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Abstract

Vascular smooth muscle cells (SMC) isolated from embry-
onic and early fetal (e13-e18) rat aortas exhibit an "embry-
onic growth phenotype" in culture ( Cook, C. L., M. C. M.
Weiser, P. E. Schwartz, C. L. Jones, and R. A. Majack.
1994. Circ. Res. 74:189-196). Cells in this growth phenotype
exhibit autonomous, serum-independent replication, in con-

trast to SMCin the "adult" growth phenotype, whose pro-

liferation in culture is dependent on exogenous mitogens.
To determine which of these two phenotypes is genetically
dominant, heterokaryons were constructed between adult
and embryonic (day e17) rat aortic SMC. The fused cells
were maintained in serum-free medium for 3 d, then were

labeled with bromodeoxyuridine (BrdU) for an additional
24 h. Under these conditions, parental e17 SMCexhibited
a high rate of self-driven DNAsynthesis (73-85% BrdU-
positive cells), while parental adult SMCshowed minimal
replication (13-21% BrdU-positive cells). Homokaryons of
parental cells exhibited parental growth phenotypes and
showed the expected mitogenic response when stimulated
with serum. Heterokaryons between e17 and adult SMC
exhibited a nonautonomous growth phenotype; the "adult"
growth phenotype was calculated to be dominant in >89%
of all true heterokaryons. The data suggest that adult SMC
express molecules capable of genetically extinguishing or

otherwise inhibiting the autonomous replication of embry-
onic SMC. (J. Clin. Invest. 1995. 95:464-468.) Key words:
vascular smooth muscle * cell division * heterokaryons * cell
fusion

Introduction

Vascular smooth muscle cells (SMC)' occupy a pivotal position
in the pathogenesis of a number of vascular disease states in-
cluding arteriosclerosis, systemic and pulmonary hypertension,
and restenosis after angioplasties or vascular reconstructions.
Each of these conditions may be characterized, to varying de-
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grees, by the abnormal replication of vascular SMC. Typically,
the proliferation of adult SMCduring vascular disease is associ-
ated with the reiteration of immature patterns of gene expression
(1-6, and Belknap, J. K., N. A. Grieshaber, P. E. Schwartz,
M. A. Reidy, and R. A. Majack, manuscript submitted for publi-
cation). Despite extensive in vivo and in vitro research, little is
actually known about the specific mechanisms which control
either the replication or differentiated state of these cells under
normal, developmental, or pathological conditions.

In most tissues, cellular differentiation or maturation is asso-
ciated with dramatic changes in gene expression and replication
rates and/or potential. During rat aortic development in vivo,
SMCreplication has been shown to decrease from an embryonic
rate of - 80% per day (until day el8) (8) to an adult rate of
< 0.06% per day (9, 10). A major change in replication potential
also occurs: early in development (through day e18), aortic
SMCexhibit autonomous (serum-independent) replication in
culture; this autonomous growth potential appears to be com-
pletely lost by day e20 (8). The factors which drive replication
of SMCin the embryonic growth phenotype, and the mecha-
nisms underlying the developmentally timed loss of this pheno-
type, are unknown.

In this report we describe the growth phenotype of hetero-
karyons formed between autonomously replicating embryonic
SMCand their adult counterparts. Analysis of such heterokary-
ons, in which nuclear integrity is maintained while cytoplasmic
and cell-surface molecules are mixed, allows the identification
of trans-acting and diffusible factors responsible for extinguish-
ing or inducing specific traits in the nonexpressing parental cell..
Specifically, in our studies, we sought to determine if adult
SMCcontain molecules which actively suppress autonomous
replication.

Methods

Smooth muscle cells. Embryonic (day e17) aortic SMCwere isolated,
cultured, and characterized as described by Cook et al. (8). The isolates
of e17 SMCused for these experiments were selected for their high
capacity for autonomous replication (the cultures exhibit a 24-h bromo-
deoxyuridine [BrdU] labeling index, in serum-free medium, of 73-85%)
and were used in the 10th through 17th passage. SMCcultured from
adult rat aortas were used at similar passages. All cells were cultured
in DMEsupplemented with 10% calf serum (CS). All tissue culture
supplies were purchased from GIBCOBRL (Gaithersburg, MD).

Cytoplasmic and nuclear labeling. Cultures in T-75 flasks were
cytoplasmically labeled with either FITC-labeled or nonfluorescent latex
microspheres (0.22 um; Polysciences, Inc., Warrington, PA) for 24 h
before cell fusions. Microspheres were sterilized in 70% EtOH, resus-
pended in two volumes of PBS, and added to cultures at a 1:30 dilution.
Cultures were washed three times with serum-free medium (SFM) be-
fore fusions. The number of beads per parental cell ranged from 10
to > 100. Cells containing FITC-conjugated microspheres were easily
detected under UV fluorescence using a fluorescein filter set; cells con-
taining non-fluorescent microspheres were detected under dark-field illu-
mination, under which the microspheres appeared either white or pink
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(see below). BrdU immunocytochemistry was used as a marker for DNA
synthesis. BrdU (10 mM/ml) was added to cultures for 24 h before
fixation in ice-cold methanol containing 0.3% H202, and immunocyto-
chemistry was performed as previously described. As shown below, this
protocol allowed the simultaneous detection, under concurrent fluores-
cence-dark field illumination, of FITC-labeled and unlabeled micro-
spheres and BrdU-positive and BrdU-negative cells.

Construction of heterokaryons and experimental design. After cyto-
plasmic labeling of adult and e17 SMC, T-75 cultures were extensively
washed to remove any extracellular microspheres. Typically, cells from
both parental populations were trypsinized, pelleted, and combined in
a small volume (125 ,l). Over a 1-min period, 62 /s 42% polyethylene
glycol (PEG) (MW8,000) (Sigma Chemical Co., St. Louis, MO) was
added followed by 62 ml 25% PEG, added over a 2-min period. 500
I1 of DMEwas then added and the cells were pelleted, resuspended in
DMEcontaining 10% CS, and plated on Lab-Tek one-well chamber
slides (Nunc, Inc., Naperville, IL). Cells were allowed to attach and
spread for 24 h. The cultures were then maintained for 72 h in serum-
free DME(SFM), then were labeled with BrdU as described above for
an additional 24 h in the absence or presence of 10% CS. For each
experiment, parallel control cultures of parental cells were labeled with
microspheres, plated onto chamber slides, maintained in SFMfor 72 h,
then labeled with BrdU for 24 h to determine basal replication rates.

Data analysis. A total of five el7:adult fusion experiments were
performed, with qualitatively identical results. A minimum of 120 fusion
cells were identified and counted for each individual test condition per
experiment. Cells were classified as heterokaryons if they contained two
nuclei and if they contained a significant number of both nonfluorescent
microspheres (appearing pink under UV fluorescence-dark field illumi-
nation) and FITC-labeled microspheres (appearing green under UV flu-
orescence illumination). Identification of any particular cell as a hetero-
karyon therefore depended on the simultaneous occurrence of two unam-
biguously scored independent markers. Heterokaryons were considered
to be positively labeled with BrdU if either nucleus of the dikaryon
contained peroxidase reaction product. In practice, > 80%of the hetero-
karyons labeled as "positive" contained two BrdU-labeled nuclei. Rare
heterokaryons containing more than two nuclei were not included for
analysis. As controls, homokaryons of e17 parents and of adult parents
were constructed and analyzed in an identical fashion.

To determine the per cent dominance of the adult (nonautonomous)
phenotype, it was necessary to adjust the data for contributions due to
heterogeneity within the parental cells (see reference 11 for a more
complete discussion). Assuming random fusion of the parental cells, the
data were adjusted as follows (11). The frequencies of all parental
phenotypes (BrdU positive or negative after 72 h in SFM) were deter-
mined. No differences were observed in labeling indices of parental cell
populations cultured individually, after treatment with PEG, or in co-
culture with the other parental population. Adult SMCreplicated at a
low but significant level when maintained under serum-free conditions
(for the cells used in these experiments, this value was 0.13-0.21);
these replicating cells therefore represent a potentially autonomous sub-
population of adult SMC. Similarly, - 0.15-0.27 of the e17 parental
cells failed to replicate DNA during the 24-h labeling period; they
therefore appear as nonautonomous cells and potentially exhibit the
adult phenotype. The predicted frequency for each false heterokaryon
class possibly contributing to any given phenotype was then determined,
and this value was subtracted from the observed fraction of heterokary-
ons exhibiting the expected behavior for that phenotype. This corrected
dominance frequency was then divided by the predicted frequency of
heterokaryons derived from parental cells exhibiting the "true" BrdU
phenotype (BrdU-negative for adult SMC, BrdU-positive for el7 SMC).
For example, for the data presented in Fig. 3 (Experiment I in Table
I), the calculation of per cent dominance of the adult phenotype in
el7:adult heterokaryons was as follows. The observed frequency of
heterokaryons with no labeled nuclei was 0.82. Since 0.15 of e17 cells
behaved as adult cells, exhibiting nonautonomous replication, the cor-
rected frequency of dominance of the adult (nonautonomous) phenotype
becomes 0.67. The percent dominance of the adult cell phenotype was

then calculated by dividing 0.67 by 0.71 (the predicted frequency of
"true" heterokaryons (the frequency of "true" adult cells [0.83] X the
frequency of "true" autonomous cells [0.85]). Thus the nonautonomous
state was calculated, for this experiment, to be the dominant phenotype
in 94.4% of true el7:adult SMCheterokaryons.

Results

The parental cells used in these studies were: (a) highly replica-
tive cultures of embryonic (day e17) rat aortic SMC, exhibiting
a 24-h BrdU labeling index of 73-85% after 72 h in SFM(Fig.
1, a and b) matched cultures of adult (3 mo) rat aortic SMC,
exhibiting a 24 h BrdU labeling index of 13-21% after 72 h
of serum deprivation (Fig. 1 b). The purpose of these experi-
ments was to construct heterokaryons of autonomously replicat-
ing e17 SMCand nonautonomous adult cells, then to assess
their ability to replicate in SFM (by definition, an assay for
autonomous, self-driven replication) to determine which pheno-
type (autonomous or adult) was genetically dominant. Parental
cells were fused as described, plated on glass slides, growth-
arrested for 72 h in SFM, then assayed for DNAsynthesis in
individual heterokaryon nuclei by BrdU immunocytochemistry.
Homo/heterokaryons were defined as such based on two criteria:
(a) the presence of two nuclei, and (b) the presence of significant
quantities of both cytoplasmic labels (Fig. 2). Cells were consid-
ered BrdU-positive if either or both nuclei was labeled. Over
80% of all fused cells scored as BrdU-positive contained two
labeled nuclei.

Wefirst constructed homokaryons of parental SMC, as con-
trols to assess the effects of PEG treatment on the ability of
fused SMCto replicate. As shown in the experiment presented
as Fig. 3, adult SMCmaintained in SFMfor 96 h (labeled with
BrdU for the final 24 h) exhibited a labeling index of 17%.
Stimulation of these cells with 10% CS for the final 24 h in-
creased the labeling index to 68%. Adult:adult homokaryons
exhibited a labeling index of 15%. Importantly, these cells were
fully responsive to the mitogenic effects of 10% CS, which
increased the replication rate to 72%. Embryonic SMC(el7)
in this experiment exhibited a basal replication rate of 85%;
this level of DNAsynthesis was maintained in el7:el7 homo-
karyons. The data therefore demonstrate that PEG-treated, fused
SMCare viable, do not lose the ability to replicate DNAin
response to normal growth stimuli, and exhibit the expected
parental growth phenotypes.

In serum-deprived e17:adult heterokaryons, the labeling in-
dex (for the experiment shown) (Fig. 3) was found to be 18%,
roughly identical to that of adult parental cells and adult:adult
heterokaryons. After stimulation with 10% CS, the replication
index increased to > 80%, demonstrating the viability of these
heterokaryons. The data demonstrate that adult SMCcontain
or produce molecules capable of repressing the autonomous
replication of the e17 nuclei.

The percent dominance of the adult (BrdU-negative after
72 h in SFM) phenotype in homo/heterokaryons was calculated
as described in Methods. In adult:adult homokaryons, the adult
phenotype was dominant in > 90%of the fused cells. In el7:el7
homokaryons, the per cent dominance of the adult phenotype
was 0%. In five separate e17:adult fusion experiments, the adult
phenotype was dominant in 94.4, 96.7, 86.7, 80.3, and 88.2%
of heterokaryons (see Table I). The autonomous DNAsynthesis
observed in e17-derived nuclei therefore was repressed in the
context of el7:adult SMCheterokaryons. We conclude that
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Figure 1. Characteristics of parental SMCheterokaryons.- (a) Cultures of e17 vascular SMC, labeled cytoplasmically with fluorescein-labeled
microspheres, maintained in SFMfor 72 h, labeled with BrdU for an additional 24 h, then immunocytochernically stained with an antibedy against
BrdU to detect replicating cells. BrdU-positive nuclei appear orange under dark field-UV fluorescent illumination (left) and brown under phase-
contrast or bright field illumination (right). Arrows in a indicate BrdU-negative nuclei. (b) Cultures of adult SMC, treated as described above after
cytoplasmic labeling with nonfluorescent microspheres. Bar, 50 Ism.

adult SMCcontain a nuclear or cytoplasmic factor which is
capable of suppressing or blocking the autonomous replication
of embryonic SMC.

Discussion

Progressive and sequential changes in gene expression, cellular
phenotype, and replication potential drive and regulate most
developmental and morphogenetic processes. Appropriate con-
trols over morphogenesis during the development and repair of
the vascular system appear to be particularly crucial given the
pathological consequences of abnormal blood vessel structure.
Examples of vascular pathologies exacerbated or caused by
abnormal SMCreplication include hypertension (characterized
by an increased thickness of the tunica media), vascular malfor-
mations (characterized by an underdeveloped tunica media),
and arteriosclerosis and restenosis (characterized by the devel-
opment of a neointima). Little is known concerning the factors
which positively or negatively regulate SMCreplication during
blood vessel development and morphogenesis. The goal of our
research is to elucidate the morphogenic mechanisms which
determine why SMCstop replicating once blood vessel structure
is established; it is our hope that a knowledge of the endogenous

growth-suppressive mechanisms operative in the normal blood
vessel wall will lead to the eventual development of therapeutic
agents effective against vascular disease states involving unreg-
ulated SMCproliferation.

A variety of previous studies have utilized heterokaryons to
study mechanisms involved in tumor suppression (12, 13), cel-
lular differentiation (14-19), apoptosis (20), and replication
potential (11). Typically, when cultured cells expressing differ-
entiated functions are fused, the differentiated functions of the
parental cells are "extinguished" by factors from the other
parental cell type (16, 17), leading to the concept that differenti-
ated functions must be actively maintained (18, 19). Whencells
of the same developmental lineage are fused (e.g., when undif-
ferentiated myoblasts are fused with differentiated muscle
cells), the heterokaryons tend to express the more differentiated
functions (11, 14). Wehave used this technology to study the
relative dominance of specific growth phenotypes differentially
expressed by embryonic and adult vascular SMC.

During rat aortic development in utero, SMCmaturation is
associated with the loss of capacity for autonomous replication
(8). Aortic SMCisolated from embryos and fetuses aged el3-
e18 exhibit a significant capacity for self-driven replication in
culture, and replicate freely under serum-free conditions. The
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Figure 2. Identification of e17:adult heterokaryons. Heterokaryons were

formed between autonomously replicating, fluorescein-labeled el 7 SMC
and their adult counterparts labeled with nonfluorescent microspheres.
After fusion, cells were plated and allowed to attach and spread over-

night in 10% CS, then were maintained in serum-free DMEfor a total
of 96 h; BrdU was present in the cultures for the final 24 h. Cultures
were immunocytochemically stained for BrdU; labeled nuclei appear

orange under dark field illumination. Cells containing two nuclei and
significant amounts of both cytoplasmic labels were classified as hetero-
karyons. Note that both nuclei (indicated by arrows) of the e17:adult
SMCheterokaryon shown are negative for BrdU staining. Bar, 25 gsm

believed to be involved in driving the replication of SMCin the
"embryonic growth phenotype" (reference 8 and unpublished
data), a similar mechanism, involving the repression of embryo-
specific gene expression by an adult-specific trans-acting factor,
may be operative. Alternatively, the factor responsible for the
extinction of the self-driven growth properties of embryonic
SMCmay act cytoplasmically or on the cell surface. For exam-

ple, an adult-specific phosphatase, responsible for reversing
phosphorylation events involved in driving cellular replication,
could maintain normal growth control in adult SMCand conse-

quently in e17:adult heterokaryons. A variety of other models
can also be postulated and will be investigated in future studies.

The heterokaryon data also reveal information concerning
the molecular mechanisms which drive embryonic SMC
growth. These and previous co-culture studies (8) suggest that
autonomously replicating el7 SMCdo not secrete factors capa-
ble of mitogenically stimulating adult SMC. The results of the
present study support this concept: if embryonic self-driven
replication were due to the overexpression of a mitogen capable
of stimulating adult SMCreplication, the el7:adult heterokary-
ons would have been expected to exhibit e17-like growth char-
acteristics.

Regardless of the mechanism of extinction, it is important
to recognize that the mechanism responsible for the repression
of autonomous replication potential during SMCmaturation
appears to be actively maintained in the adult. This is apparent
given that the inhibitory factor is present in adult SMC(aged 3
mo), long after self-driven growth is initially suppressed during
development. Like tumor suppressor genes, expression of this
developmentally regulated extinguisher locus may therefore be
continuously essential for normal SMCgrowth control. Loss of

molecular basis for this self-driven, embryonic growth pheno-
type remains unknown. By day 20 of fetal life, the capacity for
autonomous replication is completely lost and SMCof older
gestational ages exhibit an "adult," serum-dependent growth
phenotype in culture (8). SMCreplication during vascular mor-

phogenesis therefore appears to be associated with the succes-

sive expression of at least two distinct growth phenotypes. The
changes in gene expression which occur across this develop-
mentally timed switch, and the mechanisms controlling these
changes, remain under investigation.

The results of the experiments described herein demonstrate
that, in embryonic:adult SMCheterokaryons, the adult or non-

autonomous growth phenotype is dominant. The results are not
due to non-specific growth-inhibitory effects of PEGtreatment,
since PEG-treated e17 SMChomokaryons maintain the ability
to synthesize DNA autonomously in culture, and since
adult:adult homokaryons and el7:adult heterokaryons replicate
DNAnormally in response to serum stimulation. The data there-
fore indicate that adult SMCacquire, during development, a

factor which suppresses or inhibits the autonomous growth po-
tential of embryonic SMC.

The factor may act as a nuclear or trans-acting factor to
suppress the transcription of specific genes involved in driving
autonomous replication. The wild-type Wilms tumor gene prod-
uct, for example, is known to suppress transcription of the A-
type platelet-derived growth factor and insulin-like growth fac-
tor-l genes (21, 22). While neither of these gene products are
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Figure 3. Replication potentials of parental SMCand of homo- and
heterokaryons. Parental adult (ad) and embryonic (e17) SMC, e17 x
e17 and ad x ad homokaryons, and e17 X ad heterokaryons were

maintained in SFMfor 72 h, labeled with BrdU for an additional 24 h,
then were processed for BrdU immunocytochemistiy to detect replicat-
ing nuclei. As indicated, 10% CS was added to specific cultures to
determine the ability of the cells to respond to normal growth stimuli.
See text for further details.
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Table L Dominance of the "Adult" (Nonautonomous) Growth
Phenotype in Adult:Embryonic SMCHeterokaryons

Percentage cells containing BrdU-labeled
nuclei after 72 h in SEM Percentage

dominance
e17:adult of "adult"

Adult e17 heterokaryons phenotype

Experiment 1 0.17 0.85 0.18 94.4
Experiment 2 0.21 0.85 0.20 96.7
Experiment 3 0.17 0.75 0.21 86.7
Experiment 4 0.13 0.73 0.22 80.3
Experiment 5 0.15 0.80 0.18 88.2

this suppressor in adult vascular SMC, by mutation, altered
regulation, or reversion of the cells to a less differentiated state,
may lead to the reexpression of autonomous growth potential
in pathological conditions such as hypertension, restenosis, and
arteriosclerosis.

Acknowledgments

This work was supported by grants HL-46481 and HL-47685 from the
National Institutes of Health.

R. A. Majack is a Genentech-American Heart Association Estab-
lished Investigator.

References

1. Gabbiani, G., 0. Kocher, W.S. Bloom, J. Vandekerckhove, and K. Weber.
1984. Actin expression in smooth muscle cells of rat aortic intimal thickening,
human atheromatous plaque, and cultured rat aortic media. J. Clin. Invest. 73:148-
152.

2. Kocher, O., 0. Skalli, W.S. Bloom, and G. Gabbiani. 1984. Cytoskeleton
of rat aortic smooth muscle cells. Lab. Invest. 50(6):645-652.

3. Kocher, O., 0. Skalli, D. Cerutti, and G. Gabbiani. 1985. Cytoskeletal
features of rat aortic cells during development. Circ. Res. 56:829-838.

4. Kocher, O., and G. Gabbiani. 1986. Expression of actin mRNAin rat aortic

smooth muscle cells during development, experimental intimal thickening, and
culture. Differentiation. 32:245-251.

5. Glukhova, M. A., M. G. Frid, B. V. Shekhonin, Y. V. Balabanov, and V. E.
Koteliansky. 1990. Expression of fibronectin variants in vascular and visceral
smooth muscle cells in development. Dev. Biol. 141:193-202.

6. Majesky, M. W., C. M. Giachelli, M. A. Reidy, and S. M. Schwartz. 1992.
Rat carotid neointimal smooth muscle cells reexpress a developmentally regulated
mRNAphenotype during repair of arterial injury. Circ. Res. 71:759-768.

7. Deleted in proof.
8. Cook, C. L., M. C. M. Weiser, P. E. Schwartz, C. L. Jones, and R. A.

Majack. 1994. Developmentally timed expression of an embryonic growth pheno-
type in vascular smooth muscle cells. Circ. Res. 74:189-196.

9. Clowes, A. W., M. A. Reidy, and M. M. Clowes. 1983. Mechanisms of
stenosis after arterial injury. Lab. Invest. 49:208-215.

10. Lombardi, D. M., M. A. Reidy, and S. M. Schwartz. 1991. Methodologic
considerations important in the accurate quantitation of aortic smooth muscle cell
replication in the normal rat. Am. J. Pathol. 138:441-446.

11. Clegg, C. H., and S. D. Hauschka. 1987. Heterokaryon analysis of muscle
differentiation: regulation of the postmitotic state. J. Cell Biol. 105:937-947.

12. Harris, H. 1988. The analysis of malignancy by cell fusion: the position
in 1988. Cancer Res. 48:3302-3306.

13. Peehl, D. M., and E. J. Stanbridge. 1982. The role of differentiation in
the suppression of tumorigenicity in human cell hybrids. Int. J. Cancer. 30:113-
120.

14. Wright, W. E. 1981. Synthesis of rat myosin light chains in heterokaryons
formed between undifferentiated rat myoblasts and chick skeletal myocytes. J.
Cell Biol. 91:11-16.

15. Wright, W. E. 1984. Control of differentiation in heterokaryons and hy-
brids involving differentiation-defective myoblast variants. J. Cell Biol. 98:436-
443.

16. Killary, A. M., and R. E. K. Fournier. 1984. A genetic analysis of extinc-
tion: trans-dominant loci regulate expression of liver-specific traits in hepatoma
hybrid cells. Cell. 38:523-534.

17. Jones, K. W., M. H. Shapero, M. Chevrette, and R. E. K. Fournier. 1991.
Subtractive hybridization cloning of a tissue-specific extinguisher: TSE1 encodes
a regulatory subunit of protein kinase A. Cell. 66:861-872.

18. Blau, H. M., and D. Baltimore. 1991. Differentiation requires continuous
regulation. J. Cell Biol. 112:781-783.

19. Blau, H. M. 1992. Differentiation requires continuous active control. Ann.
Rev. Biochem. 61:1213-1230.

20. Dipasquale, B., and R. J. Youle. 1992. Programmed cell death in heterokar-
yons. A study of the transfer of apoptosis between nuclei. Am. J. Pathol.
141:1471-1479.

21. Drummond, I. A., S. L. Madden, P. Rohwer-Nutter, G. I. Bell, V. P.
Sukhatme, and F. J. Rauscher III. 1992. Repression of the insulin-like growth
factor II gene by the Wilms tumor suppressor WT1. Science (Wash. DC).
257:674-678.

22. Gashler, A. L., D. T. Bonthron, S. L. Madden, F. J. Rauscher, T. Collins,
V. P. Sukhatme, and F. J. Rauscher III. 1992. Human platelet-derived growth
factor A chain is transcriptionally repressed by the Wilms tumor suppressor WT1.
Proc. Natl. Acad. Sci. USA. 89:10984-10988.

468 Richard A. Majack


