
bridization, the blots were washed in 2 X SSC/0. 1%SDSat room tem-
perature for 30 min, followed by 0.1 X SSC/0. 1% SDS at 65°C for
10-15 min. Signals were detected by autoradiography and quantitated
by densitometry.

In situ hybridization. Probes specific to human PDGFA chain (14)
or PDGFB chain (18) were labeled by transcription (19) using 35S-la-
beled UTP (specific activity, 1,200 Ci/mmol; Amersham Corp., Ar-
lington, IL). Full-length antisense transcripts were used for hybridiza-
tion. The final specific activity of these probes was 300 Ci/mmol.

In situ hybridization was performed as previously described (5, 20).
Briefly, cryosections were pretreated with paraformaldehyde, protein-
ase K (Sigma Chemical Co., St. Louis, MO), and prehybridized in 100
Al hybridization buffer (50% formamide, 0.3 MNaCl, 20 mMTris, pH
8.0, 5 mMEDTA, 0.02% polyvinylpyrrolidine, 0.02% Ficoll, 0.02%
BSA, 10% dextran sulfate, and 10 mMdithiothreitol) at 42°C. Serial
sections were hybridized by addition of 600,000 CPMsof 3"S-labeled
PDGF-A or -B chain riboprobes and incubation overnight at 55°C.
After hybridization, the sections were washed with 2 X SSC (1 X SSC
= 150 mMNaCl, 15 mMNa citrate, pH 7.0) with 10 mMf3-mercap-
toethanol and 1 mMEDTA, treated with RNase (Sigma Chemical
Co.), followed by a high-stringency wash in 0.1 x SSC with 10 mM
fl-mercaptoethanol and 1 mMEDTA, at 55°C. The slides were then
washed in SSCwithout ,B-mercaptoethanol, dehydrated in graded alco-
hols containing 0.3 MNH4Ac, dried, coated with NTB2 nuclear track
emulsion (Eastman Kodak Co., Rochester, NY), and exposed in the
dark at 4°C for 4-12 weeks. After development, the sections were
counterstained with hematoxylin and eosin to aid in cell identification.

Immunohistochemistry. Monoclonal antibodies were used, as de-
scribed previously, to identify cell types in the graft (21). Paraffin-em-
bedded tissue sections were stained using the biotin-avidin-peroxidase
technique with diaminobenzidene-NiCI2 as the chromogen (22). Endo-
thelial cells were identified by punctate staining with a polyclonal rab-
bit antibody to human factor VIII-related antigen (Dako Corp., Santa
Barbara, CA) (23). SMCstained with a mouse monoclonal antibody
(HHF 35) against human smooth muscle-specific actin isotypes (24),
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and macrophages were identified with a mouse monoclonal antibody
to human macrophages (HAM 56) (24a); these monoclonal antibodies
were a gift of Dr. Allen Gown.

Thymidine autoradiography. Three animals were killed I moafter
receiving three doses of tritiated thymidine (0.5 mCi/kg per dose) (New
England Nuclear, Boston, MA) by intramusclar injection (9). One-half
hour before fixation, heparin (3,000 U) and Evans blue (50 mg/kg)
were given by intravenous injection. The animals were killed by anes-
thetic overdose, and their arteries were fixed by perfusion with 2.5%
glutaraldehyde in 0.1 mMphosphate buffer, pH 7.4, at 100 mmHg.
The grafts were excised, further fixed by immersion, and then washed
extensively. Rings of graft were embedded in paraffin and cross-sec-
tioned. Unstained deparaffinized histologic sections were dipped in
Kodak NTB2 emulsion, allowed to dry, and kept at 4VC in light-tight
boxes for 2 wk. Slides were developed in Kodak 0-19 developer and
fixed. After staining with hematoxylin, the autoradiograms were evalu-
ated at high power ( 100X) to determine the distribution of labeled SMC
in the intima.

Results

The time course of graft healing. The morphologic and autora-
diographic characteristics of graft healing were reported
previously (9, 21, 25). Briefly, after implantation of the grafts,
the surface is covered by a layer of thrombus. Subsequently,
capillaries and microvessels from the surrounding granulation
tissue penetrate the graft matrix and provide multiple sources
of endothelium and SMCto cover the luminal surface. The
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luminal surface of the graft becomes lined with endothelial
cells by two weeks. Beneath the endothelium, SMCappear and
begin to proliferate, accumulate, and form connective tissue
matrix creating a thickened intima. The thickness of the intima
increases until 3 mo after graft implantation. After 2 wk, the
predominant cell type in the intima is the SMC. Within the
interstices of the porous graft material, there are large numbers
of macrophages (Fig. 1). Occasional macrophages are also
found in the intima. Tritiated thymidine autoradiographs of
healing grafts I and 3 moafter graft implantation demonstrate
SMCproliferation, with an intimal SMClabeling index mea-
suring 5-1 00-fold above that of native arterial SMCs(9). At the
same times, the endothelial cells are proliferating with a label-
ing index that is 10- 100-fold above that of normal arterial endo-
thelium.

An analysis of the distribution of tritiated thymidine la-
beled SMCin histologic cross-sections demonstrates that three-
fourths of the proliferating SMCare in the inner one-third of
the intima adjacent to the endothelium (inner third, 75+3%;
middle third, 19±4%; outer third, 6±3% [mean±SD; n = 3])
(Fig. 2). The proximity of the proliferating SMCto the endothe-
lium and the absence of platelets at this stage of healing in the
graft led us to investigate whether the endothelial cells might
regulate the SMCgrowth, and whether growth factors might be
detectable in fluid perfused through the lumen of the graft ex
vivo.
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Figure 1. Immunohistochemical identification of the cells in vascular grafts. Histologic cross-sections of healing grafts 1 mo after implantation
showing endothelial cells (factor VIII specific staining) at the luminal surface (left), macrophages (HAM 56-positive staining) in the graft
interstices (middle), and smooth muscle cells (HHF 35-positive cells) in the intima (right). In each micrograph, the luminal surface of the intima
(arrowhead) is at the top. (Arrow) The inner boundary of the graft matrix (G).
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Figure 2. Autoradiograms of cross-sections of healing graft from 3H-thymidine-treated baboon at one month. (A) Proliferating intimal SMCwith
overlying silver grains. (B) Note that most of the labeled SMCare located just under the endothelial surface. L = graft lumen; I = graft intima.
(A) xI090; (B) x2200.

Ex vivo perfusate contains mitogenic activity. Grafts were
excised at various times after placement and perfused ex vivo.
Mitogenic activity for human fibroblasts was detected in both
graft and artery perfusates. The release of mitogenic activity
into the perfusate was evaluated at several points in time dur-
ing the perfusion ex vivo. Initial collections (at 2-h intervals for
the first 6 h) contained more mitogenic activity than those
obtained at subsequent times (8-22 h). The level of mitogenic
activity, however, was constant in collections evaluated be-
tween 8 and 22 h (Fig. 3).

Evidence that the mitogenic activity in the perfusate is not
derivedfrom necrotic cells or adherent platelets. Wewere con-
cerned that the release of mitogenic activity into the perfusate
might be the result of cell injury or death from surgical graft
removal and perfusion. However, scanning electron micros-
copy demonstrated that the endothelial lining was still present
on the luminal surface of the segments of graft and artery after

1200- Figure 3. Mitogenic activity
X 1000 in graft perfusate. Time
QGraft course of release of

8 8 merum mitogenic activity for
W00- human fibroblasts released

into the luminal perfusate
>1 \ nxduring ex vivo perfusion of
I 200- a representative graft and

0 * control artery of similar
0 2 4 6 8. 10 12 14 16 surface area. Unperfused

Time of perfusion (hours) medium was used as a

control. 3H-Thymidine
incorporation into DNAwas measured (counts per minute) per well
as described in Methods in response to perfusates pooled at intervals
(1 h [0-l h], 3 h [1-3 h], 5 h [3-5 h], 7 h [5-7 h], and 15 h [7-15 h]).

24 h of perfusion ex vivo (data not shown). In addition, the
perfusates from both graft and artery contained only low levels
of LDH activity, an indicator of cellular damage. In contrast,
cell death caused by crushing the arterial tissue resulted in a
large release of LDH activity into the perfusate (data not
shown).

No adherent platelets were observed on the luminal surface
of the graft and arterial segments. However, there remained the
possibility that the initial measurement of a high level of mito-
genic activity in the perfusate might be due to adherent throm-
bus not successfully rinsed free from the grafts. To investigate
this, we measured beta-TG and PF4 levels in the perfusate,
because these molecules are constituents of platelet granules
and are liberated during the release reaction (Table I). As a
positive control, some grafts were removed 1 h after placement.
These grafts exhibited only thrombus on the luminal surface.
Perfusates of these 1-h grafts had elevated levels of both PF4
and beta-TG in collections obtained between 0 and 8 h and 8
and 24 h of perfusion ex vivo. For grafts and arteries removed
at 2 wk and after, some of the perfusate fractions collected
between 0 and 4 h of perfusion contained detectable PF4 and
beta-TG levels, suggesting that there might be slight contamina-
tion with platelet products. However, PF4 and beta-TG were
not present in perfusate fractions collected from either graft or
artery between 8 and 22 h of perfusion (Table I). Therefore, to
limit evaluation to perfusates that contained no detectable lev-
els of platelet products, all comparisons of mitogenic activity
were performed on perfusate fractions collected between 8 and
22 h of perfusion ex vivo.

Perfusates from grafts contain more mitogenic activity than
perfusates from arteries. Measurements were made of mito-
genic activity in the perfusate fractions collected (8-22 h) from
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Table I. Platelet Factor 4 and f3-Thromboglobulin Levels
in Arterial and Graft Perfusate

Early (0-4 h) Late (8-22 h)

PF4 j6TG PF4 j6TG

Endothelialized graft perfusate
2 wk 43±18 41±20 <7 <7
1 mo 42±23 37±12 <7 <7
3 mo <7 <7 <7 <7

Arterial control perfusate <7 <7 <7 <7
Thrombus-lined graft perfusate >100 >200 30±4 27±2
Baboon serum >100 >200 >100 >200

Values for platelet factor 4 (PF4) and fl-thromboglobulin (,6TG) are
expressed as mean (nanograms per milliliter)±SD. In each group, n
= 3.

all the pairs of grafts and arteries. The mitogenic activity in the
perfusates was normalized to luminal surface area and ex-
pressed as a ratio (graft/artery). For each time period of graft
healing, this ratio was > 1.0, indicating that there was a signifi-
cantly higher level of mitogenic activity in the graft perfusates
than in the control artery perfusates (Fig. 4; P < 0.05).

Part of the mitogenic activity of the graft perfusate is anti-
genically related to PDGF. A polyclonal anti-PDGF neutraliz-
ing antibody was used to evaluate the contribution of PDGF-
like protein to the mitogenic activity of the graft perfusates.
Compared to nonimmune IgG, anti-PDGF IgG significantly
decreased the mitogenic activity of the graft perfusates. The
decrease in mitogenic activity was - 40-45%. The presence of
PDGFwas confirmed by PDGFradioreceptor assay (data not
shown) (26). However, due to the small amounts of PDGF-like
protein present in the perfusates, analysis of the levels of
PDGF-like protein by radioreceptor assay would have required
pooling samples from more than one animal. PDGF-like pro-
tein was demonstrated by neutralization of mitogenic activity
in perfusates of 2-wk and 1-mo grafts (Table II). Although there
was variability between experiments, PDGF-like protein ac-
counted for a significant portion of the mitogenic activity of
each graft perfusate in all of the samples.

Expression of PDGFmRNAby graft intimal cells. To deter-
mine whether PDGFtranscript levels were altered in the grafts,
Northern analysis was performed on total cellular RNAex-
tracted from the control arteries and the intimas of the grafts

Figure 4. Mitogenic activity4.0- of perfusates from grafts

8 s2 3.0 removed at different times
X 0 after transplanation. The
>-2.0- i ;!; ~~~mitogenic activity of graftE 2.0

and arterial perfusates was

9 1.0- normalized to luminal
surface area and expressed

.wa .~ . . as a ratio for each animal2 weeks 1 m"n 3 rnonfth(4) (8) (6) studied (mean [%]±SE). At
lime after graft impantation all times ratios of graft to

artery activity were > 1 (P
= 0.05 by nonparametric signed rank test). The number of animals
studied at each time period is shown in parenthesis.

Table II. Inhibition of Mitogenic Activity in Graft Perfusate
by Anti-PDGF IgG

2-wk grafts 1-mo grafts

Inhibition of mitogenesis 45±11 46±12
Range 13-63 28-69

n=4 n=8

Inhibition of fibroblast mitogenesis (%)±SE was measured as de-
scribed in Methods.

(Fig. 5). Low levels of PDGF-B mRNAwere detected in both
artery and graft samples. In contrast, the graft intima expressed
elevated levels of PDGF-AmRNAcompared to control arter-
ies (two- to sixfold) as measured by densitometry or multiple
exposures of three different mRNApreparations for each time
period.

Localization of PDGFmRNAcontaining cells in grafts by
in situ hybridization. To identify cells in the grafts synthesizing
PDGF, serial sections from two grafts left in place for 7.5 or 12
wk were hybridized to PDGF-A and -B chain specific ribo-
probes. In the 12-wk graft we were able to detect PDGF-A
chain mRNApredominantly in the lumenal endothelial cells
(Fig. 6, a and c) as well as in occasional intimal SMC(Fig. 6 c).
Serial sections of these grafts suggested a weak PDGF-Bchain
hybridization to the luminal endothelium (Fig. 6, b and d) but
not to the intimal SMC. Similar results were seen in the 7.5 wk
graft with detection of PDGF-Achain mRNAin lumenal endo-
thelial cells and in SMCthroughout the graft intima (Fig. 6 e).
However, we failed to detect any PDGF-B chain mRNAhy-
bridization at this time (Fig. 6f). At both times, cells contain-
ing PDGF-A and -B chain mRNAwere detected within the
interstices of the porous graft material but were not conclu-
sively identified (data not shown).

Discussion

In our baboon model of arterial intimal thickening, SMCpro-
liferate beneath an intact endothelium in the absence of adher-
ent platelets. This observation suggests that growth factors for
the SMCmay originate in the cells of the graft rather than in
platelets. This concept is supported by our observationsdemon-
strating in an ex vivo perfusion system that a healing graft
releases into the luminal perfusate more mitogenic activity
than a normal arterial segment. This mitogenic activity is par-
tially inhibitable by a monospecific anti-PDGF antibody, and
Northern analysis of mRNAand in situ hybridization studies
show elevated expression of PDGF-A in the graft intima as
compared with normal artery. When these results are consid-
ered together with our earlier observation, they suggest that the
SMCproliferation in this system in vivo is associated with in-
creased expression of PDGFA chain mRNAin the intimal
cells and the presence of PDGF-like protein.

PDGFas a regulator of SMCgrowth. PDGFhas been im-
plicated in the regulation of cellular proliferation in vitro and
in vivo. This protein growth factor is released in at least three
forms, which are the dimeric combinations of two distinct but
homologous chains, termed A and B chain. The A and B chains
are encoded by separate, independently regulated genes and are
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Figure 5. Expression of PDGFmRNAby intimal cells. Total RNA
was extracted from normal baboon carotid artery (C) and aorta (A)
as well as from intima of 1- and 3-mo grafts and examined on
Northern blots for PDGFA and B chain. Each lane contains 10 ,g
of RNA. Graft intimal cells express more PDGFA chain transcript
than do arterial SMC. Both tissues express little or no PDGFB-chain
transcript. PDGFB-chain expression by culture newborn rat pup
aortic SMC(P) is shown as a positive control. Arrows indicate
positions of 1 8S and 28S ribosomal RNA.

located on different chromosomes (26). PDGF, originally
found in platelets, is also secreted in vitro by many different cell
types, including endothelial cells, smooth muscle cells, mono-
cyte/macrophages, and numerous transformed cell lines
(1, 27).

The expression and secretion of PDGFby normal diploid
cells appears to be tightly regulated. For example, bovine aortic
or human umbilical vein endothelial cells stripped from blood
vessels contain only 10% and 1.3%, respectively, as much B-
chain transcript as the same cells in monolayer culture (28).
When endothelium switches from a monolayer to tubelike
structures in culture it alters its expression of A- and B-chain
mRNA(29-31). Transient expression of PDGFis induced in
response to cell activation by coagulation factors and by cyto-
kines, as well as by variations in cell substrate (1, 12, 27).

The response of SMCto PDGFis affected not only by the
abundance of the growth factor but also by the regulated ex-
pression of PDGFreceptors. For example, it has been demon-
strated that there are two different receptor subunits that can

combine to create different receptor phenotypes for PDGF
(32-35). The alpha-subunit can bind either the A or B chain of
PDGF, whereas the beta-subunit can bind only the B chain.
Therefore, the response of a given cell depends both on the
isoform of PDGFpresent and the total number and proportion
of alpha- and beta-subunits of the receptor present on the cell
surface (26, 35). To establish that PDGFis indeed the endoge-
nous regulator of intimal SMCproliferation, pharmacological
means to block its activity and measurements of receptor func-
tion in vivo will be required.

Sources ofmitogenic activity. The neointima is largely com-
posed of SMCand is covered with a luminal monolayer of
endothelium. Macrophages are rarely present in the intima but
reside in large numbers within the interstices of the porous graft
material. Therefore, if the cells in the graft are the source of the
growth factor that drives the SMCproliferation, then endothe-
lium and SMCappear to be the most likely source because the
proliferating SMCare mostly located near the luminal surface.
Both cell types in vitro have been shown to secrete growth
factors, including PDGF, that are capable of stimulating SMC
proliferation (1, 27).

The SMCthat are proliferating in the intima of the healing
grafts are concentrated in the region just beneath the endothe-
lium, and the in situ hybridization studies demonstrate that
endothelial cells and adjacent intimal SMCare expressing
PDGFA chain mRNA. From these results, it appears that
these two cell types are the major source of PDGFwhich might
be responsible for the growth ofthe underlying SMC. The endo-
thelial cells might synthesize and release factors (36-38), or
alternatively, they might interact with the SMCin such a way
as to stimulate the SMCto produce their own mitogen. Cocul-
ture and conditioned medium experiments in vitro have pro-
vided support for these kinds of interactions (39, 40).

The mitogenic activity detected in the lumen of the grafts
might be only a small fraction of the mitogens available to the
intimal SMC. If endothelium and SMCare the sources of
PDGFin this model, it seems more likely that they should
secrete the growth factor into the matrix than into the lumen.
Cultured endothelial cells have been shown to secrete PDGF
vectorially into the abluminal, basal compartment (41). The
mitogenic activity detected in the graft perfusates might repre-
sent activity leached out of the graft matrix. At present we do
not have the reagents to determine the dimeric form of PDGF
and to localize the protein within the intima.

If the endothelial cell is the source of the mitogen for the
SMC, then there must be a difference between the endothelial
cells of the graft and the endothelial cells of the artery to ac-
count for the differences in expression of mitogenic activity.
Scanning microscopy shows that the endothelial cells in the
graft are larger than those found in the artery (25). The graft
endothelial cells are also proliferating at a higher rate than arte-
rial endothelial cells (9), presumably because of some form of
injury (42, 43). Endothelial cells turning over at a relatively
high rate might be in a different functional state, including
production of a mitogen for SMCor mediators capable of in-
ducing the production of growth factors by SMCthemselves.
Several stimuli have been shown to affect the production of
mitogens by endothelial cells in vitro (43-48).

SMCare present in both the artery and the graft intima. If
they are in part regulating their own proliferative state (6, 7, 14,
49-51), then differences between the populations of SMCin
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Figure 6. Localization of cells containing PDGFmRNAin healing vascular grafts by in situ hybridization. Serial sections of 12-wk (A-D) or

7.5-wk (E and F) arterial grafts were hybridized with 35S-labeled PDGF-A (A, C, E) or -B (B, D, F) chain specific riboprobes. PDGF-A chain
mRNAwas detected in endothelial cells (A, C, D) as well as some intimal SMC(C and E). PDGF-B chain mRNAwas only detected in a few

endothelial cells of the 12 wk (D) graft. Specimens were photographed using a combination of polarized light epiluminescence and bright field

illumination. Magnification, (A and B) 125; (C-F) 310. (Arrowheads) The lumenal surface on each sample. (i) Intima; (g) graft.

the graft intima and neighboring artery, similar to those dis-
cussed above for endothelium, might account for the observed
differences in proliferation. Differences in shear or wall motion
or both between artery and graft may be involved in inducing
SMCto proliferate. For example, SMCexposed to cyclic defor-
mation exhibited less proliferation than identical cells cultured
under static conditions (52). In addition, although the SMCin

the intima stain with anti-alpha actin antibodies as do the aor-

tic SMC, the graft intimal SMCare derived from microvascular
sources. Whether SMCof microvascular origin function in the
same fashion on a large vessel prosthesis as do the SMCnor-

mally found in the media of a large vessel is not known.
The other cell that is abundant in the graft, the macrophage,

is known to produce mitogens for SMC(11, 53) and could be
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regulating intimal SMCgrowth. However, SMCproliferation
increases with increasing distance of the SMCfrom the macro-
phages in the graft interstices. This observation appears incon-
sistent with the hypothesis that the macrophage is an important
source of SMCmitogen in this model unless one argues for an
inverse gradient in which low concentrations of macrophage
products stimulate smooth muscle proliferation and high con-
centrations are inhibitory or that the endothelial cells or their
matrix concentrate the macrophage released growth factors.

Other factors possibly affecting SMCproliferation. Because
only 50% of the growth promoting activity is attributed to
PDGF-like mitogen, we must consider what other known mi-
togens might be present and active. A limited number of perfus-
ates were evaluated for the presence of interleukin 1 and trans-
forming growth factor fl; neither of these factors was detected
(data not shown). Fibroblast growth factor (FGF) is a particu-
larly good candidate because it is synthesized by endothelial
and smooth muscle cells. Although it might not be actively
secreted, it is released from disrupted cells (54, 55) and stored
in the surrounding matrix. Hence, FGFmight be released from
endothelial cells turning over at the graft surface at the time of
cell death and might stimulate adjacent SMC. Whenadminis-
tered in pharmacological amounts intravenously, basic FGFis
a potent stimulus for regenerating endothelium and SMCin
denuded rat carotid artery (56).

The mitogenic activity detected in the graft perfusate re-
flects the response of the test cells to the combination of stimu-
latory and inhibitory factors in the perfusate. The presence of
inhibitory substances in the perfusate, and in the vessel wall,
might also be important determinants of the extent and loca-
tion of the intimal SMCproliferation in vivo. For example,
heparan sulfate secreted by endothelium and SMCinhibits
SMCgrowth in vitro and might be an inhibitor of SMCin vivo
(57, 58). Latent transforming growth factor-beta activated by
endothelium-pericyte interactions has been shown to be an in-
hibitor of cellular proliferation in vitro (40) and might also be
active in vivo.

Our studies suggest that PDGFmay be important in the
regulation of the SMCproliferation observed in the graft in-
tima. Although we have not identified the specific factors that
induce increased PDGFA-chain gene expression in the graft
intima, we have observed a difference in the pattern of PDGF
A-chain expression and luminal perfusate mitogenic activity in
the graft as compared to the control artery. In this organized
vascular tissue, the association of intimal SMCproliferation
with the presence of intimal PDGFA-chain mRNAexpression
and release of PDGF-like protein supports the concept that
factors from the cells in the intima rather than platelets may
regulate intimal SMCproliferation.
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