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Abstract

Medial thickening of the pulmonary arterial wall, secondary
to smooth muscle cell (SMC) hyperplasia, is commonly ob-
served in neonatal hypoxic pulmonary hypertension. Be-
cause recent studies have demonstrated the existence of mul-
tiple phenotypically distinct SMCpopulations within the
arterial media, we hypothesized that these SMCsubpopula-
tions would differ in their proliferative responses to hypoxic
pulmonary hypertension and thus contribute in selective
ways to the vascular remodeling process. Expression of
meta-vinculin, a muscle-specific cytoskeletal protein, has
been shown to reliably distinguish two unique SMCsubpop-
ulations within the bovine pulmonary arterial media. There-
fore, to assess the proliferative responses of phenotypically
distinct SMCsubpopulations in the setting of neonatal pul-
monary hypertension, we performed double immunofluo-
rescence staining on pulmonary artery cryosections from
control and hypertensive calves with antibodies against
meta-vinculin and the proliferation-associated nuclear anti-
gen, Ki-67. We found that, although neonatal pulmonary
hypertension caused significant increases in overall cell rep-
lication, proliferation occurred almost exclusively in one,
the meta-vinculin-negative SMCpopulation, but not the
other SMCpopulation expressing meta-vinculin. Wealso
examined fetal pulmonary arteries, where proliferative rates
were high and meta-vinculin expression again reliably dis-
tinguished two SMCsubpopulations. In contrast to the hy-
pertensive neonate, we found in the fetus that the relative
proliferative rates of both SMCsubpopulations were equal,
thus suggesting the existence of different mechanisms con-
trolling proliferation and expression of cytoskeletal proteins
in the fetus and neonate. Weconclude that phenotypically
distinct SMCpopulations in the bovine arterial media ex-
hibit specific and selective proliferative responses to neona-
tal pulmonary hypertension. Distinct SMCsubpopulations
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may, thus, contribute in unique ways to vascular homeosta-
sis under both normal and pathologic conditions. (J. Clin.
Invest 1995. 96:273-281.) Key words: pulmonary artery L
smooth muscle cells * neonatal pulmonary hypertension L
proliferation * cell heterogeneity

Introduction

A significant body of evidence exists suggesting that vascular
diseases such as atherosclerosis, restenosis, and neonatal pulmo-
nary hypertension are characterized by a modulated proliferative
behavior of arterial smooth muscle cells (SMCs)' (1-4). How-
ever, it is unclear whether all SMCsrespond equally to patho-
physiologic stimuli or if there are specific subpopulations of
SMCswhich demonstrate enhanced proliferative responses and
thus contribute in unique ways to the vascular remodeling pro-
cess. The fact that the normal systemic and pulmonary arterial
media is comprised of phenotypically diverse SMCpopulations
(5-9) raises the possibility that not all vascular SMCscontrib-
ute equally to the proliferative changes observed in vascular
disease states. Further, in vitro studies have demonstrated that
multiple arterial SMCpopulations, which exhibit unique re-
sponses to growth promoting and inhibiting stimuli, can be
isolated and maintained in culture (10-15). Wethus hypothe-
sized that, in vivo, phenotypically distinct SMCsubpopulations
within the bovine pulmonary arterial media would exhibit dif-
ferent proliferative responses to hypoxia-induced pulmonary hy-
pertension and, thus, contribute in unique and selective ways
to the medial thickening observed in hypertensive vessels.

To test this hypothesis we used as a model neonatal calves
with hypoxic pulmonary hypertension, because (a) neonatal
calves respond to hypoxia by rapidly developing severe pulmo-
nary hypertension and thickening of the pulmonary arterial wall
(16-19), (b) thickening of the pulmonary arterial media in the
neonate is caused largely by cell hyperplasia (20), and (c) the
proliferative response in the arterial media of the neonatal calf
occurs primarily in the outer media (20) where two distinct
SMCsubpopulations can be identified on both a structural basis
and the pattern of cytoskeletal protein expression (5). To distin-
guish SMCpopulations in the arterial media we chose as a
marker the muscle-specific cytoskeletal protein meta-vinculin
since it has been previously shown (20) that, throughout all the
development, only a specific subpopulation of SMCs in the
outer media expresses meta-vinculin while all other medial
SMCsdo not.

1. Abbreviations used in this paper: a-SM-actin, a-smooth muscle actin;
BrdU, bromodeoxyuridine; M-VN, meta-vinculin; PA, pulmonary ar-
tery; PB, barometric pressure; SM-myosin, smooth muscle myosin;
SMC, smooth muscle cell.
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To assess proliferative responses of the two phenotypically
distinct SMCsubpopulations, we performed indirect immuno-
fluorescence analysis on cryosections of the main and right or
left pulmonary arteries from neonatal calves using a double
immunostaining technique. A monoclonal antibody Ki-67
against the proliferation-associated nuclear antigen was used to
determine the proliferative state of the cell (21), while affinity
purified polyclonal antibodies against meta-vinculin were used
to distinguish two arterial SMCsubpopulations (5). Fetal main
pulmonary arteries were also examined utilizing similar meth-
odology because the response to stress in distinct medial SMC
populations of the hypertensive newborn might have reflected
mechanisms held over from fetal life. In addition, because wall
stresses in the main pulmonary artery of the fetus are similar
to those in the hypertensive neonate, we were able to compare
proliferative responses in distinct cell populations to similar
stimuli at two unique developmental time points.

We found, in pulmonary arteries of neonatal calves with
hypoxia-induced pulmonary hypertension, that SMCprolifera-
tion was significantly increased but that it occurred almost ex-
clusively in a specific subpopulation of meta-vinculin-negative
SMCs. In the fetus, on the other hand, where the overall rate
of replication was similar to that in the hypertensive neonate,
proliferation occurred nearly equally in both arterial SMCsub-
populations (meta-vinculin-positive and meta-vinculin-nega-
tive). Therefore, these data suggest the existence of distinct
mechanisms controlling SMCproliferation and differentiation
not only in fetus and neonate but also in distinct neonatal arterial
SMCsubpopulations.

Methods

Animal model. Pulmonary hypertension was induced in newborn male
Holstein calves by placing animals at 1 d of age in a hypobaric chamber
with barometric pressure (PB) of 445 mmHg(which is equivalent to
an elevation of 4300 m). This exposure has previously been reported
to produce severe neonatal pulmonary hypertension with characteristic
hemodynamic and structural changes (16-19). Age-matched controls
were kept indoors at ambient altitude (1500 m, PB = 640 mmHg).
Animal care procedure and hemodynamic measurements were carried
out as previously described (16). Animals were sacrificed at 2, 8, and
15 d of age (n = 3 of each age, hypoxic and control) and tissue samples
were isolated immediately.

To assess arterial cell proliferation/DNA synthesis, calves were in-
jected intravenously with the thymidine analog bromodeoxyuridine
(BrdU) (Sigma Chemical Co., St. Louis, MO), 10 mg/kg, at 17, 9,
and 1 h before death as previously described (20). All animal studies
were performed after review and approval of both the University of
Colorado and Colorado State University Animal Care and Use Commit-
tees.

Tissue samples. Freshly isolated rings (- 1 cm long) from the main
and the right or left main pulmonary arteries were taken from 2-, 8-
and 15-d-old calves with hypoxia-induced pulmonary hypertension as
well as from age-matched control animals (n = 3 in each group).
Specimens of the main pulmonary artery were also obtained from fetuses
of 140, 160, 180, and 240-265 d of gestation (n = 3 in each age group)
(term in the bovine species is 280 d). The gestation ages were calculated
according to the method of Evans and Sack (22). For immunofluores-
cence analysis whole rings of fetal arteries were processed, whereas
arterial rings from the neonatal calves were cut in half and both sectors
of the artery were then processed. Arterial segments were embedded in
O.C.T. Compound (Miles Inc., Kankakee, IL), frozen slowly in cold
hexane to prevent tissue fracturing and stored at -70'C until use. For

routine histochemistry and BrdU staining arterial rings were fixed in
alcohol-based fixative (Omnifix; Xenetics Biomedical, Tustin, CA)
overnight, then transferred to 70% ethanol and stored at room tempera-
ture until use.

Frozen tissue samples were cut at 5 .tm, air-dried, fixed in absolute
acetone for 5 min at room temperature and processed for immunofluo-
rescence staining as further described. For routine histochemistry and
BrdU staining fixed tissues were dehydrated, embedded in paraffin, and
sectioned at 4 qm thickness.

Antibodies. The following antibodies were utilized in this study.
Monoclonal anti-BrdU antibody (Becton Dickinson, Mountain View,
CA) was used at a dilution of 1:100 in PBS containing 0.1% BSA/
0.5% Tween-20. Biotinylated horse anti-mouse IgG and avidin/biotin-
horseradish peroxidase complex (Pierce, Rockford, IL) were applied
at dilutions recommended by the supplier. Monoclonal anti- a-smooth
muscle actin (a-SM-actin) and rabbit anti-actin antibodies (both pur-
chased from Sigma Chemical Co.) were used at dilutions 1:100 and
1:50, respectively. Monoclonal antibody SM-M5against smooth muscle
myosin heavy-chain isoforms has been previously described (5) and
was used as undiluted hybridoma culture supernatant. Rabbit antisera
against desmin was purchased from Dako Corp. (Carpinteria, CA) and
used at a dilution of 1:200. Monoclonal antibody against calponin has
been previously described (23) and was used as undiluted hybridoma
culture supernatant. Affinity-purified polyclonal anti-meta-vinculin an-
tibodies (termed as M-VN) were used in this study at 1:10 dilution.
These antibodies were raised in rabbits against a fusion protein con-
taining glutathione-S-transferase and a fragment of the vinculin protein
(908-916 amino acid residues) with a meta-vinculin insertion (24),
and have been previously characterized (5). The monoclonal antibody
Ki-67 against nuclear-associated antigen of proliferating cells (found
throughout the cell cycle (GI, S, G2, and M phases) and absent in
resting (GO) cells) was purchased from Dako Corp. and used at a dilution
of 1:25 (21, 25).

Immunostaining and routine histochemistry. Routine hematoxylin/
eosin staining was performed using standard histological techniques. To
identify cells that incorporated the thymidine analog, bromodeoxyuri-
dine (BrdU), immunoperoxidase staining was performed as described
elsewhere (26).

For indirect single-label immunofluorescence staining, acetone-fixed
frozen tissue sections were incubated in blocking solution (phosphate
buffered saline [PBS] containing 5% calf serum) for 5-10 min and
then incubated with primary antibodies for 1 h at room temperature.
Secondary antibodies (FITC-conjugated rabbit anti-mouse IgG or
FITC-conjugated goat anti-rabbit IgG) were purchased from Calbio-
chem and were applied at a dilution of 1:40, each. Controls were per-
formed in which primary antibodies were replaced by nonimmune calf
serum.

For double-label immunofluorescence staining, the antibodies were
applied in the following order: staining with Ki-67 antibody was accom-
plished first using Biotin/Streptavidin-Texas Red detection system, then
staining with polyclonal M-VN antibodies was performed using FITC-
conjugated anti-rabbit IgG as secondary antibodies. The stained sec-
tions were examined on Nikon Optiphot epifluorescence photomicro-
scope with 1Ox, 20x, and 40x objectives. Colored photomicrographs
were taken with Ektachrome 160T film.

Quantitative assessment of SMCproliferation. To quantitatively as-
sess proliferation within phenotypically distinct SMC populations
(meta-vinculin-positive versus meta-vinculin-negative) in the neonatal
arterial media, the number of Ki-67-positive nuclei was evaluated sepa-
rately for meta-vinculin-positive and meta-vinculin-negative cells. A
minimum of 500 replicating (Ki-67-positive) cells was counted for each
section throughout the entire vessel wall. Three separate counts on
different sections were performed for each animal.

To determine relative proliferation within distinct SMCpopulations
(meta-vinculin-positive versus meta-vinculin-negative) in the fetal arte-
rial media, a triple staining procedure using monoclonal Ki-67, poly-
clonal M-VN antibodies, and the nuclear stain, Hoechst-33342 (27),
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Figure 1. Medial wall thickening in neonatal pulmonary hypertension. Photomicrographs of the right pulmonary arteries from control and hypertensive
14-d-old calves (hematoxylin/eosin staining). The pulmonary arterial media (M) of the calf with severe neonatal pulmonary hypertension is much
thicker than that of an age-matched control animal. The adventitia (A) is shown although not in its entirety in the hypertensive vessel.

was performed on 140, 180, and 260-d-old fetuses as follows. Double-
label immunostaining with Ki-67 and M-VN antibodies was accom-
plished first as described above, then 2 mMHoechst-33342 solution in
Tris-buffer was applied for 5 min at room temperature. The stained
sections were thoroughly washed in PBS and examined on the Olympus
epifluorescence photomicroscope with filters appropriate for each stain.
Black and white photomicrographs of the same field were taken for
each stain separately using the appropriate filter. Quantitative analysis
of proliferation within each distinct cell population (meta-vinculin-posi-
tive or meta-vinculin-negative) was accomplished in the following or-
der. First, the total number of meta-vinculin-positive cells was evaluated
by overlaying photomicrographs of Hoechst-33342 and meta-vinculin
staining. Then, the number of replicating cells within a meta-vinculin-
positive population was assessed by overlaying photomicrographs of
Ki-67 and meta-vinculin staining. The same procedure was repeated for
meta-vinculin-negative cell population. The data are presented as the
percentage of replicating cells within the meta-vinculin-positive or meta-
vinculin-negative cell population (see Fig. 9). One and two way AN-
OVA followed by Scheffe's multiple comparison test were utilized
for statistical analysis. Data were considered significantly different if
P < 0.05.

Results

Increased pulmonary artery pressure and structural remodeling
of the media in hypoxia-exposed neonatal calves. The normal

decline in pulmonary artery pressure occurring after birth was
inhibited by exposure of neonatal calves to hypobaric hypoxia.
Pulmonary artery pressures in hypertensive and control animals
were 72±16 versus 47±8 on day 2, 126±23 versus 31±1 on
day 8 and 118± 10 versus 25±4 on day 15, respectively. Thus,
hypoxia caused not only an inhibition of the normal postnatal
decline in pulmonary arterial pressure but also the development
of severe pulmonary hypertension in neonatal calves.

Histologic examination of the main and right pulmonary
arteries demonstrated dramatic medial thickening in vessels
from hypertensive animals (Fig. 1). Apparent increases in the
number of nuclei as well as the size of cells within the media
were noted.

Increased proliferation in arterial SMCsin response to hyp-
oxia-induced pulmonary hypertension. The contribution of cell
proliferation and/or increased DNA synthesis to hypoxia-in-
duced vessel wall thickening was addressed by examining BrdU
incorporation in medial SMCsof the main pulmonary artery of
hypertensive and control calves at 2, 8, and 15 d of age (Fig.
2). In the arteries of control animals the labeling index (percent-
age of nuclei incorporating BrdU versus total nuclei number)
was highest on day 2 (1.0%) and progressively decreased over
the first 2 wk of life. In the arteries of hypertensive animals
BrdU incorporation was increased on days 8 and 15, compared
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Figure 2. BrdU labeling is increased in the pulmonary arterial media
of neonatal calves with hypoxic pulmonary hypertension. The BrdU
labeling index (nuclei incorporating BrdU/total nuclei X 100) in pulmo-
nary arteries of control calves (open bars) decreased postnatally (* * P
< 0.05 compared with day 2). In neonatal calves with pulmonary
hypertension (stippled bars), on the other hand, not only was this
decline prevented, but significant increases in proliferation, compared
to age-matched control animals, were observed (*P < 0.05). (n = 3
in each age group at each time point).

with age-matched controls, where it was 14- and 10-fold higher,
respectively, than in controls. Our previous studies in this model
had demonstrated that the increased BrdU labeling index re-
flected actual cell proliferation and not simply increased DNA
synthesis (20).

Heterogeneous response of phenotypically distinct pulmo-
nary artery SMCsubpopulations to hypoxia-induced pulmonary
hypertension. The possibility that not all medial SMCspartici-
pated equally in the proliferative responses observed, was raised
by our recent observations demonstrating that the bovine arterial
media is comprised of multiple pherfotypically distinct SMC
populations (5). Fig. 3 shows that the media of the neonatal
bovine pulmonary artery is heterogeneous both with regard to
structural organization and SMCphenotype. Structural hetero-
geneity was revealed by gross microscopic examination of sec-
tions stained with an antibody against total actin which reacts
with all cells in the vessel wall (Fig. 3 A). Compact cell clusters
("C" in Fig. 3 A) composed of longitudinally oriented cells,
were identified within the outer media. These cell clusters were
interspersed among more typical appearing thin, elongated and
circumferentially oriented SMCs ("i" in Fig. 3 A). Diversity
in SMCphenotype was demonstrated by the differential expres-
sion of the high molecular weight variant of vinculin, meta-
vinculin, by a specific subpopulation of SMCs in the outer
media. Cells in compact clusters ("C" in Fig. 3, A and D)

expressed meta-vinculin, whereas other cells ("i" in Fig. 3, A
and D) did not. Fig. 3 shows that in the outer media of the
neonatal pulmonary artery all SMCsexpressed a-smooth mus-
cle-actin (a-SM-actin), smooth muscle-myosin (SM-myosin)
(Fig. 3, B and C), and as previously reported (5) calponin and
desmin. (Please, note that in the inner-middle media of neonatal
bovine pulmonary arteries we have previously reported the exis-
tence of a mosaic pattern of desmin expression [5]. However,
in the outer media of the neonatal pulmonary artery the pattern
of desmin expression in SMCswas homogeneous.)

To determine if hypoxic pulmonary hypertension stimulated
proliferation equally in all SMCpopulations, or if one subpopu-
lation was preferentially effected, we used double-labeling im-
munofluorescence analysis. Ki-67, an antibody against a nu-
clear-associated proliferative marker, was used to assess SMC
proliferation. Concurrently, meta-vinculin expression was eval-
uated to distinguish the two SMCpopulations within the pulmo-
nary arterial media. Proliferation (Ki-67-positive nuclei) was
seen to occur in cells throughout the entire media but rarely, if
ever, within the population of SMCsexpressing meta-vinculin
(Fig. 4).

Quantitative analysis of proliferation within the two SMC
populations (meta-vinculin-positive versus meta-vinculin-nega-
tive) in the arterial media of hypertensive neonatal calves
showed that at all postnatal ages studied, in both the main and
right pulmonary arteries, proliferation occurred almost exclu-
sively in the meta-vinculin-negative SMCpopulation (Fig. 5).
In the pulmonary arteries of 8-d-old hypertensive calves (where
we had observed the highest labeling index) (Fig. 2) the per-
centage of replicating/meta-vinculin-postive SMCsrelative to
all replicating cells, was < 5% in the right pulmonary artery
(right PA) and < 2%in the main pulmonary artery (main PA)
(Fig. 5).

Homogeneous pattern of proliferation in fetal arteries. To
determine if the remarkable differences in proliferative behavior
observed in the hypertensive neonate existed under other condi-
tions associated with high rates of SMCreplication, we exam-
ined the pattern of SMCproliferation in fetal pulmonary arter-
ies, where pressure and wall stress are high (as in hyperten-
sive neonatal animals) and where a high index of proliferation
exists (28).

Two phenotypically distinct SMCsubpopulations (meta-
vinculin-positive and meta-vinculin-negative), identical to
those in neonatal arterial media, were also identified in the fetal
arteries (140-270 d of gestation). The proliferative behavior
of these two SMCpopulations was analyzed by double-labeling
immunofluorescence utilizing Ki-67 and M-VN antibodies. In
contrast to the hypertensive neonatal arteries (see Fig. 4 and
5), coexpression of Ki-67 antigen and meta-vinculin within the
same cell was frequently observed in the fetal arteries of all

Figure 3. Meta-vinculin expression differentiates two smooth muscle cell subpopulations in the arterial media. Indirect immunofluorescence staining
of serial cryosections of neonatal bovine pulmonary artery (only outer media is shown) with antibodies against total actin (A), a-SM-actin (B),
SM-myosin (C), and meta-vinculin (D). Only one SMCsubpopulation ("C") expresses meta-vinculin, whereas other SMCs("i") do not. Note
that both SMCsubpopulations express a-SM-actin and SM-myosin.
Figure 4. Proliferation in the pulmonary arteries of hypertensive neonatal calves occurs predominantly in the meta-vinculin-negative SMCpopulation.
Double label immunofluorescence staining of cryosections from four pulmonary arteries (only outer media is shown) of hypoxic hypertensive
neonatal calves. Expression of Ki-67 antigen (arrowheads; Texas Red, red) was observed only in the meta-vinculin-negative SMCsubpopulation
and not in meta-vinculin-positive cells (indicated by an asterisk; fluorescein, green).
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gestation ages analyzed (Fig. 6). Quantitative analysis showed
that from 20% (in the 140-d-old fetuses) to 40% (in the 265-
d-old fetuses) of all replicating cells simultaneously expressed
meta-vinculin (Fig. 7).

Because we had previously shown that the clusters of meta-
vinculin-positive cells increased in size and number in the arte-
rial media as gestation progressed (5), the data shown in Fig.
7 raised the question as to whether the two SMCsubpopulations
in the fetal arterial media had different proliferative capabilities
or if the observed differences simply reflected a lower propor-
tion of meta-vinculin-positive cells in the arterial media at early
fetal ages. Therefore, we quantitatively analyzed the relative
rates of proliferation within each of the two arterial SMCpopu-
lations at different gestational ages. To do this, we performed
triple-labeling immunofluorescence staining utilizing Ki-67 and

Figure 6. Ki-67 nuclear antigen and meta-vinculin are frequently coex-
pressed in smooth muscle cells of the fetal pulmonary arterial media.
Double-label immunofluorescence staining of a 265-d-old fetal main
pulmonary artery (only outer media is shown) using antibodies against
the proliferation-associated nuclear antigen, Ki-67 (Texas Red, red) and
the premembrane cytoskeletal protein meta-vinculin (fluorescein,
green). In contrast to the neonate (see Figs. 4 and 5), in the fetus both
meta-vinculin-positive and meta-vinculin-negative SMCs(arrowheads
and arrows, respectively) express Ki-67, indicating active DNAsynthe-
sis/proliferation in both cell populations.

*

8Day 15 Day

Figure 5. Quantitative analysis
demonstrates that proliferation oc-
curs almost exclusively in the
meta-vinculin-negative cell popu-
lation in the pulmonary arteries of
hypertensive neonatal calves.
Double-label immunofluores-
cence staining of right and main
pulmonary artery cryosections
was utilized to quantitatively as-
sess proliferation (as determined
by a nuclear Ki-67 antigen expres-
sion) in two phenotypically dis-
tinct SMCsubpopulations, meta-
vinculin-positive (solid bars) and
meta-vinculin-negative (hatched
bars) (*P < 0.001). (n = 3 in
each age group at each time
point).

M-VN antibodies, as well as the nuclear stain Hoechst-33342
on main pulmonary arteries of 135-145, 180-185, and 240-
265-d-old fetuses so that labeling indices in the two cell popula-
tions could be calculated (Fig. 8). Fig. 9 shows that the meta-
vinculin-positive and meta-vinculin-negative SMCpopulations
have equal proliferative rates at each gestational age. Thus,
in the fetal arterial media both SMCpopulations had similar
proliferative capabilities.

Discussion

The present study has demonstrated that two phenotypically
distinct smooth muscle cell (SMC) subpopulations, coexisting
at the same site within the bovine neonatal pulmonary arterial
media, exhibit markedly different proliferative responses to the
same pathophysiologic stimulus, i.e., hypoxic pulmonary hyper-
tension. The existence of distinct SMCpopulations was con-
firmed by both morphological and immunobiochemical studies.
Marked and consistent differences between arterial SMCswith
regard to the patterns of their arrangement, orientation, and
expression of meta-vinculin, a muscle-specific cytodifferentia-
tion-related marker, were observed in every section from all
large elastic pulmonary arteries examined. The observation that
these two SMCpopulations in neonatal pulmonary arteries had
remarkably different proliferative responses to hypoxia-induced
pulmonary hypertension was confirmed by quantitative studies
demonstrating that, in every animal, and at each postnatal age
studied, > 95% of proliferation occurred within one (the meta-
vinculin-negative) SMCpopulation. The selectivity of this re-
sponse in the neonate was further strengthened by observations
demonstrating that in the fetus both SMCpopulations exhibited
nearly equal rates of proliferation. Therefore, in the neonatal
bovine pulmonary arterial media one specific SMCsubpopula-
tion responded to hypoxic pulmonary hypertension with in-
creased proliferation, whereas another SMCsubpopulation was
resistant.

Our assertion that these were distinct responses exhibited
by two different SMCpopulations and not the result of temporal
and transient downregulation of meta-vinculin expression in
replicating cells of a single SMCpopulation, was further sup-
ported by the following observations: (a) meta-vinculin expres-
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sion was not found to be an exclusive prerogative of a non-
proliferative SMCphenotype, since in fetal arteries, coexpres-
sion of meta-vinculin and the proliferation-associated antigen,
Ki-67, was commonly observed; and (b) in the hypertensive
neonate, SMCswithout proliferative response to hypoxic stimu-
lus could be identified not only on the basis of meta-vinculin
expression but also by their unique arrangement pattern and
longitudinal orientation. It seems unlikely that the observed
differences in proliferative responses between the two SMC
populations were due to stress being differently imposed on
cells oriented circumferentially or longitudinally within the ves-
sel wall because in the fetus, where the pulmonary arterial pres-
sures and wall tension approach those in the hypertensive neo-
nate, both SMCpopulations proliferate nearly equally (Fig. 9).

The hypothesis that unique SMCsubpopulations comprise

Figure 7. Quantitative analysis demonstrates that, in
contrast to the hypertensive neonate, proliferation in
fetal arteries occurs in both the meta-vinculin-positive
and the meta-vinculin-negative SMCsubpopulations.
Double-label immunofluorescence staining of main pul-
monary arteries of fetuses (n = 3 at each gestational
age) was used to quantitatively assess proliferation (as
determined by a nuclear Ki-67 antigen expression) in
two phenotypically distinct SMCsubpopulations, meta-

* S ///Mvinculin-positive (solid bars) and meta-vinculin-nega-
,8 ,,
Day

tive (hatched bars). (*P < 0.05 from proliferation in
8 Day the meta-vinculin-positive SMCsubpopulation [solid

Neonatal bars] in fetal arteries at all gestational ages studied.)

the arterial media and respond selectively to pathologic stress
has emerged from previous in vivo and in vitro studies. Several
laboratories have reported the existence of SMCsof different
size, shape and differentiation state in the normal arterial media
(5-8, 35). Further, increased numbers of SMCswith an "im-
mature" phenotype have been reported in arterial intima and/
or media in vascular diseases such as atherosclerosis, restenosis,
and renovascular hypertension (3, 9, 29-32). The presence of
"less differentiated" cells in the vessel wall could be the result
of either dedifferentiation or "phenotypic modulation" of dif-
ferentiated medial SMCs(33) or the expansion of a preexisting
subpopulation of "immature" SMCs(34) during the pathogen-
esis of vascular disease. Further, although indirect, support for
the concept that genetically distinct SMCsexist in the arterial
media and exhibit differential proliferative responses to growth
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Figure 8. Triple-label immunofluorescence staining was used to deter-
mine the labeling index in two arterial cell populations. Photomicrograph
of the outer media of a fetal (265-d-old) main pulmonary artery stained
with antibodies against the proliferation-associated nuclear antigen Ki-
67 and meta-vinculin, as well as Hoechst-33342 nuclear stain. All cell
nuclei are labeled with Hoechst-33342 fluorochrome. Nuclei of nonpro-
liferating cells appear blue (arrows). Nuclei of proliferating cells stain
pink (the blue from Hoechst-33342 fluorochrome and red fluorescence
of Texas Red (Ki-67) being simultaneously expressed give a pink color)
(arrowheads). Cells expressing meta-vinculin are identified by their
green fluorescence (indicated by an asterisk).

Figure 9. Labeling index for meta-vinculin-positive and -negative cell
populations in the outer media is equal in the fetus. The Ki-67 labeling
index (nuclei expressing Ki-67 antigen/total number of nuclei within
each SMCpopulation [i.e., meta-vinculin-positive or meta-vinculin-
negative] x 100) was calculated for the two distinct SMCsubpopula-
tions in the outer media of early (135-140-d-old), middle (180-185-
d-old), and late (240-265-d-old) gestation fetal main pulmonary arter-
ies (n = 3 at each gestational age). Relative rates of proliferation within
both SMCsubpopulations is equal at all gestational ages studied. Note
that proliferation in both cell populations declines with advancing gesta-
tional age (*P < 0.05 compared to 140-d-old fetus, **P < 0.05 com-
pared with 180-d-old fetus).
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promoting stimuli is derived from recent in vitro studies. Several
laboratories have demonstrated that at least two SMCpopula-
tions, which exhibit differential responses to the same stimulus,
can be isolated from normal arteries ( 10-15 ). A subpopulation
of SMCshas been isolated from the normal arterial media of
neonatal and adult rats and monkeys which can grow in PDGF-
free media, whereas another, simultaneously isolated, SMC
population requires PDGF for proliferation (10, 13). Other
studies have shown that a subpopulation of SMCsless sensitive
to the growth inhibitory effects of heparin could be selectively
isolated from adult rat aortic media (12, 14). Two stable sub-
types of SMCswere isolated from human adult carotid arteries
based on markedly different growth characteristics (11). Most
recently, two morphologically distinct SMCpopulations iso-
lated from the mature rat aortic media were shown to differ
dramatically in their ionic responses to vasoactive agonists
(15). Thus, the in vivo data of the present study extend the in
vivo and in vitro observations of other investigators and strongly
support the idea that distinct SMCsubpopulations exist in the
arterial media which exhibit uniquely different responses to a
given mitogenic stimulus. Specific subpopulations of medial
SMCswith enhanced proliferative potential may thus contribute
selectively to the process of vascular remodeling observed in
neonatal pulmonary hypertension.

Significant changes in the proliferative behavior and/or po-
tential of different SMCsubpopulations appear to take place
over a very short period of time between late gestation and
early neonatal life. In fetal arteries, relatively high rates of
proliferation were observed in all SMCsubpopulations. After
birth, a decline in the replication rate of both pulmonary arterial
SMCpopulations examined was observed under normal condi-
tions. In the setting of severe pulmonary hypertension overall
SMCreplication remained equal to or even greater than that
observed in the late gestation fetus. However, only one subset
of SMCs (meta-vinculin-negative) demonstrated a persistence
of the high fetal rates of proliferation (Fig. 5). The other SMC
population (meta-vinculin-positive), which had simultaneously
expressed meta-vinculin and the replication-associated marker
Ki-67 in the late gestation fetus (Figs. 6-9), did not proliferate
under hypertensive conditions (Fig. 5). Thus it appears that
dramatic changes in the mechanisms controlling cell prolifera-
tion occur at the time of birth in some but not all SMCpopula-
tions. The factors regulating such dramatic changes in the prolif-
erative potential of arterial SMCsbefore and after birth are not
known.

In the present study we observed that in fetal arteries meta-
vinculin, which is believed to be a cytodifferentiation-related
marker, was simultaneously expressed with the proliferation-
associated antigen, Ki-67. Previous studies, mostly in vitro,
have suggested an inverse correlation between expression of
cytodifferentiation-related cytoskeletal proteins and prolifera-
tion (36-40). Our observations in fetal arteries do not support
this idea. Moreover, we observed that cells not expressing meta-
vinculin in the outer media of fetal and neonatal arteries did
express other muscle-specific contractile and cytoskeletal pro-
teins such as a-SM-actin, SM-myosin, calponin and desmin and
coexpression of these proteins with a proliferation-associated
nuclear marker Ki-67 was also routinely observed (authors'
unpublished observations). These results are consistent with
recent studies by other investigators demonstrating that prolifer-
ation of SMCs can occur without downregulation of muscle

specific proteins traditionally associated with SMCdifferentia-
tion state (41-43). Thus, the traditional hypothesis regarding
the existence of an inverse correlation between the expression
of cytodifferentiation-associated markers and proliferation (36-
40) should be reconsidered. The mechanisms responsible for
differences in the ability of various mitogens/growth factors to
affect SMCdifferentiation state thus warrant further investiga-
tion.

The observation that distinct SMCsubpopulations in the
bovine pulmonary artery respond to a given stimulus in unique
ways may have important implications not only for the human
pulmonary circulation, but also for the human vascular disease
states in the systemic circulation, such as atherosclerosis, reste-
nosis and hypertension. Evidence is beginning to accumulate
that the normal media of human arteries is also composed of
SMCs with diverse phenotypes. If, indeed, at one site in the
arterial media there exist different SMCsubtypes which vary
in their responses to the same pathophysiologic stimulus, the
concept that such stimuli cause a single-type SMCto modulate
its phenotype (33), may be incomplete. The existence of func-
tionally heterogenic SMCpopulations would allow adaptive
responses to pathophysiologic stimuli or injury to occur without
compromising completely the homeostatic functions required
of a vessel like the pulmonary artery. In the future then, different
strategies will be needed to investigate the molecular mecha-
nisms controlling proliferative behavior of distinct arterial SMC
populations under both normal and pathologic conditions.
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