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Phenotypic modulation of smooth muscle cells (SMCs) from a contractile to
a synthetic state characterised by active proliferation appears to be an early event
in the pathogenesis of atherosclerosis. A similar transition occurs when SMCs are
established in culture. In this study the phenotypic plasticity and surface structural
changes of aortal smooth muscle cells during the transition from the contractile to
the synthetic state and during maturation have been structurally assessed by scan-
ning electron microscope (SEM). The experiments were performed on SMCs ob-
tained from aorta of neonatal rats after enzymatic digestion and then cultured on
glass cover slips. SEM observations revealed a three-dimensional appearance char-
acteristic for different stages of SMCs. Intensively proliferating cells from monolay-
er region were large, polygonal in shape with lamellipodia and well spread. Long,
uniform in diameter, finger-like microvilli were densely arranged on the surface of
these cells. In the thickened region of culture, the cells were rather small, generally
spindle-shaped, not well spread, with low density of short, bubble-like microvilli
on the surface. Numerous plasma membrane structural alterations in apoptotic
cells were observed by SEM: loss of cellular adhesion, smoothing, shrinkage and
outpouching of membrane segments have been recognised as markers associat-
ed with the cell injury and death. It was concluded that scanning microscopy
observations would allow a more complete understanding of SMCs and their chang-
es in culture and atherosclerotic disease.
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INTRODUCTION
Smooth muscle cells display multifunctional ca-

pacity for contraction, migration, proliferation, syn-
thesis and secretion of extracellular matrix (ECM)
components both in vivo and in vitro [1, 6, 12]. In
the early stages of atherosclerosis and also in tissue
culture the SMCs modify from a differentiated con-

tractile phenotype to an immature, synthetic phe-
notype [6, 12, 13]. It is obviously known that the
SMCs express different phenotypic features in pri-
mary culture and thus the population of these cells
is heterogeneous in their morphology and growth.
Cells isolated from newborn animals have a greater
proliferative capacity than adults and maintain, at
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least in part, the potential to express differentiated
features in culture [1]. Thus, cultured newborn rat
aortic SMCs furnish an in vitro model for the study
of several aspects of SMCs differentiation.

Ultrastructurally the synthetic phenotype is char-
acterised by an increase in membranous organelles
(such as a prominent Golgi apparatus, extensive en-
doplasmic reticulum and mitochondria) and a de-
crease in intracytoplasmic microfilaments. The cells
in contractile phenotype have less abundant mem-
branous organelles, but a large part of their cyto-
plasm is densely filled with thin myofilaments, with
a tendency to arrange in arrays [13–15]. The con-
tractile filaments and cytoskeleton elements in SMCs
interact with each other, with the plasma membrane,
other membranous organelles, and with subcellular
structures or molecules to generate and control cell:
movement, shape, adhesion or division [1, 2, 13].
According to phenotypic diversification cytoskeleton
proteins rearrange and therefore the ultrastructure
of the cell surface differs significantly due to the phys-
iological condition of the cell. The microvilli on the
SMCs surfaces may reflect a high metabolic activity
of proliferating cells and may play an important role
in the process of atherogenesis.

The aim of the present study was to examine mor-
phological changes and growth characteristics of aor-
tal SMCs in primary culture using scanning electron
microscopy technique. We also used scanning mi-
croscope for analysis of apoptosis, a physiological
form of cell death present in many disease condi-
tions when the balance of mitosis versus apoptosis
is altered.

MATERIAL AND METHODS
The investigation was carried out according to

the requirements of the Ethics Committee for Ani-
mal Care of Poland.

Cell culture

Smooth muscle cells were obtained from the me-
dia of neonatal Wistar rats' aorta. Rats were pur-
chased from the same animal breeding company.
SMCs isolation, purification and culturing were con-
ducted according to the method described before
[14, 15]. The cells were examined from 5 to 9 days
after inoculation when they grew logarithmically in
primary culture.

Immunocytochemical staining

The analysis of cytoskeleton of in vitro cultured
SMCs was performed employing the direct immun-

ofluorescence method. The cells attached to the cover
slips were washed with PBS, fixed by immersion in
absolute methanol for 5 min at -20°C, and air-dried.
Prior to incubation with antibodies, the specimens
were washed with PBS and blocked for 2 min. in PBS
containing 1% foetal bovine serum. The culture was
incubated for 30 min at room temperature with the
anti-a-tubulin monoclonal antibody conjugated with
FITC (Sigma, F2168) diluted 1:200 in PBS. After gen-
tle washing in PBS the cells were mounted in glycer-
ol and examined with a Nikon Eclipse 800 micro-
scope equipped for epifluorescence using the ap-
propriate filter set.

Scanning electron microscopy

Cells on cover slips were washed twice with PBS,
fixed in 2% glutaraldehyde in 0.1 M Na-cacodylate
— sucrose buffer (pH 7.2, 37°C) for 5 min. Next, the
fixative mixture was replaced with a fresh one for
1 h at room temperature, gently agitated and once
more changed for a further 24 h at 4°C. Fixed cells
were rinsed three times in the same buffer and post-
fixed with 1% OsO4 in 0.1 M Na-cacodylate — su-
crose buffer, at room temperature for 1 h. Dehydra-
tion was carried out in increasing concentrations of
ethanol, up to 100%. The cover slips were carefully
displaced from the culture dish with a preparation
needle and dried by the critical point method using
liquid CO2. Finally, specimens were coated with gold
in a sputter-evaporator (Balzers), and stored under
vacuum until they were examined and imaged in
a Philips XL 30 scanning electron microscope oper-
ated at an accelerating voltage of 10 kV.

RESULTS
The SMCs were attached to the glass cover slips

and spread out within 48 h after seeding in culture.
After that intensive proliferation and "hills and val-
leys" formation was observed. Focally multilayered
regions appeared as mounds surrounded by mono-
layer. The changes were noted in the cytoskeleton
structure of SMCs involved in the different expres-
sion of a-tubulin as well as the different arrange-
ment of microtubules (description in Fig. 1, 2).

Proliferating cells (synthetic phenotype) from
monolayer region were large, polygonal in shape and
well spread (Fig. 3, 4). Lamellipodia appeared as
a flap-like, branched structures with mitochondrial
protrusions and radial fibrils of actin cytoskeleton
(Fig. 5). In some cells (e.g. dividing) numerous, long
and thin filopodia, with many intercellular junctions
were observed (Fig. 6, 7).
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Figure 1. SMCs in primary culture. Synthetic phenotype — highly expressed three-dimensional network of a-tubulin in the cells. Note the
radial distribution of microtubules in the flat, stellate cells. Direct immunofluorescence.

Figure 2. SMCs in primary culture. Contractile phenotype — low expression of a-tubulin in the elongated, spindle-shaped cells. The mi-
crotubules are longitudinally arranged. Direct immunofluorescence.

Figure 3. SMCs attached to glass cover slips maintain proliferative phenotype. The well-preserved, finger-like microvilli are densely
arranged on the cell surface. SEM.
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Figure 4. Large, polygonal in shape and well spread SMCs. Note the junctions between the cells. SEM.

Figure 5. Flap-like lamellipodia with mitochondrial protrusions and elements of cytoskeleton are visible. SEM.

Figure 6. Good preservation of numerous, long and thin filopodia, with many intercellular junctions. SEM.
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Figure 8. SMCs forming a multilayer. SEM.

The contractile phenotype cells were rather small,
generally spindle-shaped and not well spread. The
elongated cells were circumferentially oriented, ran
parallel to one another and formed a continuous
polylayer (Fig. 8, 9).

Microvilli were recognised as common surface
structures of the cultured cells. The microvilli were
categorised as long, short or blunted and their dis-
tribution varied significantly. Long, uniform in diam-
eter, finger-like microvilli, were densely arranged on
the surface of cells revealing synthetic phenotype
(Fig. 3, 4). Lower density of bubble-like microvilli on
the surface of cells revealing contractile phenotype
was observed (Fig. 9).

When the SMCs spontaneously undergone to
apoptosis they showed numerous plasma membrane
structural modifications. The initial changes, such as
a loss of pericellular adhesion to substrate, their fur-
ther rounding and smoothing caused by losing of
microvilli on the cell surface, were monitored by SEM
(Fig. 10). At higher magnifications irregular, disor-
ganised, fragmented microvilli-like formations of var-
ious size were observed. Blebbing, shrinking and
outpouching of membrane segments were the next
specific phenomena at the cell surface, closely asso-
ciated with SMCs apoptosis (Fig. 11). Finally, the
apoptotic bodies detached from the cells surface
were visible.

Figure 7. SMC undergoing mitosis. The long, thin, and densely arranged microvilli cover the well-preserved cellular surface. SEM.
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Figure 11. SMC at pronounced stage of apoptosis. Large blebs are present on the cell surface. SEM.

Figure 10. SMC at early stage of apoptosis. Typical features associated to apoptosis such as a reduced cellular adhesion, rounding and
smoothing are visible. SEM.

Figure 9. Spindle-shaped SMCs are not well spread and run parallel to each other. Short, sparsely distributed microvilli on the cell surface
are visible. SEM.
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DISCUSSION
It is essentially well accepted that vascular SMCs

exhibit two distinct phenotypes and a change from
the contractile to the synthetic phenotype plays
a key role in the development of atherosclerotic dis-
ease [6, 12, 13]. To describe the process of modula-
tion and differentiation of SMCs in primary culture
we previously used transmission electron microsco-
py [14, 15]. Many morphological modifications be-
come progressively visible in the internal structure
of the cells, which suggests their surface ultrastruc-
ture may also differ to some extent, due to the met-
abolic state of each cell. In the present study our
efforts were focused on the researching cell mem-
brane and its plasticity during a variety of cellular
activities: adhesion, motility, multilayer formation,
cell division and cell death.

Standard techniques for electron microscopy and
optimal methods for SEM, which allow a single cell
and cell cultures to be successfully exposed, are dif-
ferent [4, 8, 10, 11]. We modified the procedure for
preparing animal cells grown on cover slips [10], as
was described under Material and Methods. From
the methodological point of view, it was beneficial
to use a stepwise fixation of specimens processed
for SEM at appropriate temperature and adequate
time. A selection of dehydrates and drying techniques
to obtain good quality of the cell surface with negli-
gible degree of cell shrinkage was also made. After
use of the modified method neither evident distor-
tion nor collapse of the most delicate structures, such
as a microvilli, were observed.

Scanning electron microscopic observations con-
firmed numerous ultrastructural features of SMCs
connected with transition from the contractile (G0

phase) to the synthetic phenotype (G1 phase) in the
culture [12]. As the cell cycle progresses, an increase
in cell volume is accompanied by an increase in cell
plasticity and mobility. The migration activity in cul-
ture involves the extension of lamellipodia, attach-
ment to the extracellular matrix and the generation
of force that pulls the cell forward. According to Fukui
et al. [5] this process takes place in late G1 phase. On
the other hand, the SMCs before mitosis round up,
and become less adhesive.

Proliferation of SMCs and their programmed cell
death both play a role in the early stages of athero-
sclerosis [6, 7, 9]. As far as we know, SEM analysis of
apoptosis is mainly referred to the study of plasma
membrane modifications on the cell surface [3]. To
our best knowledge, the presented results have giv-

en the first evidence that the apoptotic SMCs in cul-
ture exhibit alterations of their surface connected
with rounding, smoothing, shrinking and blebbing.

We conclude that the scanning electron micro-
scopic observations provide complementary, easi-
ly accessible information concerning several as-
pects of SMCs modulation and differentiation. It
would allow a more complete understanding of
SMCs and their changes in culture and atheroscle-
rotic disease.
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