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Abstract

Hypertension is one of the major precursors of atherosclerotic vascu-
lar disease, and vascular smooth muscle abnormal cell replication is a
key feature of plaque formation. The present study was conducted to
examine the relationship between hypertension and smooth muscle
cell proliferation after balloon injury and to correlate neointima
formation with resting membrane potential of uninjured smooth muscle
cells, since it has been suggested that altered vascular function in
hypertension may be related to the resetting of the resting membrane
potential in spontaneously hypertensive rats (SHR). Neointima forma-
tion was induced by balloon injury to the carotid arteries of SHR and
renovascular hypertensive rats (1K-1C), as well as in their normoten-
sive controls, i.e., Wistar Kyoto (WKY) and normal Wistar (NWR)
rats. After 14 days the animals were killed and the carotid arteries were
submitted to histomorphometric and immunohistochemical analyses.
Resting membrane potential measurements showed that uninjured
carotid arteries from SHR smooth muscle cells were significantly
depolarized (-46.5 £ 1.9 mV) compared to NWR (-69 £+ 1.4 mV),
NWR 1K-1C (-60.8 + 1.6 mV), WKY (-67.1 + 3.2 mV) and WKY
1K-1C (-56.9 = 1.2 mV). The SHR arteries responded to balloon
injury with an enhanced neointima formation (neo/media = 3.97 +
0.86) when compared to arteries of all the other groups (NWR 0.93 +
0.65,NWR 1K-1C 1.24 + 0.45, WKY 1.22+0.32, WKY 1K-1C 1.15
+ 0.74). Our results indicate that the increased fibroproliferative
response observed in SHR is not related to the hypertensive state but
could be associated with the resetting of the carotid smooth muscle
cell resting membrane potential to a more depolarized state.
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Introduction

Blood vessel repair mechanisms designed
to restore the vessel wall after damage caused
by stress frequently escape self-limiting con-
trols and result in lumen narrowing due to
vascular smooth muscle cell (VSMC) prolif-
eration. This is recognized as central to the
pathology of both major forms of vascular
disease, i.e., atherosclerosis and hyperten-
sion (1). In atherosclerosis, one of the most
important cellular events is a fibroprolifera-
tive response consisting of the undifferentia-
tion of VSMC into a synthetic form followed
by migration to the lumen where they prolif-
erate and secrete extracellular matrix pro-
teins (2). The most widely used experimen-
tal model to study VSMC proliferation in
vivo is balloon injury to the rat carotid artery
which results in platelet aggregation and
neointimal proliferation. The use of this
model has shown that the proliferation in-
volves several growth factors, such as plate-
let-derived growth factor, insulin growth fac-
tor, fibroblast growth factor, tumor growth
factor, transforming growth factor, and an-
giotensin Il (2-4). A common feature of
growth factor-stimulated cells is an early
change in membrane potential which leads
in most cases to cell depolarization (5).

It is well established that an alteration in
membrane potential plays a role in the acti-
vation of eukaryotic cell proliferation (5).
Therefore, the physiological response of a
given cell to a particular mitogen probably
involves specific interactions between the
mitogens and their receptors on the cell sur-
face which lead to the opening of Na* chan-
nels causing depolarization and stimulation
of the Na*/H" exchange mechanism promot-
ing intracellular alkalinization. The depolar-
izing effect also causes Ca?" influx through
voltage-dependent Ca?* channels which,
combined with intracellular alkalinization,
constitute an early mitogenic pathway signal
(5).

The finding that spontaneously hyper-
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tensive rats (SRH) have enhanced neointima
formation after balloon injury was attributed
either to the hypertensive state itself (6) or to
the higher concentration of angiotensin con-
verting enzyme found in these animals (7).
In SHR, structural and functional changes of
the plasma membrane occur which may lead
to increased sensitivity to various agonists, a
deficient binding of calcium to plasma mem-
brane, increased membrane permeability to
sodium, potassium and calcium (8), and,
consequently, to alterations in transmem-
brane ionic transport (9) and increased Na*/
H* exchange activity (10). Since membrane
ionic permeability and active electrogenic
transport are both important determinants
for the maintenance of membrane potential
in VSMC, it has been suggested that altered
vascular function in hypertension could re-
set the membrane potential to a more depo-
larized level (11-13) which would favor cell
proliferation in injured arteries from hyper-
tensive animals.

To further understand the role of the
hypertensive state in the increased prolifera-
tive response of SHR carotid arteries after
injury, in the present study we examined the
process of neointima formation in balloon-
injured carotid arteries from two different
animal models of hypertension, SHR and
Goldblatt one kidney-one clip renovascular
hypertensive rats (1K-1C). The findings in
the hypertensive animals were compared to
their respective normotensive controls,
Wistar Kyoto (WKY) and Wistar (NWR)
rats. We also examined the possible relation-
ship between carotid artery VSMC prolif-
eration and the resting membrane potential
of these cells before injury.

Material and Methods
Animals
Male SHR of the Okamoto-Aoki strain,

and their normotensive controls (WKY and
NWR from the Wistar Institute, Philadel-
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phia, PA, USA, inbred at Escola Paulista de
Medicina, S&o Paulo, SP, Brazil), weighing
300 + 30 g were used.

Blood pressure measurement

Mean arterial blood pressure was meas-
ured before and two weeks after surgery
using the tail-cuff method (Letica Instru-
ments model LE5650/6, Barcelona, Spain).
The cuff was inflated up to 250 mmHg and
the average of three consecutive measure-
ments was determined.

Renal hypertension

Eight weeks before angioplasty, Goldblatt
1K-1C renovascular hypertension was pro-
duced in WKY and NWR rats under ether
anesthesia by applying a silver clip to the left
renal artery with simultaneous nephrectomy
of the right kidney as described before (14).

Arterial injury model

Animals were anesthetized by intraperi-
toneal injection of thionembutal (20 mg/kg;
Abbott, Sdo Paulo, SP, Brazil) and chloral
hydrate (30 mg/kg; Merck, Darmstadt, Ger-
many). The level of anesthesia was verified
before and during surgery by evaluating
vibrissa movement, tail tonus, and breathing
rate in response to handling. If the animal did
not attain an adequate anesthesia level in the
first 7 min following administration, it was
returned to the breeding colony for use in
later experiments. This protocol ensured that
animals remained under complete anesthe-
sia for at least 40 min.

The left common and external carotid
arteries were exposed and, with the aid of a
micrometer and magnifying glass, the exter-
nal diameter of the common carotid artery
was measured in situ and used for calibrating
balloon expansion. A balloon catheter was
passed through the external carotid artery
and advanced into the aorta, inflated with

saline, and pulled back to distend the com-
mon carotid artery to 1.2 times its external
diameter. The latter procedure was repeated
twice, after which the external carotid artery
was ligated, and the incision sutured.

Perfusion/fixation

Fourteen days after balloon injury, the
rats were anesthetized and transcardially
perfused with phosphate-buffered saline
(PBS) followed by 4% paraformaldehyde at
a fixed perfusion pressure of 100 mmHg.
The right and left common carotid arteries
were removed, the adipose and connective
tissue in the adventitia was excised, and the
vessels were then divided into three equal
segments and placed in 4% paraformalde-
hyde for further fixation. The segments were
embedded in paraffin, cut with a rotary mi-
crotome (5 pm), and stained with hematoxy-
lin and eosin (H&E) or picrosirius, or used
for immunohistochemistry studies.

Immunohistochemistry

The artery slices were placed on glass
slides previously treated with 2% 3-amino-
propyltriethoxysilane (Sigma Chemical Co.,
St. Louis, MO, USA), digested with 0.1%
trypsin (Sigma) in PBS at 37°C for 12 min,
and blocked with normal bovine serum albu-
min (Sigma). The sections were then cov-
ered with anti-smooth muscle ot-actin as pri-
mary antibody (Sigma) for 18 h at 4°C,
washed with PBS, incubated with biotinyl-
ated secondary antibody and with streptavidin
peroxidase conjugate (Dako LSAB kit, Dako
Corporation, Carpinteria, CA, USA), and
developed with 0.02% H,0, and 0.1% di-
aminobenzidine tetrachloride (Sigma). The
slides were lightly counterstained with he-
matoxylin.

Morphology/morphometry

Cross-sectional rings stained with H&E
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were used to determine the extent of neoin-
tima formation. Analysis was performed us-
inga Zeiss Axiovert microscope (Zeiss, Jena,
Germany) attached to an imaging system
analyzer Image-1/Metaphorph (Universal
Imaging Corp., Westerchester, PA, USA) at
100X magnification. Measurements were
made by two independent operators using a
double-blind protocol. The average of these
measurements was used and they did not
differ by more than 0.1%.

Cell density

Cross-sectional rings that were stained
with H&E were used to determine cell den-
sity. Analysis was performed using a KS300
imaging system (Kontron Elektronik GmbH,
Image Analysis Division, Eching, Munich,
Germany) in a manner similar to that de-
scribed above. The areas of three different
regions within the neointima from the same
arterial segment were measured and the nu-
clei within each region counted. Cell density
was determined by dividing the number of
nuclei by the area measured (nuclei/um?)
and is expressed as the average of three
measurements for each segment.

Membrane potential

Microelectrodes were constructed as pre-
viously described (13) by pulling capillary
tubes on a horizontal puller (Narishige mo-
del PN3, Tokyo, Japan). The pipettes were
filled with 2 M KCI and had a tip resistance
of 20-40 MQ. The electrodes were mounted
on Ag/AgCl half-cells on a micromanipula-
tor (Leitz, Wetzlar, Germany) and connected
to an electrometer (Biodyne model AM-2,
Santa Monica, CA, USA). The signals were
recorded with a potentiometric chart recorder
(ECB model RB102, Sdo Paulo, SP, Brazil).

Uninjured carotid rings were placed in a
2-ml perfusion chamber and superfused at a
rate of 3 ml/min with Krebs solution at 37°C.
The impalements were made directly in the

S.L.D. Dalle Lucca et al.

smooth muscle cells from the adventitial
side. Membrane potentials were measured
as previously described (13). The successful
implantation of an electrode was determined
by a sharp drop in voltage upon cell entry, a
stable potential (+3 mV) for a minimum of
60 s after impalement, a sharp return to
baseline upon exit, and a minimal change
(<10%) in microelectrode resistance after
impalement.

Statistical analysis

Each artery was divided into three equal
segments (upper, middle, and lower) whose
areas did not differ when compared by one-
way analysis of variance (ANOVA). There-
fore, an average of the three segments was
used as a single measurement for each ar-
tery. Neointima formation is reported as the
neointimal area/medial area ratio (neo/me-
dia).

ANOVA was used to compare lumen,
media, neointima areas, the neo/media ra-
tios, cell densities, as well as the resting
membrane potentials. The Student #-test was
used to perform all pairwise comparisons in
the presence of an overall statistically sig-
nificant group difference. The type I experi-
mental error rate was maintained at 0.05.

All experimental procedures and the gen-
eral handling of animals were carried out in
compliance with the Guide for the Care and
Use of Laboratory Animals (National Insti-
tutes of Health, publication 85-23).

Results

Balloon injury was performed in carotid
arteries of weight-matched SHR, WKY,
NWR, as well as WKY and NWR with reno-
vascular hypertension (WKY 1K-1C and
NWR 1K-1C, respectively). Blood pressure
measurements were made before and 14 days
after balloon injury, and showed that the
three hypertensive groups had significantly
higher mean arterial blood pressure than
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their respective controls (Table 1).

Two weeks after balloon injury, histo-
morphometric analysis of cross-sectional
segments demonstrated that medial hyper-
trophy occurred in right side uninjured ar-
teries of both SHR and 1K-1C rats when
compared to uninjured arteries from normo-
tensive controls (data not shown).

Histomorphometric analysis revealed that
neointima formation occurred in all experi-
mental groups (Table 1, Figure 1), but was
approximately 4-fold greater in SHR than in
all other groups, in most cases leading to
complete luminal obstruction (Figure 1F).
Measurements of cellular density of the
neointima showed no significant difference
among groups (Table 1).

Immunohistochemistry was performed to
identify the presence of smooth muscle cells.
Single-labeled immunohistochemistry using
an antibody against smooth muscle a-actin
consistently labeled VSMC in the medial
layer of uninjured controls as well as the
media and neointima of injured arteries of all
experimental groups (Figure 2). Picrosirius
staining showed collagen in the neointima of
the injured arteries (data not shown). De-
spite the increased neointima formation ob-
served in SHR, its cellular and extracellular
composition qualitatively did not differ from
the other experimental groups. However, the
increased fibroproliferative response to in-

jury in SHR carotid arteries could be related
to an abnormally functioning VSMC mem-
brane (8), which alters the resting membrane
potential. In fact, resting membrane poten-
tial measurements of uninjured carotid ar-
teries showed that the SHR VSMC was sig-
nificantly less polarized when compared to
normotensive and renovascular hypertensive
carotid arteries, which had virtually identi-
cal resting membrane potentials. This is
shown in Figure 3, which also illustrates an
inverse relationship between resting mem-
brane potential and neointima formation.

Discussion

Hypertension is an important risk factor
promoting atherosclerosis. How hyperten-
sion influences the development of athero-
sclerosis remains unknown, although it is
clear that smooth muscle cell differentiation
and proliferation play a central role in this
process (1). Balloon injury to the rat carotid
artery is a useful model to study vascular
smooth muscle cell proliferation in vivo and,
with due consideration, may be a valuable
instrument to obtain further information on
the pathophysiology of cardiovascular dis-
eases characterized by the activation and
proliferation of VSMC, such as hyperten-
sion, atherosclerosis, and restenosis after
angioplasty.

Table 1 - Mean arterial blood pressure (MAP), mean body weight (MBW), and morphometric analysis of
injured arteries from SHR, NWR, WKY and renovascular hypertensive rats (NWR 1K-1C and WKY 1K-1C).

All values represent the mean + SD; N, number of animals in each group; lumen, luminal area; media, medial
area; neointima, neointimal area; CDN, cellular density of the neointima. *P<0.05 vs all other groups (Student

t-test).
N MAP MBW Lumen Media Neointima CDN

(mmHg) (@) (mm2) (mm2) (mm2) (cells/mm?)
NWR 8 114 + 24 315 £ 29 1175 +£573 734+ 6.5 67.8 £ 4.2 1239 + 31.1
NWR 1K-1C 9 194 + 33* 325 = 30 714 + 382 635 8.8 79.0 x 54 152.2 + 17.8
WKY 9 128 + 24 295 + 29 739 £ 246 804 =104 98.2 + 3.3 120.7 + 145
WKY 1K-1C 9 201 £ 26* 275 x 17 94.0 £ 104 989 £ 178 1134 £+ 99 148.3 + 12.1
SHR 8 194 + 18* 287 = 18 04 = 0.7 67.0x 275 266.3 = 31.2* 168.8 = 41.6
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Figure 1 - Representative cross-
sectional segments of uninjured
controls and injured rat carotid
arteries 2 weeks after balloon in-
jury. A, Uninjured WKY; B, in-
jured WKY; C, uninjured WKY
1K-1C; D, injured WKY 1K-1C; E,
uninjured SHR; F, injured SHR.
M = Media, NI = neointima, Adv
= adventitia. Staining: hematoxy-
lin and eosin. Note: Neointima
formation resulted in luminal ob-
struction in SHR. Bar: 400 ym.
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The increased neointima formation ob-
served in injured SHR carotid arteries was
first demonstrated by Clowes and Clowes
(6) who attributed this increase to the hyper-
tensive state. More recently, Jandeleit-Dahm
et al. (7) reported similar results and pro-
posed that the fibroproliferative response
may be due to the higher concentration of
angiotensin converting enzyme found in these
animals. To further understand the role of
the hypertensive state in the increased prolif-
erative response of SHR carotid arteries af-
ter injury, we also measured neointima for-
mation in rats with Goldblatt 1K-1C reno-
vascular hypertension. The finding that in-
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jured SHR, but not 1K-1C renovascular hy-
pertensive carotid arteries responded with
an augmented neointima formation when
compared to normotensive controls strongly
suggests that the hypertensive state is not a
determining factor for the fibroproliferative
response of SHR arteries after injury. Fur-
thermore, our findings that there are no dif-
ferences in neointimal composition among
any of the groups studied demonstrate that
the increase in cellular proliferation observed
is probably related to genetic alterations in
SHR VSMC membrane.

It has been suggested that the altered
vascular function in SHR may be related to
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the resetting of the resting membrane poten-
tial (11-13,15). Several studies have shown
that depolarization is among the first events
in cells stimulated with most growth factors
(5,16). The subsequent increase in intracel-
lular Na* concentration promotes a rapid
activation of the Na*/H* exchanger and in-
tracellular alkalinization, a condition that
persists for up to 24 h (16). These processes
are known to be associated with the initia-
tion of the cellular proliferative cycle (5) and
inhibitors of the Na®/H* exchange were
shown to decrease neointima formation after
rat carotid injury (17).

Studies relating VSMC membrane po-
tential to hypertension have yielded contro-

versial findings. Previous studies showed no
membrane potential differences between
WKY and SHR pulmonary arteries, portal
veins, or rat tail arteries (18,19). However,
the methodology of these experiments was
criticized by Cheung (11), who found that
the development of hypertension in SHR
was associated with a decrease in tail artery
resting membrane potential when compared
to WKY. Fujii etal. (12) and Feres et al. (13)
demonstrated that, independently of the pres-
ence of a functional endothelium, SHR mes-
enteric artery smooth muscle cells are less
polarized compared to WKY. The relation
between VSMC proliferation and resting
membrane potential was suggested by
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Figure 2 - Representative immu-
nohistochemistry of cross-sec-
tional segments of uninjured
controls and injured rat carotid
arteries labeled with smooth
muscle o-actin, 2 weeks after
balloon injury. A, Uninjured
WKY; B, injured WKY; C, unin-
jured WKY 1K-1C; D, injured
WKY 1K-1C; E, uninjured SHR;
F, injured SHR. Background
staining: hematoxylin. M = Me-
dia, NI = neointima, Adv = ad-
ventitia. Note: Neointima forma-
tion was heavily labeled with an-
tibody against smooth muscle
o-actin in all groups. Bar: 200
pm.
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Figure 3 - Bar graph showing
neointima development two
weeks after balloon injury (A)
and resting membrane potential
values (B) of uninjured carotid
artery smooth muscle cells.
Neo/media: Neointima forma-
tion; SHR: spontaneously hyper-
tensive rats (N = 8); NWR: nor-
motensive Wistar-EPM rats (N =
8); WKY: Wistar Kyoto rats (N =
9); NWR 1K-1C: renovascular
hypertensive Wistar-EPM rats (N
= 9); WKY 1K-1C: renovascular
hypertensive Wistar Kyoto rats
(N = 9). *P<0.05 vs all other
groups. Note: The increased
neointima formation observed in
injured SHR arteries could be as-
sociated with the depolarized
values of resting membrane po-
tential found in this rat strain.
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Blennerhassett et al. (20) based on data from
SHR smooth muscle cell cultures. Low den-
sity cultures in the proliferative state showed
depolarized membrane potentials, whereas
confluent cultures of the same cells, whose
mitotic process is interrupted, were hyper-
polarized. Other studies in cultured SHR
aortic VSMC reported an exaggerated re-
sponse to several mitogenic stimuli (21-23).
Snetkov et al. (24), using patch-clamp tech-
niques, recently demonstrated that non-con-
fluent VSMC suffer changes in K* channel
conductance leading to depolarization and
consequently to proliferation. /n vivo, an
indirect demonstration of the relationship
between VSMC depolarization and prolif-
eration is in the findings that the develop-
ment of hypertension in SHR is paralleled by
a decrease in membrane potential, and that
this depolarization is reversed by antihyper-
tensive treatments (11), which also prevent

Nature, 362: 801-809.

neointima formation after vascular injury in
rats (7).

The present results, while confirming the
less polarized state of the SHR cell mem-
brane, do not support an association be-
tween membrane potential and hypertension
since renovascular hypertensive animals, pre-
senting blood pressure levels similar to those
of SHR, were found to have normal carotid
VSMC membrane potentials. Furthermore,
the fact that renovascular hypertensive ani-
mals, in contrast to SHR, did not differ from
normotensive controls in their response to
balloon injury strongly suggests that genetic
differences in SHR are probably an impor-
tant determining factor of neointimal growth
following arterial injury. Apparently, reset-
ting of the resting membrane potential to a
more depolarized state in SHR VSMC may
account for this increased fibroproliferative
response.
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