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Abstract    Our previous study revealed that the coxsackievirus and adenovirus receptor (CAR) is a 
homophilic cell adhesion molecule and may function as a sensor of cell-cell interactions in the brain and 
damaged heart.  In this study, we investigated if CAR expression is involved in the formation of 
neointimal hyperplasia using a balloon injury model of rat carotid artery.  Cultured vascular smooth 
muscle cells (SMCs) from rat aorta were also studied.  

CAR antigen was constitutively detected in the endothelial cells (ECs) but not in SMCs before 
injury.  On day 5 after balloon injury, CAR was expressed strongly in the first layer of medial SMCs.  
Neointimal hyperplasia was observed on day 7, and strong expressions of CAR concomitantly with 
proliferating cell nuclear antigen (PCNA) were obvious in the neointimal SMCs, while CAR in medial 
SMCs disappeared.    The expression of CAR mRNA reached a peak on day 7 and declined gradually to 
the basal levels.  When the ECs regenerated on day 14, CAR antigen was observed in the ECs but 
disappeared in the neointima.  CAR together with PCNA was expressed abundantly in the proliferating 
SMCs in vitro, and diminished in cells grown to a confluent state.  The abundant expression of CAR in 
the neointima may facilitate an adenoviral gene therapy.   
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Introduction 
    A high-affinity receptor for coxsackievirus and 
adenovirus types 2 and 5, CAR, has recently been 
identified as a 46-kDa transmembrane cell 
adhesion molecule, which belongs structurally to 
the immunoglobulin superfamily containing 
VCAM-1 and ICAM-1.1-3 The physiological 
functions of CAR are not well understood. A 
previous study revealed that CAR is a homophilic 
cell adhesion molecule and was expressed 
strongly in the brain and heart of embryonic mice 
until the neonatal phase4 suggesting that this 
molecule may play a role in the adhesion of 
embryonic cells during the development of these 
organs.   
    Although CAR molecule has been shown to be 
abundant in the hearts of newborn but not in adult 
rats, CAR molecule was found to be re-expressed 
strongly in the damaged rat heart: during the 
active phase of experimental autoimmune 
myocarditis.5 This transient nature of CAR 
expression might suggest a role of the adhesion 
molecule in sensing the state of the cell-to-cell 
contact.  When cell-to-cell contact is loosened, it 

may be expressed until the repair or organization 
is completed.  Although the role of CAR in the 
vascular system is not known, like in damaged 
cardiomyocytes, CAR molecule might be 
involved in the regeneration of the damaged 
vascular system.  
    In the present study, CAR expression was 
investigated in an experimental model of intimal 
hyperplasia and in cultured vascular smooth 
muscle cells (SMCs).  If CAR is expressed in the 
injured artery or the neointimal hyperplasia, CAR 
may explain the efficient adenovirus-mediated 
gene transfer to the neointima and to a sclerotic 
plaque as reported previously.6,7 The 
physiological and pathological roles of CAR in 
injured vessels and in intimal hyperplasia should 
be elucidated further.   
 
Materials and Methods 
Animals 
    Adult male Sprague-Dawley rats (250−290 g) 
were obtained from Charles River Japan Inc. 
(Yokohama, Japan).  All procedures were 
performed under sterile conditions with the 
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approval of the Institutional Animal Care and Use 
Committee in compliance with procedures and 
methods outlined by the Guide for the Care and 
Use of Laboratory Animals (NIH publication No. 
86-23; National Institutes of Health, Bethesda, 
MD).  
 
Balloon injury and sampling 
    Rats were anesthetized by intraperitoneal 
administration of pentobarbital sodium (50 
mg/kg).  Carotid arteries were denuded of 
endothelium by the introduction of a 2F Fogarty 
balloon embolectomy catheter (Baxter Healthcare, 
Santa Ana, CA) into the left common carotid 
artery through the external carotid.  The balloon 
was inflated to distend the common carotid artery 
and then withdrawn to the external carotid artery. 
This procedure was repeated three times. After 
removal of the catheter, the external carotid artery 
was ligated and the wound closed.   
    The rats were sacrificed on days 3, 5, 7, 10, 14 
and 21 after treatment, and the injured left carotid 
arteries were obtained by isolation from the 
surrounding tissue. Control untreated rats were 
also studied for comparisons.   
 
Antibodies, tissue preparation and 
immunohistochemistry 
    A short polypeptide of 17 amino acid residues 
(KTQYNQVPSEDFERAPQ) in the intracellular 
domain of murine CAR was synthesized. Rabbit 
anti-CAR antiserum was obtained by 
immunization of white rabbits with the peptide 
and the immunoglobulin fraction was partially 
purified and used for immunohistochemistry as 
described previously.8  This antibody also reacts 
with rat CAR.5   
    After excision and washing of the carotid, the 
samples were embedded in OCT compound 
(Sakura Finetechnical, Tokyo, Japan), rapidly 
frozen in liquid nitrogen and stored at –80oC.  
Serial frozen sections (thickness, 7 µm) were 
applied to APS-coated slides (Matsunami Glass, 
Osaka, Japan), fixed in cold Zamboni liquid for 
30 min, and then stained with rabbit polyclonal 
antibodies against CAR, factor VIII-related 
antigen (FVIIIRAg; Zymed, San Francisco, CA), 
and a mouse monoclonal antibody against 
proliferating cell nuclear antigen (PCNA, Zymed).  
Rabbit antibodies were detected with biotinylated 
goat anti-rabbit Ig (Nichirei, Tokyo, Japan) and 
FITC-conjugated streptavidin (Vector, 
Burlingame, CA), and the mouse monoclonal 
antibody was detected with a 

rhodamine-conjugated goat anti-mouse secondary 
antibody (Vector). Sections were also stained with 
control rabbit IgG and propidium iodide (PI) to 
estimate nonspecific binding and to stain nuclei, 
respectively.   
 
Real-time quantitative RT-PCR 
    Total RNA was isolated from the carotid 
samples with Trizol (Life Technologies, Tokyo, 
Japan).  cDNA was synthesized from 2 µg total 
RNA with a random primer and a RNA PCR Kit 
(AMV) Ver. 2.1 (Takara, Tokyo, Japan) in a final 
volume of 20 µL.  Templates of CAR and γ-actin 
were made as a control gene to calculate the 
standard concentration curve.  CDNA from the 
samples was amplified with each primer 
(CAR-5’: 
GAACAGAGGATCGAAAAAGCTAAAG and 
CAR-3’:  
TCGTTACTCGTAAAGTGTACTCGTC,9 
γ-actin-5’: 
AGCCTTCCTTCCTGGGCATGGAGT 
and γ-actin-3’: 
TGGAGGGGCCTGACTCGTCATACT10), and 
inserted directly into the pGEN-T vector.  The 
recombinant plasmid was then isolated after 
transforming into Escherichia coli JM109 
competent cells.  cDNA was diluted 100-fold with 
DNAse-free water, and 5 µL of the sample was 
used for CAR and γ-actin real-time quantitative 
PCR. The cDNA and diluted recombinant plasmid 
were amplified with the primers and dye 
(LightCycler Fast Start DNA Master SYBR 
Green I; Roche, Indianapolis, IN).  After initial 
denaturation for 10 min at 94oC, a 3-step cycle 
procedure was used (denaturation at 94oC for 1 
min, annealing at 58oC for 1.5 min, and extension 
and acquisition at 73oC for 2 min, for 35 cycles).  
A standard curve was calculated using 
LightCycler software, and drawn by plotting the 
cycle number at which the fluorescent signals 
entered the log-linear phase against the 
concentration of the standards. The relative 
quantities of CAR transcripts in all samples were 
calculated using LightCycler software and the 
standard curve.  The final result was the 
normalized CAR value, expressed as the ratio of 
CAR/γ-actin.   
 
Culture of vascular SMCs 
    Rat aortic vascular SMCs were purchased from 
Cell Applications, San Diego, CA.  The cells were 
washed and suspended in a smooth muscle cell 
proliferation medium (SMC P-STIM, Becton 
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Dickinson: MCDB131 medium supplemented 
with 5% fetal bovine serum, 5 µg/L of human 
recombinant insulin, 10 µg/L of human 
recombinant EGF, 2 µg/L of human recombinant 
bFGF, 100 U/mL penicillin G sodium, and 100 
µg/mL streptomycin sulfate).  Cells (1 x 104) in 
0.7 ml medium were seeded in a collagen type-1 
coated culture slide (Biocoat, Becton Dickinson: 8 
wells/slide, 0.69 cm2/well), and incubated at 37oC 
in 5% CO2 in humidified air for 1 to 4 days.  
Culture slides were harvested, washed with PBS, 
fixed as described above, and stained for CAR 
and PCNA antigens.  CAR was stained by serial 
incubation with rabbit anti-CAR, biotinylated 
goat anti-rabbit Ig and FITC-conjugated 
streptavidin.  PCNA was stained using mouse 
anti-PCNA and TRITC-conjugated goat 
anti-mouse IgG.  Rabbit IgG was used as a 
negative control to detect background 
fluorescence.   
 
Confocal Microscopy 
    Fluorescence was detected with a microscope 
(IX71, Olympus, Tokyo, Japan), a confocal laser 
scan unit (FV500, Olympus), and a Fluoview 
software (version 4.0, Olympus).  Fluorescent 
probes were excited with a multi-argon laser 
(488nm for FITC, Rhodamine and PI) and a 
Green He-Ne Laser (543nm for TRITC).  
Fluorescence was detected with the barrier filter 
sets, BA505/525 (FITC), BA560IF (Rhodamine 
and TRITC), and BA610IF (PI), and assigned as 
green (FITC) and red (Rhodamine, TRITC and 
PI).  Two-color images were obtained by 
overlaying images from individual channels 
acquired from a sample.  Graphic files obtained 
by confocal microscopy were analyzed using 
NIH-Image software to estimate CAR expression.  
Green light brightness was measured in vessel 
lumen (background noise), intima, and media.  
Relative mean fluorescence intensity (rMFI) was 
utilized as representative of quantity of CAR 
antigen: (green brightness of a tissue region) / 
(green brightness of vessel lumen).   
 
Statistical analysis 
    Means and standard deviation (SD) were 
calculated and used to express the mRNA levels. 
Comparisons of the values among groups were 
performed by one-way ANOVA followed by the 
Bonferroni multiple comparison test.  Paired t-test 
was used to compare rMFI in each tissue regions 
in 3 samples.  
 

Results 
Expression of CAR and PCNA antigens 
    Carotid artery samples obtained at least 3 (3 to 
5) rats were immunohistochemically analyzed at 
each time points after balloon injury treatment.  
Figure 1 shows CAR and PCNA antigen 
expression along with the FVIIIRAg-stain in 
endothelial cells (ECs) using serial sections of the 
carotid artery. The normal carotid of untreated 
rats had a recognizable endothelial monolayer and 
medial layers.  CAR-antigen was positive in the 
ECs, and absent or only trace-level positive in the 
media. Regeneration of ECs and thickening of 
intimal SMCs were not obvious on day 5 of 
treatment. However, intensive expression of CAR 
antigen was observed in superficial medial SMCs 
at this time.  Regenerating ECs and neointima 
were evident on day 7, and both ECs and 
neointimal SMCs strongly expressed CAR 
antigen, while CAR antigen observed in medial 
SMCs on day 5 clearly decreased on day 7. CAR 
antigen expression was limited to the new EC 
layer on day 14.  The neointimal SMCs observed 
on day 7 also expressed PCNA in the nucleus, 
indicating a high degree of cell proliferation 
similar to that of embryonic SMCs.11   Measured 
rMFI of CAR antigen (n=3) was as follows: 6.36 
+ 0.42 in ECs and 1.49 + 0.07 in media (p < 0.01) 
in untreated rats; 11.65 + 1.78 in superficial 
medial SMCs and 2.76 + 0.65 in outer media (p < 
0.05) on day 5; 7.95 + 0.58 in neointimal SMCs 
and 1.39 + 0.02 in media (p < 0.01) on day 7; and 
10.27 + 1.45 in regenerated ECs, 2.89 + 0.18 in 
neointima (p < 0.05), and 2.90 + 0.26 in media (p 
< 0.05) on day 14.   
 
Expression level of CAR mRNA 
    The time-course of the CAR mRNA level in 
the injured carotid artery is shown in Figure 2.  
The means ± SD of the ratio of CAR/γ-actin 
mRNA were as follows: 0.072 ± 0.077 (n = 8) in 
carotid arteries of untreated rats; 0.075 ± 0.060 (n 
= 5) in treated carotids on day 3; 0.124 ± 0.072 (n 
= 7) on day 5; 0.180 ± 0.109 (n = 8) on day 7; 
0.152 ± 0.065 (n = 7) on day 10; 0.135 ± 0.022 (n 
= 5) on day 14; and 0.122 ± 0.036 (n = 6) on day 
21. Carotid arteries obtained from untreated rats 
expressed low levels of CAR mRNA. This level 
increased to a maximum on day 7 (p = 0.0050), 
and then decreased gradually to a low level 
thereafter.   
 
Cultured SMCs  
    Proliferating vascular SMCs in culture 
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expressed CAR and PCNA in the cytoplasm and 
nucleus, respectively, therefore the cells actively 
produced CAR antigens in the growing stage 
(Figure 3).  CAR antigen clearly diminished in the 
cells grown to a confluent stage.  Artifact gap was 
seen among the confluent cells by fixation, which 
may indicate the cell-cell contact of SMCs was 
not tight.  The same experiment was carried 4 
times.   
 
Discussion 
    In untreated carotid arteries, CAR antigen was 
constitutively expressed in ECs and the baseline 
level of CAR mRNA was thought to have arisen 
from these cells. Denudation of the media by 
stripping the EC layer off the carotid artery 
caused the induction of CAR in the medial SMCs 
before formation of the neointima, and this 
resulted in increased levels of CAR mRNA. 
Therefore, upregulation of CAR might have been 
triggered by the loss of cell-to-cell contact 
through mechanical injury, and restoration of the 
injured carotid occurred as a result. Several days 
after the treatment, neointimal SMCs and a newly 
generated EC layer appeared with strong 
expression of CAR. CAR expression in the 
injured carotid neointima was accompanied by 
strong expression of PCNA, and both antigens 
then decreased simultaneously.  As transient 
expression of adhesion molecules is thought to be 
closely related to the development of intimal 
hyperplasia,12,13 CAR expression may be another 
trigger of these physical and pathological 
processes in the arteries.   
    So far, adenovirus-mediated gene transfer has 
been reported to accumulate in injured vessels, 
and the efficacy of this transfection is reported to 
be higher than liposomal or retroviral-mediated 
gene delivery.14,15 The time sequence of CAR 
expression in the present study appeared to be 
almost the same as the time-course of integration 
of a recombinant adenovirus (AdV) containing 
β-galactosidase in a balloon injury model of the 
rat carotid artery reported in an earlier work1, i.e., 
AdV integrated into ECs before balloon treatment, 
accumulation was scattered in the medial layer 
before formation of the neointima, and massive 
integration of the virus was observed in 
neointimal hyperplasia. AdV integration was also 
observed in intimal macrophages and SMCs in 
human vessels.2  VCAM-1 shares some homology 
with CAR and is thought to contribute to the 
integration of adenovirus vectors into vessels.16 
The present study revealed that the high-affinity 

receptor of AdV, CAR itself, was expressed in the 
EC layer and in the neointima thereafter. Hence, 
CAR itself, but not VCAM-1, may play an 
essential role in adenovirus vector integration into 
the vessels.   
    AdV most likely utilizes CAR and vitronectin 
receptors (VNRs), αVβ3 and αVβ5, as primary 
attachment site for the adenovirus fiber2,3 and as 
secondary internalization receptors,17,18 
respectively.  VNR-αVβ3 is expressed in ECs and 
monocytes, while αVβ5 is expressed in 
fibroblasts, platelets, epithelial cells, and SMCs.  
On the other hand, CAR expression in vascular 
cells is not established so far.  Cultured prostate 
SMCs expressed CD51 (integrin αV), but not 
CAR, in the cell surface analyzed by flow 
cytometry, and AdV infected into SMCs at a very 
low frequency.19  However, like ECs, SMCs may 
also show different phenotypes in individual 
tissues and organs.  In a report of ex vivo AdV 
gene transfer into aortas, AdV-mediated LacZ 
expression was abundant in endothelium and 
adventitial cells, and medial SMCs also expressed 
LacZ at a low frequency.20  Therefore, some level 
of CAR is possibly expressed in vascular SMCs.  
In fact, AdV transduction via integrin receptors 
was strikingly suppressed when CAR binding 
sites were blocked in cultured human aortic 
SMCs.21  In the present study, CAR was 
expressed abundantly in the cytoplasm of cultured 
vascular SMCs, and membrane-bound CAR was 
not perceived by the huge fluorescence scattering 
of cytoplasmic FITC.  However, we supposed that 
CAR should be expressed in the cell surface in a 
low level because of the nature of CAR molecule, 
i.e., type I membrane glycoprotein to function as 
cell adhesion molecule.  
    The role of CAR has been studied in virus 
infection, vascular ECs as well as in epithelial 
cells in airway and bladder cancer.  CAR 
mediated homotypic intercellular contact, 
recruited ZO-1 (a tight junction protein) at the 
tight junction, and constituted the functional 
barrier in tracheobronchial epithelial cells as a 
result.22  Interestingly, the ligand for CAR is 
thought to be CAR itself, because specific 
antibodies against the extracellular domain of 
CAR and recombinant soluble CAR inhibited the 
homotypic cell aggregation.4,22  On the other hand, 
CAR expression in human umbilical vein ECs 
increased with culture confluence.23  Moreover, 
cell-cell contact initiated by CAR inhibited the in 
vitro growth of bladder cancer cells accompanied 
by p21 and hypophosphorylated retinoblastoma 
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protein accumulation.24  Taken together, the 
upregulated CAR expression in the regenerated 
ECs might have inhibited and terminated the 
growth of SMCs through CAR-CAR interaction 
expressed in the SMCs in our study.   
    Little is known about the role of CAR in the 
pathogenesis of cardiovascular disorders.  We 
previously reported that CAR was expressed in 
the heart of rats with experimental autoimmune 
myocarditis,5 and this observation may in part 
explain the susceptibility of 
coxsackievirus-mediated myocarditis in the 
damaged heart.  CAR is also found to be 
upregulated in the human heart with dilated 
cardiomyopathy.25 The precise role of CAR in 
cardiovascular disease needs to be determined. In 
conclusion, CAR was abundantly expressed in the 
intimal hyperplasia. Such abundant expression of 
CAR molecules may have clinical significance 
especially in adenovirus-mediated gene therapy to 
prevent post-PTCA restenosis. As in vivo 
administration of an antibody cocktail against 
ICAM-1 and LFA-1 inhibited intimal hyperplasia 
in rats,12 the CAR antigen may also be a potential 
target molecule for antibody therapy in vivo.  The 
physiological and pathological roles of CAR in 
injured vessels and in intimal hyperplasia should 
be elucidated further.   
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Fig. 1.  Distributions of CAR and PCNA antigens after balloon 
injury to the rat carotid artery. CAR antigen (FITC), factor 
VIII-related antigen (FITC), rabbit IgG (controls for CAR, FITC) 
and nuclear staining (PI) are demonstrated, and two-color staining of 
CAR and PCNA (rhodamine red) is also shown in the bottom panel.  
CAR was constitutively expressed in vascular endothelial cells (day 
0), and was induced in the first layer of medial SMCs on day 5.  The 
antigen disappeared from medial SMCs, and was strongly expressed 
in the neointimal SMCs simultaneously with proliferating cell 
nuclear antigen (PCNA) on day 7.  It vanished from the vascular 
SMC after the regeneration of EC.  Photographs are representatives 
of carotid samples obtained from at least 3 different rats at each time 
points after treatment.  Original magnification, x 400 (days 0, 5 and 
7); x 200 (day 14); and x 800 (two-color).   

 
 
 
 
 
 
 
Fig. 2. Time-course of the level of expressed CAR mRNA after balloon 
injury to the rat carotid artery (mean ± SD).  Vertical axis, ratio of measured 
mRNA, CAR/γ-actin, by real-time quantitative RT-PCR.  p, compared with 
control carotid artery of untreated rats (day 0) .   
 

 
 

 
Fig. 3. Morphology and antigen expressions of CAR and PCNA in 
cultured vascular SMCs.  Proliferating SMCs expressed CAR (FITC, 
green) and PCNA (TRITC, red) antigens (48 and 60 hours).  The 
cells grown to a confluent state lost antigens of PCNA, and CAR 
expression clearly diminished in the cells (confocal laser scan 
system).  Morphologies of the cultured cells in different fields are 
also shown (May-Giemsa stain).  Note that artifact gap was seen in 
the cells grown to a confluent stage by fixation of the sample.  Four 
different cell cultures were carried, and representative photographs 
are demonstrated.   
 

 


