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Abstract

While growth of blood vessels is important in hypertension,
relatively little is known about the contribution of catechola-
mines. Using isolated rat aorta and cultured smooth muscle
cells, we examined adrenergic stimulation of gene expres-
sion. Phenylephrine, a selective alpha, adrenergic receptor
agonist, caused a rapid and transient increase in c-fos
mRNAaccumulation which was inhibited by prazosin, an
alpha, receptor antagonist. Similarly, phenylephrine stimu-
lated c-jun and c-myc mRNAaccumulation. Chlorethylclon-
idine, a compound which irreversibly blocks alphalB recep-
tors, completely blocked the phenylephrine-induced in-
crease in c-fos mRNA. RNase protection experiments
demonstrated that rat aorta prominently expressed mRNA
for alphalB and alphalAD receptors. Phenylephrine-induced
c-fos mRNAwas partially inhibited by H-7, a protein kinase
C inhibitor, and by nifedipine, a Ca2" channel blocker;
these two compounds together had additive effects. In situ
hybridization showed that expression of c-fos mRNAin-
duced by phenylephrine was localized to aorta's medial
layer. These results suggest that alpha, receptor-induced
increase in c-fos mRNAin aorta is mediated by a chlorethyl-
clonidine-sensitive receptor subtype signaling via increasing
intracellular Ca2" concentrations and activating protein ki-
nase C. (J. Clin. Invest. 1994. 94:210-218.) Key words:
alpha, adrenergic receptors * c-fos * vascular smooth muscle
* gene expression

Introduction

Catecholamines, such as epinephrine and norepinephrine, regu-
late blood pressure via rapid and reversible effects on contrac-
tion of blood vessels by activating alpha adrenergic receptors
in vascular smooth muscle cells (VSMC)' (1). These effects
are mediated mainly by alpha, adrenergic receptors (2). Two
major subtypes of alpha1 receptors (alphalA and alphalB) have
been identified in pharmacological studies (3-5). Among sev-
eral criteria, alphalA receptors are insensitive to the irreversible
alpha adrenergic antagonist chlorethylclonidine, whereas
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alphalB receptors are inactivated by chlorethylclonidine (2).
The cDNAencoding the alphalB adrenergic receptor from ham-
ster DDT1MF2cells has been cloned (6). An additional subtype,
termed the alphalc receptor, has been cloned from bovine brain;
the pharmacological significance of this subtype is uncertain
(7). Subsequently, two groups cloned an additional subtype of
alpha1 adrenergic receptors termed alphalA (8) or alphalD (9);
the pharmacological properties of this receptor are similar but
significantly different from those of the pharmacologically de-
fined alphalA receptor. Consequently, it appears that the pharma-
cologically described alphalB receptor has been identified by
molecular cloning, whereas the pharmacologically identified
alphalA receptor has not been isolated yet by molecular biologi-
cal techniques.

In addition to regulation of blood vessel contraction, cate-
cholamines also have long-term trophic effects on the growth
of arterial smooth muscle cells. Epinephrine and norepinephrine
stimulate the proliferation of rat thoracic and bovine aortic
smooth muscle cells in culture (10, 11). Nakaki et al. (12)
reported that norepinephrine stimulates DNAsynthesis in quies-
cent cloned rat aortic smooth muscle cells. Prazosin, a selective
alpha1 adrenergic receptor antagonist, reduces intimal hyperpla-
sia in the rabbit abdominal aorta (13). There is evidence sug-
gesting that catecholamine receptors in vascular smooth muscle
induce c-fos gene and stimulate cell growth (14). By injecting
adrenergic agonists into rats, Majesky et al. (14) showed that
alpha1 adrenergic stimulation caused an increase in c-fos
mRNAin rat aorta. c-fos is a protooncogene which likely plays
an important role in cell growth; protooncogenes have been
shown to be activated early during the development of smooth
muscle cell hypertrophy (15).

The purpose of this study was to investigate the potential
expression and role of alpha1 adrenergic receptor subtypes in
rat aorta and cultured rat aortic smooth muscle cells in inducing
the expression of c-fos gene. It is not known which subtypes
of alpha, adrenergic receptors are involved in the growth of
smooth muscle cells. Using an in vitro preparation of rat aorta
and cultured VSMC, we investigated and compared alpha1 ad-
renergic induction of c-fos mRNA.

Methods

Materials. Agarose, trypsin-EDTA (XIO), antibiotic antimycotic
(x 100) including 10,000 U penicillin, 10,000 ug streptomycin, and 25
,Og amphotericin B/ml, 1:1 mixture of DMEand Ham's F12, L-gluta-
mine, and RNase T2 were obtained from Gibco Laboratories (Grand
Island, NY). Fetal bovine serum was from Hyclone Laboratories (Lo-
gan, UT). Guanidine thiocyanate, formamide, and restriction enzymes
were obtained from Boehringer Mannheim Corp. (Indianapolis, IN).
Phenylephrine HCI, isoproterenol HC1, propranolol HCl, nifedipine, an-
giotensin HI, H-7 (1-[5-isoquinolinylsulfonyl]-2-methylpiperazine),
yeast total RNA(type XI), and soybean trypsin inhibitor were obtained
from Sigma Chemical Co. (St. Louis, MO). Chlorethylclonidine was
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from Research Biochemicals Inc. (Natick, MA). RNA polymerases
(T3, T7, and SP6), DNase I, and pGEM-3Z vector were from Promega
Corp. (Madison, WI). pBluescript KS (+) vector was from Stratagene
Inc. (La Jolla, CA). Collagenase (CLS IV) was from Worthington
Biochemicals Corp. (Freehold, NJ). Elastase was from Elastin (Pacific,
MO). Bisindolylmaleimide GF 109203X was from BIOMOLResearch
Labs Inc. (Plymouth Meeting, PA). Prazosin HCI was a gift from Pfizer
(New York). Bovine serum albumin was from Calbiochem-Novabio-
chem Corp. (La Jolla, CA). v-fos genomic DNA (pfos-1), mouse c-
jun cDNA (JAC.1), and human /-actin cDNA (HHCI89) were from
American Type Culture Collection (Rockville, MD). v-myc genomic
DNAwas from Clontech Laboratories, Inc. (Palo Alto, CA). Random
primer labeling system, deoxycytidine 5'- [a-32P] triphosphate, cytidine
5 '-a- [`3S]thiotriphosphate, and uridine 5'- [a- 32p] triphosphate were
from Amersham Corp. (Arlington Heights, IL). OCTcompound was
from Miles Laboratories Inc. (Elkhart, IN). Other chemicals were from
standard commercial sources.

Tissue preparation. Tissue preparation of rat aorta was performed
as described by Hiremath et al. (16). Briefly, thoracic aortas from
male Sprague-Dawley rats (200-250 g) were dissected out, and fat and
connective tissues were removed. The vessels were placed in KRB at
370C and were equilibrated for 60 min while bubbled with 95% 02/5%
C02. Then, vessels were incubated with various drugs as described.

Cell culture. VSMC(medial layer) and fibroblasts (adventitia layer)
were prepared in culture by enzyme digestion of aorta from male
Sprague-Dawley rats (200-250 g) by modification of the procedure of
Smith and Brock (17). Cultured cells were maintained in a 1:1 mixture
of DMEand Ham's F12 (DME/F12), 10% heat-inactivated FCS, peni-
cillin (100 U/ml), streptomycin (100 Ag/ml), amphotericin B (0.25
ttg/ml), 2 mML-glutamine, and 15 mMHepes. Cells were incubated
at 370C in humidified atmosphere of 95% air/5% C02. The medium
was changed every 3 d, and cells were passaged by 0.05% trypsin/
0.02% EDTA solution. Studies were conducted on VSMC(passages
4-12) and fibroblasts (passages 3-8) that had achieved confluence in
10%FCS/DME/F12. Then, the cells were incubated in a defined serum-
free medium (DME/F12 plus insulin [5 X 10-' MI, transferrin [5 Ag/
ml], and ascorbic acid [0.2 mM]) for 2 d before addition of drugs as
described.

RNA isolation and Northern blotting. Total RNA was extracted
essentially as described by Chomczynski and Sacchi (18). Total RNA
was fractionated by 1% agarose gel electrophoresis and transferred to
a nylon filter by capillary action. "P-labeled DNAprobes of v- fos (1.0-
kb PstI fragment), c-jun (1.8-kb EcoRI-PstI fragment), v-myc (1.52-
kb PstI fragment), and human /3-actin (1.1-kb EcoRI fragment) were
made with deoxycytidine 5'- [a- 32p] triphosphate by random primer la-
beling according to the manufacturer's instructions. After baking, the
filter was hybridized in 50% formamide, 5 x SSPE buffer, 5 x Den-
hardt's solution, 0.5% SDS, and 100 Isg/ml salmon sperm DNAat 420C
for 16-20 h. The filter was washed twice with 2 x SSC, 0.1% SDS at
600C (c-fos, c-jun, and c-myc) or at 650C (/3-actin) for 15 min and
with 0.1 x SSC, 0.1% SDS at 600C (c-fos, c-jun, and c-myc) or at
650C (/3-actin) for 15-30 min and was exposed to Kodak XAR-5 film
at -70°C with intensifying screen. The autoradiograms were scanned
using a densitometer.

RNase protection assay. Plasmid containing 188-bp fragment of rat
alphalAD receptor cDNA (1833/2021) was produced by cutting Apal
sites of alphalAD receptor cDNA and subcloning this fragment into
HindIl/Apal sites of pBluescript KS (+) vector. Plasmid containing
306-bp fragment of rat alphalB receptor cDNA (910/1216) was pro-
duced by cutting PstI/BamHI sites of rat alphaIB receptor cDNA and
plasmid DNAand subcloning this fragment into PstI/BamHI sites of
pGEM-3Z vector. A 165-bp fragment of rat ,B-actin cDNA (695/860)
was produced by PCR with oligos AAAGCTTGAGGGAAATCGT-
GCGTGACATand GGAATTCAGGAAGGAAGGCTGGAAGAGA
(sequences underlined are linkers for providing sites for EcoRI and
HindIII) as 5'- and 3'-primers according to a published rat ,B-actin
cDNA sequence (19). The appropriately sized PCRproduct was sub-

cloned into EcoRi and HindlH sites of pBluescript KS (+) vector and
used as an internal control.

Total RNAs were prepared as described above, and a modified
RNase protection assay was performed according to recently reported
methods (20, 21). Plasmids with alphalAD and alpha1B receptor probe
sequences obtained as described above were linearized with HindIl or
EcoRI; the plasmid containing the /3-actin probe sequence was linearized
with EcoRI. Radiolabeled RNAprobes were produced by incubating
the plasmid that contained cDNA fragments from the rat alphalAD or
alphalB receptor cDNAs with T7/SP6 RNApolymerases and from the
,f-actin cDNAwith T3 RNApolymerase in the presence of uridine 5'-
[a-32P]triphosphate (100 OCi) at 370C for 1 h. The alphalAD or alphalB
receptor RNAprobe (5 x 105 cpm) with the /i-actin RNAprobe (0.5-
1 x 105 cpm) as an internal control and 50 jig of total RNAwere
mixed and hybridized at 550C for 30 h in hybridization buffer (80%
formamide, 0.4 MNaCl, 50 mMPipes, and 1 mMEDTA). RNase
buffer containing 30 U/ml RNase T2 was added to each assay tube
and then incubated for 60 min at 300(. RNase-resistant hybrids were
precipitated, run on a 6% polyacrylamide/8 Murea gel, and exposed
to Kodak XAR-5 film at -700C with intensifying screen. The size of
fragments protected was estimated from positions of DNAmolecular
marker which was 5'-end labeled with [y-32P]ATP and run in the
same gel.

In situ hybridization. In situ hybridization was performed using a
35S-labeled RNAprobe specific for rat c-fos according to the method
described by Bradley et al. (22) and Makeover et al. (23) with a few
modifications. The aortas were fixed with chilled 4%paraformaldehyde
in PBS for 4 h, incubated with 30% sucrose in PBS for 2 h, and
embedded in OCTcompound. Frozen sections (10 im) were acetylated
with acetic anhydride and dehydrated in serial alcohol (22). Both sense
and antisense single-stranded radiolabeled RNAprobes were produced
by incubating cytidine 5 '-a-[35S]thiotriphosphate (50 sCi) and the lin-
earized plasmid containing a 232-bp fragment (356/588) of rat c-fos
cDNA using either T3 or T7 RNApolymerase at 370C for 1 h. The
sections were hybridized in a buffer containing 20 mMTris-HCl, pH
7.5, 1 mMEDTA, 300 mMNaCl, 50%formamide, 10%dextran sulfate,
lx Denhardt's solution, 100 mMDTT, 0.1% SDS, 0.1 mg/ml salmon
sperm DNA, 0.25 mg/ml yeast total RNA, 0.25 mg/ml yeast transfer
RNA, and 2 x IO0 cpm/ml of the 3"S-labeled probe for 20-24 h at
500C. The sections were washed twice in 2x SSC/50% formamide
containing 0.1% /3-mercaptoethanol at 500C for 15 min, digested with
20 jig/ml RNase A at 370C for 30 min, and washed three times in 2x
SSC/50% formamide containing 0.1% /3-mercaptoethanol at 500C for
15 min. The sections were dipped in Kodak NTB-2 emulsion and ex-
posed for 3 wk. After development, the sections were counterstained
with hematoxylin and eosin and visualized with dark-field or bright-
field microscopy.

Results

The time course of effects of the selective alpha, agonist phenyl-
ephrine on c-fos mRNAvalues in rat aorta in vitro is shown
in Fig. 1 A. In the absence of phenylephrine, c-fos mRNA
values remained constant for the duration of the experiment. In
contrast, continuous incubations of aorta with phenylephrine
(i0-5 M) resulted in an early and transient increase in c-fos
mRNA. c-fos mRNAincreased from 30 min and reached a
maximal value at 60 min after the addition of phenylephrine.
After 240 min, the accumulation of c-fos mRNAdecreased to
values close to basal. The dose-dependent effect of phenyleph-
rine on c-fos mRNAvalues after a 1-h activation of aortas is
shown in Fig. 1 B. Phenylephrine enhanced accumulation of c-
fos mRNAin a dose-dependent fashion. Phenylephrine's 50%
effective concentration was - 3 x IO-' M. Both f3-actin mRNA
(2.2 kb) and a-actin mRNA(1.7 kb) were detected with the /l-

Alpha, Adrenergic Receptor-induced c-fos Gene Expression 211



I-

0

'0C,)v

10

-4
uz

l

v

A
20 -

15

10-

5

0

0

C-fos

0.5 1

._

0

._

-

-i

c)c)

20 -

15 -

10 -

5

0

I 2- 3 4
Time (hours)

.. .:....,1s. :' _'--,.%: AS.>1 ..

2 4 hours

P-actin

0.5 1 2 4 hours

Basal

B

20

0 15

10r.

0 10

w
ao

0

0.5 1 2 4 hours

11 __

0.5 1 2 4 hours

PE

B

20 -l
Si-

C)

._

;-

0

'4-

.&d

Q

15 -

10 -

T

Basal

B s a l

7 6 5

-log [phenylephrine] (M)

Figure 1. Phenylephrine-induced c-fos mRNAin rat aorta. (A) Time
course. Rat aortas were incubated at 37C for the times indicated in the
presence of phenylephrine (10'- M). (B) Concentration-response
curve. Aortas were stimulated for 1 h at 37C with various concentra-
tions of phenylephrine. The c-fos mRNAvalues were analyzed by
Northern blotting. Using fl-actin cDNA, fi-actin mRNA(2.2 kb), and
a-actin mRNA(1.7 kb) were detected. ,O-Actin mRNAwas used as an

internal control. Data, expressed as fold increase over the control at
each time point, are the meanstSEM of three separate experiments.
Panels in A are representative Northern blots of c-fos mRNAsand
fl-actin mRNAs. Rat aortas were incubated at 370C for the times indi-
cated in the absence (Basal) or the presence of phenylephrine
(PE) (10-5 M).

PE (-)(+)(+)
PRAZ (-)(-)(+)

PE PE+PRAZ

IE (-)( +)(±+)
CEC,( (-)(-)(+)

IE PE+ Ed

Figure 2. Effects of alpha, antagonists on phenylephrine-induced c-fos
mRNAin rat aorta. (A) Rat aortas were stimulated for 1 h at 37C with
phenylephrine (PE) (I O-' M) in the absence or the presence of prazosin
(PRAZ) (10-6 M). Prazosin was added 15 min before phenylephrine
administration. (B) Rat aortas were incubated with CEC(10-4 M)
for 30 min at 37TC. After washing four times with KRB, the vessels
were equilibrated for 30 min and were stimulated with phenylephrine
(PE) (10-5 M) for 1 h. The c-fos mRNAvalues were analyzed by
Northern blotting. fi-Actin mRNAwas used as an internal control. Data,
expressed as fold increase over the control, are the meanstSEM of
three separate experiments. Insets are representative Northern blots of
c-fos mRNAs.

actin cDNA used as a hybridization probe (14). P-Actin
mRNAswere unchanged by phenylephrine.

Effects of adrenergic receptor antagonists on phenylephrine-
induced c-fos mRNAin rat aorta are shown in Fig. 2, A and
B. In aorta, induction of c-fos mRNAby phenylephrine (i10-
M) was abolished by the alpha, adrenergic receptor antagonist
prazosin (10-6 M). The beta receptor antagonist propranolol
(i1O- M) did not inhibit the induction by phenylephrine (data
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Figure 3. Effect of phenylephrine on c-jun and c-myc mRNAin rat
aorta. Rat aortas were stimulated for 1 h (c-jun) and for 4 h (c-myc)
at 370C with phenylephrine (PE) (10-5 M). The c-jun and c-myc mRNA
values were analyzed by Northern blotting. Data, expressed as fold
increase over the basal, are the means±SEM (bar) of three separate
experiments. Induction of c-jun mRNAby phenylephrine was inhibited
by prazosin in each of three experiments (data not shown). Induction
of c-myc mRNAby phenylephrine was inhibited by prazosin which was
tested in one experiment (data not shown).

not shown). These results suggest that in aorta alpha, adrenergic
receptors mediate phenylephrine-induced c-fos mRNA.To ex-
amine which subtype(s) of alpha, adrenergic receptors mediates
phenylephrine-induced c-fos mRNA, we investigated the ef-
fects of chlorethylclonidine (CEC), a drug which has been used
as an irreversible alphalB adrenergic receptor antagonist. Rat
aortas were incubated with CEC (10-4 M) for 30 min, were
washed with KRB four times, and then were equilibrated for
30 min in buffer before stimulation with phenylephrine. As
shown in Fig. 2 B, CEC completely blocked phenylephrine-
induced c-fos mRNA. This result indicates that phenylephrine-
induced c-fos mRNAwas mediated by a CEC-sensitive alpha1
adrenergic receptor subtype in rat aorta.

Weinvestigated the effect of phenylephrine on c-jun and c-
myc mRNAvalues in rat aorta (Fig. 3). Phenylephrine caused
increases in c-jun and c-myc mRNAwhich were both inhibited
by prazosin (data not shown). Fold inductions of c-jun and c-
myc mRNAfrom basal values were less than those which oc-
curred for c-fos mRNA.

To examine the second messenger systems involved in these
effects of alpha1 receptors on expression of c-fos mRNA, we
investigated the actions of H-7 and bisindolylmaleimide GF
109203X, protein kinase C inhibitors, and nifedipine, an L-
type Ca2+ channel antagonist, on phenylephrine-induced c-fos
mRNAin rat aorta. The induction of c-fos mRNAby phenyl-
ephrine was partially inhibited by either H-7 ( 10-' M), bisindo-
lylmaleimide GF 109203X ( 10-6 M), or nifedipine ( 10-6 M)
(Fig. 4). H-7 and nifedipine together had an additive effect on
suppression of phenylephrine-induced c-fos mRNAaccumula-
tion. Neither H-7, bisindolylmaleimide GF109203X, nor nifedi-
pine alone had any effect on basal c-fos mRNAvalues (data
not shown).

The time course of effects of phenylephrine on c-fos mRNA
values in cultured rat aortic smooth muscle cells is shown in
Fig. 5 A. In the absence of phenylephrine, c-fos mRNAvalues
remained constant for the duration of the experiment (data not

Basal PE PE+ PE+ PE+ PE+
GF H-7 NIF H-7+NIF

Figure 4. Effects of H-7, bisindolylmaleimide GF 109203X, and nifedi-
pine on phenylephrine-induced c-fos mRNAin rat aorta. Rat aortas
were stimulated for 1 h at 370C with phenylephrine (PE) (10'- M) in
the absence or the presence of H-7 (10-' M), bisindolylmaleimide GF
109203X (GF) ( 10-6 M), or nifedipine (NIF) (10-6 M). These com-
pounds were added 1 h before phenylephrine administration. The c-fos
mRNAvalues were analyzed by Northern blotting. fl-Actin mRNAwas
used as an internal control. Data, expressed as fold increase over the
control, are the means±SEMof three separate experiments. *P < 0.05
vs PE. Statistical analysis was performed using a Student's t test.

shown). In contrast, continuous incubations of VSMCwith
phenylephrine (10-5 M) resulted in an early and transient in-
crease in c-fos mRNA. c-fos mRNAincreased from 15 min
and achieved a maximal value at 30 min after the addition of
phenylephrine. After 120 min, the accumulation of c-fos mRNA
value decreased to close to basal values. Compared with rat
aorta, in VSMCc-fos mRNAvalues reached a maximal value
more quickly. The dose-dependent effect of phenylephrine on
c-fos mRNAvalue after 30 min of treatment in VSMCis shown
in Fig. 5 B. Phenylephrine's 50% effective concentration was

- 6 x 10-7 M.
Effects of adrenergic receptor antagonists on phenylephrine-

induced c-fos mRNAin rat VSMCare shown in Fig. 6, A and
B. In VSMC, induction of c-fos mRNAby phenylephrine ( 10-5
M) was abolished by prazosin (10-6 M), while propranolol
(10-5 M) did not inhibit the induction by phenylephrine (data
not shown), similar to what was seen previously in rat aorta.
These results suggest that induction of c-fos mRNAby phenyl-
ephrine is mediated through alpha, adrenergic receptors. Cul-
tured cells were incubated with CECfor 30 min, were washed
with DME/F12 medium four times, and were equilibrated for
30 min in medium before the stimulation of phenylephrine.
CECblocked phenylephrine-induced c-fos mRNAcompletely.
This result indicates that phenylephrine-induced c-fos mRNA
is mediated by CEC-sensitive alpha, adrenergic receptors in
VSMCas well as in rat aorta.

Wecompared increases in c-fos mRNAvalues induced by
phenylephrine and angiotensin II in Fig. 7, A and B. In aorta,
induction of c-fos mRNAby phenylephrine was much greater
than that mediated by angiotensin II. On the other hand, in
VSMCthe effect of angiotensin H (10-6 M) on expression of
c-fos mRNAwas much greater than that of phenylephrine (10-5
M), the opposite of the result found in intact rat aorta incubated
in vitro with these agonists.

Weprepared adventitia fibroblasts in culture from the outer
layer of aorta and investigated effects of adrenergic agents on
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Figure 5. Phenylephrine-induced c-fos mRNAin cultured rat VSMC.
(A) Time course. Smooth muscle cells were incubated at 370C for the
times indicated in the presence of phenylephrine ( 10-5 M). (B) Concen-
tration-response curve. Cells were stimulated for 30 min at 370C with
various concentrations of phenylephrine. The c-fos mRNAvalues were

analyzed by Northern blotting. fi-Actin mRNAwas used as an internal
control. Data, expressed as fold increase over the control, are the means-

±SEMof three separate experiments.

c-fos mRNAusing these cells. In adventitia fibroblasts, beta
adrenergic stimulation induced c-fos mRNA, whereas alpha,
adrenergic stimulation had little effect (data not shown).

Because aortic tissue represents a heterogeneous cell popu-

lation, in situ hybridization analysis was performed to directly
demonstrate localization of c-fos mRNA(Fig. 8). Emulsion
autoradiography sections demonstrated that basal expression of
c-fos mRNAwas low and that increased expression after activa-
tion with phenylephrine was seen primarily in the medial
smooth muscle layer rather than in the adventitial fibroblast
layer. Only a few grains were visible over sections of aorta
which were hybridized to the sense probe, suggesting low non-

specific binding.
Using an RNase protection assay, we detected alphalAD

adrenergic receptor mRNAas Lomasney et al. (8) did pre-

viously using Northern blotting (Fig. 9). In addition, we de-
tected alphalB adrenergic receptor mRNAas well which had
not been detected previously in Northern blotting experiments.

Figure 6. Effects of alpha, antagonists on phenylephrine-induced c-fos
mRNAin cultured rat VSMC. (A) Cells were stimulated for 30 min at
370C with phenylephrine (PE) (I 0-5 M) in the absence or the presence

of prazosin (PRAZ) (10-6 M). Prazosin was added 15 min before
phenylephrine administration. (B) Cells were incubated with CEC(IO-4
M) for 30 min at 370C. After washing four times with DME-F12 me-

dium, cells were equilibrated for 30 min and were stimulated with
phenylephrine (10-5 M) for 30 min. The c-fos mRNAvalues were

analyzed by Northern blotting. f3-Actin mRNAwas used as an internal
control. Data, expressed as fold increase over the control, are the means-

±SEMof three separate experiments.

These RNase protection experiments were not designed to com-

pare the relative expression of these subtypes in rat aorta.

Discussion

This study demonstrates that in intact rat aorta incubated in
vitro and in cultured rat VSMC, phenylephrine induces a rapid
and transient increase in c-fos mRNAwhich is blocked by
prazosin. The increase in c-fos mRNAinduced by phenyleph-
rine was also blocked by chlorethylclonidine. The protein kinase
C inhibitor H-7 and L-type Ca2" channel antagonist nifedipine
each partially inhibited phenylephrine-induced c-fos mRNAex-

pression. The relative response to activation of alpha, adrenergic
receptors versus angiotensin II receptors was much greater in
aorta compared with cultured VSMC.

While it is well known that the sympathetic nervous system
has marked effects on blood vessel contraction, autonomic
nerves also have trophic effects on arterial smooth muscle mass

(1, 24-26). Catecholamines stimulate the growth of arterial
smooth muscle cells in vitro (27). Majesky et al. (14) reported
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Figure 7. Comparison of effect of angiotensin II on c-fos mRNAwith
that of phenylephrine in rat aorta and cultured rat VSMC. (A) Rat aortas
were stimulated for 1 h at 370C with or without phenylephrine (PE)
( l0-' M) or angiotensin II (ANG II) ( 10-6 M). (B) Cultured cells
were stimulated for 30 min at 370C with or without phenylephrine (I0O-
M) or angiotensin 1(10-6 M). The c-fos mRNAvalues were analyzed
by Northern blotting. P-Actin mRNAwas used as an internal control.
Data, expressed as fold increase over the control, are the means±SEM
of three separate experiments.

that alpha1 adrenergic stimulation causes induction of growth-
related genes including platelet-derived growth factor A-chain
and c-fos in aorta of intact rats. Furthermore, in isolated heart
and cultured cardiomyocytes, alpha1 adrenergic stimulation in-
duces c-fos mRNA(28, 29). It has been suggested that the c-
fos gene, which is induced by platelet-derived growth factor,
angiotensin II, and endothelin, has an important influence on
the growth of vascular smooth muscle (30-33).

Studies of alpha1 adrenergic receptor-mediated contraction
of various smooth muscles reveal evidence for subtypes of
alpha1 adrenergic receptors. Minneman et al. (4) showed, in
studies examining several rat tissues, the proportion of alpha1
adrenergic receptor-binding sites inactivated by chlorethylclon-
idine correlated with the sites having a low affinity for WB4IO1.
They proposed the existence of two alpha1 adrenergic receptor
subtypes, which were termed alphalA (chlorethylclonidine-in-
sensitive) and alphalB (chlorethylclonidine-sensitive) (4). The
CEC-sensitive and -insensitive alpha1 adrenergic receptors are
equivalent to those with a low and high affinity for WB4101,
respectively (4). The pharmacological characteristics of the
alphalA and alphalB adrenergic receptor subtypes suggest that
several tissues or cell lines predominantly express one of the

subtypes. Rat liver, rat spleen, DDT1MF2 cells (a hamster
smooth muscle cell line), and FRTL cells (a rat thyroid cell
line) appear to contain almost exclusively the alphalB receptor
subtype (34). In contrast, rat renal artery contains primarily
alphalA adrenergic receptors, while any tissues have significant
numbers of each of these receptor subtypes (34).

The molecular cloning of several alpha, adrenergic receptor
subtypes has been reported (6-9). The alphal adrenergic recep-
tor expressed in DDT1MF2cells was the first subtype cloned
and has the expected properties of an alphalB adrenergic receptor
described pharmacologically (6). An alpha, adrenergic receptor
cDNA isolated from a bovine brain which does not have the
characteristics of an alphalA or alphalB receptor subtype has
been termed the alphaic subtype (7). Subsequently, two groups
cloned additional alpha, adrenergic cDNAs from brain which
have similar properties to that of the pharmacologically de-
scribed alphalA subtype, but not exactly (8, 9). These cDNAs
are identical except for two codons and are likely the same
receptor subtype which has been recently termed the alphalA,
D receptor (35) although no consistent terminology has been
settled.

To investigate which subtypes of alpha, adrenergic receptors
mediate induction of c-fos mRNA,we used CEC, which selec-
tively and irreversibly inactivates alphalB receptors in pharma-
cological experiments. In addition, CECmay at least partially
block cloned and expressed alphalAD receptors (8, 9). Alphaic
receptors may be partially resistant to CEC(7). In other words,
CECfully inactivates alphalB receptors and partially blocks the
cloned alphalAD and alphalc receptors; on the other hand, CEC
spares the pharmacologically defined alphalA receptor which
may not have yet been cloned. Wefound that CECcompletely
blocked phenylephrine-induced c-fos mRNAaccumulation.
This result suggests that in rat aorta induction of c-fos mRNA
was mediated by alphalB adrenergic receptors or possibly also
alphalAD receptors. These results also suggest that the pharma-
cologically defined CEC-insensitive alphalA receptor does not
regulate expression of c-fos mRNAin rat aorta. In rat tissues,
the major alpha1 subtypes are alphalA and alphalB defined phar-
macologically (34). Experiments measuring catecholamine-in-
duced contraction of rat aorta based on sensitivity to CECsug-
gest that alphalB adrenergic receptors are the subtype predomi-
nantly mediating contraction in this vessel (36). However,
norepinephrine-induced contraction of rat aorta is also inhibited
by WB4101, a putative selective alphalA adrenergic receptor
antagonist (36). Thus, subclassification of alphalA and alphalB
adrenergic receptors in rat aorta in terms of contractile responses
by potentially selective compounds is uncertain.

Lomasney et al. (8) used both alphalB and alphalAD adrener-
gic receptor cDNA probes to investigate expression of these
subtypes in rat aorta using Northern blot analysis and detected
only alphalAD adrenergic receptor mRNA. However, as indi-
cated above, functional studies in rat aorta have demonstrated
that the selective irreversible alphalB adrenergic receptor antag-
onist CEC markedly inhibits the contraction induced by the
stimulation of alpha, adrenergic receptors in rat aorta (36, 37),
suggesting that alphalB adrenergic receptors are expressed in
rat aorta. Indeed, we have found in the current study using an
RNase protection assay that both alphalB and alphalAD mRNAs
are expressed in rat aorta. As RNase protection assays are gener-
ally more sensitive and specific than Northern blot analysis,
those data provide strong evidence for expression of both these
receptor subtypes in rat aorta. Wealso found faint alphaic recep-
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Figure 8. Photographs showing representative in situ hybridization analysis of phenylephrine-induced c-fos mRNAin aorta. Rat aortas were
incubated for 1 h at 370C in the absence or the presence of phenylephrine ( 10-5 M). Nonstimulated aorta (left panels) and stimulated aorta with
phenylephrine (middle panels) were fixed and OCT-embedded, and sections were hybridized using a 35S-labeled antisense RNAprobe specific for
rat c-fos as described in Methods. To evaluate nonspecific background, aorta stimulated with phenylephrine was hybridized using a 35S-labeled
sense RNAprobe specific for rat c-fos (right panels). After RNase digestion and washing, sections underwent emulsion autoradiography, were
counterstained with hematoxylin and eosin, and visualized with dark-field microscopy (upper panels) or with bright-field microscopy (lower panels).
In all photographs, endothelial layers are to the left-hand side. Data are representative of three separate experiments. x400.

tor mRNAsignals in aorta, suggesting the possibility of low
levels of expression of that subtype in aorta as well (data not
shown).

Efforts have been extended to link the various alpha, receptor
subtypes to specific signal transduction mechanisms. Activation
of alphalA adrenergic receptors have been found to promote the
influx of extracellular Ca2" via L-type Ca2" channels (38). In
contrast, alphalB and alphalc adrenergic receptors are linked to
stimulation of phospholipid hydrolysis which produces two sec-
ond messengers, diacylglycerol, which activates protein kinase
C, and inositol 1,4,5-triphosphate, which acts on a specific intra-
cellular receptor to release sequestered Ca2+ (35, 38). Recently,
it has been shown that cloned and expressed alphalAD adrenergic
receptors activate influx of extracellular Ca2+ through L-type
Ca2+ channels (35). However, it is difficult and in any case
premature to classify the alpha adrenergic receptor subtypes on
the basis of their potential signaling mechanisms. Inhibition of
phenylephrine-induced c-fos accumulation by the two protein
kinase C inhibitors H-7 and bisindolylmaleimide GF 109203X
(39) in rat aorta suggests that CEC-sensitive alpha, adrenergic
receptors are coupled to stimulation of phospholipid hydrolysis,

and activation of protein kinase C plays an important role in
induction of c-fos mRNA. Furthermore, we have found that
nifedipine also inhibits phenylephrine-induced c-fos mRNAac-
cumulation. This result suggest that c-fos mRNAinduced by
phenylephrine is also dependent on the influx of extracellular
Ca2". The potential mechanisms by which alpha, receptors acti-
vate c-fos gene expression have considerable similarities with
those for activation of contraction by these receptors. In rat aorta,
mechanisms for activation of contraction by alpha, adrenergic
receptors are also complex, involving several components having
different time courses of action (40-42). Contraction occurs
because of both Ca2+ influx and release of intracellular Ca>2 and
activation of protein kinase C as a consequence of activation of
phosphoinositide metabolism. For example, Nishimura et al. (42)
found that nifedipine and H-7 independently partially inhibited
phenylephrine-induced contraction in rat aorta, whereas both
compounds together almost completely inhibited contraction. In-
terestingly, induction of c-fos mRNAby angiotensin II in cul-
tured rat aortic smooth muscle cells is dependent on both a rise
in intracellular Ca2+ concentration and activation of protein ki-
nase C (32).
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Figure 9. RNase protection assays of rat alphalAD and alpha15 adrener-
gic receptor mRNAin rat aorta. 50 ug of total RNAisolated from rat
thoracic aorta (aorta RNA) or 10 jg of control transfer RNA(tRNA)
was hybridized with RNAprobes of alphalAD adrenergic receptor (AR)
and fi-actin (lanes I and 3) or probes for alphalB adrenergic receptor
and /3-actin (lanes 2 and 4). After RNase digestion, RNase-resistant
hybrids were run on a 6% polyacrylamide/8 Murea gel. Probes in the
presence of tRNA were digested completely by RNase (tRNA lanes).
Lanes 5-7 show undigested probes. Data are representative of three
separate experiments.

In cultured smooth muscle cells, angiotensin II is known to
be a strong inducer on c-fos mRNAaccumulation and to be
involved in vascular hypertrophy (15, 33). Wecompared the
effect of phenylephrine on c-fos mRNAwith that of angiotensin
II both in rat isolated aorta and in cultured smooth muscle cells.
In cultured VSMC, angiotensin II had a very large effect on
induction of c-fos mRNA,much greater than seen with phenyl-
ephrine. In contrast, in rat aorta freshly isolated in vitro, the
effect of phenylephrine was much greater than that of angioten-
sin II. The hypertrophic effect of angiotensin II in vitro is associ-
ated with the activation of protooncogenes such as c-fos, c-jun,
and c-myc (43). Wehave shown that phenylephrine induces c-
jun mRNAand c-myc mRNAas well as c-fos mRNAin rat
aorta. This result suggests the possibility that adrenergic stimu-
lation plays a very important role in vascular hypertrophy in
intact aorta. Clearly, culturing of smooth muscle cells leads to
changes in the responses to these agonists, which could be
misleading if simply extrapolated back to the expected re-
sponses in intact vessels. The explanation for this change in
culture is uncertain, and whether it relates to change in expres-
sion of alpha, adrenergic receptor subtypes or some other mech-
anism requires further investigation.

Rat aorta contains adventitia fibroblasts as well as smooth
muscle. Results of the in situ hybridization experiments suggest
that in rat aorta induction of c-fos mRNAvia alpha, adrenergic
receptors occurred primarily in the smooth muscle layer, which
is consistent with the results in cultured VSMCand adventitia
fibroblasts. These results suggest that in the intact rat aorta
alpha, adrenergic stimulation of c-fos mRNAis due to response
in medial smooth muscle and support the use of isolated rings of

aorta as a useful model system to investigate growth-promoting
effects of catecholamines.

Our results suggest that rat aorta expresses at least two
alpha, adrenergic receptor subtypes (alphaIAD and alphalB) and
that these are potentially involved in inducing expression of c-
fos gene in vascular smooth muscle. The signaling pathways
involved in mediating these responses are complex, involving
both Ca2" influx and activation of protein kinase C. Isolated
rings of aorta provide a useful model in the study of growth-
promoting effects induced by catecholamines and may be partic-
ularly useful identifying novel pharmacological antagonists of
these receptors.
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