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Abstract Previous studies have shown apolipoprotein E
(apoE) recruitment to medial layers of carotid arteries after
vascular injury in vivo and apoE activation of inducible ni-
tric oxide synthase (iNOS) in smooth muscle cells in vitro.
This investigation explored the relationship between medial
apoE recruitment and iNOS activation in protection against
neointimal hyperplasia. ApoE was present in both neointimal-
resistant C57BL/6 mice and neointimal-susceptible FVB/N
mice 24 h after carotid denudation, but iNOS expression was
observed only in the neointimal-resistant C57BL/6 mice.
However, iNOS was not observed in apoE-defective C57BL/6
mice. In contrast, overexpression of apoE in FVB/N mice
activated iNOS expression in the injured vessels, resulting
in protection against neointimal hyperplasia. ApoE and
iNOS were colocalized in the medial layer of neointimal-
resistant mouse strains. Endothelial denudation of carotid
arteries in the iNOS-deficient 

 

NOS2

 

�

 

/

 

�

 

 mice did not increase
neointimal hyperplasia but significantly increased medial
thickness and area. The iNOS-specific inhibitor also abro-
gated the apoE protective effects on vascular response to
injury in apoE-overexpressing FVB/N mice.  Thus, injury-
induced activation of iNOS requires apoE recruitment. More-
over, both apoE and iNOS are necessary for the suppression
of cell proliferation, and apoE recruitment without iNOS
expression resulted in medial hyperplasia without cell mi-
gration to the intima.
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Neointimal hyperplasia is a critical pathological process
in several vascular occlusive diseases, including atheroscle-
rosis, vein graft-induced arteriosclerosis, and the restenotic
response to angioplasty and stent placement (1–4). The
key cause of its pathology is endothelial damage, which

 

exposes the underlying smooth muscle cells in the media
to cytokines, growth factors, and other plasma components
in the circulation, resulting in a loss of contractile charac-
teristics and adoption of a synthetic phenotype (5, 6). Phe-
notypic activation of the underlying smooth muscle cells
results in their migration from the media to the intima,
where their proliferation and increased synthetic poten-
tial lead to the formation of the occlusive neointima (7).

Recent studies in mice have shown that one determi-
nant regulating the severity of neointimal formation is the
level of apolipoprotein E (apoE) in the circulation. Results
of these studies showed that transgenic overexpression of
apoE is protective and that apoE gene ablation exacerbates
neointimal hyperplasia caused by mechanically induced
endothelial denudation (8). In fact, subphysiological lev-
els of apoE were shown to have beneficial effects in limit-
ing neointimal hyperplasia without correcting for hyper-
cholesterolemia in apoE-null mice (9). The protective role
of apoE has been established to involve the recruitment of
circulating apoE to the medial layers of the injured vessel
(10). It is likely that apoE interaction with the medial
smooth muscle cells limits their migration and prolifera-
tion in response to growth factors present in the serum
(11, 12).

In vitro cell culture studies revealed that apoE inhibits
smooth muscle cell migration by binding to the cell sur-
face receptor low density lipoprotein receptor-related pro-
tein-1 (LRP-1) (13). The interaction between apoE and
LRP-1 increases the intracellular cyclic AMP level, result-
ing in the activation of protein kinase A pathways that
limit smooth muscle cell migration (14). In contrast, LRP-1
is not necessary for apoE inhibition of smooth muscle cell
proliferation, and the antiproliferative response is medi-
ated by apoE binding to heparan sulfate proteoglycans

 

Abbreviations: apoE, apolipoprotein E; COX-2, cyclooxygenase-2;
iNOS, inducible nitric oxide synthase; LRP-1, low density lipoprotein
receptor-related protein-1.
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(15). The mechanism by which apoE inhibits growth fac-
tor-induced cell proliferation was shown to involve the ac-
tivation of inducible nitric oxide synthase (iNOS) in one
study (12). However, another study suggested that apoE
inhibits cell proliferation by activating cyclooxygenase-2
(COX-2), leading to prostacyclin synthesis and the inhibi-
tion of cyclin A gene expression (16). The latter study failed
to detect iNOS activation by apoE (16). The difference be-
tween the two in vitro studies may be related to differ-
ences in incubation conditions and/or the different mito-
gens used.

Given the strong relationship between apoE and the hy-
perplasic response to vascular injury, this study sought to
determine a possible relationship between apoE and iNOS
induction in vivo by examining apoE and iNOS expres-
sion in our mouse model of injury-induced neointimal hy-
perplasia. The data showed that apoE present in injured
carotid arteries colocalizes with iNOS in strains that are
resistant to neointimal hyperplasia, with the expression of
iNOS correlating to the presence of apoE. Importantly,
the data revealed that failure of iNOS activation results in
a medial hyperplasic response without cell migration to
the intima and resultant neointimal formation.

METHODS

 

Animals

 

Wild-type C57BL/6J and FVB/N mice, as well as 

 

apoE

 

�

 

/

 

�

 

 and
iNOS-deficient 

 

NOS2

 

�

 

/

 

�

 

 mice, were obtained from the Jackson
Laboratories (Bar Harbor, ME). Transgenic mice with liver-spe-
cific human apoE gene expression were generously provided by
Dr. John Taylor (Gladstone Institute, San Francisco, CA) and
were backcrossed to the FVB/N background in our institution as
described previously (8, 10). The genotype of the 

 

apoE

 

 trans-
genic mice was determined based on the amount of human apoE
present in the serum, which averaged 

 

�

 

30 mg/dl (10). All ani-
mals were maintained on a 12 h light/12 h dark cycle and were
fed a normal mouse chow diet (Harlan Teklad, Madison, WI). Food
and water were available ad libitum. All animals used for experi-
mentation were male, between 6 and 8 weeks of age, and
weighed between 25 and 30 g. At the time of the experiments,
the average plasma cholesterol levels in C57BL/6, FVB/N, and
apoE-transgenic FVB/N mice were all within the normal range
of 70–95 mg/dl, as reported previously (8). The iNOS-deficient

 

NOS2

 

�

 

/

 

�

 

 mice were also normocholesterolemic, with an average
plasma cholesterol level of 71 

 

�

 

 9.6 mg/dl, but the 

 

apoE

 

�

 

/

 

�

 

 mice
were hypercholesterolemic, with plasma cholesterol levels aver-
aging 

 

�

 

270–280 mg/dl. All animal experimentation protocols
were performed under the guidelines of animal welfare prescribed
by the University of Cincinnati, in accordance with National In-
stitutes of Health guidelines.

 

Carotid artery injury

 

Mechanically induced endothelial denudation was performed
as described previously (8, 10). Briefly, mice were anesthetized
by intraperitoneal injection with a solution of ketamine (80 mg/
kg body weight; Phoenix Scientific, Inc., St. Joseph, MO) and xy-
lazine (16 mg/kg; Phoenix Scientific) diluted in 0.9% NaCl. Ani-
mals were also given buprenorphine (0.05 mg/kg body weight;
Abbott Laboratories, Abbott Park, IL) to alleviate any postopera-
tive pain. The mice were then immobilized, and the fur covering

the neck from sternum to chin was removed with lotion hair re-
mover (Nair; Carter-Wallace, Inc., New York, NY). Surgery was
performed with a dissection microscope (Leica GZ6; Leica, Buf-
falo, NY). The entire length of the left carotid artery was ex-
posed, and the artery was ligated immediately proximal from the
point of bifurcation with a 7-0 silk suture (Ethicon, Inc., Somer-
ville, NJ). Another 7-0 suture was placed around the common ca-
rotid artery immediately distal from the branch point of the ex-
ternal carotid. A transverse arteriotomy was made between the 7-0
sutures, and the resin probe was inserted and advanced toward
the aorta arch and withdrawn five times. The probe was removed,
and the proximal 7-0 suture was ligated. Once restoration of
blood flow through the carotid branch points was confirmed, the
incision was closed with a 6-0 sterile surgical silk (Ethicon, Inc.).
The entire procedure was performed within 20 min. Animals
were allowed to recover in a cage warmed to 37

 

�

 

C. An identical
surgical procedure was applied to each animal to ensure the re-
producibility of the results.

 

Tissue preparation and histological staining

 

Animals were anesthetized as described above and perfused
with 0.9% NaCl by placement of a 22 gauge butterfly angiocathe-
ter in the left ventricle. The mice were subsequently perfusion-
fixed in situ by infusion with 10% neutral-buffered formalin for
10 min at a constant pressure of 100 mm Hg. The entire neck
was dissected using a surgical scalpel, using the suture knot and
the aorta as reference points. Tissues were placed in formalin for
an additional 24 h, then transferred to a formic acid buffer (For-
mical-2000; Decal Chemical Corp., Tallman, NY) until the decal-
cification end point was reached. Tissues were paraffin-embed-
ded, and cross-sections were cut at a thickness of 5 

 

�

 

m. Whole
neck sections were used to evaluate both the injured and the un-
injured control vessels on the same section. An average of four
levels of serial sections separated by 500 

 

�

 

m intervals was ana-
lyzed to allow for the representation of the hyperplasic response
along the entire length of the artery. Both hematoxylin and
eosin staining and Verhoeff-Van Gieson staining of elastic lamina
were performed on parallel sections. The unstained sections
from each level were used for immunohistochemistry.

 

Immunohistochemistry

 

Sections were deparaffinized by an acetone/ethanol gradient,
then equilibrated in phosphate-buffered saline. When relevant,
nonspecific binding of anti-mouse antibodies was inhibited with
Mouse Ig Blocking Reagent (Vector Laboratories, Inc., Burlin-
game, CA). General nonspecific binding was inhibited by incuba-
tion for 1 h with 10% normal horse serum (Vector Laboratories,
Inc.) in phosphate-buffered saline. ApoE was detected using a
polyclonal goat antibody that recognizes both mouse and human
apoE (Clone M-20; Santa Cruz Biotechnology, Santa Cruz, CA).
The presence of iNOS was detected using a monoclonal mouse
antibody (Clone 6; BD Biosciences Pharmingen, San Jose, CA).
Smooth muscle 

 

�

 

-actin was detected using a monoclonal mouse
antibody (Clone 1A4; Sigma, St. Louis, MO). All primary anti-
bodies were administered at a 1:1,000 dilution in Antibody Dilu-
ent (Zymed, San Francisco, CA). All sections were incubated
overnight at 4

 

�

 

C with primary antibodies to identify the antigen
of choice. The slides were washed three times for 15 min each
with phosphate-buffered saline containing 0.01% Triton X-100
and then incubated for 1 h at 23

 

�

 

C with either donkey anti-
mouse Alexa 594 or donkey anti-goat Alexa 488 (Molecular Probes,
Eugene, OR). All sections were counterstained with 300 nM 4

 

�

 

,6-
diamino-phenylindole (Molecular Probes). Sections were mounted
using aqueous Gelvatol mounting medium with 0.3% DABCO
added.
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In vivo inhibition of iNOS

 

Wild-type FVB/N and 

 

apoE

 

 transgenic FVB/N littermates were
subjected to endothelial denudation as described above. From
the 

 

apoE

 

 transgenic group, 10 mice were selected to receive 20 mg/
kg/day of the specific iNOS pharmacological inhibitor 1400W
(Cayman Chemicals, Ann Arbor, MI), and 10 mice were selected
to receive an isovolumetric injection of saline. All injections were
administered subcutaneously. The first injection was administered
just before arterial injury, in concert with the injection of anes-
thetics. Daily injections were given for 14 days after injury, at the
same time each day. All mice were euthanized at 24 h after the last
injection, and tissues were harvested for morphometric analysis.

 

Morphometry

 

Morphometric analyses were performed on elastin-stained
(Verhoeff-Van Gieson) tissues. For each animal, four whole neck
cross-sections with both injured left and uninjured/control right
carotid arteries were measured. Images were digitized and cap-
tured using an Olympus digital camera (Olympus America, Inc.,
Melville, NY) connected to a personal computer. Measurements
were performed at a magnification of 

 

�

 

200 using ImageJ analy-
sis software (National Institutes of Health, Bethesda, MD). The
luminal area, area inside the internal elastic lamina, and area en-
circled by the external elastic lamina were measured in all four
serial sections of each artery. Medial area was calculated as area
inside the internal elastic lamina subtracted from the area encir-
cled by the external elastic lamina, and intimal area was calcu-
lated as luminal area subtracted from the area inside the internal
elastic lamina. To calculate the medial thickness for each vessel
cross-section, the linear distance between the internal elastic
lamina and the external elastic lamina was measured indepen-
dently in four places, each 90

 

�

 

, apart and averaged.

 

COX-2 Western blot

 

Both C57BL/6 and FVB/N mice were anesthetized and intra-
cardially perfused with ice-cold saline 24 h after arterial injury. Both
left (injured) and right (uninjured) carotid arteries were immedi-
ately dissected separately and snap-frozen in liquid nitrogen. Tissues
were then placed in lysis buffer composed of 50 mM Tris-HCl (pH
7.4), 150 mM NaCl, 1% Triton X-100, 10 

 

�

 

g/ml aprotinin, 10 

 

�

 

g/
ml leupeptin, and 0.2 mM PMSF. Tissues were then homogenized
using a ground-glass mortar and pestle, after which solubilized ly-
sate was separated by centrifugation. Total protein content was
quantified, and 25 

 

�

 

g of total protein was applied to SDS-polyacryl-
amide gel electrophoresis, transferred to a polyvinylidene difluoride
membrane, and immunoblotted with rabbit monoclonal anti-
bodies against COX-2 (Vector Laboratories, Inc.). Immunoreac-
tivity was detected using an infrared fluorophore-conjugated sec-
ondary antibody raised against rabbit IgG (Molecular Probes).
Detection of secondary antibody was performed using an Odys-
sey infrared imaging scanner (Li-Cor Biosciences, Lincoln, NE).

 

Statistical analysis

 

All values are expressed as means 

 

�

 

 SEM. When only two groups
were compared, differences were assessed using a paired Student’s

 

t

 

-test. Multiple comparisons were first tested using ANOVA. When
the ANOVA demonstrated significant differences, individual mean
differences were analyzed with the Student-Newman-Keuls test. The
statistical software SigmaStat (Jandel Co.) was used in statistical anal-
ysis. For all analyses, 

 

P

 

 

 

�

 

 0.05 was considered a significant difference.

 

RESULTS

The relationship between apoE recruitment and iNOS
expression in modulating neointimal hyperplasia was in-

vestigated using two different mouse strains differing in
their hyperplasic response to endothelial denudation. In
these experiments, the carotid arteries of the neointimal-
resistant C57BL/6 mice and the neointimal-susceptible
FVB/N mice were injured by mechanical denudation of
their endothelia. After a recovery period of 24 h, mice
were euthanized and whole necks were isolated for tissue
sectioning. Fixed sections were immunohistochemically
probed with both anti-apoE and anti-iNOS antibodies.
Strong positive apoE signal was observed in both medial
layers of the denuded carotid arteries in both C57BL/6
and FVB/N mice (

 

Fig. 1A

 

, 

 

B

 

). In contrast, positive iNOS
signal was observed only in the medial layers of the neoin-
timal-resistant C57BL/6 mice, and iNOS expression was
not apparent in the injured arteries of the neointimal-sus-
ceptible FVB/N mice (Fig. 1C, D). Overlaying of the fluo-
rescent signals from both apoE and iNOS immunohis-
tochemical staining of the injured arteries in C57BL/6
mice revealed their colocalization (Fig. 1E, F). The latter
observation is consistent with our previous in vitro studies
showing that apoE activates iNOS expression in smooth
muscle cells (12). Interestingly, whereas our previous
study documented apoE immunoreactivity in the medial
layer up to 14 days after vascular injury (10), iNOS expres-
sion was no longer observed after 3 days (data not shown).
Thus, apoE-dependent activation of smooth muscle iNOS

Fig. 1. Immunostaining of apolipoprotein E (apoE) and induc-
ible nitric oxide synthase (iNOS) in denuded carotid arteries of in-
bred mice. Carotid arteries in C57BL/6 (A, C, E) and FVB/N (B,
D, F) mice were injured by mechanical denudation. Tissues were
harvested after 24 h, and sections were immunostained with fluo-
rescent antibodies against apoE (A, B) and iNOS (C, D). E and F
show the overlay of apoE (green) and iNOS (red) signals, with colo-
calization appearing as yellow signal in the medial smooth muscle
cell layers of C57BL/6 arteries (E) but not in FVB/N arteries (F).
Bar 	 20 �m.
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expression appeared to be an early response to endothe-
lial denudation injury. In contrast, no difference in COX-2
levels was observed in extracts from injured or uninjured
arteries of C57BL/6 and FVB/N mice (

 

Fig. 2

 

).
The next series of experiments examined the cause-

and-effect relationship between apoE recruitment and the
activation of iNOS expression in medial smooth muscle
cells in response to arterial injury. In the first set of ex-
periments, the carotid arteries of 

 

apoE

 

�

 

/

 

�

 

 mice (in the
C57BL/6 background) were injured by mechanical denu-
dation of their endothelia. The mice were euthanized af-
ter 24 h, and whole necks were isolated for tissue section-
ing and immunohistochemical detection of apoE and
iNOS as described above. The lack of apoE gene expres-
sion in the 

 

apoE

 

�

 

/

 

�

 

 mice abolished apoE immunoreactiv-
ity in the vessel wall, as expected (

 

Fig. 3A

 

). The lack of
apoE recruitment also resulted in the absence of iNOS ex-
pression in the vessel wall of these animals after endothe-
lial denudation (Fig. 3C, E).

The next experiment determined whether the suppres-
sion of neointimal hyperplasia in FVB/N mice by high cir-
culating levels of apoE that we have reported previously
(8) may be attributable to the activation of smooth muscle
iNOS expression in this strain as a consequence of the in-
creased recruitment of human apoE to the site of arterial
injury (10). We compared apoE recruitment and iNOS ex-
pression in injured arteries of FVB/N mice with or with-
out transgenic overexpression of human apoE in the liver.
Strong positive apoE immunoreactivity was observed in
the abluminal medial layer of the FVB/N human 

 

apoE

 

transgenic mice (Fig. 3B). The apoE immunoreactivity in
the medial layers of the 

 

apoE

 

 transgenic mice, although
not a quantitative measurement, reflected the 10-fold in-

crease of circulating apoE concentration in the transgenic
mice compared with wild-type FVB/N mice (8). The
increased circulating apoE in the 

 

apoE

 

 transgenic mice
also resulted in notable iNOS immunoreactivity, even in
the FVB/N background (Fig. 3D; compare with Fig. 1D).
Overlaying of the fluorescent signals from both apoE and
iNOS immunohistochemical staining indicated their colo-
calization (Fig. 3F). These results, together with observa-
tions of iNOS expression in C57BL/6 wild-type mice but
not in C57BL/6 apoE-null mice, documented that apoE
recruitment is required for the activation of smooth mus-
cle iNOS expression in response to arterial injury.

The results showing apoE recruitment and iNOS ex-
pression in C57BL/6 wild-type and 

 

apoE

 

 transgenic FVB/N
mice, both of which are resistant to injury-induced neoin-
timal hyperplasia, and the lack of iNOS expression in
the apoE-null C57BL/6 and FVB/N wild-type mice, both
of which are susceptible to injury-induced neointimal
hyperplasia, suggested that both apoE recruitment and
its subsequent activation of smooth muscle iNOS ex-
pression are required to limit neointimal hyperplasia in
response to endothelial denudation. To substantiate this
hypothesis, we investigated the effect of iNOS gene abla-
tion on the hyperplasic response to endothelial denuda-
tion by performing the same procedure on both C57BL/6

Fig. 2. Immunoblot analysis of cyclooxygenase-2 (COX-2) expres-
sion in FVB/N and C57BL/6 mice. The uninjured (open bars) and
injured (closed bars) carotid arteries were harvested from FVB/N
and C57BL/6 mice 24 h after endothelial denudation. The tissues
were homogenized, and extracts containing 25 �g of protein were
applied to each lane of a SDS-polyacrylamide gel for electrophoresis.
The samples were transferred to polyvinylidene difluoride membranes
and immunoblotted with antibodies against COX-2. Immunoreactiv-
ity was detected using an infrared fluorophore-conjugated second-
ary antibody against mouse IgG, and the image is shown at the top.
The intensity of the bands was determined with an Odyssey infrared
imaging scanner and reported as arbitrary units of expression.

Fig. 3. Immunodetection of apoE and iNOS after vascular injury
in genetically modified mice. Immunofluorescent analysis of in-
jured arteries from C57BL/6 apoE�/� mice (A, C, E) and apoE
transgenic (tg) FVB/N mice (B, D, F) 24 h after endothelial denu-
dation. The sections were stained with fluorescent antibodies
against apoE (A, B) or iNOS (C, D) to yield green and red signals,
respectively. E and F show the overlay of apoE (green) and iNOS
(red) signals. Note that colocalization (yellow signal) was detect-
able only in the medial smooth muscle cell layers of the arteries in
FVB/N apoE transgenic mice (F) but not in the arteries of C57BL/6
apoE-null mice (E). Bar 	 20 �m.  by guest, on June 14, 2012
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wild-type and 

 

NOS2

 

�

 

/

 

�

 

 mice. After a recovery period of 14
days, mice were euthanized and whole necks were dissected
and fixed for sectioning. Morphometric analysis of the his-
tology data revealed minimal neointima in the C57BL/6
mice, compared with the neointima size of 

 

apoE

 

�

 

/

 

�

 

 mice 14
days after endothelial injury reported previously (8, 17).
The iNOS-defective C57BL/6 mice (

 

NOS2

 

�

 

/

 

�

 

) also showed
only minimal neointima area after endothelial denuda-
tion. Importantly, no significant difference in neointimal
area was observed between C57BL/6 mice with and with-
out a functional iNOS gene (

 

Fig. 4A

 

). Interestingly, the
medial area and medial thickness were increased signifi-
cantly (

 

P

 

 

 

�

 

 0.001) in the injured arteries of the iNOS-
defective 

 

NOS2

 

�

 

/

 

�

 

 mice compared with those observed in
the injured arteries of their wild-type C57BL/6 counter-
parts (Fig. 4B, C).

Histological analysis of the injured arteries in the iNOS-
deficient 

 

NOS2

 

�

 

/

 

�

 

 mice indicated a medial hyperplasia
phenotype instead of the hyperplasic response of intimal
cells after their migration from the media. Verhoeff-Van
Gieson-stained sections showed a widening of the ablumi-
nal medial layer compared with that in the contralateral
uninjured artery (

 

Fig. 5A

 

, 

 

B

 

). Hematoxylin and eosin
staining of parallel sections indicated that the thickening
of the medial layer was cellular, most likely as a result of
hyperplasia of the medial smooth muscle cells (Fig. 5C,
D). Immunofluorescent staining of parallel sections with
anti-smooth muscle 

 

�

 

-actin and anti-apoE antibodies showed
that apoE was recruited to the medial layers of the injured
arteries (Fig. 5E, F).

The requirement of iNOS induction for apoE suppres-
sion of neointimal hyperplasia was examined further by
determining the effect of iNOS inhibition on arterial re-
sponse to injury in FVB/N mice with hepatic overexpres-
sion of the 

 

apoE

 

 transgene. Similar to results reported pre-
viously showing that 

 

apoE

 

 transgenic mice were protected
from injury-induced neointimal hyperplasia (8), 

 

apoE

 

 trans-
genic FVB/N mice receiving daily injections of saline dis-
played significantly less neointimal hyperplasia compared
with nontransgenic FVB/N mice (

 

Fig. 6

 

). In contrast,

 

apoE

 

 transgenic FVB/N mice receiving daily injections of
the iNOS inhibitor 1400W (18) developed neointimal le-
sions indistinguishable in size from the neointima ob-
served in nontransgenic FVB/N mice (Fig. 6A). In addi-
tion, 

 

apoE

 

 transgenic mice treated with 1400W developed
significantly larger medial walls, as indicated by measure-
ments of medial area and thickness (Fig. 6B, C). Thus,
these results indicated that iNOS inhibition abrogated the
apoE protection on vascular response to injury.

DISCUSSION

Vascular response to injury is a complex phenomenon,
with contributions from various molecules and mecha-
nisms at varying time points (3). The role of apoE in mod-
ulating vascular response to injury has been clearly estab-
lished, with a mechanism related to its inhibition of smooth
muscle cell migration and proliferation. Our in vitro data

showed that apoE inhibition of cell migration and its in-
hibition of cell proliferation are controlled by different
mechanisms (12, 15). In particular, apoE inhibition of
smooth muscle cell proliferation, but not its inhibition of
cell migration, has been shown to be mediated by the ex-
pression of iNOS in smooth muscle cells (12).

Nitric oxide, the product of iNOS, has been shown to
have a number of antihyperplasic properties, including
the inhibition of smooth muscle cell migration and prolif-
eration (19, 20), the inhibition of platelet aggregation

Fig. 4. Morphometric quantification of control (open bars) and
injured (closed bars) carotid arteries from C57BL/6 wild-type and
iNOS-defective NOS2�/� mice. A: Neointimal area of the injured ca-
rotid arteries of C57BL/6 wild-type and iNOS-deficient mice com-
pared with the neointima formed in the injured arteries of apoE�/�

mice (* as reported in 8). The neointimal areas were determined
by subtracting the luminal area from the area encircled by the in-
ternal elastic lamina. B: Morphometric data for medial area, which
was calculated as the area encircled by the external elastic lamina
minus the area encircled by the internal elastic lamina. C: Morpho-
metric data for medial thickness, which was calculated as the aver-
age linear distance between the internal and external elastic lami-
nae measured in four places 90� apart. The data represent means �
SEM from 10 C57BL/6 and 10 iNOS�/� mice. Bars with different
letters in each graph indicate significant differences at P � 0.05.
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(21), and the promotion of endothelial regeneration (22).
Despite these findings, however, the contribution of nitric
oxide deficiency to vascular disease has been controver-
sial. Kuhlencordt et al. (23) reported that iNOS deficiency
in mice resulted in decreased lipid peroxides and de-
creased lesion size in an atherosclerosis model, whereas
Ihrig, Dangler, and Fox (24) reported that iNOS defi-
ciency resulted in increased cholesterol levels and an in-
creased lesion incidence. In the context of injury-induced
hyperplasia, Chyu et al. (25) reported that iNOS ablation
resulted in a decrease of neointimal hyperplasia, but Kog-
lin et al. (26) concluded from their study in a vascular al-
lograft model that iNOS deficiency resulted in increased
neointimal hyperplasia. The discrepancies between these
findings remain unresolved.

This investigation builds upon our previously published
data and confirms the role of iNOS in apoE-dependent in-
hibition of smooth muscle cell proliferation. Previous re-
search in our laboratory has shown that C57BL/6 wild-
type mice are resistant to endothelial denudation-induced
neointimal hyperplasia, whereas FVB/N mice are suscep-

tible (27). Comparison of apoE recruitment and iNOS
expression in injured carotid arteries from both strains
showed that, whereas apoE was recruited to the media in
both hyperplasia-resistant and -susceptible strains after en-
dothelial denudation, iNOS expression was detectable only
in the resistant strains. In addition, double labeling using
fluorescent antibodies indicated that the recruited apoE

Fig. 5. Representative histochemical (A–D) and immunohisto-
chemical (E, F) staining in control (A, C) and injured (B, D–F) ca-
rotid arteries from C57BL/6 iNOS-null mice. Hematoxylin and
eosin staining (A, B) indicates a cellular thickening in the injured
iNOS-null carotid artery (B). Verhoeff-Van Gieson staining (C, D)
indicates a medial thickening in the injured iNOS-null carotid ar-
tery. Immunofluorescent detection (E, F) of anti-smooth muscle ac-
tin (red) and apoE (green) indicates the presence of apoE within
the medial smooth muscle cell layers. Internal and external elastic
laminae are indicated by white arrows (E). Bar in E 	 20 �m; bar in
F 	 50 �m.

Fig. 6. Morphometric quantification of control (open bars) and
injured (closed bars) carotid arteries from FVB/N wild-type and apoE
transgenic mice given daily injections of saline or the iNOS inhibi-
tor 1400W. A: Neointimal area of the injured carotid arteries of apoE
transgenic (tg) mice with or without 1400W. Neointimal area was
determined by subtracting the luminal area from the area encircled
by the internal elastic lamina. B: Morphometric data for medial
area, which was calculated as the area encircled by the external elas-
tic lamina minus the area encircled by the internal elastic lamina.
C: Morphometric data for medial thickness, which was calculated as
the average linear distance between the internal and external elas-
tic laminae measured in four places 90� apart. The data represent
means � SEM from 10 mice in each group. Bars with different let-
ters in each graph indicate significant differences at P � 0.05.
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colocalized with iNOS expression in the medial layers of
the injured carotid arteries of the resistant strains. Further
studies with genetically modified mouse models showed
that iNOS was not expressed in the absence of apoE and
that overexpression of apoE in a hyperplasia-susceptible
strain resulted in the activation of iNOS expression and a
resistant phenotype. This correlation strongly indicated
that apoE-dependent induction of iNOS is an early re-
sponse event that is necessary for its inhibition of neointi-
mal formation.

In this investigation, we also took advantage of the
iNOS-null mouse model, which is available on a hyperpla-
sia-resistant genetic background (28), and compared vas-
cular response to injury in C57BL/6 mice with or without
iNOS gene expression. Our results showed that, although
neointimal hyperplasia was not different between the two
strains, significant increases in both medial area and me-
dial thickening were observed in mice lacking a functional
iNOS gene. Given the established importance of iNOS in
apoE-dependent inhibition of smooth muscle cell prolif-
eration (12), we interpret these data to indicate a pheno-
type of medial hyperplasia, as opposed to neointimal hy-
perplasia. These results further underscore the importance
of iNOS in mediating apoE inhibition of smooth muscle
cell proliferation but not its inhibition of cell migration.
However, these results are in conflict with the data pub-
lished by Chyu et al. (25), who showed that deficiency of
iNOS resulted in a decrease of neointimal hyperplasia with
no concurrent change in medial morphometry. The dif-
ference between the two studies may be attributable to dif-
ferences in the time points for the analysis of vascular pa-
thology and, more importantly, differences in the procedure
used to induce vascular injury. Chyu et al. (25) induced
vascular injury with a cuff model by applying a periadven-
titial collar around the carotid artery. This model involves
significant inflammatory cell participation in the injury re-
sponse. In contrast, we (17) induced vascular injury by
mechanical denudation of the endothelium, in which lym-
phocyte infiltration appeared to be an early protective
event against neointimal hyperplasia. Thus, the different
methodologies used may have different effects on inflam-
matory cell functions, with the resulting differences in the
role of iNOS in smooth muscle cell activation and/or en-
dothelial repair responses.

The implication of iNOS as a necessary mediator of
apoE-dependent inhibition of vascular cell proliferation
in the C57BL/6 strain does not fully address the potential
mechanism by which the FVB/N strain of mice is more
susceptible to endothelial denudation-induced neointi-
mal hyperplasia, requiring increased levels of apoE to pro-
tect against this pathological phenotype (8). The expres-
sion level of COX-2 cannot explain the difference between
C57BL/6 and FVB/N mice in vascular response to injury,
because both strains displayed similar levels of COX-2 pro-
tein in the arterial wall before and after endothelial denu-
dation (Fig. 2). In the current study, we showed the ex-
pression of iNOS in injured vessels of apoE transgenic
FVB/N mice but not in injured vessels of wild-type FVB/N
mice. Importantly, we used the iNOS-specific inhibitor

1400W (18) and showed that inhibition of iNOS activity
also obliterated the protective effects of apoE transgenic
expression against neointimal hyperplasia in the FVB/N
mice. Thus, the dysregulation of iNOS may be a critical
determinant for the increase in injury-induced neointimal
hyperplasia in wild-type FVB/N mice compared with that
observed in C57BL/6 mice.

The current study clearly demonstrates that the in vivo
activation of iNOS expression in smooth muscle cells is
necessary for apoE inhibition of endothelial denudation-
induced neointimal hyperplasia. Although the mecha-
nism of nitric oxide inhibition of smooth muscle cell pro-
liferation remains to be identified, previous work from
our laboratory showed that apoE inhibition of cell prolif-
eration also requires the inhibition of mitogen-activated
kinase (11), a property that has been attributed to nitric
oxide (29, 30). Additional studies elucidating the interme-
diate signaling pathway(s) between apoE binding to hepa-
ran sulfate proteoglycans, which is required for apoE inhi-
bition of cell proliferation (15), and the expression of
iNOS in smooth muscle cells would be beneficial for a
complete understanding of the mechanism by which apoE
is involved in the regulation of cell proliferation.
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