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Abstract Cell growth and DNA synthesis were studied from a cultured early- and late- pas-
sage mouse aorta smooth muscle cell (MASMC) because the proliferation of vascular smooth
muscle cell (VSMC) is a key factor in development of atherosclerosis. In this study, the cells
were cultured in fetal bovine serum (FBS) and stimulated by growth factors such as throm-
bin and platelet-derived growth factor-BB (PDGF-BB). Compared to the number of early-
passage MASMC (passage 3 to 9) the number of late-passage MASMC (passage 30 to 40) in a
normal serum state was increased 2 fold at Day 1, 3 and 6 in culture, respectively. Incorpora-
tion of [*H] thymidine into DNA induced by serum, PDGF and thrombin in late-passage
MASMC was greater than those in early-passage MASMC. We also examined whether intra-
cellular zinc levels would be an aging factor or not. The intracellular zinc level in early- and
late-passage MASMC was monitored by using the zinc probe dye N-(6-methoxy-8-quinolyl)-
p-toluenesulfonamide. It is interested that late-passage MASMC increased the intracellular
fluorescence level of zinc, more than the early passage MASMC did. The alterations of intra-
cellular zinc level occur concurrently with changes in MASMC proliferation rate during ag-
ing. This data suggest that the age-associated changes in zinc concentrations may provide a
new in vitro model for the study of smooth muscle cell differentiation.
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INTRODUCTION

Earlier studies have shown that smooth muscle cells
of different ages differ markedly in their in vitro growth
characteristics. Vascular smooth muscle cell (VSMCQC)
cultures obtained from humans and rats have been used
widely as a model of VSMC proliferation in arterial wall
[1-3]. Arterial VSMC have a high proliferative activity
during fetal and neonatal life, whereas the rate of DNA
replication is very slow in the adult artery [4]. In
smooth muscle cells, cytoskeletal proteins are believed
to play an important role in determining cell shape and
phenotype as well as morphogenetic movements [5,6).
The contractile phenotype of VSMC has a primary role
in controlling vessel tone {7]. Alterations in phenotype
resulting from vascular injury influences migration and
proliferation of these cells [8]. The conversion of VSMC
from the embryonic to the late fetal/adult growth phe-
notype has an important component of a developmen-
tal system controlling vascular morphogenesis [9]. But,
to date, to our knowledge, the difference between early-
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and late-passage VSMC has not been studied in detail,
especially in mouse. It is well known that aging is an
independent risk factor for several cardiovascular dis-
eases [10). Numerous studies suggest that reactive oxy-
gen species (ROS) may also participate in aging [11-13].
Consistent with a role for ROS in senescence, examina-
tion of cells in culture suggests that older cells have
higher levels of ROS than younger ones [14]. Some in-
vestigators reported that zinc induced accumulation of
toxic free radicals, leads to neuronal apoptosis and ne-
crosis [15,27]. In non-neuronal cells, zinc was also
shown to trigger a formation of superoxide and hydro-
gen peroxide in adipocytes [16]. However, in cultured
HL-60 cells and neonatal mice cardiomyocytes, metal-
lothionein were induced by zinc and was shown to pro-
tect the cells from H,O, toxicity [17,18]. Recently, we
have successfully cultured smooth muscle cells from
mouse aorta. Using this in vitro cellular system, we
have studied age-associated cellular proliferation
changes of MASMC such as cell growth and DNA syn-
thesis. Based on the recent study related to zinc concen-
trations to aging in neuronal system [19], we suggest
the possibility that vascular smooth muscle cells may
induce replicative senescence by altering the intracellu-
lar levels of zinc.



Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 1
MATERIALS AND METHODS
Cell Culture

Mouse aortic smooth muscle cells (MASMC) were
harvested from male mouse by enzymatic dissociation
according to the modified method of Gunther et. al
[20]. MASMC was cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM, GIBCO, Grand Island, NY,
U.S.A)) and supplemented with 10% fetal bovine serum
(FBS, GIBCO, Grand Island, NY, U.S.A.), penicillin (100
units/mL) and streptomycin (100 g/mL) (GIBCO,
Crand Island, NY, U.S.A.). Cells were passaged in every
3-5 days, and early-passage cells (passage 3-9) and late-
passage cells (30-40) were routinely used for each ex-
periment.

Growth Curve

Early- and late-passage cells were seeded in 100-mm
petri dishes at a number of 1 x 10 cells. These cells were
fed with fresh Dulbecco’s modified Eagle’s medium
(DMEM, GIBCO, Grand Island, NY, U.S.A)) twice a
week. On Day 1, 3 and 6, the cells were harvested after
treatment of 0.25% trypsin-EDTA solution. The cell
suspension was mixed with an equal amount of 0.4%
trypan blue stain (GIBCO, Grand Island, NY, U.S.A.).
The mixture of cell suspension and dye were placed in a
hematocytometer and the cell number was obtained by
counting the stain-resistant cells under a converted
light microscope. Three dishes per group were used to
determine a cell number at each time point and each
sample was counted in triplicate. The experiment was
performed using cells from three different preparations.
The average cell number was plotted against the num-
ber of days in culture and the resulting curve was re-
ferred to as the growth curve.

Determination of DNA Synthesis

The growth responses to chemical stimulation were
studied at early-passage and late-passage cells. DNA
synthesis induced by thrombin, FBS, and platelet-
derived growth factor-BB (PDGE-BB) (R&D Systems
Inc., Minneapolis, MN, U.S.A.) was assessed by measur-
ing the incorporation of [methyl-*H] thymidine into
DNA fragments. The cells were seeded at a field density
of 1 x 10%cm? into 24-well culture dishes in DMEM
containing 10% FBS and allowed to attach for 24 h. The
culture medium was replaced by DMEM medium con-
taining 0.1% EFRS for 48 h so that the cells became qui-
escent [21]. After washing the wells, the cells were ex-
posed to growth stimulants (1 U/mL thrombin, 10
ng/mL PDCF-BB, and 10% FBS) for an additional 20 h
and were subsequently pulsed with 1 pCi/mL [methyl-
H] thymidine (Dupont/NEN) for 4 h. The cells were
washed with PBS and fixed in 10% trichloroacetic acid
after labeling and then washed with 95% ethanol. In-
corporated [*H] thymidine was extracted in 0.2 M
NaOH and measured in a liquid scintillation counter as
previously described [22].

45

60

—@— Early-passage MASMC
50 4 | O~ Late-passage MASMC

40 1

30 4

20

Cell Number ( x 10%)

10 1

1 day 3 days 6 days
Day in Culture

Fig. 1. The proliferation of cultured early-passage and late-
passage MASMC after stimulation by 10% EBS.

TSQ Staining

The intracellular Zn** was visualized using N-6-
methoxy-8-quinolyl-p-toluene sulfonamide (TSQ) (Mo-
lecular Probes, Eugene, OR, U.S.A)), a membrane per-
meable Zn?*-chelating dye, as described by Frederickson
et al. [23]. In brief, cultures were ashed with HCSS and
incubated in HCSS containing 0.01% TSQ. After 5 min
cultures were observed under fluorescence microscopy
with an UV filter (excitation 365 nm, dichroic 400 nm,
barrier 450 nmy).

RESULTS AND DISCUSSION

Early- and late-passage MASMC were counted on
Day 3, 7 and 14 in culture and a growth curve was con-
structed as shown in Fig. 1. As early as 3days in culture,
Jate-passage MASMC displayed a faster growth rate
than early-passage MASMC. This trend continued on
Day 7 and 14 in culture. [*H] thymidine incorporation
of cultured early- and late-passage MASMC after stimu-
lation by growth stimulants are shown in Fig. 2. In
both early- and late-passage MASMC, [*H] thymidine
incorporation was induced by 10% serum stimulation.
In late-passage MASMC was 2 times greater than in
early-passage MASMC. The mitogenic activities of
PDCF-BB and Thrombin were monitored by [PH]
thymidine incorporation.

Incorporation of [*H] thymidine into DNA in late
passage MASMC were significantly higher, compared
with those in early-passage MASMC. To examine
whether intracellular level ofgzinc is related to the aging
process or not, both early- and late-passage MASMC
were stained with the TSQ, a zinc specific probe. Intra-
cellular TSQ fluorescence staining in cultured early- and
late-passage MASMC are shown in Fig. 3. Even though
we didn’t treat any reagents and chemicals, late-passage
MASMC in culture significantly increased intra cellular
levels of zinc (Fig. 3(d)), the early-passage MASMC
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Fig. 2. [*H] thymidine incorporation of cultured early-passage
and late-passage MASMC after stimulation by growth stimu-
lants.

was not (Fig. 3(b)). We also found a morphological
change between early- and late-passage MASMC (Fig.
3(a), (c)). Vascular smooth muscle cell (VSMC) cultures
obtained from rats and humans have been used widely
as a model of VSMC proliferation in aging [1-3]. Fetal,
neonatal VSMC and adult VSMC have been used in
these experiments [1-4]. But, to date, in our knowledge,
the difference between early- and late-passage VSMC
has not been shown. Late-passage MASMC in culture
exhibited higher rates of cell growth and DNA synthesis
as mentioned above. Our results demonstrate pheno-
typic modulation of MASMC during aging may be re-
lated to alterations in proliferation. Since age-related
vascular remodeling is characterized mainly by smooth
muscle hyperplasia and intimal thickening associated
with VSMC migration [24], the in vitro data in the pre-
sent study would be valuable to the investigation of
age-related remodeling in the vasculature. The cardio-
vascular system is influenced by the natural presence of
reactive oxygen species (ROS), especially during aging.
Many researchers have looked at the free radical theory
of aging as the most accepted hypothesis of cellular se-
nescence [25] which is induced by altering the intracel-
lular levels of ROS [26]. Recently, some studies have
suggested that zinc exposure induces the generation of
intracellular ROS related to cell death [15,27]. In con-
trast, other studies have reported that metallothionein-
over-expres-sing neonatal mouse cardiomyocytes are
resistant to H,O, toxicity which are induced by zinc
[16]. Alternatively, it remains to be unknown whether
zinc plays a role in prooxidant or antioxidant. Qur find-
ings suggest that increased intracellular zinc levels in
aging cells are consistent with increased age-related pro-
liferation of MASMC. Further studies are needed to
delineate the mechanism of age-related zinc accumula-
tion. As described in this study, this accumulation of
zinc level is likely to be an important factor in combat-
ing human aging.
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Fig. 3. Intracellular TSQ fluorescence staining in cultured
early-passage and late-passage MASMC [Bright fields (left)
and TSQ fluorescence staining (right panel) photomicro-
graphs in vascular smooth muscle cells culture for 24 h.

REFERENCES

[1] Li, Z, H. Cheng, W. ]. Lederer, |. Froehlich, and E. G.
Lakatta (1997) Enhanced proliferation and migration and
altered cytoskeletal proteins in early passage smooth
muscle cells from young and old rat aortic explants. Exp.
Mol. Pathol. 64: 1-11.

[2] Fujita, H., K. Shimokado, C. Yutani, S. Takaichi, ]. Ma-
suda, and J. Ogata (1993) Human neonatal and adult
vascular smooth muscle cells in culture. Exp. Mol. Pathol.
58: 25-39.

[3] Bochaton-Piallat, M. L., E Gabbiani, P. Ropraz, and G.
Gabbiani (1992) Cultured aortic smooth muscle cells
from newborn and adult rats show distinct cytoskeletal
features. Differentiation 49: 175-185.

[4] Berry, C. L., T. Locker, and J. Germain (1972) The growth
and development of the rat aorta. morphological aspects.
J. Anat. 113: 1-16.

(5] Chamley-Campbell, J., G. R. Campbell, and R. Ross
(1979) The smooth muscle cells in culture. Physiol. Rev.
59: 1-61.

[6] Gabbiani, G., O. Kocher, W. S. Bloom, ]. Vanderckhove,
and K. Weber (1984) Actin expression in smooth muscle
cells of rat aortic intimal thickening, human atheroma-
tous plaque and cultured rat aortic media. J. Clin. Invest.
73: 148-152.

[7] Cliff, W. J. (1967) The aortic tunica media in growing rats
studied with the electron microscope. Lab. Invest. 17:
599-615. .

[8] Chamley-Campbell, J.,, G. R. Campbell, and R. Ross
(1981) Phenotype-dependent response of cultured aortic
smooth muscle to serum mitogen. J. Cell Biol. 89: 379-
383.

[9] Cook, C. L, M. C. M. Weiser, P. E. Schwartz, C. ]. Jones,
and R. A. Majack (1993) Developmentally timed expres-



Biotechnol. Bioprocess Eng. 2000, Vol. 5, No. 1

sion of a growth phenotype in vascular smooth muscle
cells. Circ. Res. 74: 189-196.

[10] Lakatta, E. G. (1993) Cardiovascular regulatory mecha-
nisms in advanced age. Physiol. Rev. 73: 413-467.

[11] Sohal, R. and R. Weindruch (1996) Oxidative stress, ca-
loric restriction, and aging. Science 273: 59-63.

[12] Martin, G., S. Austad, and Y. Johnson (1996) Genetic
analysis of aging: role of oxidative damage and environ-
mental stresses. Nature Genet. 13: 25-34.

[13] Beckman, K. and B. N. Ames (1998) The free radical the-
ory of aging matures. Physiol. Rev. 78: 547-581.

(14] Hagen, T. M., D. L. Yowe, ]. C. Bartholomew, C. M. Wehr,
K. L Do, J. Y. Park, and B. N. Ames (1997) Mitochondrial
decay in hepatocytes from old rats: membrane potential
declines, heterogeneity and oxidants increase. Proc. Natl
Acad. Sci. U.S.A. 94: 3064-3069.

[15] Kim, Y. H., E. Y. Kim, B. J. Gwag, S. Sohn, and ]. Y. Koh
(1999) Zinc-induced cortical neuronal death with feature
of apoptosis and necrosis: mediation by free radicals.
Neuroscience 89: 175-182.

[16] May, J. M. and C. S. Contoreggi (1982) The mechanism
of the insulin-like effects of ionic zinc. J. Biol. Chem. 257:
4362-4368.

[17] Quesada, A. R., R. W. Byrnes, S. O. Krezoski, and D. H.
Petering (1996) Direct reaction of H,O, with sulthydryl
groups in HL-60 cells: zinc-metallothionein and other
sites. Arch. Biochem. Biophys. 334: 241-250.

[18] Wang, G. W, D. A. Schuschke, and Y. J. Kang (1999) Met-
allothionein-overexpressing neonatal mouse cardio-
myocytes are resistant to H,O, toxicity. Am. J. Physiol.
276 (Heart circ. Physiol. 44): H167-H175.

[19] Suh, S. W, K. B. Jensen, M. S. Jensen, D. S. Silva, P. ].
Kesslak, G. Danscher, and C. J. Frederickson (1999) His-

47

tochemically-reactive zinc in amyloid plaques, angiopa-
thy, and degenerating neurons of- alzheimer’s diseased
brains. Brain Res. (in press).

[20] Gunther, S, R. W. Alexander, W. ]. Atkinson, and M. A.
Gimbrone, Jr. (1982) Functional angiotensin II receptors
in cultured vascular smooth muscle cells. J. Cell Biol. 92:
289-298.

[21] Berk, B. C,, V. Vekshtein, H. M. Gordon, and T. Tsuda
(1989) Angiotensin Il-stimulated protein synthesis in
cultured vascular smooth muscle cells. Hypertension 13:
305-314.

[22] Patterson, C., M. A. Perrella, W. O. Endege, M. Yoshizumi,
M. E. Lee, and E. Haber (1996) Downregulation of vascu-
lar endothelial growth factor receptors by tumar necrosis
factor-alpa in cultured human vascular endothelial cells. J.
Clin. Invest. 98: 490-496.

[23] Frederickson, C. J., M. D. Hernandez, and J. E McGinty
(1989) Translocation of zinc may contribute to seizure-
induced death of neurons. Brain Res. 480: 317-321.

[24] Gibbons, G. H. and V. J. Dzau (1994) The emerging con-
cept of vascular remodeling. N. Engl. . Med. 330: 1431-
1438.

[25] Harman, D. (1969) Prolongation of life: role of free radical
reaction in aging. Am. Geriat. Soc. 8: 721-735.

[26] Lee, A. C., B. E. Fenster, H. Ito, K. Takeda, N. S. Bae, T.
Hirai, Z. X. Yu, V. ]. Ferrans, B. H. Howard, and T. Finkel
(1999) Ras induces senescence by altering the intra-
cellular levels of reactive oxygen species. J. Biol. Chem.
274: 7936-7940.

[27] Kim, E. Y., J. Y. Koh, Y. H. Kim, S. H. Sohn, E. H. Joe, and
B.J. Gwag (1999) Zn?* entry produces oxidative neuronal
necrosis in cortical cell cultures. Eur. J. Neurosci. 11: 327-
334.

[Received October 28, 1999; accepted December 30, 1999]



