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Abstract

Angiotensin II is a vasoactive peptide and may act as a growth
factor in vascular smooth muscle cells. Experimental injury of
the rat aorta causes rapid migration of medial smooth muscle
cells and their proliferation resulting in the formation of neoin-
tima. We have examined, using quantitative autoradiography,
the expression of angiotensin II receptor subtypes AT, and
AT,, and angiotensin-converting enzyme, in the neointima
formed in the rat thoracic aorta 15 d after balloon-catheter
injury. In contrast to the normal aortic wall, which contained
both AT, and AT, receptors (80% and 20%, respectively),
neointimal cells expressed almost exclusively angiotensin II
AT, receptors. The apparent number of these receptors was
fourfold higher in the neointima compared to that in the normal
aortic wall. The affinities of the neointimal receptors to angio-
tensin II or to the AT, receptor antagonist, losartan, were not
different from those in the normal aortic wall. Angiotensin-con-
verting enzyme binding in the neointima was not different from
that in the media of the uninjured aorta. Our data suggest that
angiotensin II AT, receptors may have a significant role in in-
jury-induced vascular smooth muscle proliferation and migra-
tion. (J. Clin. Invest. 1992. 90:1707-1712.) Key words: angio-
tensin II » angiotensin-converting enzyme « angiotensin receptor
subtypes  growth « vascular smooth muscle

Introduction

Accumulation of neointimal smooth muscle cells, resulting
from medial smooth muscle proliferation and migration in re-
sponse to vascular injury, is believed to be one of the main
events in the initiation of atherosclerosis ( 1, 2). Growth factors
originating from platelets and macrophages adhering to the
damaged vessel wall as well as factors secreted from endothelial
and smooth muscle cells in the vessel wall are thought to play
an active role in these processes (3). However, the mechanism
by which various components initiate and sustain the replica-
tion of vascular smooth muscle leading to the formation of
neointima after vascular injury is poorly understood.

One of the potent vasoactive peptides that may also func-
tion as a growth factor in the vasculature is angiotensin II (4,
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5). Angiotensin II is also generated locally in the vascular wall
(6), in that most of the components of the renin-angiotensin
system are present in cultured vascular smooth muscle cells (4)
and the vascular wall (7, 8). Recent findings that angiotensin-
converting enzyme (ACE)! inhibition significantly reduces
neointimal formation (9), and that angiotensin II stimulates
smooth muscle proliferation in the injured arterial wall (10)
underscore the likelihood that angiotensin II is a potential con-
tributor to the formation of neointima.

Angiotensin II regulates vascular contractility through stim-
ulation of specific receptors located in smooth muscle cells (7).
Angiotensin II receptors have been classified recently into AT,
and AT, subtypes, based on their affinities to peptidic and non-
peptidic ligands and by their differential sensitivities to dithio-
threitol (11). AT, receptors in the vasculature mediate vaso-
constriction (12, 13), and until recently it was believed that
arterial angiotensin II receptors were exclusively AT,. How-
ever, it has now been demonstrated that the rat aorta contains
both AT, and AT, subtypes (14, 15). Further, it was reported
that the proportion of AT, receptors was markedly higher in
the aorta of fetal and young rats (14), suggestive of a function
for these receptors during vascular growth and development.
The study of angiotensin II receptors and of the angiotensin
II-forming enzyme, ACE, after vascular injury, may provide
valuable information as to the contribution of the renin-angio-
tensin system to the arterial response to injury. We have used a
well-characterized model of injury-induced vascular smooth
muscle proliferation in adult rats (16, 17), to examine angio-
tensin II receptor subtypes and ACE expressed by neointimal
cells. We report that neointimal cells express almost exclusively
AT, receptors and that their expression is higher when com-
pared to those in the normal aortic wall.

Methods

Animals and preparation of tissue. Male Sprague-Dawley rats weighing
300-350 g (Zivic-Miller Laboratories, Inc., Zelienople, PA) were used
in the study. In order to perform angioplasty of the thoracic aorta, rats
were anesthetized i.m. with a mixture of ketamine (100 mg/kg) and
acepromazine (10 mg/kg). An arterial embolectomy (balloon) cath-
eter (2F-Fogarty, Baxter Healthcare Corp., Santa Ana, CA) was intro-
duced via the left common carotid artery into the thoracic aorta down
to the level of the diaphragm, inflated, and pulled back. This procedure
was repeated three times. Sham-operated animals were anesthetized
and as in the case of the catheterized animals, the left carotid artery was
ligated. 15 d after surgery, rats were killed by decapitation and 2-cm-
long segments of the thoracic aorta were removed and frozen at —30°C.
In a separate experiment, rats were anesthetized with halothane, and
the thoracic aorta and left common carotid artery were injured using a
balloon-catheter introduced through the right iliac artery. These ani-

1. Abbreviations used in this paper: ACE, angiotensin-converting en-
zyme; PDGF, platelet-derived growth factor.
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Figure 1. Autoradiography of angiotensin II receptors in rat aorta injured by balloon catheter. (4-E) Consecutive sections of aorta with arrow-
heads pointing to neointima (x37). (F-J) Enlarged (X100) view of area marked in 4, from corresponding sections on their left. Arrowhead
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mals were killed by decapitation 8 d after surgery and segments of
injured thoracic aorta and left common carotid artery, and intact right
common carotid artery were removed and frozen as before.

The tissues were kept frozen at —70°C. Cross sections (16 um) of
the vessels were cut in a cryostat at —17°C, thaw mounted on gelatin-
coated glass slides, and dried overnight in a desiccator at 4°C.

Angiotensin receptor binding assay. The binding conditions used to
study angiotensin II receptors have been described before (14). The
angiotensin II agonist, '?°I-[Sar ' ]angiotensin II (Peninsula Laborato-
ries, Inc., Belmont, CA; iodinated by New England Nuclear, Wilming-
ton, DE; sp act 2,200 Ci/mmol) was used as the ligand. Tissue sections
were preincubated for 15 min in 10 mM phosphate buffer (pH 7.4)
containing 120 mM NaCl, 5 mM Na,EDTA, 0.005% bacitracin (Sigma
Chemical Co., St. Louis, MO), and 0.2% proteinase-free bovine serum
albumin (Sigma Chemical Co.), followed by incubation for 120 min, at
22°C, in fresh buffer containing the appropriate concentration of the
ligand. After incubation, the sections were washed four times, for 1 min
each, in fresh ice-cold 50 mM Tris-HCI buffer (pH 7.6), followed by 30
s in distilled water at 0°C.

To characterize angiotensin II receptor subtypes, consecutive sec-
tions were incubated with ['2°I] [Sar']angiotensin II (5 X 107'° M)
and increasing concentrations of angiotensin II, AT, antagonist losar-
tan potassium (DuP 753; 2-n-butyl-4-chloro-5-hydroxymethyl-1-
[2’( 1H-tetrazol-5-yl) biphenyl-4-yl-methyl Jimidazole, potassium salt,
from DuPont Co., Wilmington, DE) or AT, competitor PD 123177
(1-(4-amino-3-methylphenyl)methyl-5-diphenylacetyl-4,5,6,7-te-
trahydro-1H-imidazo[4,5-c] pyridine-6-carboxylic acid-2HCI, from
Parke Davis, Ann Arbor, MI).

Sections were dried after washing and exposed to Hyperfilm-[*H ]
(Amersham Corp., Arlington Heights, IL), along with 16-um sections
of '%]-labeled Micro-scale standards (Amersham Corp.). Films were
developed in Kodak D-19 developer (Eastman Kodak Co., Rochester,
NY) for 4 min at 0°C, and fixed in Kodak rapid fixer (with hardener)
for 4 min at 22°C, and rinsed in water for 10 min. Optical density and
disintegrations per minute per milligram of plastic values of the stan-
dards were used to generate a standard curve by nonlinear fitting using
the computerized RAS-R 1000 Research Analysis System ( Loats Asso-
ciates, Westminster, MD). Based on the experimental relation between
plastic and protein standards (18 ), disintegrations per minute per mil-
ligram of protein values were obtained. Mean optical densities mea-
sured from the autoradiograms were then transformed to correspond-
ing values of disintegrations per minute per milligram of protein, and
by correcting for the specific activity of the ligand, values of femto-
moles per milligram of protein values were obtained.

In the first experiment, binding was quantified separately in the
neointima and in the media of balloon-injured aorta as well as in the
media of intact aorta from sham-operated animals. In the second ex-
periment, binding was quantified in the media and neointima present
in the aorta and left carotid artery, and in the media of the intact right
carotid artery.

Binding in consecutive sections, from the aorta of five different
animals, which were incubated with '*’I-[Sar']angiotensin II (5
X 107'°M) and increasing concentrations of angiotensin II, AT, antag-
onist losartan, or AT, competitor PD 123177, was quantified sepa-
rately. Competition curves were generated from these values using the
Inplot program (GraphPad, San Diego, CA) and used for the calcula-
tion of IC;, values. The apparent number of AT, receptors was deter-
mined as the specific binding not displaced by 10> M PD 123177 or
107" M CGP 42112A (nicotinic acid-Tyr- N-benzyloxycarbonyl-Arg-
Lys-His-Pro-Ile-OH; CIBA-Geigy, Basel), whereas that of AT, recep-

tors was determined as the specific binding not displaced by 10™> M

losartan.
Autoradiography of ACE. We measured the binding of radiola-

beled, specific ACE inhibitor 351A to ACE. The compound 351A was
iodinated using the chloramine-T method (sp act 2,200 Ci/mmol;
New England Nuclear) (19). The autoradiographic quantification of
binding of '*’I-351A to ACE correlates well with the activity as well as
the quantity of the enzyme as determined by immunohistochemistry
(19). Tissue sections were preincubated for 30 min in 50 mM Tris
buffer, pH 7.4, at 22°C, containing 100 mM NaCl. Sections assigned
for nonspecific binding were preincubated in the same buffer in the
presence of 10~7 M MKS521 (19). After preincubation, the sections
were incubated with 2 nM 'I-351A in the same buffer, for 2 h, at
22°C. Nonspecific binding was determined in the presence of 2 X 107¢
M MKS521. After incubation, the sections were washed four times, |
min each, in ice-cold 50 mM Tris-HCI buffer, pH 7.4, followed by 1
min in cold distilled water. Sections were exposed, developed, and
quantified as described above for angiotensin II receptor binding.

Results

Histological examination of the injured aorta revealed marked
neointimal formation, which showed the characteristic pattern
of being localized only to one side of the vessel (16). The con-
centration of angiotensin II receptors was approximately four
times higher in the neointima than in the media of the injured
aortic wall or that in the media of intact aorta from sham-oper-
ated animals (Figs. 1 and 2). In the injured aorta, the high
expression of angiotensin II receptors was localized specifically
to the neointimal cells (Fig. 2). All of this increase was due to
AT, receptors. AT, receptors in the neointima comprised only
~ 3% of the total binding, compared with 20% in the unin-
jured aortic wall (Fig. 2). Similar results were obtained in a
separate experiment in which carotid artery as well as aorta
were examined 8 d after balloon-injury ( Table I). Therefore it
appears that the enhanced expression of AT, receptors in the
neointima is present, in carotid artery as well as in the aorta, as
early as 8 d after injury.

Angiotensin II receptors in the neointima and in the aortic
wall had similar affinities to angiotensin II and losartan (ICs,
for angiotensin II, 4.0 X 10~° M and 1.8 X 10~° M; for losartan,
1.1 X 1077 M and 0.6 X 10" M in neointima and uninjured
aortic wall, respectively) (Fig. 3).

Specific binding of '*’I-351A to ACE was localized in the
aortic wall with distinctly higher concentration in the adventi-
tial and endothelial layers compared to that in the media (Fig.
4). 15 d after injury, binding to ACE in the neointima was not
different from that in the media of the aorta from sham-oper-
ated animals (Fig. 5).

Discussion

Migration of medial smooth muscle cells into the intima and
their replication are characteristic features of neointimal for-
mation after endothelial denudation (20). Specific factors re-
sponsible for these processes are only poorly understood. It is

points to neointima. (4 and F) Sections stained with hematoxylin and eosin. (B and G) Sections showing binding after incubation with 5 X 10~'°
M !Z][Sar' ]angiotensin II (total binding). (C and H) Section incubated as in B, in the presence of 10~° M losartan. (D and /) Section incubated
as in B, in the presence of 1073 M PD 123177. (E and J) Sections incubated as in B, in the presence of 5 X 107 M angiotensin II (nonspecific

binding).
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Figure 2. Apparent
amount of angiotensin
11 receptor subtypes in
the media of aorta from
sham-operated and bal-
loon-catheterized rats,
and in the neointima.
AT: specific '*°I-[Sar']-
angiotensin II binding.
AT, and AT,: specific
binding not displaced by
10°M PD 123177 or
losartan, respectively.
Values are mean+SEM
obtained from five rats,
measured individually. Angiotensin II receptors (4T) in the neoin-
tima were significantly higher (* P < 0.001; one-way ANOVA fol-
lowed by Bonferroni test) than in the aortic media of either sham-
operated or balloon-catheterized rats, and this was due to increase in
AT, receptors.
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currently believed that local tissue generation of angiotensin II
may contribute to myointimal hyperplasia (21). We have dem-
onstrated that neointima formed in injured rat aorta contains
almost exclusively angiotensin II AT, receptors. AT, receptors
are expressed severalfold higher than in the media of injured
aorta or in the aortic media of sham-operated animals. This
increase was already present 8 d after injury. Higher expression
of AT, receptors in the neointima was not limited to the aorta
and occurred in the carotid artery as well. These findings along
with the ones that angiotensin II stimulates neointimal smooth
muscle proliferation (10) can be treated as evidence for an
active role of the renin-angiotensin system in vascular smooth
muscle replication.

Pharmacological treatments that interfere with the vascular
renin-angiotensin system have been effective in suppressing
injury-induced formation of neointima. There is recent evi-
dence that in vivo treatment of balloon catheter injured rats
with the angiotensin II AT, receptor antagonist losartan signifi-
cantly reduces neointimal formation (22, 23). Inhibition of

Table I. Angiotensin II Receptor Subtypes
in Intact Right Carotid Artery and Injured Left Carotid Artery
and Aorta, 8 d after Angioplasty

AT AT, AT* AT,
fmol/mg protein
Carotid artery
Right carotid (media) 3245 27+2 27+4 1+0.3
Left carotid (neointima)  67+5%  63+2%  61+4* ND
Aorta
Media 12+1 10+1 10+1 5+1
Neointima 26+3%  27+4%  28+3% 1+0.3

Values are means+SEM obtained from five rats, measured individu-
ally. AT, specific '**I-[Sar']angiotensin II binding; AT, and AT,,
specific binding not displaced by 10~° M PD 123177 or losartan, re-
spectively. AT,*, specific binding not displaced by 10~ M CGP
42112A. ND, no detectable specific binding. Angiotensin II AT, re-
ceptors in the neointima were significantly (* P < 0.01; unpaired ¢
test) higher than in the media of both carotid artery and aorta.
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Figure 3. Competition of angiotensin II, losartan, and PD 123177 for
specific binding in the (A4) uninjured aortic wall and ( B) neointima.
Competition curves were obtained from consecutive sections of aorta,
incubated in the presence of 5 X 107! M '?I-[Sar' ]angiotensin II
and increasing concentrations of angiotensin II or angiotensin II re-
ceptor competitors, losartan and PD 123177. Results are
means+SEM obtained from five rats, measured individually.

ACE with either cilazapril (9), captopril (22), or ramipril (24)
has also been shown to be effective in inhibiting intimal thick-
ening after balloon-catheter injury. Our finding that, 15 d after
injury, there was no increase in ACE in the neointima may
only indicate that the formation of angiotensin II was not
raised in this tissue. In addition to the possibility that ACE
inhibitors may act by suppressing the local generation of angio-
tensin II in the aortic wall, an alternate mechanism of action
has been proposed recently (25). The increased AT, receptor
expression in the neointima may in itself be sufficient to en-
hance the local smooth muscle proliferative effects of angioten-
sin II. Our results provide a direct basis for the observations
that decreasing the formation of angiotensin II by ACE inhibi-
tors (9, 22, 24) or blocking angiotensin I AT, receptors with
the specific receptor antagonist, losartan (22, 23), are effective
in inhibiting the formation of injury-induced neointima.

Growth factors responsible for vascular injury-induced in-
timal smooth muscle replication have only begun to be identi-
fied. Along with angiotensin II (10), platelet-derived growth
factor (PDGF) (26-30) and basic fibroblast growth factor (31)
are currently considered to be likely candidates. Several of
these studies indicate that regulation of PDGF or its receptor
expression would be of significance in the formation of neoin-
tima. Angiotensin II induces the expression of PDGF A-chain
mRNA as well as PDGF in vascular smooth muscles in culture
(32), which is not inhibited by ACE inhibition (33). However,
in vivo administration of angiotensin II did not have a signifi-
cant effect on PDGF A-chain mRNA expression in the rat
aorta (34). These findings, along with our present findings that
angiotensin AT, receptor expression is markedly increased spe-
cifically in the neointimal cells, raise the interesting possibility
of angiotensin II acting as a promoter of PDGF expression in
the neointima.

Components of the extracellular matrix have been pro-
posed to act as regulators of modulation or dedifferentiation of
vascular smooth muscle (35-38) and thereby facilitate growth



Figure 4. Autoradiographic localization of ACE in (A4) balloon-catheterized and (C) uninjured rat aorta. (4 and C) Sections incubated in the
presence of the ACE inhibitor, '2*I-351A, as described in methods. (B and D) Consecutive sections to 4 and B, respectively, incubated in the

presence of '*’I-351A and unlabeled MK 521 as described in methods (nonspecific binding). Arrowhead points to neointima that could be seen
in Fig. 1 A, and arrow to ACE localized to the adventitia (X37).

(39). That angiotensin II is able to induce the expression of
thrombospondin, an extracellular matrix glycopeptide, in vas-
cular smooth muscle (40), suggests yet another pathway of
action of angiotensin II to promote smooth muscle growth.
Taken together, all of these findings indicate that the angioten-
sin II AT, receptors expressed highly in the neointimal cells
may also function to induce several factors such as PDGF and
thrombospondin, which are of importance in the regulation of
vascular smooth muscle replication and migration.

In conclusion, we have demonstrated, using quantitative
autoradiography, that the expression of arterial angiotensin II

600 [Jintima/Media
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Wl Neointina
5001

%

400

300t
Figure 5. ACE binding, mea-
200t sured by autoradiography, in
aorta from sham-operated
(normal) and balloon-cathe-

fmol/mg protein

1 terized (injured) rats. Values
are mean+SEM obtained from
0 five rats, measured individu-
Normal Injured ally.

AT, receptors is selectively and markedly increased in the
neointima formed after balloon catheter-induced arterial in-
jury. This finding supports the hypothesis of a role for angioten-
sin II in the arterial response to injury (21), and raises the
possibility that angiotensin II AT, receptors may have an im-
portant function in the migration and proliferation of neointi-
mal smooth muscle cells. Therapeutic strategies involving a
combination of ACE inhibition and angiotensin AT, receptor
blockade have the potential to be effective in the intervention
of restenosis after angioplasty.
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