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Inhibition of Neointimal Smooth Muscle Accumulation
After Angioplasty by an Antibody to PDGF

GORDON A. A. FErRNS, ELAINE W. RAINES, KATHERINE H. SPRUGEL,
ALYKHAN S. MOTANI, MICHAEL A. REIDY, RUSSELL ROss*

Approximately 30 to 40 percent of atherosclerotic coronary arteries treated by
angioplasty or by bypass surgery occlude as a result of restenosis. This restenosis is due
principally to the accumulation of neointimal smooth muscle cells, which is also a
prominent feature of the advanced lesions of atherosclerosis. The factors responsible
for the accumulation of intimal smooth muscle cells have not been identified.
Platelet-derived growth factor (PDGF) is a potent smooth muscle chemoattractant
and mitogen. It is present in platelets and can be formed by endothelium, smooth
muscle, and monocyte-derived macrophages. The development of an intimal lesion in
the carotid artery of athymic nude rats induced by intraarterial balloon catheter
deendothelialization was inhibited by a polyclonal antibody to PDGF. These data
demonstrate that endogenous PDGEF is involved in the accumulation of neointimal
smooth muscle cells associated with balloon injury and may be involved in restenosis
after angioplasty, and perhaps in atherogenesis as well.

DGF 1S A POTENT MITOGEN AND
Pchcmoattractant for connective tissue

cells (7). The PDGF family consists of
dimeric molecules that can exist as ho-
modimers or heterodimers of two distinct
but related peptide chains termed PDGF-A
and PDGE-B (7). PDGF is expressed at low
or undetectable concentrations in normal
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adult tissues, but its expression is increased
after tissue injury. Two distinct PDGF re-
ceptors have also been identified, one that
binds either the A or the B chain (the
a-subunit) and one that binds only the B
chain (the B-subunit) (2). The capacity of
cells such as smooth muscle to respond to
PDGF may depend on the limited availabil-
ity of appropriate receptors or the presence
of particular dimeric forms of PDGF, or
both. Investigations of experimentally in-
duced atherosclerosis, naturally occurring
human atherosclerosis, and smooth muscle
accumulation associated with failure of vas-
cular grafts have all demonstrated increased
expression of PDGF and its receptors by
Northern (RNA) blot analysis, in situ hy-

bridization, and immunohistochemistry (3,
4). However, this association does not
permit one to determine whether PDGF
functions in the migration or proliferation
of smooth muscle cells in lesions of ather-
osclerosis or graft restenosis. To determine
whether PDGF is involved in these pro-
cesses, we have examined an animal model
of angioplasty, intraarterial balloon cathe-
ter deendothelialization of the rat carotid
artery. ‘

Deendothelialization with an intraarterial
balloon catheter that dilates an artery induc-
es injury to the innermost layers of medial
smooth muscle and may even kill some of
the innermost cells. This is followed by a
round of proliferation of the medial smooth
muscle cells, after which many of them
migrate into the intima through fenestrae
(natural openings) in the internal elastic
lamina and subsequently proliferate to
form a neointimal lesion (5, 6). In the rat,
smooth muscle proliferation, as deter-
mined by the incorporation of [*H]thymi-
dine autoradiography, reaches a maximum
in the medial layer of the artery 48 hours
after ballooning and in the-intima of the
artery after 96 hours (5). Although smooth
muscle proliferation can persist near the
luminal surface as late as 12 weeks after
balloon injury, the number of arterial
smooth muscle cells does not increase after
2 weeks. The factors responsible for these
events are not yet known.

Balloon catheter injury of the rat carotid
artery induces the expression of mRNA for
both PDGEF-A chain and the PDGF recep-
tor a- and PB-subunits in the resulting
neointimal lesion (3). In this study, we used
a goat polyclonal antibody to PDGF (anti-
PDGF) to examine the formation of intimal
lesions in the carotid artery after balloon
catheter deendothelialization. Anti-PDGF
immunoglobulin G (IgG) was adminis-
tered to athymic nude (nu/nu) rats (7)
before and after balloon catheter deendot-
helialization of the carotid artery (8). We
used athymic nude rats because of their
inability to mount an immune response (9)
to the large doses of antibody administered
over 9 days. The neointimal response to
balloon injury in the nude rat is essentially
the same as that observed in other strains of
rat (10).

We obtained the polyclonat antibody to
human platelet PDGF by immunizing goats
with PDGF prepared from human platelets
(11, 12). The antibody was characterized for
its ability to neutralize both chemotactic and
mitogenic responses to PDGF in vitro be-
fore being used in vivo (13) (Fig. 1). The
anti-PDGF IgG neutralizes the mitogenic
activity of all dimeric forms of human
PDGEF (13) and has no direct effect on other
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known growth factors (14). The antibody
specifically recognized a major protein band
with a molecular size of 37,000 and a minor
protein band of 35,000 on immunoblots of
rat platelet releasate (a rich source of PDGF)
(Fig. 1A). These bands are slightly larger in
size than those of purified human PDGF
(Fig. 1A). The anti-PDGF also completely
neutralized the PDGF binding competitive
activity present in rat whole blood serum at
50 pg/ml (Fig. 1B). Furthermore, it abro-
gated PDGF-induced [*H]thymidine incor-

A
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Fig. 1. Ant-PDGF recognition of rat PDGF. (A)
And-PDGF IgG specifically detects rat PDGF.
Rat and human platelets were prepared from
citrated blood and stimulated with bovine or
human thrombin (10 p/ml), respectively. The rat
platelet releasate (15 pl) and human platelet re-
leasate (10 pl; platelets from 3 ml of blood) were
separated on a 15% discontinuous SDS-polyacryl-
amide gel (24) under nonreducing conditions,
and the proteins transferred to nitrocellulose. The
blots were then incubated with anti-PDGF (2
pg/ml) in the presence (+) or absence (—) of
excess PDGF (25). The arrows indicate the prin-
cipal bands of 35,000 to 37,000 daltons and
27,000 to 31,000 daltons detected in rat and
human platelet releasates, respectively. (B) The
PDGEF activity in rat whole blood serum (WBS) is
neutralized by goat anti-PDGF. PDGF binding
activity in rat WBS was assessed by radioreceptor
assay with human foreskin fibroblasts (SK5 cells)
as the target cell and PDGF-AB as a standard
(26). A constant amount of rat WBS (25% by
volume, which is equivalent to 2.5 ng of PDGF-
BB per milliliter) was incubated with increasing
concentrations of anti-PDGF before evaluation
b}' radioreceptor assay. The specific binding of
1251 labeled PDGF-AB was determined for each
sample, and the data were expressed as the percent
neutralization of PDGF competitive activity in rat
WBS in the absence of anti-PDGF IgG. The
results are expressed as the mean = SEM for
triplicate determinations. (C) Antd-PDGF IgG
inhibition of the chemotactic response of rat
platelet releasate. Directed migration of nude rat

poration by rat smooth muscle cells and
50% of the mitogenic activity of rat platelet
releasate (10). The ant-PDGF also inhibited
chemotaxis of rat carotid smooth muscle
cells to purified PDGF (15) and inhibited
most of the chemotactic activity in rat plate-
let releasate (Fig. 1C). The major form of
PDGF within rat platelets is the B-chain
homodimer (16). PDGEF-BB and rat platelet
releasate were equally potent in inducing
chemotaxis of rat smooth muscle cells and
much more potent than transforming
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carotid medial smooth muscle cells (SMC) were evaluated in micro-Boyden apparatus (Neuroprobe
Inc., Cabin John, MD). We determined the directed migration of the rat SMC after 4 hours at 37°C
by counting the cells that migrated in response to different stimulants placed in the lower chamber as
described (10, 27). Samples were evaluated in triplicate and included the following: 1, PDGF-AA (5
ng/ml); 2, PDGF-BB (10 ng/ml); 3, TGF-B (300 pg/ml); 4, bFGF (500 pg/ml); 5, rat platelet releasate
(RPR); 6, RPR plus 500 p.g of anti-PDGF per milliliter; 7, RPR plus 1 mg of anti-PDGF per milliliter;
8, nonimmune IgG, 1 mg/ml; and 9, control media. The concentrations selected for comparison were
shown by separate experiments to induce a maximal response (15). Five high-power fields were counted
for triplicate wells, a total of 15 fields per condition, and the results expressed as fold increase (mean +
SEM) in cell migration above a buffer control. In order to assess the effects of the antibodies on the
chemotactic response, we incubated PDGF with the anti-PDGF for 30 min at 37°C before using it in

the assay.
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growth factor-B (TGF-B) or basic fibroblast
growth factor (bFGF) (Fig. 1C). In con-
trast, the control medium, the nonimmune
IgG, and PDGF-AA exhibited no chemotac-
tic activity (Fig. 1C). The latter observation
reflects the relatively low expression of
PDGF receptor a-subunits by these cells
(10).

To determine dosage levels of the ant-
body in vivo, we evaluated the clearance of
the ant-PDGF. Plasma antibody concentra-
tions in the rats treated with the anti-PDGF
determined by enzyme-linked immunosor-
bent assay (ELISA) (17) were reduced by
50% after 30 hours, and daily intraperito-
neal administration of anti-PDGF IgG (60
mg per 100 g of body weight) maintained
plasma concentrations of 1000 pg/ml dur-
ing the 9-day duration of the experiment. At
these concentrations, there was no signifi-
cant effect on platelet counts or complement
levels (15) and in vitro chemotaxis to rat
platelet releasate was completely inhibited
(Fig. 1C).

Administration of anti-PDGF before and
after balloon catheter deendothelialization
reduced the thickness and cellular content of
the neointima (Fig. 2). Quantitative image
analysis of the neointima of the 19 animals
in each experimental group demonstrated
that administration of anti-PDGF resulted
in a 40.9% reduction in the area of the
neointima (P < 0.01 by two-tailed ¢ test)
(Fig. 3).

We prepared representative sections of
each carotid artery to evaluate labeling indi-
ces (18). [3*H]thymidine was administered
17, 9, and 1 hour before the animals were
killed to label proliferating cells. The mean
thymidine labeling index of the medial cells
8 days after injury is 4.39 * 1.02%, and that
of the neointimal cells is 27.3 + 2.31%.
Corresponding values for the and-PDGF
group are 4.67 + 0.79% for the medial cells
and 31.2 *+ 1.94% for the neointimal cells.
However, there are no statistically signifi-
cant differences in either the medial or int-
mal labeling indices between the antu-
PDGF-treated rats and the nonimmune
IgG-treated rats. These data suggest that in
this time frame and for the dose of anu-
PDGF administered the decrease in intimal
area is due primarily to interference with
PDGF-induced chemotactic migration of
medial smooth muscle cells into the intima.
In the absence of data concerning the actual
amount of antibody exposure at the cellular
level to the individual smooth muscle cells in
the different layers of the neointima and the
media, we cannot exclude the possibility
that larger amounts of anti-PDGF might
have reduced smooth muscle replication as
well as chemotaxis. This is of concern with
regard to the neutralizaton of autocrine
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Fig. 2. And-PDGF inhibits
the accumulation of intimal
smooth muscle cells 8 days
after balloon catheter injury.
Hematoxylin- and eosin-
stained cross sections of bal-
loon-catheterized rat com-
mon carotid arteries taken 8
days after surgery from ani-
mals that were treated daily

with either nonimmune goat IgG (A) or anti-PDGF IgG (B). Magnification x400.

PDGF-AA, which may be produced by the
smooth muscle cells in the balloon-treated
carotid. PDGF-A chain mRNA, but not
PDGF-B chain mRNA, is transiently and
focally increased in the intimal smooth
muscle cells after balloon injury (3). In in
vitro studies, large amounts of anti-PDGF
(5 mg/ml) are required to inhibit the mi-
togenesis that results from endogenously
produced PDGF-AA induced by interleu-
kin-1 or TGF-B (13, 19). In contrast, 0.8
mg of anti-PDGF per milliliter inhibited
exogenously added PDGF-AA, whereas
only 0.1 mg/ml was required to inhibit
exogenously added PDGF-AB or PDGF-
BB. Thus, it is difficult to know the re-
quired antibody level that would be effec-
tive in vivo.

These observations provide direct evi-
dence that endogenous PDGF functions in
vivo in the accumulation of smooth muscle
cells that occurs after balloon catheter-in-

|

NI Anti-PDGF

19G 19G
Fig. 3. Effect of and-PDGF IgG on the accumu-
ladon of intimal smooth muscle cells after balloon
catheter injury. The intimal cross-sectional areas
of 19 animals treated with ant-PDGF and 19
animals treated with nonimmune (NI) IgG, 18
hours before injury and daily for 8 days after
injury, were measured with an image-analysis
system consisting of a Leitz microscope fitted
with a X25 objective (Leitz, Wetzlar, Germany)
and a Video image-analysis system (Ai Cam-
bridge, Papworth, Cambridge, U.K.). Cross-sec-
tional areas from the left common carotid artery
deendothelialized with a balloon catheter (5) were
evaluated. Measurements were made in duplicate
on three midcarotid sections, and the intimal areas
were calculated for each rat. The mean + SEM are
plotted.
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duced injury. A single injection of an anti-
body to FGF inhibits (=80%) the first
round of replication of medial smooth mus-
cle that occurs 24 to 48 hours after injury
induced by a dilating balloon catheter but
does not influence the size of the resultant
intimal lesion (20). In contrast, in rats de-
pleted of circulating platelets, no effect is
observed on maximal smooth muscle reph-
cation in the media 2 days after balloon
injury, but after 4 and 7 days there is a
marked reduction in the size of the neoin-
tima (21). The latter studies suggest that
substances released from platelets are pri-
marily responsible for the movement of
smooth muscle cells from the media into the
intima. Our studies support these observa-
tions because the absence of a difference in
[3H]thymidine incorporation in the intima
or the media of the artery after administra-
tion of either anti-PDGF or nonimmune
IgG suggests that PDGF mediates its action
principally by stimulating chemotactic mi-
gration of the smooth muscle cells into the
intima.

In this in vivo system PDGF appears to
act largely by stimulating smooth muscle
migration. This is further supported by the
observation that continuous intravenous in-
fusion of PDGF-BB for 7 days (40 pg/day
per rat) to a rat injured with a filament loop
catheter resulted in a 15-fold increase in the
intimal lesion area (22). Analysis of autora-
diograms after continuous infusion of
[®*H]thymidine demonstrated a 21-fold in-
crease in the number of unlabeled cells in the
neoinima of PDGF-BB-treated animals
with no change in the total number of
nondividing cells in the intima plus media.
Although the [*H]thymidine labeling of
medial smooth muscle cells did increase
fourfold in the PDGF-treated animals, the
principal effect of PDGF-BB on the forma-
tion of intimal lesions was stimulation of the
migration of medial smooth muscle cells
into the intima.

Chemotactic migration of medial smooth
muscle cells into the intima is a critical step
in the development of the neointimal arterial
lesion that results from balloon angioplasty.
Our results suggest potential approaches to
prevention of clinical restenosis, which is
responsible for the failure of the occluded

arteries treated by angioplasty (23), endar-
terectomy, or bypass surgery.
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Re

gulation of Kainate Receptors by cAMP-Dependent

Protein Kinase and Phosphatases

Lu-YANG WANG, M. W. SALTER, J. F. MACDONALD

In the mammalian central nervous system, receptors for excitatory amino acid
neurotransmitters such as the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-kainate receptor mediate a large fraction of excitatory transmission. Cur-
rents induced by activation of the AMPA-kainate receptor were potentiated by agents
that specifically stimulate adenosine 3',5'-monophosphate (cAMP)—dependent protein
kinase A (PKA) activity or were supported by intracellular application of the catalytic
subunit of PKA by itself or in combination with cAMP. Furthermore, depression of
these currents by a competitive inhibitor of PKA indicates that AMPA-kainate
receptors are regulated by endogenous PKA. Endogenous protein phosphatases also
regulate these receptors because an inhibitor of cellular phosphatases enhanced kainate
currents. Modulation of PKA and phosphatases may regulate the function of these
receptors and thus contribute to synaptic plasticity in hippocampal neurons.

XCITATORY AMINO ACID RECEPTORS,
Ewhich contain ion channels, can be

broadly classified as N-methyl-D-as-
partate (NMDA) or non-NMDA receptors
on the basis of selective pharmacological
antagonism (7). Non-NMDA receptors
have been further subdivided into AMPA
and kainate subtypes although it has been
difficult to find a specific antagonist for
cither subtype. Kainate currents do not de-
sensitize, whereas AMPA currents desensi-
tize rapidly (2). However, desensitization is
not necessarily indicative of distinct receptor
subtypes (3).

We have investigated the regulation of
AMPA-kainate receptors by protein kinases
(4) and phosphatases in mammalian neurons
(5). We used kainate (Fig. 1) to avoid the
desensitization that occurs with AMPA (2,
3). The amplitude of kainate currents de-
clined exponentially with a time constant of
7 min when electrode solutions without
adenosine triphosphate (ATP) were used
(Fig. 1, A and C). This “washout” (6) of
kainate currents was similar to that reported
for NMDA currents (7), but it had a slower
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time course. Introduction of an ATP-regen-
erating solution (8) into the neurons by
means of the recording electrode significant-
ly reduced the washout of kainate currents
(Fig. 1, B and C). In contrast, when we
avoided intracellular dialysis by recording
whole-cell currents with the nystatin patch
technique (9), kainate currents were stable
for periods of up to 2 hours after the initial
period of patch perforation (Fig. 1D). Such
evidence suggests that the magnitude of
kainate currents is determined at least in part
by the ability of the neuron to maintain
intracellular phosphorylation.

In order to examine a possible role of
PKA in the regulation of AMPA-kainate
receptors, we quantified the effects of cAMP
and the catalytic subunit of PKA (Sigma) on
the washout of kainate currents. This wash-
out was significantly retarded when the cat-
alytic subunit of PKA (20 pg/ml) was in-
cluded in the recording pipette. Intracellular
applications of cCAMP (40 uM) were associ-
ated with a transient potentiation of kainate
currents. In contrast, cAMP did not enhance
NMDA currents (Fig. 1E). A combination
of ATP, cAMP, and PKA was the most
efficacious in retarding or preventing wash-
out of kainate currents.

The recording electrode was internally
perfused with various solutions (10). The
patch pipette initially contained a control
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