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Abstract

Healing baboon polytetrafluoroethylene grafts express PDGF
mRNAin the neointima. Perfusates of graft segments also con-
tain PDGF-like mitogenic activity. To extend these findings,
we studied the expression and regional distribution of the
PDGFprotein isoforms and their receptors in this prosthetic
graft model. By immunohistochemistry, as well as ELISA and
Western blot analysis of tissue extracts, both PDGF-A and
PDGF-Bwere identified in macrophages within the interstices
of the synthetic material. In contrast, the neointima contained
predominantly PDGF-A localized to the endothelial surface
and the immediate subjacent smooth muscle cell layers. Tissue
extracts of neointima and graft material were mitogenic for
baboon aortic smooth muscle cells in culture; nearly all of this
proliferative activity was blocked by a neutralizing anti-PDGIF
antibody. PDGFreceptor,8-subunit mRNAand protein were
easily detectable in the neointima and graft material. PDGF
receptor a-subunit mRNAwas also observed in the graft ma-
trix and at lower levels in the neointima. This pattern of ligand
and receptor expression further implicates locally produced
PDGFas a regulator of neointimal smooth muscle cell growth
in this model. The coexpression of ligand and receptor in the
macrophage-rich matrix also suggests that PDGFmay partici-
pate in the foreign body response. (J. Clin. Invest. 1993.
92:338-348.) Key words: blood vessel prosthesis * endothelium
* immunohistochemistry * muscle, smooth, vascular - platelet-
derived growth factor

Introduction

During embryonic growth and development, endothelial cells
assemble in cords, form lumina, and recruit mesenchymal cells
to form the smooth muscle coat of new blood vessels (reviewed
in reference 1). A somewhat similar pattern of vascular wall
building is seen in healing porous (60 ,m internodal distance)
expanded polytetrafluoroethylene (PTFE)' grafts in baboons
(2, 3). In these grafts, endothelial cells from invading trans-
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mural microvessels (or the cut edges of adjacent arteries) cover
the luminal surface and form a confluent monolayer. Smooth
muscle cells (SMC) subsequently appear beneath the endothe-
lium, proliferate, and deposit extracellular matrix to form a
thickened neointima (2). The neointima reaches a stable, ma-
ture state by 3 moand the SMCproliferation decreases to a low
rate (< 1%).

This model is an example of vessel wall assembly on a non-
contractile synthetic substrate. As in native vessels, graft wall
structure can be regulated by hemodynamic forces such as
shear stress (4, 5). Our laboratory has investigated factors that
might regulate the growth of the neointimal lining of these
prosthetic grafts. Since there is no evidence of platelet adher-
ence two weeks after graft implantation, we have hypothesized
that the signal for neointimal growth is endogenous to the graft
(6). In support of that hypothesis, Golden et al. have demon-
strated that the neointima expresses mRNAfor PDGF-Aand,
upon perfusion of excised grafts, releases into the lumen a mi-
togenic substance whose activity is blocked by anti-PDGF anti-
bodies (7).

The PDGFsystem is complex, consisting of multiple forms
of dimeric ligand and receptor molecules (reviewed in refer-
ence 8). PDGFisoforms are covalently associated dimers of
two distinct polypeptide subunits: PDGF-A and PDGF-B.
These subunits are quite homologous but are encoded by sepa-
rate genes. The three dimeric forms of PDGF(AA, AB, and
BB) represent the possible combinations of the two subunit
chains A and B. Each of these dimers has been found in nature
(8, 9). PDGFwas originally described in platelets ( 10), but has
also been demonstrated in cells of the vascular wall (8, 11-13).

PDGFexerts its biologic effects through high affinity inter-
actions with cell-surface receptors (PDGFR), of which there
are also two types: PDGFR-a and PDGFR-(3 (14, 15). These
receptor subunits possess different binding characteristics ( 16,
17). The a-receptor can bind either the PDGF-A or B chain
but the (3-receptor only binds the PDGF-Bsubunit. For a cell to
respond to PDGF-A, it must express a-receptors on its surface
but a cell expressing either a- or (3-receptors can respond to
PDGF-B chain. The biologic activity of PDGFis dependent
not only on the nature of the ligand but also on the availability
of relevant receptors in the target cell population. Thus, if one
postulates a role for PDGFin a biologic process, the presence of
the ligand and an appropriate form of the PDGFreceptor
should be demonstrable.

In this paper, we confirm the presence of biologically active
PDGFalong with receptor proteins in both the neointima and
graft matrix. The colocalization of PDGFprotein and receptor
in the neointima suggests the possibility of a local autocrine or
paracrine mechanism of SMCgrowth control. The presence of
PDGFligand and receptor in the graft matrix also implies a
role for PDGFin the host foreign-body response.

338 Kraiss et al.

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/07/338/11 $2.00
Volume 92, July 1993, 338-348



Methods

Graft implantation and removal. Porous (60-Mm internodal distance)
PTFE grafts were implanted bilaterally in the aorto-iliac circulation of
anesthetized juvenile male baboons ( -10 kg) using standard vascular
surgical technique (2, 7). Grafts were anastomosed to the arteries in
end-side fashion with continuous 6-0 polypropylene suture (Davis and
Geck, Danbury, CT) and native vessels were ligated so that common
iliac flow on each side was diverted through the ipsilateral graft.

After 8 wk, the animals were deeply anesthetized, anticoagulated
with heparin (3,000 U intravenously) and the aorto-iliac grafts re-
moved, rinsed, and processed as described below. Another pair of grafts
was implanted into the aorto-iliac position. 8 wk later, the animals were

again anesthetized, anticoagulated, and then exsanguinated by sys-
temic perfusion with lactated Ringer's solution at 100 mmHgvia an

axillary artery cannula with femoral venous drainage. The grafts were
then rapidly removed, copiously rinsed in lactated Ringer's, and pro-
cessed as described below. The data derived from tissue (a total of 12
grafts) and animals (three in number) in this study are distinct from
previously published data using this model (2-7).

RNA extraction and Northern analysis. Extraction of RNAfrom
graft tissue and Northern blotting was performed as described by Gol-
den et al. (7). After removal, the graft material and a portion of the
native aorta were quickly frozen in liquid nitrogen. The frozen tissue
was homogenized in an extraction buffer containing 5 Mguanidine
isothiocyanate, 10 mMEDTA, 50 mMTris-HCI (pH 7.5), and 8%
(vol/vol) d mercaptoethanol. Neointima, graft material, and aorta
were dissected and processed separately. Total RNAwas selectively
precipitated with lithium chloride ( 18 ). RNAsamples were then elec-
trophoresed in 1%agarose ( IOgRNA/lane) and transferred to nylon
membranes for analysis. Probes for PDGF-A (19), PDGF-B (20),
PDGFR-a ( 17), and PDGFR-(3 (21 ) were labeled with 32P by nick
translation, added to the hybridization solution, and incubated at 420C
for 20-24 h. The blots were then washed and signals detected by autora-
diography. Messenger RNAfrom normal human aorta and adult SK-5
human skin fibroblasts were compared with graft samples.

In situ hybridization. After removal of the graft, a portion was

embedded in OCTmedium (Miles Laboratories Inc., Elkhart, IN) for
subsequent cryosectioning and histologic analysis. Using previously
described techniques (22, 23), cryosections were pretreated with para-
formaldehyde, proteinase K, and prehybridized in 100 ,l hybridization
buffer (50% formamide, 0.3 M NaCl, 20 mMTris, pH 8.0, 5 mM
EDTA, 0.02% polyvinylpyrrolidine, 0.02% Ficoll, 0.02% BSA, 10%
dextran sulfate, and 10 mMdithiothreitol) at 42°C. Probes specific for
PDGF-A (19), PDGF-B (24), PDGFR-a, (25), and PDGFR-(3 (26)
were labeled by transcription (27) with 3S-UTP to a specific activity of
300 Ci/mmol. Serial sections were then hybridized overnight with
600,000 cpm of labeled probe. The sections were then washed with 2x
SSC(l x SSC= 150 mMNaCl, 15 mMNa citrate, pH 7.0) with 10 mM
0-mercaptoethanol and mMEDTA, treated with RNase (Sigma
Chemical Co., St. Louis, MO), and followed with a high stringency
wash in 0.1 x SSCwith 10 mmfl-mercaptoethanol and mMEDTA,
at 55°C for 2 h. Slides were then washed in SSC without 0-mercap-
toethanol, dehydrated in graded alcohols, coated with NTB2 photo-
graphic emulsion (Eastman Kodak Co.), placed in light-tight con-

tainers, and exposed for 4-12 wk at 4°C. Sections were then developed
and counterstained with hematoxylin and eosin.

Immunohistochemistry. An antibody against PDGF-A was pre-

pared by double affinity-purification of rabbit polyclonal anti-PDGF
(9) and designated 4822. Limited cross-reactivity with PDGF-B chain
was removed by passage over a column containing PDGF-BBcoupled
to Sepharose followed by purification of the anti-PDGF-A by adsorp-
tion and elution from a column containing PDGF-AAcoupled to Seph-
arose. Monoclonal antibodies were used to detect PDGF-B chain
(PGF-007) (28, 29) and PDGFR-,B (PR7212) (30), and to identify
SMC(anti-actin HHF35) (31) and macrophages (HAM 56) (32).

Portions of the graft specimens were rinsed with lactated Ringer's
solution and immediately immersed in methyl Carnoy's fixative (60%

methanol, 30% chloroform, 10% acetic acid vol/vol) after removal
from the animal. Someof the tissue was also embedded in OCTcom-
pound and snap-frozen in liquid nitrogen. 1 or 2 d later, the fixed
specimens were switched to 70%ethanol and then processed for paraf-
fin embedding. Fixed and frozen sections were mounted on poly-D-ly-
sine-coated slides and immunohistochemical procedures used biotinyl-
ated second antibodies (Vector Laboratories, Inc., Burlingame, CA),
avidin-biotinylated peroxidase, and diaminobenzidine:NiCl2 as the
chromogen. Sections were incubated with the primary antibody over-
night at 4VC. For monoclonal antibodies, an irrelevant monoclonal
antibody served as a negative control; for the polyclonal antibodies,
rabbit nonimmune serum or IgG (if the primary antibody was affinity
purified) was used as a negative control. All the antibodies except
PR7212 gave satisfactory staining on paraffin-embedded tissue.
PR7212 staining was performed on cryosections.

Competitive blocking experiments were performed with PGF-007
(anti-PDGF-B) and anti-PDGF-A (4822). For PGF-007, a 20-fold
molar excess of the immunogenic peptide or human platelet PDGF
was preincubated with the antibody before application to the slide
(29); a 5 to 10-fold molar excess of recombinant PDGF-AAwas used
to block anti-PDGF-A (4822) staining.

Double-labeling studies used a combination of immunoperoxidase
and alkaline phosphatase techniques. Antibodies for PDGFwere ap-
plied first and processed according to the avidin-biotin-peroxidase
method described above. Antibodies specific for macrophages (HAM
56) or SMC(HHF 35) were applied second, incubated overnight at
40C, and developed by the alkaline phosphatase method (Vector Labo-
ratories, Inc.).

Tissue extraction for evaluation of PDGFprotein. Grafts were
quickly frozen in liquid nitrogen after removal. The neointima, graft
material, and perigraft tissue were separated and pooled into like frac-
tions for extraction and analysis. In total, 25-30 cm of graft tissue was
available for extraction. For extraction, the grafts were thawed in PBS
(pH 7.4) containing protease inhibitors (1 mMEDTA, 1 mMo-phen-
anthroline, 1 gg/ml pepstatin, 1 gMleupeptin, and 50 kallikrein inhibi-
tory units/ml aprotinin). The grafts were homogenized and extracted
in 1 Nacetic acid, 1 MNaCl, and protease inhibitors for 2 h at 4°C. The
samples were centrifuged to remove graft particles and cellular debris
and further concentrated (Centriprep 10; Amicon Corp., Danvers,
MA) to a final volume of 3 ml/fraction.

ELISA. The extracts were analyzed for the presence of different
forms of PDGFusing dimer-specific enzyme-linked immunoassays.
Using 96-well microtiter plates, the bottom of each well was incubated
overnight at 4°C with monoclonal antibodies directed against the A-
chain (127.2.2.2, 2.5 ug/ml) (9) or the B-chain (PGF-007, 10 s'g/ml)
(28, 29). The remainder of the protein binding sites in the wells were
blocked with BSA(10 mg/ml) for 1 h at 37°C. Serial dilutions (up to
1:32) of the tissue extracts were then added to duplicate wells and
incubated at 37°C for 90 min. The plates were washed and rabbit poly-
clonal anti-PDGF-A or anti-PDGF-B (9) added to each well and incu-
bated for 1 h at 37°C, followed by a biotinylated goat anti-rabbit anti-
body (Vector Laboratories, Inc.) under the same conditions. An avi-
din-biotinylated peroxidase system (Vector Laboratories, Inc.) was
used to identify bound antibody complexes and developed with o-
phenylene diamine. After - 15 min, the chromogenic reaction was
stopped by addition of 4 NH2SO4(50,ul/well). The spectrophotomet-
ric absorbance at 492 nmwas determined for each well and compared
to values obtained when known amounts of PDGFAA, AB, or BBwere
added to each well in place of tissue extract. Extracts of baboon plate-
lets were evaluated by ELISA as well to determine the predominant
dimeric form present in platelets.

Western blotting of PDGFligands. According to a previously de-
scribed technique (33) nonreduced concentrated aliquots of tissue ex-
tract were separated on 15% SDS-PAGEgels and transferred to nitro-
cellulose. After blocking excess binding sites with 1% BSA, the blots
were incubated at room temperature for 90 min with primary antibod-
ies directed against PDGF-A (a rabbit polyclonal pre-affinity-purified
form of 4822) (9) or against all three PDGFdimeric forms (goat affin-
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ity-purified polyclonal) (34). Species-specific biotinylated secondary
L antibodies and the avidin-biotinylated immunoperoxidase system were

used to detect bound primary antibody. The chromogen was diamino-
benzidine (Sigma Chemical Co.) in 0.05 MTris-HCl (pH 7.25) with
0.03% hydrogen peroxide. Specificity of detection by the anti-PDGF-A
chain and polyclonal anti-PDGF antibodies was demonstrated by

N preincubation and competitive inhibition with either PDGF-AA or
PDGF-AB, respectively. Baboon platelet extracts were similarly evalu-
ated.

Mitogenesis assay. The mitogenesis assay was performed as de-
scribed by Raines and Ross (35). Baboon aortic SMCin the sixth
passage were plated in 24-well trays ( 100,000 cells/well) in 10% fetal
bovine serum. The next day, the medium was switched to 1%baboon
plasma-derived serum in Dulbecco-Vogt medium ( 1 ml/well) and the
cells were growth arrested for 72 h. Samples of extract from the neoin-
tima and graft material were preincubated for I h at 370C with neutral-
izing goat polyclonal anti-PDGF antibody or nonimmune goat IgG at a
final concentration of 500 gg/ml (34). The test solutions were then
added to triplicate wells and allowed to incubate for 20 h at 370C. The
medium was then aspirated and replaced with 0.5 ml/well of 5%calf
serum containing 2 uCi/ml tritiated thymidine (New England Nu-

'igA G i l clear, Boston, MA) and incubated for another 8 h. The radioactive
medium was aspirated and the wells washed with three changes of cold
5%trichloroacetic acid. The acid-insoluble material was then dissolved
in 0.25 N NaOH(800 il/well) and 600 ,l aliquots added to 5 ml of

sr*_*"*-Ej~;;d 4P~liquid scintillation medium (Biofluor; New England Nuclear). Sam-
ples were analyzed in a liquid scintillation counter.

Tissue extraction for evaluation of PDGFreceptors. After removal,God At -4.;8= grafts were rapidly frozen in liquid nitrogen. Graft matrix and neoin-
tima were processed separately. The tissue was pulvenzed under liquid

4 - if lAtnitrogen in a dry ice-cooled mortar and pestle and then homogenized
in extraction buffer (2% SDS, 0.1 MTris pH 6.8, 20% glycerol) at a
ratio of 4 ml solution per gram of tissue.

Western blotting of PDGFreceptors. After the method of Hart et al.
(30), tissue extracted as described above was separated electrophoreti-
cally on 8% SDS-PAGE gels under nonreducing conditions. After
transfer to nitrocellulose paper, the blots were probed with antibodies

.loe -atothe PDFR-a subunit or PDGFR-,3 subunit (PR7212). A species-
specific alkaline phosphatase-conjugated secondary antibody was used
to detect bound primary antibody. The chromogen was bromochlor-
oindoyl phosphate/nitro blue tetrazolium. Extracts of baboon SMC

Y4,y . Go known to express PDGFR-(3 were used as a positive control while SMC
32pX if < Agoextracted after exposure to PDGF-BB(to downregulate the ,8-subunit)

served as a negative control. A baby hamster kidney cell-line trans-
fected with the PDGFR-a subunit was used as a control for the anti-
PDGFR-a antibody in analogous fashion.

L at e* , ~ y ................ g+Results
Graft morphology. A total of 12 grafts all implanted for 2 mo

were available for analysis. Histologic cross-sections stained
with hematoxylin and eosin confirmed previous observations
that an endothelialized, thickened neointima forms by 2 moin
the baboon grafts (2). Immunocytochemical studies showed

N: that cells within the graft matrix stain heavily with HAM56, a
macrophage marker (Fig. 1 A), while the neointima stains pri-
marily with HHF35, an anti-actin marker for SMC(Fig. 1 B).
Luminal cells stain with antibodies to Factor VIII-related anti-

Figure 1. Identification of constituent cells in PTFE graft model by
immunohistochemistry. Cell-specific staining is black in graft cross-
sections incubated with (A) HAM56, a macrophage marker; (B)
HHF35, a smooth muscle cell marker; (C) Factor VIII antibody, an

NI. endothelial cell marker. L, lumen; N, neointima; GM, graft matrix.
X100.
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gen demonstrating the presence of endothelium (Fig. 1 C). A
few macrophages were also scattered throughout the neointima
(Fig. I A).

Localized expression of PDGF-A and -B chain in baboon
grafts. Previously reported studies using Northern blotting and
in situ hybridization analyzed only the graft neointima and
found mostly PDGF-AmRNAand little PDGF-BmRNA(7,
36). At the time of our previous analysis of PDGFcontribution
to the neointimal formation in the baboon vascular grafts (7),
antibodies for immunocytochemical localization of PDGF
were not available. In the present study both neointima and
graft matrix were analyzed. By Northern analysis, RNAex-
tracts of graft matrix demonstrated increased levels of tran-
scripts for both PDGF-A and -B as compared with a normal
vessel (Fig. 2). Northern analysis of the neointima revealed the
presence of PDGF-A but little PDGF-B (not shown), consis-
tent with previously reported data (7, 36).

Immunohistochemical studies using a monoclonal anti-
body to PDGF-B (PGF-007) revealed relatively intense stain-
ing (extinction or loss of signal at 16 ng/ml antibody concen-
tration) of cells residing in the graft matrix (Fig. 3 A) as well as
less intense staining (extinction at 250 ng/ml) in the neoin-
tima (Fig. 3 B). Double-labeling studies identified the PDGF-
B positive cells in the graft matrix cells as macrophages (Fig. 3
C) while the positively stained cells in the neointima consisted
of both macrophages and SMC(Fig. 3, D and E). Surface
endothelial cells did not appear to stain with the antibody and
staining with an irrelevant monoclonal antibody at similar pro-
tein concentrations was negligible (not shown). The PGF-007
staining in the graft matrix and neointima was completely abol-
ished by preincubation with the immunogenic peptide used to
develop the antibody and with PDGF(30) (not shown).

The distribution of PDGF-A protein subunit in the graft
matrix (using the double affinity-purified polyclonal anti-A
antibody, 4822) (9) was similar to PDGF-B: prominent stain-
ing was observed in the cytoplasm of macrophages (Fig. 4 A).
Staining of the neointima was localized to a narrow perilu-
minal region consisting of the endothelium and first few layers
of SMC(Fig. 4 B), a pattern very similar to that observed by
Golden et al. when they performed in situ hybridization studies
for PDGF-AmRNAon PTFE graft neointima (7). A nonim-
mune rabbit IgG antibody at equivalent protein concentration
did not stain either the graft matrix (Fig. 4 C) or neointima
(Fig. 4 D). However, we were unsuccessful in competitively
blocking 4822 staining with recombinant PDGF-AA; preincu-
bation of 4822 and the control nonimmune IgG antibody with
PDGF-AA yielded either artifactual nuclear staining or dif-

fusely increased the level of background staining for both im-
mune and nonimmune antibodies (not shown).

Characterization of the PDGFpresent in the baboon grafts.
To determine which dimeric forms of PDGFare present in the
baboon grafts, the tissue extracts were assayed using dimer-spe-
cific ELISAs (Table I). In the neointima, PDGF-A chain was
readily detectable in the form of the AAhomodimer. However,
PDGF-B chain was found only in small amounts as indicated
by the absence of PDGF-ABand a barely perceptible PDGF-
BB signal. These findings agree with and extend our immuno-
histochemical observations (Figs. 3 and 4) and are consistent'
with previous observations of PDGF-Aand -B chain transcript
in the graft neointima (7, 36). The extract from the graft ma-
trix contained all three dimeric forms of PDGF, consistent
with our immunohistochemical findings (Figs. 3 and 4) that
macrophages in this region stain with antibodies to both
PDGF-A and -B chain and that transcripts for both A- and
B-chain can be demonstrated by Northern blotting (Fig. 2). A
similar analysis of an extract of baboon platelets demonstrated
that only PDGF-BBwas present (Table I). This finding indi-
cates that our observations of PDGF-AAin the neointima and
PDGF-ABin the graft matrix are not the result of contamina-
tion of the graft specimens by platelet releasate. Theoretically,
the presence of PDGF-BBin the graft matrix could be the re-
sult of platelet contamination, but the presence of the AB het-
erodimer in the ELISA, the positive immunostaining with
PGF-007, and the presence of PDGF-BmRNA(Fig. 2) estab-
lishes the ability of the macrophages to elaborate PDGF-B, and
thus the potential to make the BB homodimer.

To characterize further the molecular nature of the ex-
tracted PDGF, Western blotting studies of the extracts were
performed (Fig. 5). The rabbit polyclonal anti-PDGF-A anti-
body recognized two specific bands of - 30 and 65 kD, respec-
tively, in the neointimal extract. The matrix contained two
lower molecular weight bands (33 and 38 kD) as well as the
higher molecular weight form seen in the neointima. The mo-
lecular weights for the PDGF-A precursor protein are 36 and
44 kD with the mature form being 30-31 kD (8). Weascribe
the discrepancy in size between the low molecular weight forms
in the neointima and matrix and the high molecular weight
form in the neointima to possible differences in posttransla-
tional processing. Detection of both the high and low molecu-
lar species was significantly decreased when the A-chain anti-
body was competitively inhibited with PDGF-AA, as was the
detection of recombinant PDGF-AA (data not shown).

Western blots of the matrix extract were also probed with a
goat polyclonal antibody that recognizes all forms of PDGF
(Fig. 5). A broad band of 29-35 kD was observed as were 56-
and 66-kD forms. This pattern is consistent with the size of
mature PDGF(29-31 kD) and precursor forms of PDGF-BB
(56 kD) and PDGF-AA (36 and 44 kD). These bands were
largely inhibited when the antibody was preincubated with
PDGF-AB. The Western blots of the neointimal extract were
not probed with this antibody because of limited material and
the ELISA results indicating that most or all of the PDGFin
the neointima was the AA homodimer.

Tissue extracts contain mitogenic activity inhibited by anti-
PDGFantibodies. To verify further the immunohistochemical
and ELISA results and compare the tissue extracts with pre-
vious ex vivo perfusion of the grafts (7), the pooled extracts of
graft neointima, matrix, or perigraft tissue were tested for the
presence of mitogenic activity and the relative contribution of
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Figure 4. PDGF-A protein localization in
PTFE grafts by immunohistochemistry.
PDGF-A staining is black and nuclei
green in (A) graft matrix and (B) neoin-
tima stained with 4822; (C) graft matrix
and (D) neointima stained with nonim-
mune IgG. Xl,000 (A, B, D); x400 (C).

PDGF(Fig. 6). The biological activity of the PDGFwithin the
extracts was determined on baboon aortic SMCknown to be
responsive to all three PDGFdimers. As depicted in Fig. 6,
extracts from both graft matrix and neointima stimulated
DNAsynthesis in these cells. Preincubation of the extract with
a polyclonal anti-PDGF antibody that neutralizes all dimeric
forms of PDGFsignificantly reduced the proliferative response
to levels approaching the basal level of thymidine incorpora-
tion in the absence of exogenous mitogen. This result suggests
that the major mitogen in the neointimal and matrix extract is
PDGF.

PDGFreceptor expression in baboon grafts. For PDGFto
regulate healing and neointimal development, a relevant form
of the PDGFreceptor needs to be present on cells in the matrix
and neointima. Weinvestigated the expression of the PDGF
receptor genes in this model using Northern analysis (Fig. 7)
and in situ hybridization (not shown). In the neointima, the
PDGFR-0 subunit gene is preferentially expressed over the
PDGFR-a subunit gene (Fig. 7 A). RNAextracted from the
graft matrix contained transcripts for both the PDGFR-(3 and
PDGFR-agenes (Fig. 7 B). The overwhelming majority of the

matrix cells stain with HAM56. These findings suggest that
foreign body-activated macrophages are capable of expressing
both PDGFreceptor genes or that macrophages may increase
receptor expression in localized mesenchymal cells.

Cryosections of the neointima in the PTFE grafts were

stained with a monoclonal antibody to the PDGFR-f subunit
(Fig. 8). Diffuse staining of the neointimal cells was observed
(Fig. 8 A) whereas the adjacent aorta did not stain (Fig. 8 B).
Staining with an irrelevant monoclonal antibody was negligible
(not shown). The graft matrix could not be evaluated as its
morphologic appearance on frozen section is not satisfactory
for immunohistochemical evaluation. None of the available
antibodies to the PDGFR-a subunit gave specific staining on

histologic sections of the PTFE graft matrix or neointima.
The presence of PDGFR-f subunit protein was confirmed

by Western blot analysis of tissue extracts from the neointima
and graft matrix using the monoclonal antibody PR7212 (Fig.
9). Strongly staining bands at 180,000 mol wt were observed in
both graft matrix and neointima extracts. Native baboon aorta
contained little recognizable PDGFR-f. These data are in
agreement with the immunohistochemical findings presented

Figure 3. PDGF-B protein localization in PTFE grafts using the monoclonal antibody PGF-007. The following regions of the graft were stained
with PGF-007: (A) PTFEgraft matrix, and (B) neointima, in which cells staining with PGF-007 appear black and nuclei are stained green; (C)
graft matrix double stained with PGF-007 (brown) and the macrophage marker, HAM56 (blue) with nuclei counterstained red; (D) neointima
double stained with PGF-007 (brown) and the smooth muscle marker, HHF35 (red) with nuclei are counterstained green. Thick arrows indicate
single cells stained with antibodies to both PDGFand SMCand the thin arrow demonstrates a cell stained with the antibody to PDGFonly.
(E) neointima double stained with PGF-007 (brown) and the macrophage marker, HAM56 (blue) with nuclei counterstained red. x400 (A,
B); XlOOO (C, D, E).
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Table I. Concentration* of PDGFIsoforms in Tissue Extracts by
ELISA

Graft matrix Neointima Platelets

PDGF-AAt§ 15.7±6.2 2.8±1.0 <0.3
PDGF-ABI§ 13.8±5.2 <0.2 <0.4
PDGF-BB§ 4.0±0.9 0.04±0.05 36.3±6.7

* ng PDGF/ml tissue extract (not normalized to weight of starting
material). Data expressed as mean±SEMof values obtained with
three to five dilutions of each sample. t Capture with monoclonal
anti-A antibody (127.2.2.2), secondary rabbit polyclonal anti-A.
"i Capture with monoclonal anti-B antibody (PGF 007), secondary
rabbit polyclonal anti-A. ¶ Capture with monoclonal anti-B antibody
(PGF 007), secondary rabbit polyclonal anti-B. § Although limited
cross-reactivity exists with these antibody combinations for alternate
dimeric forms of PDGF, evaluation of standard curves for these
alternate forms suggests that in none of these samples could the levels
detected be explained to any significant extent by the alternate forms
(data not shown).

in Fig. 8. No comparable bands were observed when the blots
were probed with an antibody against the PDGFR-a subunit,
although the antibody did recognize a-subunits in control cells
(data not shown).

Discussion
All three dimeric forms of PDGFare present in tissue extracts
from this primate model of vessel wall assembly and retain
mitogenic potency for vascular SMCin culture. In the neoin-
tima, PDGF-A mRNAand protein are selectively expressed
near the lumen and in larger amounts than PDGF-B. In the
interstices of the graft, both PDGF-A and -B are present in
readily detectable quantities as hetero- and homodimers while
baboon platelets contain almost exclusively PDGF-BB. These
results establish that cells within the healing graft possess the
ability to synthesize PDGF. Wepropose that PDGFmay help
mediate cell infiltration (neovascularization) of the graft mate-
rial as well as subsequent neointimal development.

NEOINTIMA

I
8

* + non-immune IgG
8000-

0 + anti-PDGF

6000

4000zzzLLb11

L1E1 EI1 N
0 50 100 0 50 100

Neointima Extract (al) Matrix Extract (,al)
Figure 6. PDGF-like mitogenic activity in extracts of PTFE grafts. 50
Ml or 100 ;lI of the indicated extracts were tested in the presence of
nonimmune IgG or anti-PDGF IgG and a dose response was observed
with both matrix and neointimal extracts. The difference in counts
between wells incubated with nonimmune IgG and anti-PDGF rep-
resents the amount of mitogenic activity that can be attributed to
PDGF-like material. Values represent mean (±SD) of triplicate de-
terminations. Note that addition of anti-PDGF reduces thymidine
incorporation to near basal levels.

PDGFfrom macrophages maypromote cellular infiltration
ofthe graft matrix. The PTFEgrafts elicit a foreign body inflam-
matory response in the host animal. The macrophage, acti-
vated by contact with a prosthetic material resistant to phagocy-
tosis, is the pivotal cell in the foreign body response. Histologic
and immunochemical analysis of the PTFE graft matrix dem-
onstrates an overwhelming predominance of macrophages and
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Figure 5. Western blot analysis of graft extracts for PDGFprotein.
Extracts of the graft neointima and matrix were analyzed after sepa-
ration in a 15% nonreducing SDSpolyacrylamide gel and transfer to
nitrocellulose. The Western blot was analyzed with a rabbit polyclonal
anti-PDGF-A antibody (Anti-A) or a goat affinity-purified polyclonal
antibody that recognizes all three dimeric forms of PDGF(Anti-
PDGF). The PDGFcompetitor for the blots probed with Anti-A was
PDGF-AA; for the blots probed with anti-PDGF, PDGF-ABwas the
competitor.

PDGFR--Cx PDGFR 11

A

PDGFR-a PDGI6 i1i

B

Figure 7. Analysis of PDGFreceptor mRNAexpression in PTFE
grafts. Northern blots of graft neointima (A) and graft matrix (B)
were compared with normal aorta for PDGFreceptor subunit a and
,B expression levels. Arrows represent position of 18S and 28S rRNA.
Note the decreased expression of PDGFR-aand increased expression
of PDGFR-,3 in graft neointima relative to normal aorta while both
receptor subunits are expressed to a greater degree in graft matrix than
normal aorta.
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Figure 8. Immunohistochemical analysis of PDGFreceptor ,8-subunit protein expression in graft neointima (A) compared to normal aorta (B)
using the monoclonal antibody PR7212. The graft neointima contains much more PDGFR-fl protein than normal aorta. x 1,000.

multinucleate giant cells, both of which stain prominently for
PDGF-A and -B. This is distinct from other forms of vascular
injury such as hypercholesterolemia-induced atherosclerosis in
which macrophages stain for PDGF-B chain but not the A-
chain (Sasahara, M., E. W. Raines, and R. Ross, unpublished
observations).

Both Northern and in situ hybridization studies of the graft
matrix indicate that both PDGFreceptor genes are also ex-
pressed at measurable levels. Western blots of matrix extract
demonstrate only PDGFR-fl protein. Hence, the macrophage,
the predominant cell type in the graft matrix, expresses PDGF
and may express receptors as well. While Claesson-Welch et al.
(37) found no evidence of PDGFR-f3 expression by freshly

-1 80,OOC

Figure 9. Western blot
analysis of PTFEgraft
extracts for the presence
of PDGFreceptor
fl-subunit protein using
the monoclonal anti-
body PR7212. Note the
relatively abundant ex-
pression of PDGFR-ft
protein in graft neoin-
tima and matrix com-
pared to normal aorta.
Quiescent baboon aortic
SMCserved as a posi-
tive control while SMC
incubated with PDGF
(to downregulate
PDGFRexpression)
was used as a negative
control.

isolated human blood monocytes, Pantazis et al. (38) reported
expression and production of PDGFR-13 in phorbol ester-
treated monocytic leukemia cell lines. Perhaps foreign body
activation of macrophages induces expression of PDGFR-13 in
a similar manner as phorbol ester. However, it is also possible
that macrophages may increase the expression of PDGFrecep-
tors in mesenchymal cells within the matrix. This phenome-
non has been reported to occur in inflamed joints and athero-
sclerotic vessels ( 39-41 ). Because we were unable to perform
immunostaining with PR7212 on the graft matrix, the specific
cells responsible for PDGFR-f expression have not been iden-
tified.

The luminal surface of the PTFEgrafts in this model reen-
dothelializes by transmural migration of microvessels derived
from the surrounding granulation tissue (2). Whether PDGF
directly participates in angiogenesis is not known. In general,
endothelial cells do not respond to PDGFalthough microvascu-
lar endothelial cells in the central nervous system can express
PDGFR-fl (42, 43) and synthesize DNAin response to PDGF-
BB (43). Thus, it is possible that macrophage-derived PDGF
could participate in the angiogenic response that occurs in the
early phases of PTFEgraft healing. However, other known an-
giogenic factors may also be present in the graft matrix macro-
phages.

Along with endothelial cells, SMCmust also traverse the
graft to contribute to neointimal formation. Recent studies
from our laboratories using a rat carotid artery injury model
suggest that while PDGFpossesses some mitogenic potency for
SMCin vivo, its major role is to promote SMCmigration from
the media into the intima (44, 45). Macrophage-derived
PDGFin the graft matrix might similarly induce infiltration of
perigraft SMCinto the prosthetic material, initiating the migra-
tory response ultimately necessary for neointimal thickening.
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PDGFmaypromote neointimal growth. Our results suggest
that PDGF-A is more abundant than PDGF-B in the neoin-
tima. By immunostaining, PDGF-A is confined to a narrow
periluminal region encompassing the surface endothelial cells
and the first few layers of SMCand PDGF-AAwas the predomi-
nant form of PDGFdetected in neointimal extracts. These find-
ings agree with in situ hybridization studies by Golden et al.
that localized PDGF-AmRNAto this region (7), which is the
same region that contains the majority of proliferating neointi-
mal SMC.

The principal evidence for the presence of PDGF-B in the
neointima is immunohistochemical (Fig. 3 B). PDGF-B in
neointimal SMCcould only be demonstrated by using a 32-
fold higher concentration of anti-B antibody (PGF-007) than
was used to stain macrophages in the graft matrix. Scattered
macrophages in the neointima also contained PDGFB-chain.
Minimal amounts of PDGF-Bwere detected in neointimal ex-
tracts by an ELISA using the same antibody. Golden et al.
found low levels of PDGF-B mRNAin neointimal tissue by
Northern and in situ analysis (7, 36). Thus, we feel that PDGF-
B is present in the neointima in relatively low quantities com-
pared with PDGF-A.

PDGFreceptors are expressed by the cells engaged in heal-
ing these grafts, indicating that the two components, ligand and
receptor, necessary for a biological response are present. By
Northern, in situ hybridization, and immunochemical analy-
ses, PDGFR-, is widely distributed in the neointima, and is
expressed by SMCin the same areas that stain with anti-PDGF
antibodies. By ELISA and mRNAanalysis, however, PDGF-A,
which requires the PDGFR-a, appears to be the most abun-
dantly expressed ligand in the neointima.

In a different model of injury and repair, balloon injury of
the rat carotid artery, Majesky et al. (46) also noted upregula-
tion of PDGF-A gene expression against the background of
constitutive, unchanging PDGFR-aexpression during the first
week after injury. At later times, the developed intima ex-
pressed increased PDGF-Aalong with PDGFR-0and minimal
PDGF-B or PDGFR-a. There are, however, important differ-
ences between the baboon graft healing model and the rat ca-
rotid injury model. In the injured rat carotid, the luminal cells
are SMCwhile in the graft model they are endothelial cells. In
the injured artery, SMCstop growing in the endothelialized
regions, while in the grafts, SMCproliferate beneath the endo-
thelium. Despite these differences, the pattern of PDGFligand
and receptor expression in the two models is similar, suggesting
a fundamental response by vascular tissue to perturbed condi-
tions.

Since PDGF-AAcan only bind to the PDGFR-a, the pres-
ent findings and those of Majesky et al. (46) seem incompatible
with a PDGF-regulated growth control mechanism. However,
several possible alternative explanations exist.

Some PDGFR-a mRNAis present in the graft neointima
by Northern analysis (Fig. 7 A) as is some PDGF-B ligand
which could bind to the more abundant PDGFR-p3. It is un-
clear how much PDGFR-aor PDGF-B is necessary to generate
and sustain a mitogenic response in vivo or when such expres-
sion is necessary. In addition, the normal biological response of
nontransformed mesenchymal cells exposed to PDGFis recep-
tor downregulation through internalization and degradation
(reviewed in reference 8). Thus, it would not be surprising that
PDGFR-a expression is suppressed by the presence of high
levels of PDGF-A, as exists in the periluminal region. Con-

versely, the apparent high levels of PDGFR-,B might be taken as
further, indirect evidence for the relative scarcity of PDGF-Bin
the mature neointima.

The neointimal layers in the grafts examined in this study
were well developed; much of the active neointimal prolifera-
tion and thickening had already occurred by 2 mo(3). If grafts
were studied at earlier time points when SMCare proliferating
more actively, higher levels of either PDGFR-a or PDGF-B
might be found. Sjolund et al. (47) have described just such a
phenomenon in cultured rat aortic SMC. When these cells
were induced to enter the cell cycle, an increase in PDGFR
mRNA(especially the a-subunit) was observed. Quiescent
SMCcontained no detectable PDGFR-amessage but did con-
tain PDGFR-f3 transcript, similar to the neointimal tissue in
our study.

2-3 moafter implantation, these grafts have "matured" to
the extent that active SMCproliferation has subsided and fur-
ther neointimal thickening does not occur (3) even though the
macrophages within the graft continue to express PDGF. It is
unclear whether these cells simply contain PDGFand are not
releasing it, whether the PDGFremains cell associated as has
been described in a number of in vitro cultures (48), or
whether lack of local PDGFreceptor expression is limiting the
response. Extracellular matrix comprises 80%of the volume of
the neointima, especially in the deeper regions located close to
the graft material (5). This could further limit diffusion of
PDGFreleased by macrophages in the graft matrix. PDGFis
known to stimulate the production of connective tissue pro-
teins either directly or indirectly, e.g., through TGF-,B (49-55).
Thus, PDGFelaborated by macrophages in the graft matrix at
earlier stages mayhave been involved in stimulating the synthe-
sis and deposition of extracellular matrix by SMCdeep in the
neointima through a number of pathways.

Regulation of PDGFor growth factor expression. In this
model, SMCproliferate just underneath the endothelium. This
observation has caused us to suggest that events at the luminal
surface may control the expression of factors which govern the
SMCproliferative response. In a previous study (3), the lu-
minal endothelial cells in these PTFE grafts were shown to be
proliferating at levels above background yet there was no in-
crease in endothelial density. This finding led to the conclusion
that some form of chronic, nondenuding endothelial injury
was occurring at the luminal surface. This injury represents one
possible mechanism by which growth factors may be released
from endothelial cells as previously shown in cultured endothe-
lial cells treated with phorbol ester (56). Alternatively, cycling
cells might synthesize and secrete more mitogen than resting
cells. However, these PTFEgrafts typically cease to thicken 2-3
mo after implantation, despite the apparently constant pres-
ence of PDGF-A.

What stops the thickening process? In other studies in this
prosthetic graft model, neointimal SMCproliferation was
shown to be inhibited by increased blood flow velocity and
shear stress (4, 5). As neointimal thickening progressively
narrows the lumen, the shear stress experienced by the surface
endothelial cells increases exponentially. It is possible that at a
certain level of thickening, a critical shear stress level is reached
that shuts off a mitogenic signal in the endothelium (i.e.,
PDGF-B) or induces an inhibitory signal (perhaps PDGFR-a
downregulation). Conversely, a switch from high to normal
flow stimulated SMCproliferation (4). This switch might be
associated with an increase in PDGFexpression. Similar corre-
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lations between shear stress and intimal thickening have been
demonstrated in other models (57-59). The nature of the
growth regulatory signal modulated by shear stress is currently
undefined.

Conclusion. Our studies demonstrate increased expression
of both chains of PDGFand both receptor subunits in healing
baboon PTFE grafts 2 mo after implantation. The expression
of PDGFand it receptors is localized and specific to particular
regions of the graft. PDGF-A and PDGFR-f3 predominate in
the neointima while the graft matrix contains both ligands and
the PDGFR-g receptor. The presence of the PDGFR-asubunit
has been more difficult to define but our results suggest the
existence of a-subunit mRNAin the matrix and, at lower lev-
els, in the neointima. The factors responsible for induction of
this pattern of expression are unclear but the increased expres-
sion and colocalization of PDGFand its receptor in the neoin-
tima and graft matrix suggest that PDGFmay be involved in
SMCaccumulation as well as the foreign body response in
these grafts.
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