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A B S T RA C T This study was designed to investigate
the mechanisms involved in fibromusculoelastic lesion
formation produced by selective de-endothelialization
by the intra-arterial balloon catheter technique in
thrombocytopenic rabbits. Thrombocytopenia was in-
duced and maintained for up to 31 days by daily
injections of highly specific sheep anti-rabbit platelet
sera (APS). Evidence for re-endothelialization was
obtained by i.v. Evans blue dye 30 min before sacri-
fice. Rabbits received daily injections of APS, which
reduced the mean platelet count to 5,600/cm3; control
animals received identically treated normal sheep sera
on the same schedule, and had mean daily platelet
counts of 363,000/cm3. Evaluation of intimal thickness
was assessed by counting cell layers in semithin sec-
tions. Intimal thickening in aortae from rabbits
treated with APS was strikingly suppressed, in con-
trast to those from normal sheep sera-treated animals
which showed a mean intimal thickness of 18 cell
layers within 28 days often after de-endothelializa-
tion. Re-endothelialization was not affected by APS
treatment. These results indicate that the proliferation
of smooth muscle cells which is characteristic of arterio-
sclerotic lesions is dramatically inhibited by reduction
of platelets.
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INTRODUCTION

A knowledge of the interaction of platelets, smooth
muscle cells, and endothelium is of major significance
to an understanding of the mechanisms of the arterio-
sclerotic process. When the endothelium of an artery
is removed, medial smooth muscle cells migrate into
the intima and subsequently proliferate (1, 2). The re-
sulting fibromusculoelastic lesion is considered to be
a precursor of the characteristic lesion of athero-
sclerosis, the fibrous plaque (3, 4). Recently, it has
been observed that a platelet-derived constituent in
serum is required for growth of arterial smooth muscle
cells in culture (5). This factor may be involved in
initiating and (or) maintaining smooth muscle cell
migration or proliferation in vivo. Previously, we have
shown that complicated lesions of atherosclerosis
caused by repeated aortic intimal injury in rabbits
were significantly inhibited by induction of severe
thrombocytopenia (6). The purpose of the current
study is: (a) to investigate the role of thrombocytopenia
induced by purified anti-platelet sera on the smooth
muscle proliferation and intimal thickening seen after
endothelial removal; (b) to study the effect, if any, of
the highly purified antisera on the smooth muscle cell
proliferation; (c) to investigate whether the lack of
platelets and (or) the highly purified antisera have an
effect on re-endothelialization following endothelial
removal; and (d) to study the effect of thrombocy-
topenia and (or) antisera on the leukocyte count.
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FIGURE 1 Antiplatelet serum purification. Flow sheet depict-
ing treatment of C-APS to produce antiplatelet sera X-1,
X-2, and X-3. Control serum C-2 is the supernate collected
after absorption of thymocyte and plasma-APS with plate-
lets.

METHODS

A total of 239 male New Zealand white rabbits weighing
between 2.2 and 3.0 kg were used. Each was screened for
any obvious disease for 10 days before the initiation of
experiments, and only healthy animals were used. They were
housed singly in cages and fed a nonsupplemented rabbit
chow diet (100 g/day) with water ad lib.

Preparation of antisera. Platelets were isolated from rab-
bit blood (7) and were washed twice in pH 6.2 calcium-
free Tyrode's buffer. _3 x 109 platelets were then suspended
in 3.0 ml of pH 7.35 calcium-free Tyrode's buffer and were
disrupted by sonication. This suspension was then emulsi-
fied in 3.0 ml of Freund's complete adjuvant (Grand Island
Biological Co., Grand Island, N. Y.) and was injected deep
into intramuscular sites in the hind- and forelegs of a sheep.
Subsequent booster injections of the same amount and prep-
aration of platelets but without adjuvant were given weekly for
3 additional wk. Blood was collected, and serum was ob-
tained 5 days after the final injection and was heat-inac-
tivated for 45 min at 56°C. Precipitated material was re-
moved by centrifugation at 4,000 g for 10 min. This serum
was tested for its ability to produce thrombocytopenia in
rabbits as previously described (6). Serum obtained from the
blood of an untreated sheep was processed identically.
These sera supernates were designated crude antiplatelet
serum (C-APS)l and crude normal sheep serum (C-NSS),
respectively.

The C-APS and C-NSS were purified by multiple absorp-
tions and elutions (Figs. 1 and 2). Lymphocytotoxicity of the
crude sera, as measured by direct cytotoxic assay (8), was
removed by absorption of 30 ml of crude sera with 3 x 108
thymocytes isolated from rabbit thymus homogenates (6).
The thymocyte-absorbed sera were tested for reactivity with
arterial rabbit smooth muscle cells and endothelium by
indirect tissue immunofluorescence (6) with transverse frozen
sections of rabbit aorta overlaid with sheep-anti-rabbit plate-

1Abbreviations used in this paper: APS, antiplatelet serum;
C-APS, crude antiplatelet serum; NSS, normal sheep serum;
C-NSS, crude normal sheep serum.

let serum or normal sheep serum and developed with fluores-
cein isothiocyanate-conjugated rabbit anti-sheep IgG. There
was equivalent binding to cultured rabbit smooth muscle
cells by both sera. However, thymocyte-absorbed C-APS
showed a titer 16 times greater to endothelium than did
the thymocyte-absorbed C-NSS. Binding to platelets was
strongly positive with thymocyte-absorbed C-APS and nega-
tive with thymocyte-absorbed C-NSS. Both sera were further
absorbed with normal rabbit serum (0.05 ml/ml C-APS/C-
NSS) for 1 h at 22°C with constant agitation. They were then
centrifuged at 30,000 g for 30 min at 4°C, and the supernates
were collected. Greater specificity was accomplished by three
different methods.

(a) Thymocyte serum-absorbed C-APS and C-NSS were
additionally absorbed with 5.0 ml of packed cultured rabbit
smooth muscle cells/30 ml of sera for 1 h at 22°C with con-
stant sitrring and were subsequently centrifuged at 30,000 g
for 30 min at 4°C, and the supernates were retained. Each 30-
ml aliquot of sera was then absorbed for 1 h at 22°C with
constant agitation with a brei of 3.0 g of aortic intima and
inner one-third of media which had been prepared by prior
washings in 20:1 Sorensen-buffered 0.9% NaCl. These tissues
and sera were centrifuged at 30,000 g for an additional 30 min
at 4°C, and the supernates were collected. The binding of
these highly-absorbed sera (Fig. 1, serum X-1; Fig. 2, serum
C-1) with the arterial wall was examined again by indirect
tissue immunofluorescence as above. All fluorescence was
found to be removed with the exception of platelet reac-
tivity which remained intact for serum X-1. These and all
other sera were stored at -70°C.

(b) Thymocyte serum-absorbed C-APS and C-NSS were
also purified by a modification of the digitonin-glycine elu-
tion technique of Kochwa and Rosenfeld (9). Platelets were
prepared from syngeneic male New Zealand white rabbits.
Blood was obtained by direct cardiac puncture and was anti-
coagulated by the addition of one part standard citrate-
phosphorus-dextrose to nine parts of whole blood. The blood
was centrifuged at 2,300 g for 3 min at 22°C to obtain
platelet-rich plasma, from which the platelets were collected
by additional centrifugation at 4,200 g for 10 min at 22°C.
Platelets were suspended in equal volumes of thymocyte
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FIGURE 2 Normal sheep serum purification. Flow sheet de-
picting treatment of C-NSS to produce control sera C-1, C-3,
and C-4.
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serum-absorbed C-APS or C-NSS and sensitized by constant
agitation at 37°C for 1 h. After sensitization, the platelets
were lysed by the addition of 0.25% digitonin in buffered
0.9% NaCl (1:10 vol/vol). The resultant stroma were centri-
fuged at 6,500 g for 5 min at 4°C. The primary supernates,
which were removed from the platelet pellets, were stored
at -70°C for further use. The sensitized platelet stroma
i.e., C-APS- and C-NSS-incubated platelets, were re-
suspended and washed three times in 20 vol of buffered
0.9% NaCl at 4°C. After the final wash, antibody elution
was achieved by the addition of 2 vol of buffered glycine,
pH 3.0, to the washed stroma pellet. The individual eluates
were dialyzed against 200 vol of Sorensen's buffer for 24 h
to remove any residual digitonin and to restore the pH to
7.4. Examination of the eluted platelet antiserum (X-2) and
the identically-processed normal sheep serum (C4) by in-
direct tissue immunofluorescence, showed no staining of
either arterial smooth muscle cells or endothelium. Platelet
reactivity of antiserum X-2 was intact, although somewhat
less than for antiserum X-1. Serum C-4 displayed no plate-
let reactivity. Similar examination of the exhausted super-
nate (C-2) displayed modest staining of arterial smooth muscle
cells and endothelium, but it did not stain rabbit platelets.

(c) Antiserum X-1 and serum C-1 were also purified by the
modified digitonin-glycine elution technique. The multiply
absorbed and eluted anti-serum (X-3) and similarly processed
NSS (C-3) did not react by indirect tissue immunofluores-
cence with arterial smooth muscle cells or endothelium. How-
ever, anti-serum X-3 retained very strong reactivity for rabbit
platelets.

Although cultured smooth muscle cells were used to
partially purify the various antisera, the absence of anti-
smooth muscle cell reactivity was investigated by the use of
cross sections of arterial wall. This methodology was em-
ployed to circumvent the possibility of antigenic alteration
which could conceivably occur in material from cell culture.

Titration of antibody effect; grouping of rabbits and injec-
tion regimen. Each APS (X-1, X-2, X-3) and each control
NSS(C-1, C-2, C-3, C4) were examined repeatedly in at least
three different rabbits for dosage and their effect on plate-
let count, leukocyte count, and bleeding time. It was found
that an intra-arterial injection of between 0.2 and 0.4 ml/kg
body wt of sera X-1, X-2, or X-3 was needed to produce
severe thrombocytopenia with resultant platelet counts of
<7,000/cm.3 These sera had negligible immediate effects on
white cell counts, nor did they have an effect on the dif-
ferential leukocyte count. The thrombocytopenia was ac-
companied by marked prolongation of the bleeding time.
The control sera had no effect on platelet count, leukocyte
count, including differential count, or bleeding time.

Several preliminary studies indicated that the time of ad-
ministration of the APS had an effect on plaque formation
following balloon de-endothelialization. It was found that
arterial morphology 7 days after ballooning was different
for animals given APS just before ballooning, as compared to
rabbits given APS 2 or 3 days before ballooning and main-
tained thrombocytopenic. Animals given APS just before
ballooning (10 min) developed intimal thickening, although
to a lesser extent than control animals; rabbits given APS
2-3 days before ballooning and maintained thrombocytopenic
with daily injections of APS, failed to develop intimal thick-
ening. Therefore, the injection schedule described below was
followed.

Rabbits were divided into three groups, I, II, and III, cor-
responding to the type of serum given (Figs. 1 and 2) and
were subdivided into five subgroups according to their time
of sacrifice as shown in Table I. Each subgroup was given
its appropriate serum daily for 3 days before balloon de-

TABLE I
Grouping of Rabbits

Time of sacrifice after
de-endothelialization

Days
Serum

Group given 3 h 3 7 14 28

Experimental X-1 (2)* (2) (4) (4) (4)
Control C-i (2) (2) (4) (4) (4)

II
Experimental X-2 (3) (3) (5) (5) (5)
Control C4 (3) (3) (5) (5) (5)

C-2 (3) (3) (3)

III
Experimental X-3 (2) (2) (5) (5) (5)
Control C-3 (2) (2) (5) (5) (5)

* Numbers in parentheses denote the number of animals in
each subgroup.

endothelialization, and twice daily thereafter, until sacrifice,
to maintain a daily platelet count of <7,000/cm3 in experi-
mental groups. Animals were subjected to balloon injury
and were sacrificed 3 h (subgroup A), 3 days (subgroup B), 7
days (subgroup C), 14 days (subgroup D), or 28 days (sub-
group E) after de-endothelialization. In addition to the ex-
perimental and control pair-matched subgroups in groups I,
II, and III, there was an additional, non-pair-matched con-
trol group (C-2). These animals were sacrificed at each of
three times, namely, 7, 14, and 28 days after ballooning.

In addition to the 121 animals which comprised the study
group, 68 rabbits (37 thrombocytopenic and 31 control) died
during the course of the experiments from apparent
anaphylaxis. These animals had severe difficulty in breath-
ing within 5 min of the administration of the second
or third serum injection with subsequent collapse and death.
At necropsy, massive right heart dilatation, severe pul-
monary congestion, and pulmonary edema were found. An
additional 12 thrombocytopenic animals died 5-17 days
after de-endothelialization from apparent exsanguination.
The hematocrit in these animals ranged from 14 to 29% 1-2
days before death, as compared with 35-49% before the ex-
periment.

During the course of the experiments, 19 thrombocyto-
penic animals were found, 10 min after ballooning, to have
platelet counts of >7,000/cm.3 These animals and their 19
control pair-mates were eliminated from the major study
because we found, during pilot experiments, lesion forma-
tion in animals with platelet counts 27,000/cm.3 Instead,
they comprised a separate study group which was used to
investigate a possible semiquantitative relationship between
platelet number and lesion formation in endothelium-de-
nuded animals. The data for these 19 experimental animals
and their control pair-mates are shown in Table II. It is
evident from the data that the 19 experimental animals with
platelet counts .7,000/cm3 10 minutes after ballooning had
a neointimal proliferation of 6-17 cell layers, compared with
0-3 cell layers at day 28 in all experimental animals with
platelet counts of <7,000/cm3 10 min after ballooning.

In a separate experiment, 12 animals were studied to as-
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TABLE II
Lesion Formation in Animals with Platelet Counts . 7,000

Extent of lesion
Mean platelet count (per cm3) 28 days after

ballooning
Before After ballooning (range of number

Serum administration of cell layers
Group given of sera 10 min 3 h 7 days 28 days blue & non-blue)

Experimental X-1 (6)* 316,600 17,200 10,200 6,800 6,500 8-17
X-2 (6) 317,200 18,600 14,000 7,300 6,000 6-14
X-3 (7) 355,000 13,800 9,600 6,400 5,500 6-12

Control Cl (6) 324,000 335,000 309,000 300,000 320,000 9-20
C4 (6) 320,000 327,000 313,500 325,000 335,000 10-24
C3 (7) 365,400 350,000 360,000 375,500 365,000 11-21

* Numbers in parentheses denote the number of animals on which means are based.

certain the direct effects of thrombocytopenia and (or) APS/
NSS on the arterial wall. These animals were pair-matched,
weighed, and divided into six groups of two rabbits each.
They were not ballooned, but received daily injections of
the sera X-1, X-2, or X-3 (group IV-A), and C-1, C-3, or
C-4 (group IV-B), respectively. They were sacrificed 31 days
after the initiation of the injection regimen.

Surgical procedure. Rabbits were anesthetized with intra-
venous pentobarbital sodium supplemented with ether, when
necessary. Abdominal aortae and right iliac arteries of all
animals were denuded of endothelium by passage of a 4-
French Fogarty balloon catheter (Edwards Laboratories, Santa
Ana, Calif.) according to a modification of the Baumgartner
method (1). After ballooning, the catheter was withdrawn,
the femoral artery was ligated, and the operative site was
closed by traditional means. Operative bleeding was con-
trolled by electrocautery.

Platelet counts, leukocyte counts, and bleeding times.
Platelet counts (10) were performed on all animals before
injection of the APS or NSS, 10 min after the injection of
sera, before the insertion of the balloon catheter, 10 minutes
after balloon catheterization, and daily thereafter until sacri-
fice.

Leukocyte cell counts were performed on a Coulter
counter (Coulter Electronics, Hialeah, Fla.) in all rabbits at
times corresponding to platelet counts. Differential leukocyte
counts were performed before ballooning and before sacri-
fice.

Bleeding times of both experimental and control animals
were assessed after the administration of the various sera.
A disposable sterile lancet was used to make a 5-mm long,
0.25-mm deep puncture in the external surface of the rabbit's
ear. Freely flowing blood was gently blotted at 30-s inter-
vals, and the time was taken when the flow ceased.

Serum lipid measurements. Serum cholesterol and serum
triglyceride levels were measured (11, 12) for two animal
pairs selected at random from subgroup A, two animal pairs
from subgroup B, three animal pairs from subgroup C, three
animal pairs from subgroup D, and three animal pairs from
subgroup E. Serum lipid measurements were made before
injection of antisera/NSS and weekly thereafter until sacri-
fice. Animals from subgroups A, B, and C had serum lipid
determinations before administration of sera and at the time of
sacrifice.

Morphological techniques. Animals were sacrificed 3 h,
and 3, 7, 14, and 28 days after endothelial denudation.
30 min before sacrifice, each animal received 5.0 ml Evans

blue dye intravenously (13, 14). Animals were given an over-
dose of pentobarbital sodium intravenously, and arterial per-
fusion at 100 mmHgpressure was started immediately as
previously described (1). Preparation of tissue for light and
electron microscopy was performed on aortic tissue as
previously published (1). After perfusion, the aorta was re-
moved, carefully dissected free of adventitial fat, and opened
longitudinally. It was then immersed in 0.1 M cacodylate-
buffered 2.5% gluteraldehyde-2% paraformaldehyde (pH 7.4)
and maintained at 22°C for 1 h, followed by three washings
in 0.1 M cacodylate buffer, and was subsequently photo-
graphed as will be described. Eight standard transverse
sections, approximately 5 mmin width, were taken from
each aorta as follows: (a) 5 mm above the superior
mesenteric artery (S-1); (b) 1 mmlateral to the ostia of the
right renal artery (S-4); (c) 5 mmabove the abdominal bifurca-
tion (S-5); (d) 5 mmabove the first intercostal arteries; (e)
left iliac artery, 5 mmbelow the aortic bifurcation; and (f)
right iliac artery, 5 mmbelow the aortic bifurcation. Sec-
tions designated S1-S5 were used for morphometrical
analyses. All sections were placed in 7%sucrose-0.1 Mcaco-
dylate buffer overnight and processed for light and electron
microscopy as previously described (1). Tranverse sections
were cut about 1 jum in thickness and stained for light micro-
scopy with basic fuchsin-methylene blue (1). Each standard
section (S1-S5) was evaluated for development of maximal
and minimal number of cell layers of neointimal thicken-
ing. Ultrathin sections were prepared from standard areas
of each thick section, stained with 6% uranyl acetate
followed by lead hydroxide, and examined with a Siemens
1A or 101 electron microscope (Siemens Corp., Medical/
Industrial Groups, Iselin, N. J.).

Extent of re-endothelialization. Photographs of gross
specimens were taken with a Polaroid MP-4 camera (Polaroid
Corp., Cambridge, Mass.) with a magnification of approxi-
mately three times normal size. Extent of re-endQthelializa-
tion (non-blue areas after intravenous Evans blue dye) (13)
was determined by tracing the stained and unstained areas
on a sheet of exposed, developed X-ray film. The various
areas were cut out and weighed. The weight of film was a
measure of surface area of involvement by the re-endotheli-
alized and not re-endothelialized regions. The extent of re-
endothelialization was determined by comparing the weight
of the non-blued areas with the weight of the entire aorta,
thus giving the percentage of aorta re-endothelialized.

Ouchterlony studies. Aliquots of serum from two pair-
groups in each subgroup (B-E) of animals were tested for
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FIGuRE 3 Mean platelet count in three experimental (E) and
four control (C) groups at times corresponding to before the
experiment, 3 h, and 7, 14, and 28 days after balloon de-
endothelialization.

antibodies against NSSby the Ouchterlony technique. These
aliquots were obtained immediately before administration of
either APS or NSS and prior to sacrifice.

RESULTS

Cell counts and bleeding times. The mean platelet
count for each of the three experimental and four
control groups (I, II, including C-2, and III) is sum-
marized in Fig. 3. The platelet counts were similar
for experimental and control animals before the bal-
looning, but there were gross differences within 10 min
after administration of APS. By day 4, the platelet
count of the experimental (APS) animals was reduced
to about 1% of the control (NSS) rabbits. This dif-
ference was maintained in those subgroups which were
sacrificed at day 7, 14, or 28 after de-endothelializa-
tion.

The mean leukocyte count for each group is sum-
marized in Fig. 4. There were no obvious systematic
differences in these means, and the data are consistent
with the hypothesis that the mean leukocyte count is
unaffected by either APS or NSS.

The mean bleeding times for each of the three ex-
perimental groups are summarized in Fig. 5. These
were similar for experimental and control animals be-
fore the ballooning, but there were gross differences
10 min after serum injection when the bleeding times
for the experimental (APS) animals had increased more
than 10-fold. This increase in bleeding time paralleled
the reduction in platelet count and was seen at all
time periods thereafter.

Serum lipids. The mean serum cholesterol levels
for randomly selected pair-groups before the experi-
ment in thrombocytopenic rabbits was 70 mg/100 ml, and

+_............. ........
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before 3h 7 14 28
Afedaysdetl

After do-endioiheliadization

FIGURE 4 Mean leukocyte count in three experimental (E)
and four control (C) groups at times corresponding to before
the experiment, 3 h, and 7, 14, and 28 days after balloon
de-endothelialization.

79 mg/100 ml 7 days, 73 mg/100 ml 14 days, and 72 mg/
100 ml 28 days after de-endothelialization. Control
rabbits had means serum cholesterol values of 66
mg/100 ml before the experiment, and 70 mg/100 ml 7
days, 66 mg/100 ml 14 days, and 57 mg/100 ml 28 days
after de-endothelialization. The mean serum triglyc-
eride values obtained before the study began were
86 mg/100 ml in the experimental groups and 79 mg0100
ml in control groups. There were no marked changes
in serum triglyceride levels 3 h, or 3, 7, 14, or 28
days after ballooning in either experimental or control
animals. Day 28 mean serum triglyceride levels were
80 mg/100 ml in experimental and 85 mg/100 ml in
control groups.

Ouchterlony studies. Serum samples from rabbits
which had received injections of either APS or NSS
developed antibodies against NSS proteins as deter-
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FIGURE 5 Mean bleeding time, in minutes, for three experi-
mental (E) and control (C) groups. Bleeding times were de-
termined 10 min before the initial injection of APS/NSS, 3 h,
and 7, 14, and 28 days after balloon injury.

Thrombocytopenia and Experimental Arteriosclerosis 1195



¶7

64C i

0

4)

3h 3 7 14 28
days

After d.-endoth.kboton

FIGURE 6 Percent endothelial regrowth in experimental
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7, 14, and 28 days after balloon injury.

mined by the Ouchterlony method; serum samples
taken before injection of either serum yielded nega-
tive results in the Ouchterlony test.

Re-endothelialization: Evans blue dye permeability.
The extent of re-endothelialization was not affected
by the profound, prolonged thrombocytopenia. The re-
sults for subgroups X-1, C-i (group I) and subgroup
C-2 (group TI) are shown in Fig. 6, which compares
the percentage of blue and non-blue areas in these
aortae; these results were comparable to those in all
other groups. 3 h after ballooning, the entire abdominal
aorta and ballooned iliac artery in both experimental
and control animals appeared blue, indicating loss of
endothelial covering (13). A tiny rim of non-blued
area was barely visible around the lip of each branch
orifice. 3 days after ballooning, the non-blued areas
were seen as a thin rim around each vessel ostia.
The abdominal aeortae, in all groups, 7, 14, and 28 days
after ballooning, showed a progressive diminution in
the surface area of blue regions, with a concomitant
increase in the surface area of non-blue regions.
Re-endothelialization in pair-mates of experimental
(X-1) and control (C-i) groups showed a significant
correlation (r =-0.98). A similar correlation was ob-
served between pair-mates of groups X-2 and C-4, and
X-3 and C-3.

Macroscopic examination of the uninjured thoracic
aorta and left iliac artery at all time periods and in
all groups showed no staining with Evans blue dye.
Macroscopic examination of the aorta and iliac arteries
from all non-ballooned animals which received APS
(group TV-A) or NSS (group IV-B) also showed no
staining with Evans blue dye.

Morphology. Examination of the unballooned
thoracic aorta and left iliac artery at all time periods
showed normal arterial morphology by light and elec-
tron microscopy. The aorta and iliac arteries from non-

ballooned rabbits given only APS(group IV-B) showed
normal, intact vessels with a continuous endothelial
cell lining.

3 h and 3 days after ballooning, platelets were seen
by both light and electron microscopy to be covering
the denuded intimal surface in all control animals
as has been previously described (15, 16). Thrombo-
cytopenic rabbits showed no, or very few, platelets
on the denuded intimal surface. No morphological
evidence of medial injury, as manifest by cell necrosis
or leukocyte migration, was seen in either experimental
or control animals.

7 days after endothelial denudation, the blue areas
of control animals were found to have a mean neoin-
timal proliferation of 3.5 cell layers. Platelets were
observed adherent to the lumenal surface in these
regions. Non-blue previously ballooned regions

b.

FIGURE 7 Blue and non-blue regions 28 days after balloon
injury. This composite photomicrograph of a blue region (B)
and a non-blue region (A) taken from an animal receiving
NSS shows a markedly thickened neointimal proliferation.
The internal elastic lamina (arrow) is seen along the lower
portion of the picture. The lumen (L) of the aorta is seen
at the top of the picture. Often seen were platelets adherent
to, and erythrocytes associated with, the lumenal surface in
blue areas. A covering layer of endothelial cells (EC) was
seen in nonblue regions. Basic fuchsin-methylene blue.
Original magnification x400.

1196 Friedman, Stemerman, Wenz, Moore, Gauldie, Gent, Tiell, and Spaet



showed an intact endothelial cell layer overlying a
thickened intima with a mean neointimal proliferation
of 2.3 cell layers. No formed elements of the blood
were observed in these regions. Thrombocytopenic
animals showed no neointimal thickening in either
blue or non-blue previously ballooned regions. No
medial injury was seen in either control or experi-
mental animals.

14 days after endothelial denudation, blue regions
of control animals showed a mean neointimal smooth
muscle cell proliferation of 9.5 cell layers. Plate-
lets were seen adherent to the lumenal surface in these
regions. Non-blue previously ballooned areas showed
an endothelial cell covering layer overlying a mean
smooth muscle cell neointimal proliferation of 6.3 cell
layers. Once again, no formed elements of the blood
were seen in these areas. Thrombocytopenic animals
continued to show a lack of neointimal proliferation.
Blue regions showed a generally denuded intimal sur-
face with no, or very few, platelets adherent. The
mean smooth muscle cell proliferation in blue regions
was 0.53 cell layers. Non-blue previously ballooned
regions had an intact monolayer of endothelium with
no underlying intimal proliferation. The control ani-
mals showed no morphological evidence of medial in-
jury, but the thrombocytopenic animals manifested
separation of the medial smooth muscle cells by
edema fluid. No morphological evidence of cell death
was seen.

28 days after ballooning, blue areas from control
animals showed marked neointimal smooth muscle

cell proliferation (Fig. 7B) with a mean of 18.2 cell
layers. Platelets, although much fewer in number,
continued to be present scattered on the lumenal
surface. Non-blue previously ballooned regions (Fig.
7A) showed an intact endothelial cell layer overlying
a markedly thickened neointima. The mean smooth
muscle cell proliferation was 13.1 cell layers. Throm-
bocytopenic animals showed no, or very minimal,
neointimal proliferation in blue regions (Fig. 8) by
both light and electron microscopy (Fig. 9). The mean
smooth muscle cell proliferation was 1.0 cell layers.
No platelets were observed adherent to the lumenal
surface. In non-blue previously ballooned areas, an
intact monolayer of endothelium overlying the internal
elastic lamina was seen (Fig. 10). There was no, or
very minimal, underlying neointimal proliferation.
The mean smooth muscle cell proliferation was 0.5 cell
layers. Electron microscopy confirmed these findings.
(Fig. 11). Control animals continued to show no
evidence of medial injury. Thrombocytopenic animals
manifested medial edema without frank necrotic
changes.

The data relating to the mean number of cell layers
in groups I, II, and III of animals are shown graphi-
cally in Figs. 12 and 13. The three normal sheep
sera did not affect the normal proliferative process
after endothelial injury; there was a consistent increase
in the number of cell layers in each of the five anatomi-
cal areas in the control animals at day 7 (P < 0.01), and
there were additional increases 14 and 28 days after
ballooning. The results for the control animals were

FIGURE 8 Blue region in a thrombocytopenic animal 28 days after balloon injury. This
photomicrograph of a blue region taken from an animal receiving APS shows a naked in-
ternal elastic lamina (arrow) with no overlying neointimal proliferation. Basic fuchsin-methylene
blue. Original magnification x400.
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FIGURE 9 Blue region in a thrombocytopenic animal 28 days after balloon injury. This electron
micrograph of the same blue region shown in Fig. 8 shows a naked internal elastic lamina (IEL).
There is no overlying neointimal thickening. The lumen (L) of the artery is seen along the top ofthe
picture. Original magnification x7,800.

FIGURE 10 Non-blue region in a thrombocytopenic animal 28 days after balloon injury. This
photomicrograph of a non-blue region taken from an animal receiving APS shows an intact
monolayer of endothelial cells (EC) overlying the internal elastic lamina. No underlying
neointimal thickening is seen. Basic fuchsin-methylene blue. Original magnification x400.

1198 Friedman, Stemerman, Wenz, Moore, Gauldie, Gent, Tiell, and Spaet



L

IEL

¼ .

FIGURE 11 Non-blue region in a thrombocytopenic animal 28 days after balloon injury. The
electron micrograph of the same non-blue region shown in Fig. 10 shows a layer of endothelial cells
overlying the internal elastic lamina (IEL). The lumen (L) is seen on the top of the micrograph.
Original magnification x7,800.

comparable from one experiment to another. The
numbers of cell layers in the three different blue
areas (Si, S3, and S5) were very similar to each
other at each of the different times of assessment.
Similarly, the numbers of cell layers in the two non-
blue previously ballooned areas (S2 and S4) were com-
parable. The maximum numbers of cell layers in the
blue areas were consistently higher than in the non-
blue previously ballooned areas in all control ani-
mals (P < 0.001). There are interesting differences
between blue and non-blue previously ballooned

regions for thrombocytopenic animals. In the non-blue
previously ballooned areas among thrombocytopenic
animals in subgroups C, D, and E, there are no dif-
ferences in the mean number of cell layers, all of
which are markedly less than the corresponding
means in the control group (P < 0.001). However, there
is a statistically significant increase in the mean number
of cell layers in the blue areas among thrombocy-
topenic animals 14 days compared with 7 days after
ballooning, and in animals 28 days after ballooning
compared with rabbits 14 days after ballooning (P
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FIGURE 12 Mean number of cell layers (blue regions) in
three experimental (E) groups (I, II, and III) and three con-
trol (C) groups (I, II, and III).
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FIGURE 13 Mean maximal number of cell layers (non-blue
regions) in three experimental (E) groups (I, II, and III)
and three control (C) groups (I, II, and III).

Thrombocytopenia and Experimental Arteriosclerosis

L I

I

JT

1199



<0.001). It is important to note that despite these
differences the mean number of cell layers in experi-
mental animals is less than 10% of the correspond-
ing mean number of cell layers in the control groups,
this reduction being significant (P < 0.001). In addition
to the experiments reported from groups I, II, and III,
there was another control group, C-2 (a subdivision
of group II) that was not pair-matched with a thrombo-
cytopenic group. These animals received the supemate
of the absorbed-eluted antiplatelet serum. The mean
number of cell layers in these groups of animals is
similar, though somewhat greater than the other con-
trol groups. Wehave no explanation for this difference.

DISCUSSION

The findings presented in this study indicate that the
fibromusculoelastic lesion which develops as the ar-
terial response to a single endothelial injury in rabbits
is inhibited in severely thrombocytopenic animals.
Inasmuch as the method of producing such injury is
identical in both thrombocytopenic animals and their
nonthrombocytopenic pair-mates, the results implicate
the importance of the platelet in the response of the
arterial wall to endothelial denudation. Apparently,
neither the various antiplatelet sera and their resultant
thrombocytopenic state, nor the normal sheep sera
had any direct deleterious effect on the intact aortic
or iliac arterial wall. This fact is evidenced by the
normal morphology and ultrastructure after 31 days of
injections of these sera in non-ballooned animals.
Wecannot state with certainty that the highly purified
preparations of platelet antisera used in this study do
not share cross reactivity with other antigenic deter-
minants which may play a role in fibromusculoelastic
lesion formation. However, such additional specifi-
cities could not be demonstrated by indirect immuno-
fluorescence against various elements of the arterial
wall. Accordingly, the role of cross reactivity is not
presently a serious contradiction to the concept that
sustained thrombocytopenia itself, and not antibody
action other than one directed towards platelets, is
implicated in the observed phenomenon of suppres-
sion of smooth muscle cell proliferation.

The inhibition of plaque formation was related to the
degree of thrombocytopenia. Thrombocytopenic levels
<7,000/cm3 were necessary to inhibit smooth muscle
cell lesion formation. Animals with platelet counts
57,000/cm3 were found to develop intimal thicken-
ing. Thus, there was an apparent quantitative rela-
tionship between circulating platelet number and the
response of the arterial wall to a single intimal in-
jury.

A long standing hypothesis of atherosclerosis (17)
which has recently received considerable attention is
that endothelial injury initiates a series of steps that
leads to medial smooth muscle cell migration and pro-
liferation (2, 15, 16, 18-28) characteristic of the arterio-

sclerotic lesions. Several variations of the endothelial
injury hypothesis have been a topic of intensive study
in our laboratory (21, 22, 29) and those of others (30-
34). It is widely accepted that de-endothelialization
of an artery by whatever means exposes the under-
lying subendothelial connective tissues to the various
formed elements of the blood, notably platelets. The
platelets adhere to the subendothelial connective tis-
sues, undergo the release reaction and aggregate
(35, 36). It has been postulated (2, 5, 6, 37) that this
interaction of "platelet factors," as well as possibly
other plasma constituents such as low density lipo-
proteins (38-40) and insulin (41) leads to intimal migra-
tion of medial smooth muscle cells and their subse-
quent proliferation. Thus, the disruption of the intact
endothelium is followed by a postulated "platelet
reaction" with a subsequent "myocellular response."
It has been observed, with the balloon catheter in-
jury model, that within 4-7 days after injury, smooth
muscle cells are seen migrating through fenestrae in
the intimal elastic lamina (16). These smooth muscle
cells contribute to the increase in neointimal thick-
ness so that 1 mo after ballooning, the neointima
consists of between 15 and 25 smooth muscle cell
layers with interposed connective tissue.

The findings presented in the present study show
that (a) the smooth muscle cell proliferation and intimal
thickening seen after endothelial removal is markedly
inhibited if the animals are thrombocytopenic before
balloon catheter endothelial injury; (b) this inhibition
does not appear to be due to an effect of the anti-
sera on smooth muscle cell proliferation; (c) the throm-
bocytopenia and (or) the antisera do not appear to
affect re-endothelialization; (d) leukocyte counts were
apparently not obviously affected, supporting the con-
clusion that the inhibition of smooth muscle cell pro-
liferation is mainly attributable to the low platelet
counts.

In conclusion, the results of this study lend support
to the importance of the platelet in what is probably
a key event in atherogenesis, the smooth muscle cell
proliferative response following arterial intimal injury.
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