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Abstract

We evaluated the proliferative activity of human atheroscle-
rotic lesions associated with active symptoms of ischemia, by
assessing the expression of the proliferating cell nuclear anti-
gen (PCNA). We confirmed in vitro that PCNA, an essential
component of the DNA synthesis machinery, is selectively ex-
pressed in proliferating human vascular smooth muscle cells.
37 atherosclerotic lesions (18 primary and 19 restenotic) re-
trieved by directional atherectomy from either coronary or pe-
ripheral arteries were then studied for the expression ofPCNA,
using in situ hybridization or immunohistochemistry. Among
plaques studied by in situ hybridization, 7 out of 11 primary and
11 out of 11 restenotic lesions contained PCNA-positive cells.
The mean rate of proliferation (percent of PCNA-positive
cells) was 7.2±10.8% in primary lesions and 20.6±18.2% in
restenotic lesions (P < 0.05). Among specimens studied by
immunohistochemistry, five out of seven primary and eight out
of eight restenotic lesions contained proliferating cells. The
mean rate of proliferation was agin higher in the restenotic
(15.2±13.6%) than primary (3.6±3.5%) lesions (P < 0.05).
Proliferating cells were detected as late as 1 yr after angio-
plasty. We conclude that cellular proliferation is a feature of
atherosclerotic lesions which are associated with symptoms of
ischemia, but that it is more prominent in restenosis compared
to primary lesions. These findings have implications for thera-
pies aimed at limiting lesion growth, particularly after percuta-
neous revascularization. (J. Clin. Invest. 1993.91:1469-1480.)
Key words: vascular smooth muscle cell * proliferation * proli-
ferating human vascular smooth muscle cells * restenosis * ath-
erectomy

Introduction

Accumulation of smooth muscle cells in the intima ofhuman
arteries has been recognized as a central feature ofatherosclero-
sis for more than 30 years ( 1, 2). These cells, which originate
either in the intima or underlying media, undergo excessive
and abnormally regulated proliferation that directly increases
the thickness ofthe intima and ultimately determines how ex-
tensive the plaque will be (3). It is therefore not surprising that
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inhibition ofsmooth muscle cell proliferation has been investi-
gated as a potential strategy for the treatment of patients with
vascular disease (4). This is particularly so for accelerated
forms of atherosclerosis, such as restenosis after balloon angio-
plasty (5), where intimal smooth muscle cells are particularly
abundant (6, 7).

Effective use of agents designed to inhibit smooth muscle
cell proliferation will depend in part on whether such agents
can be given at a time when cell replication in the lesion is
on-going, and by inference continues to play a role in disease
progression. Although the degree and time course ofcell prolif-
eration have been well characterized in animal models ofvascu-
lar disease, information regarding cell proliferation in human
lesions is limited. Growth rates ofsmooth muscle cells cultured
from human atherosclerotic lesions have been assessed (8, 9,
10). Direct information on proliferation rates in vivo, how-
ever, is limited to findings in atherosclerotic coronary arteries
from hearts removed at the time of cardiac transplantation
(11). In most transplant recipients, however, symptoms of
heart failure supersede those of myocardial ischemia ( 12); the
very low rates of cellular proliferation observed in these cases
may thus reflect a final stage ofthe atherosclerotic process. The
extent to which lesions associated with ongoing ischemic symp-
toms are comprised of proliferating cells has not been previ-
ously established. Knowledge of whether cellular proliferation
is still a biologically relevant feature at this stage would not only
provide insight into the pathogenesis of disease progression,
but might also have important implications for therapy.

The use of percutaneous transluminal atherectomy has
provided new opportunities to study atherosclerotic tissue
from actively symptomatic patients. In the present study, we
sought to determine the degree of cell proliferation in symp-
tom-producing vascular lesions by examining the expression of
the proliferating cell nuclear antigen (PCNA)' in both primary
and restenotic atherosclerotic lesions retrieved at the time of
percutaneous revascularization by directional atherectomy.
PCNA is an essential cofactor for DNA polymerase 6 ( 13, 14),
and its presence in the cell is considered to be a specific indica-
tion that the cell is replicating ( 15, 16). Since the total amount
of PCNA in atherosclerotic fragments could be quite low, we
specifically examined PCNA gene expression at the level ofthe
single cell using both in situ hybridization and immunocyto-
chemistry. Using cultured human arterial smooth muscle cells,
we first confirmed that both the mRNA for PCNA and the
corresponding protein were selectively expressed in proliferat-
ing cells. We subsequently analyzed primary and restenotic
atherosclerotic tissue from a series of 36 patients who under-
went percutaneous atherectomy for symptomatic vascular dis-
ease.

1. Abbreviation used in this paper: PCNA, proliferating cell nuclear
antigen.
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Methods

Cell culture. Primary cultures ofhuman vascular smooth muscle cells
were used to confirm the reliability ofPCNA mRNA and PCNA pro-
tein as markers of human smooth muscle cell proliferation. Cells were
cultivated by explant outgrowth from the unused portions of internal
mammary artery retrieved during coronary artery bypass surgery. The
identity of smooth muscle cells was confirmed by their multilayered
growth pattern, positive immunostaining for smooth muscle a-actin
(mAb clone 1A4; Sigma Immunochemicals, St. Louis, MO), and nega-
tive immunostaining with mAb to Factor VIII-related antigen (Signet
Laboratories, Inc., Dedham, MA). Cells in the first or second subcul-
ture were seeded on to multiwell slides and studied in either a quiescent
growth state (after incubation for 96 h in media supplemented with
0.5% FBS) or in an actively proliferating state (induced by changing to
media supplemented with 10% FBS).

PCNA mRNA and protein expression were evaluated by in situ
hybridization and immunocytochemistry, respectively, consistent with
the methods used to study the tissue specimens retrieved by directional
atherectomy (see below). Cells studied for gene expression by in situ
hybridization were fixed by immersion in 4% paraformaldehyde for 7
min followed by immersion in methanol for 5 s. Cells studied for pro-
tein expression by immunocytochemistry were fixed by immersion in
methanol/acetone (50:50) at -20'C for 7 min.

To determine the proportion ofPCNA-expressing cells that were in
the S phase of the cell cycle, a double labeling approach was used.
Actively growing cells were incubated for 4 h with [3H]thymidine (2.5
MCi/ml, 6.7 Ci/mmol, New England Nuclear, Boston, MA). Cells
were then washed with PBS (pH 7.2), fixed in methanol/acetone and
immersed for 20 min in 10% trichloroacetic acid. Cells were then im-
munostained for PCNA as described below. Slides were subsequently
dipped in radiographic emulsion (NTB-2; Eastman Kodak, Rochester,
NY), exposed in the dark for 4 d, developed, and counterstained with
hematoxylin.

Vascular tissue. A total of 37 atherosclerotic lesions from 36 pa-
tients were studied. Lesions were retrieved percutaneously by therapeu-
tic directional atherectomy using the Simpson AtheroCath from De-
vices for Vascular Intervention (Redwood City, CA)accordingto previ-
ously described techniques ( 17). The atherectomy site was determined
by a preprocedure angiogram performed immediately before the ather-
ectomy. 18 lesions removed by directional atherectomy were obtained
from patients undergoing percutaneous revascularization for the first
time; these lesions were designated as primary lesions. Another 19 le-
sions were identified at the site ofa previous percutaneous intervention
and were therefore designated as restenosis lesions. 22 lesions ( 11 pri-
mary and 11 restenotic) were studied by in situ hybridization. These
comprised a consecutive series of lesions stored in liquid nitrogen be-
fore study. A further 15 lesions (7 primary and 8 restenotic) were stud-
ied by immunocytochemistry; these specimens were retrieved from a

prospectively studied, consecutive series of patients undergoing direc-
tional atherectomy. Among the primary lesions, nine (50%) were from
patients presenting with an acute ischemic syndrome (unstable angina
or leg pain at rest). All of the restenotic lesions were from patients
presenting with a recurrence of exercise-induced ischemia. The period
oftime between the initial angioplasty and the subsequent atherectomy
ranged from 1.6 to 12.2 mo. Clinical data forthe 36 patients are summa-
rized in Table I.

In situ hybridization analysis. Atherectomy tissue designated for
PCNA mRNA analysis was placed immediately in fresh 4% (wt/vol)
paraformaldehyde. After 2 h, the tissue was removed from the fixative
and immersed in 30% sucrose for 12-18 h. Samples were then frozen in
OCTO compound (Miles Laboratories, Elkhart, IN) and stored in liq-
uid nitrogen vapor until sectioning. 7 utm cryostat sections were cut on
to gelatin- or silane-coated slides and baked overnight at 42°C. In situ
hybridization was performed according to methods described previ-
ously ( 18). Briefly, sections were immersed sequentially in PBS con-

taining 0.1 M glycine for 10 min and 0.3% Triton X-100 in PBS for 15
min. They were then treated with proteinase K in 0.1 M Tris (pH 8.0)

Table I. Clinical and Demographic Characteristics
ofStudy Subjects

Patient Age Lesion type

yr

1 68 Primary
2 69 Primary
3 40 Primary
4 64 Primary
5 61 Primary
6 59 Primary
7 64 Primary
8 56 Primary
9 56 Primary
10 70 Primary
11 59 Primary
12 74 Primary
13 60 Primary
14 62 Primary
15 61 Primary
16 45 Primary
17 72 Primary
18 59 Primary
19 57 Restenotic
20 68 Restenotic
21 47 Restenotic
22 43 Restenotic
23 80 Restenotic
24 71 Restenotic
25 69 Restenotic
26 45 Restenotic
27 72 Restenotic
28 74 Restenotic
29 65 Restenotic
30 51 Restenotic
31 65 Restenotic
32 68 Restenotic
33 68 Restenotic
34 72 Restenotic
35 71 Restenotic
36 78 Restenotic
37 41 Restenotic

Months after PCNA
Lesion site PTA/PTCA detected

SFA
SFA
SFA
AT
Pop
LAD
RCA
LAD
LAD
RCA
LAD
SFA
SFA
Pop
SFA
SFA
LAD
RCA
SFA
SFA
SFA
SFA
SFA
SFA
SFA
RCA
LAD
LAD
RCA
SFA
SFA
Iliac
Iliac
SFA
SFA
SFA
SFA

4.5
6.0
7.9
4.0
3.9
8.5
5.0
5.2
1.6
6.1
7.9
9.4
3.5
6.0
6.0
6.3
5.3
4.2
12.2

mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
protein
protein
protein
protein
protein
protein
protein
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
protein
protein
protein
protein
protein
protein
protein
protein

AT, anterior tibial artery; LAD, left anterior descending coronary ar-
tery; Pop, politeal artery; PCNA, proliferating cell nuclear antigen;
PTA, percutaneous transluminal angioplasty; PTCA, percutaneous
transluminal coronary angioplasty; RCA, right coronary artery; SFA,
superficial femoral artery.

with 50mM EDTA at 370C for 25 minutes. Proteolysis was arrested by
immersion in 4% paraformaldehyde. Slides were immersed in 0.25%
acetic anhydride in 0.1 M triethanolamine, then prehybridized in 50%
formamide and 2x SSC (lx SSC = 0.15 M sodium chloride, 0.0 15 M
sodium citrate). For hybridization 10 IAI of hybridization buffer con-
taining 3 x 10' cpm of 35S-labeled antisense RNA probes was applied
to each slide. Covered slides were incubated at 420C for 16 h. Samples
were washed for 1 h in 4xSSC at 370C and treated with ribonuclease A
(20 ,g/ml, Sigma Immunochemicals) for 30 minto degrade unhybri-
dized probe. They were then washed successively in 2xSSC and 0.1x
SSC, and then dehydrated in a graded series of alcohols containing
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0.3% ammonium acetate. Air-dried slides were coated with Kodak
NTB-2 emulsion, exposed for 10 d at 4VC, and then developed. To rule
out false positive results, 35S-labeled sense RNA probes for PCNA were
used on the same series of slides under identical conditions.

The PCNA RNA probe used was transcribed from a 1,400 bp
cDNA fragment ofhuman PCNA subcloned into pGEM4. This was a
kind gift from Dr. R. Baserga, (Temple University, PA). The probes
were synthesized with either T7 or SP6 polymerases to generate anti-
sense or sense probes, respectively.

Immunocytochemistry. The presence of PCNA protein was evalu-
ated in cultured smooth muscle cells and tissue sections using a mouse
mAb to human PCNA (Signet Laboratories Inc.) ( 1 9, 20). Immunore-
activity to PCNA has varied considerably depending on tissue fixation
and the particular antibody used ( 19, 21 ). We used sections ofhuman
tonsil to optimize the immunostaining procedure. Detection ofPCNA
on cryostat sections prefixed in paraformaldehyde proved to be unsatis-
factory with weak staining that was not well localized to cell nuclei.
This precluded studying PCNA protein expression on identical or adja-
cent sections to those used for PCNA mRNA analysis. In contrast,
immunostaining of paraffin-embedded sections fixed in alcohol-based
preservatives (methanol, absolute alcohol, and methyl Carnoy's solu-
tion) showed intense nuclear staining ofcells that were primarily local-
ized to the germinal centers (Fig. 1). All tissue designated for PCNA
protein analysis was therefore fixed by immersion in 100% methanol
overnight. Paraffin-embedded sections were cut on to poly-L-lysine-
coated slides and air dried overnight. Endogenous peroxidase activity
was blocked with 3.0% hydrogen peroxide in PBS. Sections were pre-
treated with 10% horse serum and then incubated with anti-PCNA
antibody (1:50 dilution) overnight at 4VC. Bound primary antibody
was detected using an avidin-biotin-immunoperoxidase method ac-

cording to the supplier's guidelines (Signet Laboratories Inc.). Sections
were lightly counterstained with either methyl green or Gill's hematox-
ylin.

Cell types within the plaque were determined using monoclonal
antibodies specific to either smooth muscle a actin (clone IA4; Sigma
Immunochemicals) or macrophages (HAM56; Enzo Diagnostics Inc.,
New York)

Analysis. Histologic analysis was performed without knowledge of
the clinical data. All cells in a given section were counted and the total
number was expressed relative to the total tissue area. This was deter-
mined by planimetry of the microscopic image (Bausch and Lomb
Inc., Rochester, NY) projected on to a digitizing palette (Summagra-
phics, Fairfield, CT) that was interfaced with a MacIntosh computer.
Medial tissue adjacent to plaque was excluded if present. For tissues
studied by in situ hybridization the number of exposed silver grains
overlying a given nucleus was counted under high power microscopy.
The number ofsilver grains thus served as an index ofthe copy number
of PCNA mRNA molecules. Using the nuclear borders to define a
region for counting provided a convenient means of semi-quantifying
gene expression in frozen sections, where cell borders are poorly de-
fined. Approximately 80-100 cells (mean 87) from randomly selected
high power fields were studied for each tissue and the mean expression
(exposed silver grains per nuclear area) was determined. The number
of positive cells per tissue section was also determined, based on a
threshold value for positivity. This was derived from the number of
silver grains per nucleus of cells in the media ofnormal internal mam-
mary artery. Cells in normal arterial tissue have a very low (0-0.096%)
rate of replication (22, 23), and a very low likelihood of expressing
PCNA protein detectable by immunohistochemistry (0-0.3%) (11).
Therefore, as an internal reference for each in situ hybridization proce-

f - Vj,

ffo~% %.

Figure 1. Light photomicrograph ofa section ofhuman tonsil immunostained with anti-PCNA antibody. Cells in the germinal center are strongly
positive. Scattered interfollicular cells are also positive. (Methyl green.)
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dure, we included a section from a single internal mammary artery. In
this control tissue the overall number of grains per nuclear area was
normally distributed, ranging from 0 to 6. A cell was considered posi-
tive, therefore, if the grain count exceeded the mean count for the
normal artery by three times the standard deviation. This cut point was
between 10 and 15 grains per counting area. To determine the repro-
ducibility of the method used to analyze the specimens studied by in
situ hybridization, I I ofthe 22 lesions were reanalyzed after an interval
of several weeks; in each of the 1 I cases, no significant deviation from
the initial assessment was observed.

For sections studied by immunocytochemistry, the proportion of
PCNA-positive cells was determined and all intimal cells within the
section were counted. This varied from 80 to 1,843 intimal cells per
tissue section. Sections were reviewed by at least two observers.

Statistics. Averaged data are expressed as mean±SD of the mean.
Student's t test, one-way ANOVA, and linear regression analysis were
used for statistical analyses.

Results

PCNA expression in quiescent and proliferating cultured hu-
man vascular smooth muscle cells. To confirm that the pres-
ence ofPCNA mRNA reliably distinguishes proliferating from
nonproliferating human smooth muscle cells, we assessed
mRNA abundance in cells incubated in the presence of non-
stimulating (0.5%) or stimulating (10%) concentrations of
FBS. In situ hybridization was used for this assessment to
maintain consistency with the approach taken to study mRNA
expression in the atherectomy material. Fig. 2 illustrates the
difference in hybridization between the proliferating and
nonproliferating cells. Results from two experiments demon-
strated a fivefold increase in the number of exposed silver
grains overlying nuclei, after quiescent cells were induced to
proliferate. The high expression ofPCNA mRNA was present
in virtually all of the cells grown in the media supplemented
with 10% serum.

The presence ofPCNA protein detectable by immunocyto-
chemistry was also dependent on the proliferative status of the
cells. Quiescent cells were negative for PCNA; however, 48 h
after stimulation with 10% serum, 90% of the cells stained
positively (Fig. 3, A and B). Staining was localized to the nuclei
with the exception of cells in mitosis or in cells that had appar-
ently just divided (Fig. 3, C and D).

Expression of PCNA in serum-stimulated cells was ob-
served in almost all cells whether or not they had been previ-
ously synchronized (by serum deprivation), implying that the
presence ofPCNA is not specific to the S phase ofthe cell cycle.
This was examined further by simultaneously assessing both
PCNA immunoreactivity and incorporation of [3H]-
thymidine. Of 552 cells counted, 96% were PCNA positive but
only 14% had incorporated (3H]thymidine into the nucleus.
All thymidine-positive cells were immunopositive for PCNA.
These findings are illustrated in Fig. 3 E.

Cell density ofhuman atherosclerotic lesions. The mean cell
density of the intima of primary plaque tissue was 241± 179
cells/mm2 (range, 46-674 cells/mm2). There was no differ-
ence between the cell density of lesions from coronary and
peripheral arteries (206±68 vs 269±235 cells/mm2, P = NS).
The cell density ofthe intimal portion ofrestenotic lesions was
significantly higher than that of primary lesions (500±238
cells/mm2, range 181-1,007 cells/mm2, P < 0.001). Again,
there was no difference in cell density between the lesions from
coronary vs peripheral arteries (688±257 vs 450±215 cells/
mm2,P= NS).

Cell proliferation in human atherosclerotic lesions. Media
from seven internal mammary artery tissues, including one
used as an internal standard for each in situ hybridization pro-
cedure, were used to ascertain PCNA mRNA and protein ex-
pression in the nonatherosclerotic vessel wall. In none of the
tissues was there evidence for PCNA expression. Among the
five tissues studied by in situ hybridization, only a background
level of radiographic granules was present with a mean of
3.1±1.1 silver grains per cell nucleus (range 1.9-4.6 silver
grains per cell nuclear area).

PCNA expression in the primary atherosclerotic lesions
was variable. Of the 11 specimens studied by in situ hybridiza-
tion, the mean nuclear grain density (4.9±3.8 silver grains/nu-
clear area) was not significantly greater than that ofthe internal
mammary artery sections, although the range ( 1.4-13.6 silver
grains/nuclear area) was wider. Furthermore, in 7 of the 11
lesions, positive hybridization signals were present over a pro-
portion of cells. The mean proportion of positive cells in a
given lesion was 7.2±10.8% (range 0-32.8%). Positive cells
were seen both in isolation and as clusters (Fig. 4). PCNA-po-
sitive cells were also identified by immunocytochemistry in
five ofthe seven primary lesions studied with this approach; the
mean proportion of immunopositive cells was 3.6±3.5%
(range 0-8.5%). The proportion ofpositive cells was not differ-
ent between coronary or peripheral artery lesions (4.4±7.9 vs
6.9±9.6%, P = NS). There was also no evident relationship
between the age ofthe patient and the proportion of proliferat-
ing cells.

Restenotic atherosclerotic lesions consistently showed cel-
lular expression ofPCNA (Figs. Sand 6). Amongthose studied
by in situ hybridization, the mean nuclear grain density was
8.9±5.5 (range 3.8-59.2), significantly higher than that ofnor-
mal artery sections (P < 0.05). This also tended to be higher
than that of primary tissue, although this was not statistically
significant. The mean proportion of PCNA-positive cells was
20.6±18.2% (range 4.0-59.2%) for sections studied by in situ
hybridization and 15.2±13.6% (range 2.0-37.1%) for those
studied with the anti-PCNA antibody. In both instances, there
was a higher prevalence of positive cells than in the primary
lesions studied by the same approach (P < 0.05) (Fig. 7). The
proportion of PCNA-positive cells among both primary and
restenotic lesions tended to be higher in the tissues studied by
in situ hybridization; however, this was not statistically signifi-
cant. As with the primary lesions, the proportion of positive
cells was not significantly different between coronary and pe-
ripheral artery lesions (12.0±6.9 vs 20.0±17.7%, P = NS).
Again, there was also no detectable correlation between the
proportion of proliferating cells and the age of the patient.

Among restenotic lesions, there was a tendency toward a
higher degree of proliferation in tissue excised relatively early
postangioplasty (Fig. 8); however, no statistically significant
correlation between PCNA-positivity and the time interval
from angioplasty to subsequent atherectomy could be demon-
strated. Interestingly, the atherectomy specimen that was tem-
porally most distant from the initial angioplasty (patient num-
ber 37) demonstrated a relatively high proportion (33.3%) of
PCNA-immunopositive cells.

As illustrated in Fig. 6, a distinct majority of the cells in
both primary and restenotic lesions were smooth muscle cells.
A smaller proportion of cells either stained positively with the
macrophage-specific antibody or were negative for both
markers. The proportion ofcells identified as macrophages was
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Figure 2. Autoradiographs showing hybridization signals from cultured human vascular smooth muscle cells hybridized with an antisense RNA
probe to PCNA. (A) Cells were rendered quiescent by incubating in serum-depleted medium for 88 h. Exposed silver grains are present only as

background signals. (B) Cells were restimulated to grow by addition ofserum. Dense collections of silver grains overlie all nuclei. (Hematoxylin.)

higher in primary lesions than in restenotic lesions ( 12.7±5.9
vs 1.4±2.4%, P < 0.01 ). Among all tissues there was a positive
correlation between the proportion ofPCNA-positive cells and
the overall cell density (r = 0.52, P < 0.001). Data from all
lesions studied are summarized in Table II.

Discussion

The accumulation of cells within the intima has been recog-
nized as a fundamental feature of atherosclerotic lesions for

many years ( 1-3). More recently, the widespread application
of percutaneous balloon angioplasty has focused attention
upon the clinical consequences of excess proliferation of inti-
mal cells: light microscopic analyses have suggested that
smooth muscle cell proliferation is the principal basis for recur-
rent symptoms (caused by restenosis) seen in > 30% of pa-
tients after angioplasty (6, 7, 24-26). Accordingly, a variety of
strategies have been proposed and/or investigated to prevent
or retard the proliferation of intimal smooth muscle cells (5).
The appropriateness and effectiveness of this approach, how-
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Figure 4 (Top) . Autoradiograph ofa section ofprimary atherosclerotic lesion hybridized with an antisense RNA probe to PCNA. Positive signals
overlie a cluster of cells. (Hematoxylin and eosin.)

Figure 5 (Bottom). Autoradiograph of a section of a restenotic lesion hybridized with an antisense RNA probe to PCNA. Clusters of signals
overlie several cells. (Hematoxylin and eosin).

ever, may depend upon the extent to which cell proliferation
persists at the time therapy would be considered. The degree of
cell proliferation in atherosclerotic lesions associated with on-

going symptoms of ischemia is therefore a fundamental ques-
tion that has previously not been directly studied. Examination
of PCNA expression in atherectomy specimens obtained from
the 36 patients in the present study indicates that active cell
proliferation is a variable feature of symptom-producing le-
sions that have not been previously subjected to percutaneous

revascularization ("primary lesions"). In lesions that have re-

curred after balloon angioplasty ("restenosis lesions") how-
ever, cell proliferation is a consistent and relatively prominent
feature which may be detected as late as 1 yr after revasculariza-
tion.

PCNA is a highly conserved nuclear protein of molecular
weight 36,000 (15, 27). It has been identified as a cofactor of
DNA polymerase 6 ( 13, 14) and is necessary for the cell to
enter and proceed through S phase of the replication cycle
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Figure 6. Light photomicrographs of adjacent sections of a restenotic lesion. (A) Hematoxylin- and eosin-stained section illustrating hypercellu-
larity. (B) Section immunostained with anti-PCNA antibody. A high proportion of nuclei are positive. (Methyl green.) (C) Section immuno-
stained with antibody to smooth muscle a-actin. Vascular smooth muscle cells predominate. (Hematoxylin.)

(28). Marked differences in the levels ofPCNA have been con-
sistently observed between proliferating cells and noncycling,
quiescent cells. Specifically, expression of both PCNA mRNA
and protein have been shown to increase severalfold after cells
rendered quiescent by serum starvation have been induced to
proliferate ( 15, 29-31 ). Because of this differential expression,
immunodetection ofPCNA has recently been used to directly
determine the proliferative state of the cells in tissue sections
( 19, 21, 32, 33), thereby circumventing the need to place the
excised tissue in an ex vivo growth environment.

To thoroughly evaluate PCNA gene expression in vascular

tissue and reliably exploit its presence as a marker for smooth
muscle cell proliferation, we assessed the abundance of both
PCNA mRNA and PCNA protein. In situ hybridization was
used to assess mRNA content, since this approach allows for
assessment of individual cells and is thus suitable for studying
the small tissue fragments retrieved by the atherectomy device.
The yield of mRNA from such samples is too low (generally
< S g oftotal RNA) for a comprehensive Northern blot analy-
sis. Using human vascular smooth muscle cells in culture we
confirmed that quiescent and proliferating cells could be
clearly distinguished by the abundance of PCNA mRNA, as
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Figure 6 (Continued)

evaluated specifically by in situ hybridization. Likewise, these
populations ofcells were easily discriminated by immunostain-
ing with the mAb to PCNA. The fact that nearly all cells stimu-
lated to grow, including those undergoing mitosis, were posi-
tive for PCNA mRNA or protein suggests that the presence of
PCNA is not specific to a single phase of the cell cycle. In fact,
using a double labelling technique, we established that of all
PCNA-positive cells only a small fraction (< 15%) were in S
phase during the 4 h before fixation and immunostaining. This
is consistent with findings of previous studies of nonvascular
cells or tissue that compared immunoreactivity ofPCNA with
either DNA synthesis ( 1) or flow cytometry (33) data. To-

ISH IHC
Priary

Leion

Figure 7. Proportion of

cells expressing PCNA
in primary and resteno-
tic plaque. ISH, in situ
hybridization. IHC, im-
munohistochemistry.
*P < 0.05 vs the pri-
mary lesions studied by

in situ hybridization;
ISH IHC tP < 0.05 vs the pri-
Resnowic mary lesions studied by

immunohistochemistry.

gether, these data support the concept that expression ofPCNA
is detectable in all proliferating (cycling) cells, but not in rest-
ing, or Go phase cells. In this context it is a sensitive marker for
smooth muscle cell proliferation per se. The proportion ofcells
in atherosclerotic plaque that are specifically in S phase, would,
by extrapolation of the in vitro analysis, be considerably lower.
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Table II. Cell Number and Cell Proliferation in Atherectomy Specimens

Total cells/total PCNA-positive
Patient Lesion type specimen area Cells/mm2 cells Percentage

mm2

Primary peripheral
Primary peripheral
Primary peripheral
Primary peripheral
Primary peripheral
Primary coronary

Primary coronary

Primary coronary

Primary coronary

Primary coronary

Primary coronary

Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic coronary

Restenotic coronary

Restenotic coronary

Restenotic coronary

Primary peripheral
Primary peripheral
Primary peripheral
Primary peripheral
Primary peripheral
Primary coronary

Primary coronary

Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral
Restenotic peripheral

586/0.869
65/0.510

262/1.589
192/1.324
505/0.758
510/2.601
712/2.220
450/1.869
329/1.713
51/0.622
182/0.882
551/0.622

2953/4.427
2123/3.694
1745/2.176
2021/3.960
1762/4.165
960/2.340
573/1.120
181/0.420

1121/1.315
1119/1.167

461/2.070
354/0.841
118/0.843
326/4.126
80/1.753
169/0.701
127/0.754
449/0.828
1056/2.500
293/1.619
333/1.802
325/1.003
1843/7.500
992/3.971
998/3.039

674
127
165
145
666
196
321
241
192
82

204
885
667
575
802
510
423
410
512
430
852
959

223
420
140
79
46

241
168
542
422
181
185
325
246
250
328

27/82
5/65
5/69
0/94
2/110
4/97
0/82
19/83
0/86
0/51
1/92

42/100
40/118
4/118

48/81
23/84
6/67
4/100
3/80
17/82
9/77
12/102

7/461

30/354

7/118

7/326

0/80

0/169

9/127

26/449

40/373

6/293

7/333
56/325

684/1843

191/992

333/998

32.9
7.7
7.2
0

3.6
4.1
0

22.9
0

0

1.1
42.0
33.9
3.4

59.2
27.4
9.0
4.0
3.8

20.7

11.7

11.8

1.5
8.5

5.9
2.1

0

0

7.1

5.8

10.7

2.0

2.1

11.4

37.1

19.2

33.3

ISH, lesions studied for PCNA expression by in situ hybridization; IHC, lesions studied by immunohistochemistry.

The observation that immunoreactivity was localized to the
germinal centers and scattered interfollicular cells ofmethanol-
fixed sections of human tonsil confirmed that immunohisto-
chemistry was a valid means of assessing PCNA protein con-
tent for the purpose of this study. The immunohistochemical
approach also allows for comparison with results of previous
studies (see below). The results of in situ hybridization, on the
other hand, yield different, and in this case, confirmatory data
using an independent approach. We and others ( 19) have ob-
served that use offrozen sections (optimal for in situ hybridiza-
tion) results in a substandard quality of immunostaining with
the anti-PCNA mAb used; we chose, therefore, to use separate
tissues, with different fixation procedures, for the two modes of

analysis. Nevertheless, the results suggest that the degree of
positivity for in situ hybridization was generally similar to that
observed by immunohistochemistry.

Gordon and co-workers have previously used anti-PCNA
immunostaining to quantify proliferation in the coronary arter-
ies of hearts explanted from patients undergoing cardiac trans-
plantation ( 11). In that patient population, some atheroscle-
rotic lesions (3 out of 14) displayed no evidence of prolifera-
tion, and the overall proportion of PCNA-positive cells was

relatively low (mean 0.85%). In contrast, among actively symp-
tomatic patients in the current study, the fraction of PCNA-
positive cells in primary lesions studied by immunohistochem-
istry appeared higher (mean 3.6%). Among primary lesions
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studied by in situ hybridization, the proportion ofPCNA-posi-
tive cells was also higher (mean 7.2%) including two lesions in
which > 20% ofcells expressed detectable levels ofPCNA. This
difference could reflect differences either in the nature of the
lesions studied, or in technical aspects of the methods used to
detect PCNA. In particular, differences in section preparation
and fixation, as well as differences in the epitope recognized by
the different mAb may be relevant. These considerations not-
withstanding, it is conceivable that the typically advanced na-
ture ofatherosclerotic lesions from patients with end-stage car-
diac disease undergoing cardiac transplantation are more quies-
cent than atherosclerotic lesions in patients with active
symptoms of myocardial ischemia. The data presented here
suggest that in patients referred for percutaneous revasculariza-
tion, some lesions may be indolent, but many have a detectable
proliferative component.

In primary or spontaneous atherosclerosis, the progression
ofearly lesions to more extensive plaques that manifest as exer-
tional angina or claudication proceeds at a variable rate (34).
Angiographic (35, 36), angioscopic (37), and pathologic (38)
findings suggest that instances of particularly rapid plaque
growth may be initiated by recurrent fissuring of the plaque
with consequent formation ofsmall, subocclusive thrombi that
subsequently organize into fibrotic tissue. The finding in the
present study of certain primary plaques with numerous (e.g.,
> 10%) proliferating cells suggests that rapid growth of some
primary atherosclerotic lesions may also involve an increased
wave of smooth muscle cell proliferation. The trigger for such
an increase in cell replication is not clear, but the process is
likely mediated through the expression of growth regulatory
factors (39). In this regard, these two potential mechanisms of
plaque enlargement are not necessarily independent, since
platelets in mural thrombi have the potential to release growth
factors that stimulate smooth muscle cell proliferation (40). It
is noteworthy, therefore, that ofthe primary lesions examined
in the present study, 50% were from patients in whom an acute
ischemic syndrome represented the indication for atherec-
tomy. There is good evidence to indicate that unstable isch-
emic syndromes in both coronary (34) and peripheral (41 )
arteries may be precipitated by rupture of the atherosclerotic
plaque. Thus, the relatively high incidence ofcellular prolifra-
tion observed among the primary lesions in the current series of
patients may be related to mitogenesis initiated by plaque rup-
ture.

More rapid accumulation ofintimal smooth muscle cells is
considered to be the principal mechanism of lesion recurrence
(restenosis) after balloon angioplasty or other catheter-based
vascular interventions (4, 6, 7). Quantification of cells in ath-
erosclerotic plaques examined in the current study confirms
that restenotic plaque is, on average, more cellular than pri-
mary plaque. Most of the cells were identified as smooth mus-
cle cells by immunohistochemistry. This hypercellularity may
be accounted for either by increased proliferation of cells
within the intima, and/or migration into the intima ofsmooth
muscle cells originating in the underlying arterial media (42).
The relative contribution of each of these processes was not
addressed in the present study. Nevertheless, the consistent ex-
pression ofPCNA in the restenotic lesions constitutes the first
direct evidence for ongoing cellular proliferation within hu-
man restenotic plaque. In some restenotic lesions, the propor-
tion of proliferating cells approximated that of human solid
tumors (33, 43). These higher proliferation rates tended to be

among lesions retrieved relatively early after the initial angio-
plasty, although a significant correlation between PCNA posi-
tivity and the period of time between angioplasty and the sub-
sequent atherectomy was not established. A larger series may
characterize this relationship more definitively.

Dartsch and co-workers have previously demonstrated that
the in vitro growth rate of smooth muscle cells derived from
restenotic plaque was greater than that of cells derived from
primary lesions (9). Similarly, we have previously found that
the kinetics of smooth muscle cell outgrowth from human
athrectomy specimens, distinguishes restenotic from primary
lesions (10). Although these ex vivo approaches do not allow
for a determination of replication rates in vivo, the findings are
consistent with the direct, quantitative results of the present
study.

From the perspective of designing treatment strategies for
patients with coronary or peripheral vascular disease, resteno-
sis represents a unique circumstance where the time frame for
lesion development is relatively short and well defined. The
finding that proliferating cells still constitute a significant pro-
portion of the lesion once it has progressed to induce symp-
toms, even after several months, indicates that the opportunity
to limit the process may not necessarily be confined to a small
"window" immediately after revascularization. This is an en-
couraging result that supports the concept that inhibiting the
proliferation of vascular smooth muscle cells may be a valid
means of limiting or preventing restenosis.
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