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SUMMARY

Effects of catecholamines on DNA synthesis in vascular smooth
muscle cells (VSMC) were investigated in a chemically defined
medium that included insulin, transferrin, and sodium selenite.
Smooth muscle-rich preparation was obtained from rat aortic
media and VSMC were further purified by cell cloning. A clone
that was positive for smooth muscle actin and was negative for
the coagulation factor ViIl was used in this study. The fetal calf
serum-induced proliferation was enhanced by a-adrenergic and
inhibited by 8-adrenergic stimulation. When cells of low passages
were used, dose-response curves for norepinephrine were bi-
phasic; when cells were subconfluent, norepinephrine stimulated
DNA synthesis at as low as 1 nm and was apparently ineffective
at more than 100 nM. When cells were confluent, the effect of
norepinephrine was inhibitory at lower concentrations (<1 nm)
and stimulatory at relatively higher concentrations. Cells of higher
passages exhibited only inhibitory effects of the amine. Stimula-
tory and inhibitory effects on DNA synthesis were mediated
through a,- and B.-adrenergic receptors, respectively. Thus, the
ay-agonist phenylephrine was more potent than the a.-agonist
clonidine in stimulating DNA synthesis. An a,-adrenergic antag-

onist, prazosin, was more effective than the a.-adrenergic antag-
onist yohimbine in antagonizing the stimulatory effect of norepi-
nephrine. §-Adrenergic agonists inhibited DNA synthesis with
ICs, values in the nanomolar range; the rank order of potency of
agonists was isoproterenol > salbutamol = (—)-epinephrine >
(—)-norepinephrine, consistent with S.-receptor specificity. (+)-
Epinephrine or (+)-norepinephrine, the stereoisomers of the cat-
echolamines, were ineffective. The inhibitory effects of norepi-
nephrine were reversed by g-adrenergic antagonists, with the
rank order of potency of pindolol > butoxamine > atenolol,
consistent with B.-receptor specificity. The dose-response
curves of norepinephrine, therefore, seemed to be determined
by a balance between «,-receptor-mediated stimulation and §--
receptor-mediated inhibition of DNA synthesis. Minimum time
required for exhibiting «,-adrenergic or 8,-adrenergic effects was
between 6 and 15 hr, suggesting that the G, or G, phase of the
cell cycle might be the site of action. These results show that
catecholamines dually modulate DNA synthesis in VSMC through
specific adrenergic receptors.

Among major risk factors for atherosclerosis in humans,
hypertension, psychological stress, and cigarette smoking are
related to catecholamines (1-3). In fact, it has been shown
experimentally that catecholamines aggravate atherosclerosis
in animals and humans (4-6). Circulating catecholamines may
affect the functions of many tissues. It is established that
abnormal proliferation of VSMC is a key event in early stages
of artherosclerosis (7). Therefore, it is possible that catechol-
amines have direct effects on the proliferation of VSMC.

For this purpose, we have used pure VSMC, because the
conventional primary culture of VSMC from rat aorta is often
contaminated with endothelial cells whose DNA synthesis is
known to be modulated by catecholamines (8), implying that
data on the mixed population does not necessarily reflect those
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for VSMC. More importantly, endogenous substances such as
prostacyclin and endothelin released from endothelial cells
affect profoundly the DNA synthesis of VSMC (9, 10). We
have also employed a chemically defined medium that is free
from FCS, because catecholamines may be metabolized by
monoamine oxidase present in the serum (11).

We have found that catecholamines have direct and dual
effects on DNA synthesis of VSMC through specific adrenergic
receptors, stimulation through «,-adrenergic receptors and in-
hibition through B.-adrenergic receptors.

Experimental Procedures

Materials. The chemicals were obtained from the following com-
panies. [*H]TdR (42 Ci/mmol), Amersham, UK; butoxamine, Bur-
roughs Wellcome Co. (Research Triangle Park, NC); isoproterenol,
atenolol, salbutamol (albuterol), sodium selenite, insulin, transferrin,
superoxide dismutase, and catalase, Sigma (St. Louis, MO); FCS (lot.
1111620), Hyclone (Logan, UT); and trypsin/EDTA, and Earle’s M199,

ABBREVIATIONS: VSMC, vascular smooth muscie cells; RACS, rat aortic clonal smooth; RACE, rat aortic clonal endothelium; TdR, thymidine;

FCS, fetal calf serum.
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GIBCO (Grand Island, NY). Monoclonal antibodies (IgGl, «) to chicken
gizzard actin were purchased from Biogenex Laboratories (San Ramon,
CA) (catalogue no. 291901, lot L090058) and goat anti-human factor
VIII antisera from ICN ImmunoBiologicals (Lisie, IL) (catalogue no.
68-112, lot 0013). ImmunoStaining kits, goat universal kit (Histogen
PAP, HP000-5G, lot PG028) and mouse universal kit (Stravigen B-
SA, HA000-5M, lot AM128), were purchased from Biogenex Labora-
tories. Other chemicals were obtained as described previously (12, 13).
Tissue culture plasticware was purchased from Costar (Cambridge,
MA).

Immunohistochemistry. Cells were fixed with 4% (w/v) paraform-
aldehyde in 0.1 M phosphate buffer for 15 min at room temperature.
After cells were washed with phosphate-buffered saline, they were
processed according to the manual of the staining kits, which consisted
of 3% hydrogen peroxide for blocking endogenous peroxidase, normal
sera of appropriate animals for control, 3-amino-9-ethylcabazol and N,
N-dimethyl formamide for dye, secondary antibodies of appropriate
animals, and peroxidase-labeled antibodies (14, 15).

Cell culture. VSMC were obtained from one-year-old male Wistar
rats basically according to the method of Smith and Brock (16).
Preliminary experiments revealed that the above cell population con-
tained a small number of endothelial cells that were identified by
cobblestone-like morphology and the presence of anticoagulant factor
VIII-related antigen (17). We cloned the cells to eliminate the endo-
thelial cells. Cell cloning was done by use of cloning cylinders (18).
Cells were passaged eight times to complete the cloning and were stored
in liquid nitrogen. Therefore, the passage number of eight was defined
as cells frozen in liquid nitrogen. A VSMC clone used in this study,
designated RACS-1, is the same clone as 1YB4 in Ref. 10. Other cloned
cells that were not used immediately were stored in liquid nitrogen.

[*H]TdR incorporation into DNA. RACS-1 cells (passages 13-
28) were seeded in a 96-well tissue culture cluster (0.32-cm?/well) at
the densities described in the figure legends and were cultured for 3
days in the presence of 10% FCS. The growth medium was then
replaced by a chemically defined medium after the cell sheet had been
washed three times with the serum-free medium (M199 supplemented
with 5 ug/ml insulin, 5 ug/ml transferrin, and 5 ng/ml sodium selenite).
Cells were incubated in the serum-free medium for 96 hr. The medium
was changed to a fresh one every day during this period. Three hours
after the last change of the medium, test agents were added to the
medium and, 20 hr later, [PHJTdR (1 uCi/well) was added, unless
otherwise indicated. The culture was terminated 4 hr after the addition
of [*H]TdR. In experiments with catecholamines, we added 25 ug/ml
superoxide dismutase and 25 ug/ml catalase in the medium in order to
prevent oxidative degradation of the amine, according to the method
of Mahax and Insel (19). Those enzymes per se, at the concentration
used, did not affect [*H]TdR incorporation to VSMC. At the end of
culture, the culture medium was aspirated and replaced by phosphate-
buffered saline supplemented with 0.5 mg/ml trypsin and 0.2 mg/ml
EDTA, followed by incubation at 37° for 5 min. All cells were harvested
with a cell harvester (Model 7020; Skatron, Norway). Trapped cells on
a filter mat were treated successively with 3 ml of calcium-free phos-
phate-buffered saline, 3 ml of 6% (w/v) trichloroacetic acid, and 3 ml
of ethanol. The radioactivity of the acid- and ethanol-precipitable DNA
large enough (>1.5 um) to be trapped on the filter mat was counted
with 3 ml of scintillation fluid.

Results

Cell morphology. Fig. 1 shows the morphology of two clones
isolated from the same preparation of the primary culture of
rat aortic media. Fig. 1, a-d, shows a clone (RACS-1) that
possesses spindle-like morphology, which is most common
among cells cloned from the rat aortic media. However, the
clone (RACE-1) shown in Fig. 1, e-h, is of cobblestone-like
morphology, which suggests that these cells are endothelial
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cells, although cobblestone-like VSMC has been also reported
(20).

The above contention was strengthened by immunohisto-
chemical findings. The RACS-1 cells were positive for antiactin
and were negative for the anti-factor VIII antibodies. The
putative endothelial clones (RACE-1) were positive for the
anti-factor VIII antibodies. RACE-1 clones were hardly stained
by anti-smooth muscle actin antibodies.

Effects of a- and 8-adrenergic stimulation on prolif-
eration of VSMC. Fig. 2 shows the effects of a- and 8-
adrenergic stimulation on the proliferation of RACS-1 cells.
We have included 5% FCS, because we noted that the serum-
free medium described above did not support the cells for a
period longer than 10 days. Norepinephrine alone did not cause
apparent effects on the growth induced by 5% FCS. However,
norepinephrine together with butoxamine, a §-;-adrenergic
blocking agent, stimulated significantly the growth of RACS-1
cells, whereas the amine together with phentolamine, an a;-
adrenergic blocking agent, inhibited the growth of RACS-1
cells at a higher cell population. Butoxamine or phentolamine
alone did not change the growth curve induced by 5% FCS.

Effects of norepinephrine on DNA synthesis in VSMC.
Different initial densities gave dissimilar shapes of the dose-
response curves (Fig. 3, a and b); when cells were seeded at an
initial density of 2 X 10* cells/well (subconfluent), the cat-
echolamine showed stimulatory effects on DNA synthesis at
concentrations as low as 1 nM, whereas the catecholamine at
more than 100 nM apparently had no effects; this is possibly
due to totally no effects of the amine or to a balance between
a stimulatory and an inhibitory effect on the DNA synthesis
(Fig. 3a). The magnitude of the growth-modulatory effects of
catecholamines is comparable to that of platelet-derived growth
factor' and endothelin (10). When cells were seeded at 1 X 10%/
well (confluent), the shapes of the dose-response curves were
apparently quite different; the effect of norepinephrine was
slightly inhibitory at low concentrations and stimulatory at
relatively high concentrations (Fig. 3b). Cells of higher passages
(>18) exhibit only inhibitory effects of the amine. Compared
with cells of low passages, they also show greater capacity for
[*H]TdR incorporation in the absence of norepinephrine; this
might be due to some growth factors secreted by VSMC them-
selves (21, 22).

Receptor specificity for the stimulatory and inhibitory
effects of norepinephrine. The effects of norepinephrine
were examined in the presence of a- and 8-adrenergic antago-
nists under the same conditions, as indicated in Fig. 4. Antag-
onists alone, such as yohimbine, prazosin, phentolamine, or
butoxamine, caused no effects on DNA synthesis in VSMC. An
a-adrenergic antagonist, phentolamine, blocked the stimula-
tory effects of norepinephrine (Fig. 4a). An «a;-adrenergic an-
tagonist, prazosin, was more effective than the a,-adrenergic
antagonist yohimbine. Moreover, the a-antagonists reduced
[*H]TdR incorporation to a level lower than that of the control
group. A B-adrenergic antagonist, butoxamine, added with nor-
epinephrine markedly stimulated DNA synthesis. These data
can be interpreted as follows. Norepinephrine has both «- and
B-adrenergic effects. Addition of norepinephrine together with
a-adrenergic antagonists leaves the g effects intact. Therefore,
DNA synthesis was inhibited by 8-adrenergic effects. On the

! Unpublished data.
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Fig. 1. Morphology and immunohistochemistry of cells cloned from the culture of rat aortic medium. Two clones derived from the same preparation

are shown. The

were taken when the cloned cetis reached confluency

. The black bar in the lower right corner in a represents 100 um.

A clone (RACS-1) that has spindie-like morphology, which is characteristic of VSMC, is shown in a-d. However, another clone (RACE-1), shown in
e-h, is of cobblestone-like morphology, indicating that these cells are endothelial cells that contaminated the preparation of the primary culture of
VSMC. RACS-1 (a—d) and RACE-1 (e-h) cells were stained with the peroxidase/antiperoxidase system detecting smooth muscle actin (b and f) and
factor Vil (d and h). a, ¢, e, and g, cells stained with control antibodies corresponding to immunized animal species.
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Fig. 2. Effects of a- and ic stimulation on proliferation of
VSMC. The cloned VSMC (RACS-1, passages 15-17) were seeded at
a density of 1.5 x 10%/dish (2 cm?) with 0.5 ml of M199 suppiemented
with 5% FCS. They were allowed to grow for 6 days, and then a- and
B-adrenergic agents were added. After the 7th day, the medium supple-
mented with 5% FCS and added chemicals was changed daily to freshly
prepared solutions. The number of cells was counted on the day indicated
in the figure. *p < 0.05 versus control. NE, 1 um norepinephrine; PH, 1
um phentolamine; B, 1 um butoxamine. Norepinephrine alone or antago-
nists alone at the concentration used did not produce significant effects
on the RACS-1 proliferation.
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other hand, addition of norepinephrine together with 8-adre-
nergic antagonist leaves the o effects intact. Therefore, DNA
synthesis was stimulated by «-adrenergic effects. When cells
were seeded more densely (Fig. 4b), qualitatively similar results

were obtained. Cells of higher passages (Fig. 4c) responded only
to B-adrenergic stimulation.

Experiments with specific a-adrenergic agonists showed that
an a;-agonist, phenylephrine, was more potent than the a;-
agonist clonidine (Fig. 5), consistent with the above results of
antagonist experiments (Fig. 4a). Although clonidine caused
some increase in DNA synthesis at 1 uM, this may be explained
on the basis of its action on a,-receptors but with lower efficacy
than phenylephrine. These results indicate that the stimulation
of DNA synthesis is mediated through «;-adrenergic receptors.

Onset of a-adrenergic effect on DNA synthesis. [°H]
TdR incorporation in VSMC exposed to a,-adrenergic stimu-
lation for various times was compared with the control (Fig. 6).
Enhanced DNA synthesis was observed when a-adrenergic
stimulation was present in the medium for 15 hr, whereas 6-hr
exposure was not enough to stimulate DNA synthesis.

B2-Adrenergic receptor-mediated inhibition of DNA
synthesis. To substantiate the involvement of 8-adrenergic
receptors in the inhibition of DNA synthesis, we explored
receptor specificity in conditions under which norepinephrine
showed only inhibitory effects. Fig. 7 shows dose-response
curves of various S-adrenergic agonists. The rank order of
potency of effective agonists was isoproterenol > salbutamol >
(—)-epinephrine > (—)-norepinephrine, consistent with g,-re-
ceptor specificity (23). (+)-Epinephrine or (+)-norepinephrine,
the stereoisomers of the catecholamines, have much lower
affinity for B,-receptors and were ineffective at the highest
concentration used (10 uM), implying that the inhibitory effects
of the catecholamines are not due to nonspecific toxicity de-
rived from the catechol moiety (24). The effectiveness of sal-
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Fig. 3. Effects of norepinephrine on DNA synthesis in VSMC. Cells (a
and b, passages between 13 and 18; ¢, passages between 26 and 28)
were seeded at densities of 2 X 10*/well (a) or 1 X 10%/well (b and c)
and were cultured in the presence of 10% FCS. After 3 days, when the
cell numbers reached 3 x 10* (a), 1.5 x 10° (b), and 2 x 10° cells per
well (c), the growth medium was replaced with a chemically defined
medium, which consisted of M199, 5 ug/ml insulin, 5 ug/ml transferrin,
and 5 ng/ml sodium selenite. The medium was changed daily and at 4th
day norepinephrine, together with 25 ug/ml superoxide dismutase and
25 ug/ml catalase, was added to the fresh serum-free medium. [*H]TdR
(1 uCi/well) was added 20 hr later and the culture was terminated 4 hr
after the addition of [°*H]TdR. At the end of culture, all cells were
harvested and the radioactivity of [*H]TdR incorporated into DNA was
measured as described in Experimental Procedures. Points and bars
represent the means and standard errors from six wells. Standard errors
at the points without bars were within the symbols. Experiments were
repeated twice and gave similar results.

butamol, a noncatechol 8-agonist, is consistent again with the
above contention. Therefore, agonist data show that the inhib-
itory effects of catecholamines on DNA synthesis are mediated
through B.-adrenergic receptors. (—)-Epinephrine seemed to be
somewhat weaker than salbutamol, whereas in other systems
epinephrine is considerably more potent than salbutamol (25);
some stimulatory effect on a,-receptors by (—)-epinephrine
partly interfered with the inhibitory effects by B.-receptors.
The a-adrenergic agonists methoxamine and clonidine were
ineffective (data not shown). Furthermore, the inhibitory ef-
fects of norepinephrine were reversed by B.-adrenergic antag-
onists (Fig. 8); the rank order of potency was pindolol >
butoxamine > atenolol, consistent with 8.-receptor specificity
(23, 26).

Onset of B.-adrenergic effect. [*H]TdR incorporation
into VSMC exposed to §;-adrenergic stimulation for various
times was compared with the control (Fig. 9). The inhibition
of DNA synthesis by norepinephrine acting on 8-receptors was
not detectable after 6 hr of exposure but was highly significant
after 15 hr of exposure.
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Fig. 4. Adrenergic receptor specificity for the stimulatory and inhibitory
effects of norepinephrine on DNA synthesis in VSMC. Norepinephrine (1
uM) alone or in combination with 1 um yohimbine (Y), 1 um prazosin (PR),
1 um phentolamine (PH), and 1 um butoxamine (B) was added once to
the medium 24 hr before the harvest. Other experimental conditions in
each panel were identical to those indicated in Fig. 3; a, b, and ¢
correspond to Fig. 3 a, b, and c, respectively.

.”’i%@:::g/ ©
:‘_444 A 1 A L
0 107" 10° 10' 10% 10°
a- ADRENERGIC AGONIST

(nM)
Fig. 5. Effects of a,- and ar-adrenergic agonists on DNA synthesis in
VSMC. Cells (passages less than 18) were seeded at 2 x 10*/well.
Phenylephrine (@) or clonidine (O) was added once to the medium 24 hr
before the harvest. Other experimental conditions were identical to those
in Fig. 3a.
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(dpm x 10 *per well)

Discussion

Chamley et al. (27) showed that antibodies to chicken gizzard
actin stained VSMC without staining fibroblasts or endothelial
cells. It is well established that factor VIII is a marker of
endothelial cells (17). Therefore, it is clear that RACS-1 cells
(previously called 1YB4 in Ref. 10) are VSMC and that RACE-
1 cells are endothelial cells.

We have shown here that catecholamines modulate DNA
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Fig. 6. Onset of ay-adrenergic effect of DNA synthesis in VSMC. Nor-
epinephrine (1 um) along with 1 uM butoxamine (@) was added to the
medium at indicated hours before the termination of culture. O, Control.
PHITdR (1 uCi/well) was always added to the medium 4 hr before the
termination of culture. Other experimental conditions were identical to
those in Fig. 5.
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Fig. 7. Effects of g-adrenergic agonists on DNA synthesis in VSMC of
high passages. Cells (passages between 26 and 28) were seeded at 1
X 10%/well and were cultured in the presence of 10% FCS for 3 days.
Various compounds tested were added once to the medium 24 hr before
the harvest. A, (—)-Isoproterenol; A, salbutamol; @, (—)-epinephrine; O,
(—)-norepinephrine; 0, (+)-norepinephrine; M, (+)-epinephrine. Other ex-
perimental conditions were identical to those in Fig. 3.

synthesis by pure VSMC in a chemically defined medium,
which contained insulin, transferrin, and sodium selenite with-
out any catecholamine-metabolizing enzymes. In order to cir-
cumvent nonenzymatic degradation of catecholamines, we have
used catalase and superoxide dismutase (10). It is probable,
therefore, that catecholamines modulate DNA synthesis with-
out any enzymatic or nonenzymatic modifications of the cat-
echolamine molecules. There have been two reports on the
mitogenic action of catecholamines in VSMC (28, 29), although
the authors did not estimate the purity of preparations in which
contamination with endothelial cells could make the interpre-
tation difficult. They also claimed that catecholamines require
FCS to show their stimulatory effects on VSMC. This phenom-
enon can be interpreted as requirement of those factors, such
as insulin, transferrin, and sodium selenite, that are necessary
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Fig. 8. Reversal by g-adrenergic antagonists of norepinephrine-induced
inhibition of DNA synthesis in VSMC of high passages. Pindoiol (4),
butoxamine (A), or atenolo! (@) was added together with 1 um norepi-
nephrine (O). M, None. Experiments were done as described in the
legend to Fig. 7.
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Fig. 9. Onset of B-adrenergic effect on DNA synthesis in VSMC of high

. Cells (passages between 26 and 28) were cultured in the
presence of 10% FCS for 3 days. Norepinephrine (1 um) along with 1 um
phentolamine (@) was added to the medium at indicated hours before
the termination of culture. O, Control. Other experimental conditions
were identical to those in Fig. 6.

for maintaining cell growth in general (30). The alternative
possibility is that serum provides mitogens for VSMC that
initiate growth and that adrenergic stimulation augments rates
of growth factor-dependent pathways.

The dose-response curve of norepinephrine was biphasic.
However, the stimulatory and inhibitory effects are mediated
through different receptors, with stimulation by «;-receptors
and inhibition by B;-receptors. It is known that phenotype
expression of VSMC with low generation number depends upon
the cell seeding density (31). We have demonstrated in this
study that the expression of adrenergic signal transduction also
depends upon the cell density of VSMC. Cells with low density
showed somewhat higher affinity for «;-adrenergic than for 3,-
receptors. Cells with high density showed the opposite situa-
tion.
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Our data are consistent with other reports in vivo showing
a-receptor-mediated stimulation and g-receptor-mediated in-
hibition of ornithine decarboxylase activity (32, 33) and meth-
oxamine (a;-adrenergic agonist)-increased focal but not diffu-
sive growth of subintimal cells (34). The latter finding is
intriguing, because it suggests that only the VSMC that possess
a,-receptors could respond to methoxamine. Dashwood and
Bagnall (35) reported that a;-receptor binding sites are con-
fined to the VSMC close to the endothelium. Therefore, it is
possible that only VSMC clones obtained from those near the
endothelium may express a,-adrenergic receptors, and it is
unlikely that «,-adrenergic receptors are distributed among all
VSMC present in the media. Although this study used a partic-
ular VSMC clone from the media, it could be a population of
cells that are able to respond to «; stimulation in vivo.

Although direct enhancement of cell growth by «,-adrenergic
stimulation has been reported with other types of cells (8, 36,
37), to our knowledge this is the first report that DNA synthesis
is inhibited through B.-adrenergic receptors. Cells with high
passage numbers in culture became refractory to a-adrenergic
stimulation of DNA synthesis and responded only to 8 stimu-
lation. The affinity for B-receptors also appeared lower than
that of cells with low passage number. This could be partly
because of loss of a-receptors or because of some other mech-
anisms, although we cannot specify the reason from this study.
Whatever the mechanisms are, the 8,-receptor-mediated inhi-
bition of DNA synthesis after many passages can be inferred
as a negative feedback mechanism that intrinsically controls
the growth of VSMC. It may be interesting to note that some
hormones, including insulin, follicle-stimulating hormones and
sex hormones, also show stimulatory and inhibitory effects on
DNA synthesis in melanoma cells (38).

More than 6 hr are required for the a;- and B,-adrenergic
modulation of DNA synthesis in VSMC. It is unknown whether
the continuous presence of catecholamine is necessary for the
effects on DNA synthesis in RACS-1 cells. Although we could
not exclude the possibility that «,-adrenergic stimulation pro-
duces some growth factors in VSMC, which in turn stimulate
DNA synthesis, the time lag may be interpreted as timing of
the cell cycle. The adrenergic modification of DNA synthesis
might occur at the G, or G, phase of the cell cycle. Although it
is not known what may be a second messenger for regulation
of DNA synthesis upon stimulation of «;- and B,-adrenergic
receptors, it is possible that inositol trisphosphate, diacylglyc-
erol, and cyclic nucleotides may be important (39); calcium,
calmodulin-dependent protein kinase, cAMP-dependent pro-
tein kinase, and protein kinase C phosphorylate putative pro-
teins that might directly regulate DNA synthesis. At least two
endogenous polypeptides phosphorylated by protein kinase C
are shown to be present in VSMC (40).

The increase in plasma catecholamines aggravates the extent
of atherosclerosis (4-6). The plasma concentration of catechol-
amines reaches about 5 nM even in a mild stress state in
humans, such as public speaking (41). Therefore, the effects of
catecholamines at the concentration ranges of less than 10 nM
demonstrated in this study could be physiologically meaningful
in vivo. Because overall response to catecholamines depends on
cell density, it is worthwhile pointing out that individual VSMC
in most places are separated from one another by the connective
tissue skeleton in rats (42) and in humans (43), suggesting that
cell density in vivo may be subconfluent. Therefore, catechol-
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amines at concentrations as low as 1 nM are likely to stimulate
VSMC through «;-adrenergic receptors. However, as stated
above, VSMC after many generations may respond better to 8,
stimulation, resulting in a decrease in VSMC growth. VSMC
without 8;-receptor-mediated inhibition, if any, could prolifer-
ate to a greater extent than those cells equipped with such
negative control systems.

In summary, circulating catecholamines possibly contribute
to modification of pathogenesis of atherosclerosis by «,- and
B.-adrenergic receptor-mediated modulation of VSMC growth.
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