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Abstract

We studied death of human vascular smooth muscle cells
derived from coronary plaques and normal coronary arter-
ies and aorta. Cells from normal arteries underwent death
only upon removal of serum growth factors. In contrast,
plaque-derived cells died even in high serum conditions,
and death increased after serum withdrawal. Death was

characteristically by apoptosis in both normal and plaque-
derived cells, as determined by time-lapse videomicroscopy,
electron microscopy, and DNA fragmentation patterns.
IGF-1 and PDGF were identified as potent survival factors
in serum, whereas EGF and basic fibroblast growth factor
had little effect. Stable expression of bcl-2, a protooncogene
that regulates apoptosis in other cell lines, protected smooth
muscle cells from apoptosis, although there was no detect-
able difference in endogenous bcl-2 expression between cells
from plaques or normal vessels. We conclude that apoptosis
of human vascular smooth muscle cells is regulated by both
specific gene products and local cytokines acting as survival
factors. Apoptosis may therefore regulate cell mass in the
normal arterial wall and the higher rates of apoptosis seen

in plaque smooth muscle cells may ultimately contribute
to plaque rupture and breakdown and thus to the clinical
sequelae of atherosclerosis. (J. Clin. Invest. 1995. 95:2266-
2274.) Key words: apoptosis * atherosclerosis * vascular
smooth muscle * bcl-2

Introduction

Cell death is a prominent component of the human atheroscle-
rotic plaque with areas of "necrosis" being present in over

80% of primary lesions (1, 2). Ultimately, the morbidity and
mortality associated with atherosclerosis results from rupture
of the plaque into this "necrotic" area, with thrombosis leading
to both ischemia and infarction (3). Cell death is also present
in animal models of atherosclerosis. In fat-fed swine, for in-
stance, one of the most well-characterized models of cell kinet-
ics in atherosclerosis, cell death is present at all stages of lesion
development (4-6). In the early lesions in this model, cell
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death balances cell proliferation, and no overall accumulation
of tissue ensues (4). In later lesions, lipid rich necrotic areas
are more prominent, with death occurring in both macrophages
and vascular smooth muscle cells (VSMCs).' Cell death in the
vasculature has previously been thought to be due to direct toxic
insult, as a reaction to free radical generation or peroxidation
from oxidised lipids, for instance (7, 8). However, recent evi-
dence has indicated that cell death of endothelial cells (9),
VSMCs (10), and macrophages (11) may all occur via the
highly regulated process of programmed cell death, or
apoptosis.

Apoptosis is a ubiquitous, evolutionarily conserved, physio-
logical mechanism of cell death that regulates tissue mass and
architecture in many tissues ( 12). The genetic program for cell
death, which is contained in selected or even all cells, may
be activated at a defined time during embryogenesis or in the
maturation of adult cells, by a wide range of physiological
and pharmacological stimuli. In VSMCs, for example, we have
identified apoptosis in the presence of deregulated expression
of the c-myc protooncogene (10, 13). Deregulated expression
of c-myc has previously been demonstrated to occur in one
study of cultured human plaque VSMCs (14). The present
study examined VSMCs derived from human coronary athero-
matous plaques and from normal vessels for the presence of
apoptosis. Our data demonstrate that passaged plaque VSMCs
have a markedly elevated rate of apoptosis in vitro. Apoptosis
of human VSMCs can be partially reversed by expression of the
classical antiapoptotic gene bcl-2 or by gene products normally
present in the arterial wall, IGF-1 and PDGF.

Methods

Cell culture. Normal human VSMCs were derived from the media of
the thoracic aorta of donors for cardiac transplantation (four cultures)
and from the media of coronary arteries of recipients undergoing trans-
plantation for nonischemic cardiomyopathy (four cultures). Patients
were in the University of Washington Medical Center transplantation
program from 1987 to 1994. Vessels were dissected from the heart, a
piece of vessel taken for routine histology, and cells prepared by enzyme
digestion of pieces of media. Briefly, arteries were predigested with an
enzyme mix containing 165 U/ml collagenase type I, 15 U/ml elastase
type HI, 0.375 ng/ml of soybean trypsin inhibitor in serum-free Way-
mouth's medium for 20 min at room temperature. The vessels were
then cut open and pinned luminal side up on a dissecting surface. The
residual endothelium was removed with a plastic cell scraper and the
media and intima separated by peeling the intima from the media. Medial
tissue was then minced and digested in the enzyme mix for 16 h at
37°C until complete dispersion was obtained, as assessed by light mi-
croscopy. The remaining vessel was then fixed in 4% formaldehyde and
processed for routine histology. The samples of vessel taken before and

1. Abbreviation used in this paper: VSMC, vascular smooth muscle
cell.
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after dissection were used to confirm that the media had been cultured
and that microscopic evidence of atherosclerosis in the form of foam
cells, extracellular lipid, or matrix accumulation was not present.

Plaque VSMCs were obtained from patients who underwent direc-
tional coronary atherectomy (Simpson Coronary Atherocath, Devices
for Vascular Intervention Inc., Redwood City, CA) in the cardiac cathe-
terisation laboratory of the University of Washington Medical Center
between 1990 and 1992. Specimens for culture were obtained from
primary lesions (five cultures) and not from lesions that had undergone
previous angioplasty or atherectomy. Multiple pieces of atherectomy
tissue were obtained from each patient weighing between 10 and 30 g
in total. The specimen was divided and one half fixed and processed
for routine histology and orcein staining for elastin. The preparation of
cells from atherectomy specimens followed the same protocol as that
for normal medial cells except that the atherectomy tissue was minced
and enzyme digested for 16 h. Cells from both atherectomy specimens
and normal vessels were then plated in Waymouth's medium containing
20% FCS, 10 mM Hepes (Sigma Chemical Co., St. Louis, MO), 2%
ECGS (Sigma), and equilibrated with 95% air and 5% CO2. Cultures
from individual patients were maintained as separate cultures and cells
were not pooled. Subconfluent cells were passaged by trypsinization
in 0.05% trypsin in PBS. At passage three, cultures were analyzed
immunocytochemically to confirm smooth muscle origin (a-actin posi-
tive, vimentin positive, vWf negative, desmin negative, and smooth
muscle myosin negative).

Infection of cells with bcl-2. The retrovirus vector pbcl-2-neo was
obtained from Dr. David Hockenbery (Fred Hutchison Cancer Center,
Seattle, WA) and contained a cDNA encoding full-length human bcl-
2 (15). Infection of cells with retrovirus containing bcl-2 or the vector
alone was performed as previously described (10). Passage four through
six cells were plated in 10-cm-diameter dishes at 2 x 107 cells/dish in
normal tissue culture medium and infected using the retrovirus con-
structs. Cell plates were split 1:50 and cells were selected in medium
containing 750 jig/ml of the neomycin analogue G418 (GIBCO, Grand
Island, NY). After 1 wk of antibiotic treatment, isolated surviving single
cells were evident on culture plates. Clones of resistant cells containing
bcl-2 were ring cloned after 4-6 wk and both clones and an uncloned
population were cultured in medium containing G418 thereafter. Clones
of bcl-2-infected cells and cell populations were each tested individu-
ally and compared against a pooled population of cells infected with
the vector alone. Cells were maintained in neomycin at all times and
used for experiments after a minimum of 4 wk in selection.

Analysis of cell number andflow cytometry. Cells were plated into
24-well plates at 1 x 104 cells/well in medium containing 20% FCS
and growth of cultures were analyzed by cell counts over 10 d of cells
that could exclude trypan blue. Cell cycle distribution of cells in culture
in 20% FCS was determined by flow cytometric analysis as previously
described (10).

Time-lapse videomicroscopy. Cells were prepared for videomicros-
copy as previously described (10). Briefly, cells were maintained in
medium containing 20% FCS, washed three times in medium containing
0% FCS, and then cultured in this latter medium. This was supplemented
with selenite (30 nM), transferrin (5 jig/ml), fibronectin (1 Ag/ml),
and albumin (1 mg/ml). Flasks were gassed with 95% air and 5%
CO2 every 24 h and sealed. The microscope was enclosed in a plastic
environment chamber and maintained at 37°C by an external heater.
The time-lapse equipment consisted of a camera (Dage-MTI Inc., Michi-
gan, IN) and Panasonic 8050 time-lapse video recorder with Colorado
video synchronization system (Colorado Video, Boulder, CO). Films
were analyzed for morphology of apoptosis and cell death rates as
previously described (10, 13, 16) using an observer blind to cell type
and treatment conditions. Cell division was scored at the time at which
septa appeared between two daughter cells and intermitotic time mea-
sured between divisions of successive generations derived from the same
cell over an extended period (7-10 d). Apoptotic cell death events
were scored midway between the last appearance of normality and the
point at which the cell became fully detached and fragmented, an interval
of typically 60-90 min. Each individual cell culture was analyzed in

duplicate as a minimum (plaque VSMCs, n = 11; normal coronary and
aortic VSMCs, n = 8).

Electron microscopy. VSMCs were cultured in medium containing
20% FCS for 48 h and then transferred to 0% FCS for 24 h. Cultures
were fixed in 3% glutaraldehyde in cacodylate buffer (0.1 M sodium
cacodylate, 5% sucrose, 2 mM CaCl2 for 30 min at room temperature,
postfixed in 1% osmium tetroxide, dehydrated in a graded series of
ethanol, and embedded in Medcast plastic. Sections were cut and stained
in 6% uranyl acetate and Reynold's lead stain. Cells were viewed on
an electron microscope (model JEM 1200 Ex II, Jeol Ltd., Tokyo,
Japan) at 80 K accelerating voltage.

Analysis for DNA fragmentation. For assessment of nucleosome
laddering, - 8 x 107 cells were cultured in medium containing 20%
FCS until 50% confluent. A similar number of cells were cultured as
above but then transferred to medium containing 0% FCS. After 24 h,
cells appearing in the supernatant were centrifuged at 1,000 g for 5
min. Cell lysis, DNA extraction, electrophoresis, and staining were as
previously described (10).

Requirementfor individual growth factors. To assess the effects of
individual growth factors in the regulation of apoptosis, cells were pre-
pared for time-lapse videomicroscopy as above, but individual growth
factors were added back at concentrations of 0.1-100 ng/ml (PDGF-
AA or BB, IGF-1, EGF) or 1-1,000 ng/ml (basic fibroblast growth
factor [bFGF]). All growth factors were recombinant human forms
(Sigma). Cell deaths rates were assessed in triplicate for each concentra-
tion of each growth factor.

RNA isolation and Northern hybridization. RNA was extracted from
individual cultures of normal and plaque VSMCs cultured in 20% FCS
and from RL-7 cells, a human B-cell lymphoma cell line that has a
t( 14;18) chromosomal translocation and that overexpresses bcl-2. Total
RNA from 10' cells was isolated using the method of Chirgwin et al.
(17). RNA was fractionated, transferred, and hybridized as previously
described (18) using a random primed human bcl-2 probe, SFFV-bcl-
2 (15), and a random primed 28S probe to verify equal loading
of RNA.

Immunocytochemical analysis for Bcl-2 protein. VSMCs were
plated onto eight-well Tissue-Tek slides (Nunc, Naperville, IL) at 3,000
cells/well and cultured for 48 h. Cells were fixed and processed for
immunocytochemistry as previously described (10). Briefly, cells were
washed three times in PBS, fixed in 4% paraformaldehyde in PBS at
room temperature for 15 min, and blocked using incubation buffer (PBS,
1% BSA, 0.5% Triton X-100, 0.02% sodium azide) for 30 min at room
temperature. Bcl-2 protein was detected using a hamster monoclonal
antibody 6C8 antibody (15) diluted to 1 ug/ml in incubation buffer and
bound antibody visualized using a biotin-labeled horse anti-hamster
antibody at 1:200 dilution and an avidin-biotin peroxidase detection
system (Vector Labs, Burlingame, CA).

Statistical analyses. The means of apoptotic deaths were analyzed
using ANOVA for multiple comparisons. Paired analysis between two
groups, between plaque and normal VSMCs, or between uninfected and
bcl-2-infected cell lines, for instance, was performed using Student's
t-test where ANOVA indicated significance for the multiple comparison.

Results

Human VSMC cultures were obtained from coronary plaques
(plaque VSMCs) and from the media of normal coronary arter-
ies and aorta ( "normal" VSMCs). Cultures were obtained from
specimens from individual patients of both sexes and from a
range of ages (Table I). Mean age of patients was 49.8 yr
(plaque), 41.8 yr (normal aorta), and 47.8 yr (normal coronary
artery); these differences were not significant. Atherectomy
specimens were from primary lesions only, which had not re-
ceived previous intervention. Three out of five atherectomy
specimens were from patients who were experiencing unstable
angina, although by passages four through six no significant

Apoptosis in Human Vascular Smooth Muscle Cells, bcl-2 2267



Table l. Details of Patients from Whom VSMC Cultures Were
Obtained

Source Age Sex Passage Clinical status

yr

Plaque derived
HASMC 66 LAD 49 M 6 Stable angina
HASMC 103 RCA 50 F 4 Unstable angina
HASMC 104 RCA 48 M 4 Unstable angina
HASMC 105 LAD 57 F 4 Stable angina
HASMC 120 LCx 45 M 4 Unstable angina

Normal aorta
HAMED 19 Aorta 53 M 6 Motor vehicle accident
HAMED 39 Aorta 48 M 5 Motor vehicle accident
HAMED 63 Aorta 16 M 4 Motor vehicle accident
HAMED 88 Aorta 50 F 4 Subarachnoid hemorrhage

Normal coronary
artery

HCMED 8753 RCA 34 M 4 Nonischemic cardiomyopathy
HCMED 8758 RCA 47 M 4 Nonischemic cardiomyopathy
HCMED 90103 LCx 48 F 4 Nonischemic cardiomyopathy
HCMED 941 LAD 62 M 4 Nonischemic cardiomyopathy

LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right
coronary artery; HASMC, human atherosclerotic smooth muscle cell; HAMED,
human aortic medial smooth muscle cell; HCMED, Human coronary medial
smooth muscle cell.

difference in proliferation or death rates could be found in
plaque-derived cells from patients with stable or unstable angina
(not shown). As in other studies using atherectomy specimens,
the tissue retrieved was heterogeneous, consisting predomi-
nantly of loose connective tissue, with some areas of necrotic
debris and calcification. In addition, small areas of the tissue
consisted of amorphous acellular material consistent with old
thrombus. In view of the nature of the atherectomy procedure
and the nature of the tissue retrieved, it is likely that many
anatomic regions of the plaque were sampled. However, in
specimens processed for cell culture, the tissue did not contain
structures identifiable as an internal elastic lamina or elastic
lamellae, and the cellular component did not show the linear
circumferential pattern of smooth muscle cells seen in the me-
dia. Thus, it is likely that only atherosclerotic intima of the
artery was sampled in specimens that we have used for culture.
Although it is known that the cells present in atherectomy speci-
mens consist of smooth muscle cells, macrophages, T lympho-
cytes, and endothelial cells, after three passages in culture, only
cells corresponding to a smooth muscle cell phenotype and
immunocytochemical staining pattern were present (not
shown).

The rate of cell death in each culture in high serum (20%
FCS), low serum (0% FCS), and 0% FCS with the addition
of specific growth factors was assessed by time-lapse videomi-
croscopy. Videomicroscopy is a sensitive method of measuring
cell death, which, unlike cell counts or S-phase markers, can
assess cell death separate from cell proliferation. In addition,
as apoptosis exhibits a characteristic sequence of morphological
changes on time-lapse videomicroscopy, this technique allows
an assessment of mode of cell death. Apoptosis was further
confirmed by electron microscopy and DNA laddering patterns.
Death rates were compared in subconfluent cultures from native
normal coronary, aortic and plaque VSMCs, and in cells stably
infected with the bcl-2 protooncogene.
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Figure 1. Increase in cell number over time in culture for plaque-derived
and normal coronary and aortic VSMCs. VSMCs were plated at 1 x 104
cells/well in a 24-well plate in medium containing 20% FCS. Live cell
number was assessed at the times shown by trypan blue exclusion.
Values shown are means, error bars represent SEMs. Plaque-derived
cells showed significantly slower increase in cell number than both
normal VSMC types after 4 d (P < 0.05). *, normal aortic VSMCs;
A, normal coronary VSMCs; *, plaque-derived VSMCs.

The proliferation ofhuman VSMCs in culture. Before analy-
sis of cell death of the human VSMC cultures, baseline kinetic
parameters of each culture were determined at passage five and
six. The rate of increase of cell number over time was analyzed
in each cell type by cell counts, and the cell cycle distribution
by flow cytometric analysis. This indicated that plaque-derived
cells showed a significantly slower increase in cell number than
cells derived from nonatherosclerotic aorta or coronary artery
(Fig. 1). Consistent with this observation, the percentage of
cells in S-phase in the plaque cell cultures in medium containing
20% FCS was significantly less than that of the normal cells
(Table II). The intermitotic time of individual cells, assessed
by extended time-lapse videomicroscopy, indicated that plaque-

Table II. Flow Cytometric Analysis of Cell Cycle Distribution and
Intermitotic Time of Smooth Muscle Cell Cultures

Intenniftotic
Cell type G(/GI S G2 ± M time

h

Plaque cells 88.5±6.8 2.6±0.25 8.9±1.2 184.6±23.2
Normal aortic cells 81.7±5.4 7.9±1.7* 10.4±2.1 98.2±16.4*
Normal coronary cells 82.1±7.9 7.1±2.5* 10.8±1.7 100.4±20.2*
Plaque bcl-2 cells 90.2±6.4 2.2±0.9 7.6+1.3 202.2±21.7
Normal aorta bcl-2

cells 84.2±5.8 6.9±1.6* 8.9±1.1 104.6±13.6*
Normal coronary bcl-2

cells 82.6±5.7 8.2±2.8* 9.2±1.5 106.5±18.4*

Values are means ± SEM. Cells were cultured in medium containing 20% FCS
and cells isolated after 2 48 h in culture. The mean intermitotic time of 20 cells
from each culture type was assessed by extended time-lapse videomicroscopy, as
the time between divisions of successive generations of cells. * P < 0.05 vs

plaque-derived cells.

2268 M. R. Bennett, G. I. Evan, and S. M. Schwartz



Time in hours

Figure 2. Cumulative number of cell deaths per 100 cells in plaque and
normal VSMCs. Plaque-derived or normal coronary or aortic VSMCs
were cultured in medium containing 20% or 0% FCS and deaths quanti-
fied by time-lapse videomicroscopy. Values given are means, error bars
represent SEMs. Plaque cell deaths were significantly greater at time
points after 4 h (P < 0.05 vs. normal cells). A, normal coronary VSMCs
in 20% FCS; A, normal coronary VSMCs in 0% FCS; o, normal aortic
VSMCs in 20% FCS; *, normal aortic VSMCs in 0% FCS; o, plaque
VSMCs in 20% FCS; U, plaque VSMCs in 0% FCS).

derived cells had a longer mean intermitotic time than both
normal cell types (Table II). There was no significant difference
in the growth parameters of human VSMCs derived from the
media of coronary arteries or from the aorta.

Cell death ofnormal and plaque-derived VSMCs. Videomi-
croscopy of plaque and normal coronary and aortic VSMCs
indicated a marked difference in the frequency of cell death
between the cell types. Cells from normal coronary arteries or

aorta did not undergo spontaneous cell death when cultured in
20% FCS. However, 2.7±0.5% (mean±SEM) of aortic cells
and 3.25±0.4% of normal coronary cells died over 24 h in
0% FCS (Fig. 2). In contrast, plaque-derived cells showed a

significantly higher rate of spontaneous cell death in 20% FCS
over 24 h (8.7±1.8%) and this increased to 16.8±2.7% in low
serum. Cells were analyzed for rates of apoptosis in subcon-
fluent culture, between passages four and six. However, there
was no significant difference in the rate of cell death between
these passages of the same culture (not shown). Death in all
cell types exhibited rapid, sequential, morphological changes
indicative of apoptosis ( 10, 16, 19) (Fig. 3). Cells first retracted
from their neighbors and shrunk in size. This was followed by
intense membrane blebbing and the formation of membrane-
bound vesicles. The end product was a dense apoptotic body,
which in some cases was seen to be phagocytosed by adjacent
cells. These appearances were confirmed on electron micros-
copy (Fig. 4, A-D), which in addition demonstrated peripheral
chromatin condensation in association with the intense mem-

brane activity. When DNA was extracted from cells in the cul-
ture supernatant, a nucleosome ladder pattern, indicative of in-
ternucleosomal cleavage, was evident in plaque cells in low and
high serum and in normal VSMCs in low serum conditions

Figure 3. Time-lapse videomicroscopic appearances of human plaque-

derived VSMCs undergoing apoptosis in culture. (A) Low power and

(B) high power. Cells first show retraction and shrinkage followed by

formation of intense membrane blebs and membrane-bound vesicles

(small arrows), with eventual formation of a dense apoptotic body

(large arrow), which may be phagocytosed by adjacent cells.

(Fig. 5). This is consistent with apoptosis observed by time-

lapse videomicroscopy in plaque VSMCs in low and high serum

but only in normal VSMCs in low serum (Fig. 2).

The effect of growth factor addition on apoptotic rates.

Apoptosis of VSMCs in low serum might be either due to

privation of essential nutrients or cofactors or to the absence of

specific survival cytokines. To discriminate between these two

possibilities, cells were first cultured in 0% FCS but supple-

mented either with essential serum nutrients or with specific

serum cytokines. Neither the addition of selenite, albumin, fi-

bronectin, and transferrin nor the cytokine-free serum substitute

CSPR-2 (Sigma) suppressed apoptosis in serum-deprived

plaque or normal coronary or aortic VSMCs (not shown). To

confirm that apoptosis was due to the removal of survival cyto-

kines, we examined the ability of a range of cytokines to block

apoptosis of VSMCs in low serum conditions. Individual cyto-

kines were added back to plaque and normal VSMCs over a

103-fold concentration range. Cell death was monitored and

quantified by time-lapse videomicroscopy. The addition of IGF-

1, PDGF-AA, or PDGF-BB markedly suppressed apoptosis of

both plaque-derived and normal VSMCs in the absence of any

other exogenous cytokines or nutrients (Fig. 6, A and B). In

plaque-derived VSMCs, the antiapoptotic effects of IGF-1I and

PDGF were titratable and observed at levels similar to those at

which each cytokine is mitogenic (10-100 and 1-10 ng/mi,

respectively) (Fig. 6A). In normal coronary and aortic VSMCs,

IGF-l and PDGF also suppressed cell death, but due to the
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IFigure 4. Electron microscopic appearance of apoptosis in
plaque-derived human VSMCs. (A) Plaque VSMC exhib-
iting normal morphology (x3,000). (B) Cellular shrinkage,
membrane blebbing, and formation of vesicles is evident
with chromatin condensation at the periphery of the nucleus
(x7,500). (C) An apoptotic body (xlO,000). (D) An
apoptotic body inside a cell of normal morphology
(X3,000) (arrow).

lower rate of apoptosis in these cells, this was significant only
at the 10-100-ng/ml dose range for IGF-1 and 100 ng/ml for
PDGF-BB. The data for normal coronary VSMCs are shown
in Fig. 6 B, although there was a comparable effect of each
cytokine on normal aortic VSMCs (not shown). In contrast to
IGF-l and PDGF, no protective effect of EGF or bFGF was
observed at any concentration of growth factor for plaque-de-
rived or normal coronary or aortic VSMCs. As PDGF-BB,

Normal Plaque

M 20% 0% 20% 0% FCS

4072

3054

2036
1636

1018

506

396

Figure 5. Electrophoresis of DNA isolated from dying cells in the
supernatant of individual cultures. Normal aortic VSMCs (lane 2) and
plaque-derived VSMCs (lane 4) in 20% FCS and normal aortic VSMCs
(lane 3) and plaque VSMCs (lane 5) in 0% FCS are shown. DNA
laddering consistent with apoptosis is evident in lanes 3-5. M represents
marker DNA, with size in base pairs as shown.

bFGF, and EGF are relatively potent mitogens for VSMCs in
vitro, whereas IGF-1 and PDGF-AA are not (20-23), there
was no obvious relationship between the potency of mitogenic
action of a growth factor and its ability to suppress cell death.

The effect ofbcl-2 expression on VSMC apoptosis. To inves-
tigate the effect of overexpression of bcl-2 on VSMC apoptosis,
normal and plaque-derived VSMCs were infected with a retrovi-
rus vector encoding human bcl-2 or the vector alone. Resistant
cell populations were pooled after > 4 wk selection in medium
containing G418. In addition, clones of bcl-2-infected cells
were obtained after 6-8 wk in culture. The rate of apoptotic
death in cells containing bc1-2 or the vector alone was assessed
by time-lapse videomicroscopy. Infection with bcl-2 suppressed
apoptosis of normal VSMCs in low serum conditions and par-
tially suppressed apoptosis of plaque-derived cells in both low
and high serum conditions (Fig. 7 A). Clones of bcl-2-infected
cells and the pooled populations of resistant cells behaved simi-
larly (not shown). Cells containing the vector alone had similar
rates of apoptosis as uninfected cells (Fig. 7 B), indicating that
the protective effect of bcl-2 was not due to selection of cells
with a decreased capacity to die in culture. Bcl-2 infection did
not immortalize the cultures of VSMCs, although it did prolong
the lifespan of plaque cultures by approximately two to three
passages. This effect was due to suppression of cell death alone,
as bcl-2 infection had no effect on the intermitotic time of
plaque cells (Table II) or the percentage of cells within the
population that underwent mitosis (not shown).

The expression of bcl-2 in normal and plaque-derived
VSMCs. Constitutive expression of bcl-2 in human plaque-de-
rived VSMCs reduced rates of cell death to almost those seen
in cells derived from normal vessels. To examine whether ex-
pression of bcl-2 per se could account for the differences in
apoptotic rates observed between normal and plaque cells, we
assessed bcl-2 expression in normal aortic VSMCs and plaque-
derived cells by Northern hybridization and immunocytochem-
istry. Bcl-2 mRNA was not detectable on Northern hybridization
from either plaque-derived or normal aortic VSMCs (Fig. 8).
In addition, Bcl-2 protein was not seen on immunocytochemis-
try in VSMCs derived from plaques or normal aorta (Fig. 9)
or normal coronary arteries (not shown), except in cells infected
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Figure 7. Cumulative number of cell deaths per 100 cells in cells ex-

pressing bcl-2. Cells were cultured in medium containing 20% or 0%
FCS and deaths quantified by time-lapse videomicroscopy. Values given
are means, and error bars represent SEMs. (A) Pooled populations of
human plaque-derived, normal coronary, or aortic VSMCs infected with
bcl-2 or (B) with the retrovirus vector alone (LXSN) in medium con-

taining 20% or 0% FCS. Bcl-2 significantly inhibited cell death in 0%
FCS in all cell types, and in plaque-derived cells in 20% FCS, after 4
h (P < 0.05 vs. uninfected cells), whereas no effect was seen with the
vector alone. (A) a, normal coronary VSM-bcl-2 cells in 20% FCS; *,
normal coronary VSM-bcl-2 cells in 0% FCS; o, normal aortic VSM-
bcl-2 cells in 20% FCS; *, normal aortic VSM-bcl-2 cells in 0% FCS;
o, plaque VSM-bcl-2 cells in 20% FCS; *, plaque VSM-bcl-2 cells in
0% FCS. (B) a, normal coronary VSM-LXSN cells in 20% FCS; A,
normal coronary VSM-LXSN cells in 0% FCS; o, normal aortic VSM-
bcl-2 cells in 20% FCS; *, normal aortic VSM-bcl-2 cells in 0% FCS;
o, plaque VSM-LXSN cells in 20% FCS; *, plaque VSM-LXSN cells
in 0% FCS.

with the bc1-2 retrovirus vector. In infected cells, Bcl-2 was

evident as a characteristic punctate cytoplasmic staining in the
cytoplasm and around the periphery of the nucleus as previously
described (Fig. 9) (15, 24). As Bcl-2 protected against
apoptosis at levels that were easily detectable by immunocyto-
chemistry and bc1-2 suppressed apoptosis in both plaque-de-
rived and normal VSMCs, the differences we observe between
rates of apoptosis in plaque and normal VSMCs are unlikely to
be due to differences in endogenous Bcl-2 expression.

Discussion

We report a marked difference in spontaneous cell death in
cultures of smooth muscle cells derived from human coronary
atheromatous plaques as compared with cells derived from the
normal vessel wall. This cell death has the characteristic mor-
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Figure 9. Immunocytochemistry for BcI-2 protein in normal or plaque
VSMCs. No evidence of BcI-2 protein expression is seen in uninfected
(A) normal aortic and (B) plaque-derived VSMCs. In contrast, BcI-2
is seen as a punctate cytoplasmic staining with some perinuclear staining
in cells infected with the bcl-2 retrovirus, (C) normal aortic VSMCs,
and (D) plaque VSMCs.
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phological and biochemical features of apoptosis. Apoptosis
occurred in cells derived from normal aortic and coronary media
as well as cells from plaques, indicating that the program initiat-
ing cell death is a normal component of the cellular machinery.
Apoptosis of VSMCs could be attenuated by expression of bcl-
2 or by provision of specific cytokines acting as survival factors.

We first investigated baseline cell kinetics of cells derived
from plaques, normal aorta, and normal coronary arteries. At
passages four through six, cells from plaques showed a lower
rate of increase of cell number, a lower percentage of cells in
S-phase, and a longer intermitotic time for individual cells than
cells from either normal artery. Thus, plaque cells derived from
primary coronary lesions proliferate slower in culture than nor-
mal medial smooth muscle cells at the same passage, as well
as having a higher rate of cell death (see below). Both of
these characteristics limit the rate of increase of cell number in
culture. Although it is theoretically possible that cell death in
one phase of the cell cycle accounts for the observed increased
rate of cell death in the plaque-derived cells, we have previously
demonstrated that apoptosis in mesenchymal cells such as fi-
broblasts is not associated with any one cell cycle phase (13).
We therefore consider this possibility unlikely.

Cell death in plaques has previously been presumed to be
due to direct toxicity of local factors, for example, oxidized
lipids. However, as culture conditions of cells derived from
plaques or normal vessels were identical and cells were sepa-
rated from other components of the plaque, the higher death rate
of plaque cells we observe implies that these VSMCs possess an
innate susceptibility to cell death. As plaques show evidence of
monoclonality (25), suggesting that they have arisen from a
subpopulation of cells within the arterial wall, this susceptibility
may be intrinsic to a cell lineage from which the plaque devel-
oped, may be acquired during atherogenesis, or both. Apoptosis
in mammalian cells has been shown to be regulated by the
expression of specific gene products, many of which are tran-
scription factors (for review see reference 26). Indeed, we have
previously shown that apoptosis in VSMCs may be regulated
by expression of the c-myc protooncogene (10, 13). Here we
show that human VSMC apoptosis is suppressed by expression
of the protooncogene bcl-2. Bcl-2 is a membrane-associated
protein that suppresses apoptosis in some cell types and after
some injurious agents (27), including c-myc-induced apoptosis
in VSMCs (our unpublished observations) and fibroblasts (28).
The mechanism of bcl-2 action is unknown, but bcl-2 expression
can inhibit apoptosis due to free radicals and lipid peroxidation
(29), both of which are implicated in atherogenesis (8). Thus,
it is conceivable that higher rates of apoptosis in plaque VSMCs
is the result of some heritable presumably genetic change pro-
duced by exposure to oxidized lipids and other free radicals.

The effects of bcl-2 we observe are not due to clonal selec-
tion of cells with reduced susceptibility to death as death rates
were identical in clones and parent populations of bcl-2-in-
fected cells. In addition, cells infected with the retrovirus vector
alone showed comparable rates of apoptosis to uninfected cells.
Selection was also not due to the presence of faster replicating
cells in bcl-2-infected populations as bcl-2 did not affect cell
proliferation of either cell type, as assessed by rate of increase
of cell number, S-phase percentage, or intermitotic time. How-
ever, it is interesting to note that whereas bcl-2 did not immortal-
ize the cultures of either plaque or normal VSMCs, it did in-
crease the ability to expand plaque cultures. Human plaque-
derived VSMCs in culture have previously been shown to have

a finite lifespan, demonstrating a failure of culture expansion
at two to five passages (30-32). This has been taken as evi-
dence that plaque VSMCs may have undergone more doublings
in vivo than cells from normal arteries. Our observations indi-
cate that failure of plaque cell culture is at least partly due to
cell death. The reported shortened lifespan of plaque VSMCs
in culture may therefore be due to the greater number of cell
doublings required to produce passageable cell numbers in the
presence of a higher apoptotic rate.

The proportion of cells that underwent apoptosis did not
change significantly in plaque-derived cells cultured in 20%
FCS over passages four through six. This is despite a fairly
constant rate of cell death of 7-8%/d. We have previously
observed that in a clonal cell line of smooth muscle cells (VSM-
myc cells, rat smooth muscle cells possessing deregulated ex-
pression of the c-myc protooncogene [10]) that is forced to
undergo repeated rounds of apoptosis, the remaining cells un-
dergo apoptosis at the same rate throughout (our unpublished
observations). This argues that apoptosis in our VSMC cultures
may be a stochastic process, an ability possessed by all cells in
the culture and not limited to a particular subset of smooth
muscle cells. This does not, of course, preclude the possibility
that a subset of VSMCs is present in the vessel wall possessing
an increased susceptibility to apoptosis.

We also investigated the role of specific growth factors
present in serum to regulate apoptosis of human VSMCs. We
show that normal human VSMCs undergo apoptosis upon serum
removal, and death can be suppressed by addition of IGF- I and
to a lesser extent PDGF. This is consistent with recent findings
indicating that IGF-l and PDGF are potent survival factors for
both rat fibroblasts and VSMCs when death is induced by the
c-myc protooncogene (10, 13). The requirement for survival
factors indicates that cells of the normal vessel wall require
constant exposure to such factors to maintain viability. Although
we have demonstrated this requirement in vitro, the presence
of growth factors in the vessel wall in vivo may also be neces-
sary for cell survival.

In contrast to normal VSMCs, plaque VSMCs show sponta-
neous cell death, even in the presence of high concentrations
of serum survival factors, and death is further promoted by
serum removal. Thus, apoptosis may occur in vivo in plaques
even when cells are constantly exposed to high concentrations
of survival cytokines. Given the absence of elevated rates of
VSMC replication in plaques (33, 34), even in those plaques
that contain increased amounts of growth factors, our data sug-
gest that growth factors present in lesions might be important
to stabilize lesions rather than promoting growth of the plaque.
Thus, cell loss via apoptosis may ultimately predispose to
plaque fissuring or rupture, events closely associated with major
clinical sequelae such as thrombosis and myocardial infarc-
tion (35).

Although higher rates of apoptosis may be a pathological
property of plaque VSMCs, apoptosis is also a homeostatic
mechanism of maintaining cell number, particularly important
in development and tissue remodeling. Our findings suggest
that apoptosis may be a principal regulator of cell number in
the vessel wall, balancing cell proliferation and thus helping to
maintain vessel wall architecture. In support of this hypothesis
is recent evidence indicating that apoptosis is a major determi-
nant of VSMC cell number in the arterial wall after birth, where
major remodeling occurs due to changes in blood flow (36).
In addition, cell kinetic studies indicate a tight link between
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VSMC birth and death rates seen in normal arteries (4), a link
that may be lost upon development of atherosclerosis. Changes
in the rates of cell death may therefore be a mechanism by
which cells accumulate or are lost, irrespective of any changes
in proliferation.

In conclusion, we have demonstrated that human VSMCs
derived from normal vessels and atheromatous plaques undergo
apoptosis, particularly upon removal of serum survival factors.
Apoptosis may be suppressed by expression of bcl-2 or the
addition of specific survival cytokines, indicating that apoptosis
of VSMCs is regulated by the expression of specific gene prod-
ucts and by the local cytokine environment. Apoptosis may
therefore be a mechanism of regulating cell number in the nor-
mal arterial wall and contribute to the pathogenesis of athero-
sclerosis.
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