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Abstract

The expression of a-smooth muscle actin, a marker of smooth muscle cells, was studied in
several smooth muscle cell lines derived from H-2K -ts A58 transgenic mice. These mice allow
the establishment of stable cell lines since they have an insertion of a temperature sensitive
mutant of the SV40 large T antigen under the control of the H-2K"-promotor. Cells from these
animals proliferate at permissive culture conditions (33°C. with y-interferon) but can be
induced to differentiate at non permissive culture conditions (39.5°C, without y-interferon).
To assess the expression of o-smooth muscle actin, the number of cells containing stress fibers
composed of this actin isoform, as shown by immunofluorescent staining with a monoclonal
antibody, was compared to the total cell number. Under proliferative culture conditions
c-smooth muscle actin expression varied, depending on the age of the donor animal. Cell lines
obtained from juvenile mice (newborn until 7 d. post partum) always displayed much higher
percentages of ¢-smooth muscle actin-positive cells than cell lines from adult mice. Variations
between the two different juvenile phenotypes were less pronounced; cell lines with spindle-
shaped morphology tended to have slightly higher percentages than epithelioid ones. A shift
to non permissive, differentiating conditions led to a dramatic increase in o-smooth muscle
actin expression. Addition of heparin cither alone or in combination with FGE-1 or cultivation
on collagen l-coated culture dishes increased the proportion of ci-smooth muscle actin-positive
cells in all cell lines. These results indicate that H-2K -tsA58-smooth muscle cell lines display
a plasticity in expression and incorporation into stress fibers of a-smooth muscle actin that is
analogous to primary cultures of smooth muscle cells. Moreover, they respond in a similar
way to known modulating agents thus providing a convenient model system in which to study
smooth muscle in vitro.
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One of the key events during the process of atheroscle-
rosis is the phenotypic modulation of vascular smooth
muscle cells [ 36, 38]. This modulation refers to a transition
from a contractile to a synthetic phenotype, the cells lose
their differentiated features, replace smooth muscle with
non-muscle protein isoforms and return to the cell cycle.
The cells are then able to migrate from their normal place
in the media into the intima and, by rapid proliferation and
extensive production of extracellular matrix proteins,
become one of the basic founders of an atherosclerotic
plaque [29, 39]. A similar process of phenotypic modula-
tion happens when smooth muscle cells are taken into
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culture [7, 8]. After a few days they de-differentiate, down-
regulate the contractile proteins and come to resemble
fibroblasts.

Proliferation-inhibiting agents such as heparin can delay
the de-differentiation process, as monitored by the ex-
pression of o-smooth muscle-actin [6, 8, 13], whereas
cultivation on distinct extracellular matrix proteins can
either accelerate or decelerate de-differentiation, (i.e. cul-
tivation on laminin leads to a longer retention of the
contractile phenotype [21]). However, different prepara-
tions of primary cultures exhibit large variations in their
response to these agents [6, 33, 44] and investigations on
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stable smooth muscle cell lines have been hampered by the
varying degree of differentiation of existing lines.

In this study the influence of growth conditions on the
expression of a-smooth muscle actin in cell lines derived
from aortac of H-2K-tsA58 transgenic mice has been
monitored. This mouse strain bears a temperature sensitive
mutant of the SV40 large T antigen under the control of
the interferon y-inducible H-2K"-promotor, enabling the
establishment of cell lines derived from different organs of
these animals [24]. The fate of the cells can be controlled
due to the temperature sensitivity of the large T antigen: at
33°C in the presence of y-interferon the promotor is in-
duced and the large T antigen active, therefore the cells
divide rapidly (termed permissive culture conditions), a
shift to 39.5°C and withdrawal of y-interferon leads to
rapid degradation of the large T antigen and proliferation
ceases, thus favouring differentiation (non permissive cul-
ture conditions). Two distinct- phenotypes of vascular
smooth muscle cells have been cloned depending on the
age of the donor animal: cell lines with an epithelioid shape
could only be established from newborn mice, whereas cell
lines displaying the spindle-shaped morphology typical for
primary cultures of smooth muscle were obtained from
Juvenile as well as from adult transgenic animals. The
alteration of culture conditions led to effects on c-smooth
muscle actin expression in all cell lines investigated.

Materials and Methods

Cell culture

Smooth muscle cells were obtained by digesting (reshly
isolated aortac of H—2Kh-lsASS-transgcnic mice [24] for
30 min with collagenase (1 mg/ml DMEM, Waymouth,
U.K.). After centrifugation cells were seeded in tissue
culture flasks (Falcon)and cultivated at 7% CO, in DMEM
(Gibco) supplemented with 10% heat-inactivated Fetal
Calf Serum (Gibco), 50 IU/ml penicillin (Gibco), 50 pg/ml
streptomycin (Gibco) and 20 units/ml murine recombinant
Y-interferon (Gibco). Permissive conditions were defined
as growth at 33°C in the presence of IFN-y, non permissive
conditions as growth at 39.5°C in the absence of IFN-y.

Cell lines were generated by cloning two times by limi-
ting dilution in Terasaki-plates (Nunc, Denmark).

Immunofluorescence

Cells were grown on coverslips, fixed for 10 min with
4% PFA in PBS and permeabilized by a 30 s incubation in
0.5% Triton X-100 in PBS. After washing in PBS the
immunofluorescent staining procedure was performed ac-
cording to Rinnerthaler et al. [35]. Briefly, non-specific
binding sites were blocked by incubation in 5% NGS in
PBS, then the antibody layers were applied subsequently.
FITC-phalloidin was used together with the Texas Red
conjugated secondary antibody. After washing, coverslips
were mounted in gelvatol containing 2.5 mg/ml n-pro-
pylgallate (Sigma; [15]) as anti-fading reagent and exam-
ined using a ZEISS Axioskop equipped with
epilluorescence optics (Zeiss, Oberkochen, Germany).
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The monoclonal antibody against a-smooth muscle actin
[41] was obtained from Sigma, the monoclonal antibody
against SV40 large T antigen [16] was purchased from
Santa Cruz Biotechnology Inc. Texas Red-conjugated
anti-mouse immunoglobulins came from Vector Inc. (Bur-
lingame, CA), the FITC-conjugated phalloidin was gener-
ously provided by Prof. Faulstich (Heidelberg, Germany).

To determine the percentage of a-smooth muscle actin
expressing cells 20000-60000 cells were analyzed per
culture condition and the number of cells containing o-
smooth actin-stress fibers compared to the total cell num-

ber.
Induction of o-smooth muscle actin expression

The cells were seeded on coverslips and analyzed using
immunofluorescence after 3 d under the respective growth
condition. Heparin (Sigma) was added in a concentration
of 100 pg/ml and FGF-1 (Collaborative Research) was
used in a concentration of 20 pg/ml. To coat coverslips
with collagen I'a stock solution 0f 0.3% of collagen I (from
calf skin, Sigma) in 0.1% acetic acid was diluted 1:10 and
the coverslips were incubated for 3 hours at RT and then
sterilized by UV irradiation after removal of the solution.

For the preparation of three-dimensional collagen [-ma-
trices 17 ml of collagen I-stock solution were mixed on ice
with 2.66 ml 10 x MEM (Gibco) and 1.10 m1 0.34 N NaOH
and 1.5 ml was pipetted into each 35 mm-dish immedi-
ately. The cells were seeded on top of the gels after this
had solidified. Matrigel (Collaborative Research) was used
undiluted and handled using pre-cooled pipettes.

Results

Vascular smooth muscle cell lines were established from
aortac of H-2K"-1sA58 transgenic mice by cloning of
primary cultures (Ehler et al, manuscript submitted for
publication). The expression of the transgene could be
demonstrated in all cells by staining with an antibody to
SV40 large T antigen. At permissive culture conditions
(33°C, with y-interferon) the cells proliferate continuously
and staining of large T antigen is restricted to the nucleus
(Fig 1A); after a shift to non permissive culture conditions,
the large T antigen is rapidly degraded, illustrated by
diffuse nuclear and cytoplasmic staining, and the cells are
growth arrested (Fig 1B).

The cell lines displayed two distinct morphologies de-
pending on the age of the animal they were isolated from:
spindle-shaped cells, growing in the hill and valley-pattern
typical for smooth muscle cells in primary culture, could
be established from adult (4 months, Fig 2E) as well as
from juvenile (newborn - 7 d post partum, Fig 2C) animals,
from the latter a second phenotype could be obtained,
which displays a morphology reminiscent of epithelial
cells and shows a tendency to grow in monolayers (Fig
2A). Despite their different phenotype, all cell lines were
clearly smooth-muscle derived, as shown by their ex-
pression of the most commonly used marker protein, o-
smooth muscle actin (Fig 2B, D, F). Since the number of
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Figure 1. Expression of SV40 large T antigen in cell lines derived from H-2 KP-15A58 transgenic mice at permissive (33°C,
+y-interferon, panel A) and non permissive culture conditions (39.5°C, -y-interferon, panel B) as shown by
immunofiuorescence. Whereas at permissive culture conditions large T antigen is restricted to the nucleus it is
rapidly degraded under non permissive culture conditions and staining can also be observed in the cytoplasm. Bar

=10 pm.

positive cells varied in the different lines, we tried to
establish the amount of a-smooth muscle actin expression
by comparing the number of cells showing stress fiber
staining with a monoclonal antibody against this marker
protein with the total number of cells labelled with FITC-
phalloidin under permissive and non permissive culture
conditions.

At permissive culture conditions, 36% of juvenile epi-
thelioid cells were positive for o-smooth muscle actin. The
amount of o-smooth muscle actin expressing spindle-
shaped cells depended on the age of the donor animal.
Whereas 52% of cells in cell lines established from ju-
venile animals expressed o-smooth muscle actin, only
1.6% of cells in cell lines from adult animals expressed this
protein (Table 1). To study whether a shift to non per-
missive culture conditions could induce differentiation in
our smooth muscle cell lines, we cultivated them for 3 d at
39.5°C without +y-interferon. The amount of o-smooth
muscle actin-positive cells was increased from 36 to 58%
in juvenile epithelioid, from 52 to 56% in juvenile spindle
shaped and from 1.6 to 4.5% in adult spindle shaped cell
lines (Table 1), Thus it can be concluded that non per-
missive culture conditions promote differentiation as far
as the expression of o-smooth muscle actin is concerned.

Several groups have demonstrated that the addition of

heparin can influence the expression of o-smooth muscle
actin in primary cultures from smooth muscle [11, 13, 18,
34]. To investigate whether this holds true for our estab-
lished cell lines we cultivated epithelioid and spindle-

shaped cell lines for three days in the presence of 100
pg/ml heparin. A dramatic increase in o-smooth muscle
actin-positive cells occurred in all lines at permissive as
well as at non permissive culture conditions (Table 1). At
33°C with y-interferon, 83% of the juvenile epithelioid,
75% of the juvenile spindle-shaped and 11% of the adult
spindle-shaped cell lines could be shown to contain stress
fibers composed of ci-smooth muscle actin (control: 36%,
52%, 1.6%), these numbers rose to 89% for epithelioid or
849 and 31% for juvenile and adult spindle shaped cells
respectively after three days at non permissive culture
conditions (control: 58%, 56%, 4.5%). Heparin given in
combination with FGF-1 lead to a further increase in
a-smooth muscle actin-positive cells with a rate of 96%
for the epithelioid and 24% for the adult spindle-shaped
cell line at permissive culture conditions (Table 1).

In order to investigate whether the process of phenotypic
modulation of primary cultures can be delayed by applica-
tion of less artificial growth substrates than tissue culture
plastic, we cultivated the individual cell lines on collagen
[-coated dishes. The altered substrate had no detectable
effect on the morphology of either epithelioid or spindle-
shaped cells and there was also no obvious alteration in the
growth pattern of the cultures. Epithelioid cells grew still
in a strict monolayer whereas spindle-shaped cultures al-
ways showed a tendency towards the hill and valley pat-
tern. However, when the percentage of a-smooth muscle
actin-expressing cells was analyzed, a marked increase
compared to the cultivation on plastic could be detected.
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Figure 2. Cell lines from H-2K -1sA58 transgenic mice double-labeled with FITC-phalloidin (panels A, C, E) and a
monoclonal antibody against a-smooth muscle actin (shown with a Texas Red secondary antibody, panels B, D, F).
Juvenile epithelioid (panels A, B) as well as juvenile spindle-shaped (panels C, D) cell lines show a much higher
degree of a-smooth muscle actin-positive cells than cell lines derived from adult animals (panels E, F). Bar = 10
(IR
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Table I: o-smooth muscle actin expression in smooth muscle cell lines derived from H-2K"-15A58 transgenic mice under different culture

conditions.

Cell line

Juvenile epithelioid

Culture condition perm. non perm.
Standard 36% 58%
Heparin 83% 89%
Heparin + FGF-1 96% n.d.
Collagen 1 45% 58%

Juvenile spindle-shaped

Adult spindle-shaped

perm. non perm. perm. non perin.
52% 56% 1.6% 4.5%
75% 84% 119% 31%
n.d. n.d. 249 n.d.
78% 80% 3.49% 5.3%

Cells were cultivated for 3 days at the respective culture condition and then analyzed for the percentage of ¢-smooth muscle actin positive
cells. To facilitate the interpretation of the immunofluorescent staining only cells containing stress fibers brightly stained with a
monoclonal antibody against this actin isoform were quantitated as positive and compared to the total cell number. Only cells between
passage ten and twenty were used for this analysis. perm. = permissive, n.d. = not determined.

Figure 3. Juvenile epithelioid cells growing in a three-
dimensional collagen I-marrix display an elong-
ated morphology and form linear arrangements.
Bar = 50 wm.

Juvenile epithelioid cell lines showed 45%, juvenile
spindle-shaped 78% and adult spindle shaped 3.4% -
smooth muscle actin-positive cells, after three days at non
permissive culture conditions these numbers were in-
creased to 58%, 80% and 5.3%, respectively. Cultivation
in a three-dimensional matrix of collagen I instead of on

coated dishes had dramatic effects on the morphology of

epithelioid shaped cells. They became clongated and
started to form linear arrangements (Fig. 3). This alteration
ol'morphology was less pronounced in spindle-shaped cell
lines (data not shown). However, the use of three-dimen-
sional Matrigel, which is composed of several constituents
of basal lamina and has been reported to induce or retain
the differentiated status of various cell types lead to death
of all cells of our smooth muscle cell lines within 24 hours
(data not shown).

Comparison of responses to agents which elevate the

S

number of o-smooth muscle actin-expressing cells in
lower and higher passages of our cultures revealed that the
epithelioid cell lines undergo an aging process. The initial
percentage of cells containing o--smooth muscle actin posi-
tive stress fibers dropped to 7.7% at permissive and 34%
at non permissive culture conditions in older cultures (>
passage 25). Also the increase following treatment with
heparin and FGF-1 or cultivation on collagen I was much
less pronounced than in lower passages. In the presence of
heparin and FGF-1 the amount of c--smooth muscle actin-
expressing cells could be raised to 13% at permissive and
33.4% at non permissive culture conditions, cultivation on
a collagen I substrate resulted in o-smooth muscle actin
percentages of 12.4 and 34.8%, respectively (Table 2).
These signs of senescence could not be demonstrated in
cells derived from adult animals (data not shown).
Discussion

The expression of smooth muscle marker proteins, in-
cluding o-smooth muscle actin, in cultivated smooth
muscle cells has been shown to be influenced by various
parameters and an inverse correlation between the ex-
pression of contractile proteins (i.e. differentiation) and the
ratc of proliferation has been assumed [9, 12, 31, 37].
Several groups have demonstrated that prevention of pro-
liferation in culture by either the addition of heparin or
contact inhibition leads to an up-regulation of smooth
muscle specific proteins [2,4, 11, 13, 18, 31, 37, 40]. This
inverse correlation provides an explanation for the mar-
kedly increased percentage of o-smooth muscle actin-
positive cells in our cultures at non permissive compared
to permissive culture conditions. The influence of y-inter-
feron on the proliferation of primary cultures of smooth
muscle cells remains to be established, since conflicting
reports about its mitogenic activity exist [19, 46], but it has
been clearly demonstrated that this cytokine downregu-
lates a-smooth muscle actin expression in smooth muscle
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Table 2. Comparison of t-smooth muscle actin expression in juvenile epithelioid cells of different passages.

Standard
Juvenile epithelioid cell line  perm. non perm.
Passage 12 36% 58%
Passage 25 1.7% 34%

Heparin + FGF-1 Collagen 1

perm. non perm. perm. non perm.
96% n.d. 45% 58%
13% 33.4% 12.4% 34.8%

The number of cells containing o-smooth muscle actin stress fibers was counted and compared with the total cell number. perm. =

permissive n.d. = not determined.

cells [19] as well as in fibroblasts [ 14]. Withdrawal of

y-interferon at non permissive conditions led to a pro-
nounced increase in a-smooth muscle actin-positive cells
in our study. However, the specific approach that was used
to immortalize the cells in our system makes it impossible
to attribute the upregulation of o-smooth muscle actin
solely to the lack of y-interferon. It seems more likely that

the shift towards differentiation is due to the absence of

mitogenic large T antigen.

In addition to the proliferation-inhibiting effect of he-
parin [6, 10, 11, 13, 17, 18, 23, 34] it has also been
demonstrated that heparin degrading enzymes can induce
the process of phenotypic modulation in smooth muscle
cells in vitro [5]. Heparin does not show any effect on the
total expression of a-smooth muscle actin percell [ 13], but
exerts its effect by increased incorporation of available
o-smooth muscle actin into the stress fibers [18]. This
change in stress fiber composition could also be observed
in our cell lines upon addition of heparin. Since our evalu-
ation system classified cells as positive, whose stress fibers
could be stained with a monoclonal antibody against o-
smooth muscle actin, this resulted in more cells to be
counted as positive for this actin isoform.

The distinct smooth muscle cell lines used in this study
show marked differences in their initial content of «-
smooth muscle actin positive cells as well as in the re-
sponse to differentiation promoting agents, always
depending on the morphology and the age of the animal
from which they were isolated. Whereas cells derived from
Jjuvenile transgenic mice (up to 7 d p.p.), start with an initial
c-smooth muscle actin expression between fifty and sixty
percent and can be stimulated to show almost 100% o-
smooth muscle actin stress fibers, cells from adult animals
(4 months) never reach more than 31% of a-smooth
muscle actin-positive cells. The same age-dependent vari-
ability has been reported with comparable percentages
from primary cultures of smooth muscle cells [3]. It seems
to be a common feature of smooth muscle cells to display
a decrease in differentiation features and a higher replica-
tive activity with increasing age of the donor animal. The
comparison of the proliferation rates of our distinct cell
lines revealed far shorter doubling times for adult than for
juvenile cell lines (Ehler et al, manuscript submitted for
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publication).

Not only additives to the culture media but also the
substrate itself can influence the rate of phenotypic modu-
lation in primary cultures of smooth muscle cells. Cultiva-
tion on fibronectin or collagen I has been shown to promote
phenotypic modulation [20, 21, 45], whereas laminin coat-
ings are able to retain primary cultures longer in a differen-
tiated state until this effect is overridden by endogenous
fibronectin production [21]. In contradiction to the model
of inverse relationship between proliferation and differen-
tiation, the evaluation of o-smooth muscle actin-positive
cells on collagen I shows increased percentages in primary
cultures of smooth muscle cells [45] as well as in our cell
lines. At the moment it can only be speculated whether this
elevated o-smooth muscle actin content is due to an in-
creased migratory activity of smooth muscle cells in vitro
on substrates, which compose the interstitial matrix in
vivo, such as collagen I and fibronectin, compared to
basement membrane components (e.g. laminin, collagen
IV) or plastic. This could favour the expression of “motile”
actin isoforms rather than cytoplasmic ones.

The striking effect of cultivation in a three-dimensional
collagen I-matrix on the morphology of epithelioid cells
draws specific attention. It has been claimed that smooth
muscle cells cultivated in this system do not undergo
phenotypic modulation [1, 42]. However, a thorough
evaluation of the fine structure and protein expression
pattern is essential in order not to overinterpret this obser-
vation, since comparable linear arrangements and alter-
ations in the morphology have also been observed with
endothelial cells and hepatocytes [25, 27]. Thus, the possi-
bility of a specific tissue culture artefact can at present not
be ruled out. The cultivation in Matrigel, a reconstituted
gel of basement membrane proteins, has been reported to
have a differentiating effect on smooth muscle cells [32].
We have been unable to demonstrate this property of
Matrigel: although our cells did arrange themselves in
tubular-like structures immediately after seeding, but then
contracted and died within 24 hours. Whether this is a
specific feature of our cell lines or caused by the relative
high amount of transforming growth factor B (TGF-B),
inhibiting smooth muscle cell proliferation in this matrix,
remains to be established.
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The comparison of reactivity towards agents promoting
differentiation between lower and higher passages of our
smooth muscle cell lines reveals that the epithelioid pheno-
type but not the spindle-shaped one undergoes an aging
process in vitro. It has been postulated that the epithelioid
phenotype might have potential stem cell properties [26,
43] and could have a role in repair processes in vivo [28,
30]. This intrinsic clock in vitro is puzzling and requires
further attention,

This study demonstrates that smooth muscle cell lines,
obtained from H-2K -tsA58 transgenic mice, respond to
altered growth conditions in an analogous way to primary
cultures of smooth muscle cells. This is further evidence
that these cell lines can be used as a substitute for primary
cultures to study the influence of agents affecting pheno-
typic modulation.
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