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isolated using a Quantum Prep Plasmid Maxiprep
kit (Bio-Rad Laboratories, Hercules, CA, USA).
Next, human IL8 cDNAs were amplified from
Cos-7 cells cDNA using the primers: (5"-gaGAA
TTCATTTAAATgacttccaagetggeegtgget-3” and
5'-gcagcatcGCGGCCGCtgaattetcageectette
aaaaa-3’), as described above. These were in-
serted into the pCAGGS-glucagon 19-29 vector
using the Swal and Not! sites and the recombinant
plasmids, i.e., pCAGGS-IL8 glucagon 19-29,
were isolated as described above.

To construct a negative control plasmid, i.e.,
pCAGGS-IFN gamma receptor extracellular do-
main (ECD) IgG-Fc¢ without glucagon 19-29, rat
IgG1Fc ¢DNAs were amplified from rat spleen
cDNA using the primers: (5"-gaGAATTCATT
TAAATgagaGCGGCCGCegtgeccagaaactgtg-
3" with Swal and NotlI restriction sites and 5'-
gagagagaGAATTCactctggggteatttacccggagag
tgggag-3") (Bruggemann et al. 1986) as de-
scribed above. The amplified cDNA was
inserted into the pCAGGS vector using the
EcoRI sites. Escherichia coli JM109 com-
petent cells were then transformed and re-
combinant plasmids, i.e., pCAGGS-rat IgG-
Fc were isolated as described above. Next,
rat JFN gamma receptor ECD ¢DNAs were
amplified using the primers: (5'-gaGAATTCATT
TAAATgattctgctggtggtectgatg-3” and 5'-
gcageatcGCGGCCGCCttcttctetgtcatcatggagaaa-
3"), as described above, These products were in-
serted into the pCAGGS-rat IgG-Fc vector using
the Swal and Notl sites and the recombinant plas-
mids, i.e., pPCAGGS-IFN gamma receptor ECD
IgG-Fc without glucagon 19-29, were isolated as
described above.

To construct the plasmid pCAGGS-IFN
gamma receptor ECD IgG-Fe glucagon 19-29, the
first PCR products were amplified from the di-
luted negative control plasmid using the primers:
(5'-gaGAATTCATTTAAATgagaGCGGCCGCce
gtgcecagaaactgtg-3’, 5'-tcaaccactgeacaaaatettgg
gcTTTACCCGGAGAGTGGGAGAGACT-3") as
described above. The final PCR product inserts
were then amplified from the diluted products

of the first PCR reaction with the primers: (5'-
gaGAATTCATTTAAATgagaGCGGCCGCcegtge
ccagaaactgtg-3” and 5'-gagagagaGAATTCtcaggta
ttcatcaaccactgcacaaaatcitggge-3") (Heinrich et
al. 1984). These products were inserted into
the pCAGGS vector using EcoRI sites. The re-
combinant plasmids, i.e., pPCAGGS-IFN gamma
receptor ECD 1gG-Fc glucagon 19-29, were then
isolated as described above.

Rats

Eight-week-old male Lewis rats were pur-
chased from Charles-River Japan, Inc. (Tokyo).
One week later, we injected plasmid DNA into
nine-week-old rats. Throughout the studies, all
the animals were treated in accordance with the
guidelines for animal experiments of our institute.

Gene transfer and assay of synthesized protein
in blood

To compare IL8§ glucagon 19-29 concen-
trations in blood calculated using glucagon tag
and using IL8, eight rats were injected with 400

g of pPCAGGS-IL8 glucagon 19-29 which were

added to 20 ml volumes of Ringer solution via the
tail vein within 15 seconds (receiving approxi-
mately 80 ml/kg body weight) (Maruyama et al.
2002). Blood samples were taken 24 hours fol-
lowing injection. Glucagon concentrations were
measured using a glucagon RIA Kit (DAIICHI
RADIOISOTOPE LABS, Tokyo) (Imagawa et
al. 1979; Nishino et al. 1981) and IL8 concentra-
tions using IL-8 EASIA (BIOSOURCE, Nivelles,
Belgium).

To measure rat IFN gamma receptor ECD
IgG-Fc glucagon protein and blood sugar concen-
trations throughout the acute phase, ten rats were
divided into two groups, a Glucagon 19-29 posi-
tive group (treated with plasmid pCAGGS-IFN
gamma receptor ECD IgG-Fc glucagon 19-29,
n=35), and a Glucagon 19-29 negative group
(treated with plasmid pCAGGS-IFN gamma re-
ceptor ECD IgG-Fe, n=5). The plasmids (800 ug
each) were added to 20 ml volume of Ringer solu-
tion and rats were injected via the tail vein within
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15 seconds (receiving approximately 80 ml/kg
body weight) (Maruyama et al. 2002). Blood
samples were taken 4 hours, 8 hours, and 12
hours following injection. Glucagon concentra-
tions were measured from 10 g1 plasma samples
diluted with 50-100 PBS using a glucagon RIA
Kit as described above. Blood sugar was mea-
sured using a glutestsensor (SANWA KAGAKU
KENKYUSHO, Nagoya).

To measure synthesized protein concentra-
tions at subsequent time points, seven rats were
injected with the plasmid pCAGGS-IFN gamma
receptor ECD IgG-Fc glucagon 19-29 and three
rats were injected with the control plasmid
pCAGGS-IFN gamma receptor ECD IgG-Fc as
described above. Blood samples were taken 1, 3,
7 and 16 days after injection, and glucagon con-
centrations were measured as described above.
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REsSULTS

Synthesized protein concentration in blood and
blood sugar levels

Human IL§ glucagon 19-29 protein concen-
trations 24 hours after injection of pCAGGS-IL8
glucagon 19-29 calculated using glucagon were
similar to those using human IL8 (Fig. 1).

During the acute phase, IFN gamma receptor
ECD IgG-Fc glucagon 19-29 concentrations were
2815£2318 ng/ml (mean+s.n.) 4 hours after injec-
tion of pCAGGS-IFN gamma receptor ECD IgG-
Fc glucagon 19-29, 6061+2789 ng/ml 8 hours
after injection, and 575242270 ng/ml 12 hours
after injection. The protein concentration peaked
at 8 hours and the protein concentrations in the
Glucagon 19-29 negative group were not detected
at any point (Fig. 2). The differences between
blood sugar in the Glucagon 19-29 negative group
and the Glucagon 19-29 positive group after 4

Y=0944x X
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Chimeric protein concentrations calculated
using glucagon (pg/ml)

Fig. 1. The chimeric protein (human IL8 glucagon 19-29) concentrations calculated using glucagon or
human IL8 in blood 24 hours after injection of plasmids.
Chimera protein (human IL8 glucagon 19-29) concentrations were calculated using the follow-
ing formula: (human IL8 glucagon 19-29 protein concentration)=(actually measured glucagon
concentration)x(human IL8 glucagon 19-29 protein molecular weight)/(whole glucagon molecular
weight), or (human IL8 glucagon 19-29 protein concentration)=(actually measured human IL-8
concentration)x(human IL8 glucagon 19-29 protein molecular weight)/{whole human IL-8 molecu-

lar weight) Regression line: ¥=0.944xX.
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Fig. 2. The chimeric protein (IFN gamma receptor ECD IgG-Fc glucagon 19-29) concentrations in
blood during the acute phase following injection of plasmids. Chimeric proteins were not indicated
by increased glucagon antigen levels in the bloed of any rat in the control (Glucagon 19-29 nega-
tive) group (data not shown). Chimera protein {IFN gamma receptor ECD IgG-Fe glucagon 19-29)
concentrations were calculated using the following formula: (IFN gamma receptor ECD IgG-Fe
glucagon 19-29 protein concentration)=(actually measured glucagon concentration) x(IFN gamma
receptor ECD 1gG-Fc glucagon 19-29 protein molecular weight)/(whole glucagon molecular

weight).

P T

Fig. 3. Blood sugar levels following gene therapy. Differences between the Glucagon 19-29 positive
group and the Glucagon 19-29 negative group were not significant at any time. The symbol “(+)”
denotes the Glucagon 19-29 positive group and the symbol “(-)” denotes the Glucagon 19-29 nega-

tive group.

hours (100.6+8.8 mg/100 ml vs 99.0+17.5 mg/100
ml), 8 hours (81.8+7.5 mg/100 ml vs 89.3+15.1
mg/100 ml), and 12 hours (71.4£6.9 mg/100 ml
vs 63.5+5.7 mg/100 ml) were not significant (Fig.
3).

At later time points, the synthesized protein
concentrations decreased gradually: 2870+1062

ng/ml after one day, 14404334 ng/ml after three
days, 11204433 ng/ml after seven days, and 281x
162 ng/ml after 16 days. Chimeric protein levels
in diluted plasma samples from rats treated with
the control plasmid (without glucagon residues
19-29) were below the detection levels of this as-
say (Fig. 4).
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Fig. 4. Chimeric protein (IFN gamma receptor ECD IgG-Fc glucagon 19-29) levels in plasma of the
Glucagon 19-29 positive group decreased following the acute phase. Chimeric proteins were not in-
dicated by increased glucagon antigen levels in the blood of any rat in the control (Glucagon 19-29

negative) group (data not shown).

Discussion

The chimeric recombinant protein with a
C-terminal tag consisting of glucagon residues
19-29 synthesized as a result of this gene therapy
protocol could be measured using an RIA-based
method for 16 days following injection of plasmid
vectors into rats. This tag was detected by RIA,
which also reacted with endogenous glucagon.
The normal range of glucagon concentration in
humans is 0.023-0.197 ng/ml. Glucagon antigen
was detected at levels far above endogenous glu-
cagon levels for 16 days following injection of
the protein expression plasmid. Glucagon levels
in blood were too low to be detected in any of the
50-100 diluted plasma samples taken from rats
that received a control plasmid encoding the pro-
tein minus the glucagon tag. Therefore, we con-
cluded that the glucagon levels measured for the
Glucagon 19-29 positive rats accurately reflected
the concentrations of the synthesized recombinant
protein. Peak chimera protein synthesis in the
Glucagon 19-29 positive group occurred eight
hours following plasmid injection. Therefore,
protein synthesis after intravenous injection of
plasmid DNA into rats may begin earlier than
in vitro transfection. Blood sugar levels in this
group did not rise, even during the acute phase,
indicating that the recombinant tag did not cause

the type of physiological response that would be
expected following a rise in normal glucagon lev-
els. This implies that the Glucagon 19-29 tag will
be useful and well tolerated in other gene therapy
protocols. Injection of naked plasmid into the
muscle or vein is an easy and cheap gene therapy
method that is being explored in many labora-
tories. The synthesized protein levels following
these protocols, however, can vary significantly
between different animals. In gene therapy, the
accurate measurement of synthesized protein in
blood is essential to investigate the effects and
side effects of the therapy. We present here a
novel and convenient method to assay expression
of gene therapy protein products, through use of a
glucagon residue 19-29 C-terminal protein tag,
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Abstract Coxsackievirus B is the most common cause of
viral myocarditis and is particularly virulent in neonates
and children. Adenovirus is also a leading cause of the
disease. The determinant of tropism for both viruses is
considered to be the expression of coxsackievirus and
adenovirus receptor (CAR) in target organs. However,
developmental change and physiological localization of
CAR in the heart are unknown. We examined expression
levels of CAR in rat hearts by quantitative real-time
polymerase chain reaction and Western blot analysis and
found that CAR decreased gradually during postnatal
development, although CAR was detectable, even in
adults. Immunohistochemistry revealed CAR on the
whole surface of cardiomyocytes in immature rat hearts.
In contrast, CAR was detected predominantly on interca-
lated disks in the adult heart and was accumulated
especially at the contact point between the cultured
cardiomyocytes, even though they were prepared from the
neonatal rat heart. In conclusion, CAR was expressed
abundantly on the whole surface of cardiomyocytes in
immature rat hearts. Both the expression level and the
localization of CAR are possible determinants of the
susceptibility to viral myocarditis of neonates and chil-
dren.

T. Kashimura (=) - M. Kodama - K. Yoshida : T. Ozawa -
R. Watanabe - Y. Okura - K. Kato - H. Hanawa - Y. Ajzawa
Division of Cardiology,

Niigata University Graduate School of Medical

and Dental Sciences,

1-754 Asahimachi, 951-8510 Niigata, Japan

e-mail: kashi@med.niigata-u.ac.jp

Tel.: +81-25-2272185

Fax: +81-25-2270774

Y. Hotta - I. Hosoya - R. Kuwano

Genome Science Branch,

Center for Bioresource-Based Researches,
Brain Research Institute, Niigata University,
Niigata, Japan

Keywords Coxsackievirus and adenovirus receptor -
Myocarditis - Development - Cardiomyocyte -
Intercalated disk

Introduction

Acute myocarditis leads to heart failure and sudden death.
The chronic type leads to dilated cardiomyopathy, and
both remain major causes of morbidity and mortality,
particularly in neonates and children [3, 7, 18, 26, 29].
However, the susceptibility to viral myocarditis at early
ages has not been elucidated.

Coxsackievirus B [17, 21] and adenovirus [16] are
leading causes of viral myocarditis in humans. It is also
well known that acute myocarditis can be produced in
neonatal and young mice experimentally with coxsackie-
virus B [12]. The first step of viral infection requires the
binding of virus particles to specific cell surface receptors
[37]. Interestingly, the two viruses share a common
receptor: the coxsackievirus and adenovirus receptor
(CAR) [2, 4, 32].

We reported that CAR plays a role in homophilic cell—
cell contact[13] and is expressed in the newborn brain and
the heart of rodents [13, 14], but the physiological
function of CAR has not yet been clarified. However,
CAR has been shown to be an important determinant of
efficiency of gene transfer using adenovirus vectors: the
expression of CAR in target cells or organs enhanced
adenoviral gene transfer in both in vitro and in vivo
studies [8, 15, 19, 20, 36]. However, the localization, not
the expression level, of CAR is considered much more
important for infection [6, 9, 25, 33, 34, 35].

Therefore, CAR is currently related to coxsackievirus
and adenovirus myocarditis and adenovirus-mediated
gene therapy [27]. While cardiac CAR was formerly
reported to be unchanged from neonate to adult [19],
recent studies suggested a decrease in adult CAR [10, 14],
and the localization of CAR in the heart needs to be
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Table 1 Primers used for poly-

. : Primer sequence Number Product
merase chain reaction (PCR)
and guantitative real-time PCR  CARI1 (PCR) gaacagaggatcgaaaaagctaaag AF109644 969 bp
(qPCR). CA_R coxsackievirus cattcgacttagattaggggcag
and adenovirus receptor CAR2 (PCR) gaacagaggatcgaaaaagctaaag AF109643 957 bp
gataagegtactigaact
CARI (qPCR) catceteticigetgteataaaaa AF109644 280 bp
cattcgacttagattagggacag
CAR2 (gPCR) ctgtcatagggacgetgett AF109643 306 bp
gtaagegtacttgaact
ANP atggatttcaagaacctgetagac EC0698 308 bp
getccaatectgteaatcctac
a-Cardiac myosin acaaggttaaanacctgacagage X15938 360 bp
tactgtictgetgactgatgtcaa
N-cadherin gtcaatgaaaatccttattttgee X06656 318 bp
aaglaaatagatttgeagegtice
Connexind3 aagttcaagtacgggattgaagag ABO17695 306 bp

gectitgaagaagacgtagaagag

studied. We reported that neonatal rat hearts exhibited
higher immunoreactivity to anti-CAR antibodies than
those of adult hearts [14], but did not focus on the precise
localization. CAR was re-expressed on the cell surface of
myocytes in diseased hearts, such as explanted human
hearts from patients with dilated cardiomyopathy [22] and
a rat model of myocardial infarction [10]. However,
physiological localization and its developmental change
have not been examined. In the present study, we
reconfirmed the developmental changes of CAR expres-
sion, not only mRNA expression, but also protein
expression, in rat hearts, and then, spatiotemporal change
of CAR was studied in vivo and in vitro. To avoid non-
specific staining of CAR, we used three anti-CAR
antibodies.

Materials and methods

Experimental animals

Lewis rats in the late stage of pregnancy were purchased from
Charles River, Japan (Yokohama, Kanagawa, Japan). Newborn rats
were fed by their own parents and maintained in ocur animal
facilities. The “Principals of laboratory animal care” (NIH publi-
cation no. 85-23, revised 1985) were followed.

Reverse-transcription polymerase chain reaction and quantitative
real-time polymerase chain reaction

Rats were sacrificed at birth, at the age of 1 week, 1 month, and
3 months (n=4 for each age) under ether anesthesia, and the hearts
were removed. Total RNA was extracted from the ventricles using
Trizol reagent (Invitrogen), and reverse transcription was per-
formed with 5 pg of RNA from each sample using random primers
(Promega) and M-MLYV reverse transcriptase (Gibco). To detect the
existence of CAR1, CAR2 [9], and splicing variants that were
reported in human [31}, 35 cycles of polymerase chain reaction
{PCR) was performed with cDNA of an adult (3-month-old) rat
heart using KOD-Plus (Toyobo). Primers were placed in the V-like
domain and in the alternative parts of 3’ terminals of CARI and
CAR2 (Table 1, Fig. 1A).

Quantitative real-time PCR (qPCR) on LightCycler (Roche)
was performed using LightCycler-FirstStart DNA Master SYBR
Green I (Roche) as previously described [11]. Primer lists and the
scheme of primers for CAR are shown in Table 1 and Fig. 1A. For
making standards for quantification, cDNA from the adult rat heart
was amplified with each pair of the primers. The products were
directly inserted into the pGEM-T vector (Promega) and the
recombinant plasmids were isolated after transforming with
Escherichia coli JM109 competent cells (Takara) using the
MagExtractor plasmid Kit (Toyobo). The plasmids were diluted
with DNase free water in a siliconized tube, including 10 ng/m!
MS2 RNA (Roche), to prevent adherence to the tube wall, and were
used as the standards.

Preparation of antibodies

Polypeptides composing CAR (a: KIYDNYYPDLK in the V-like
domain, b: KTQYNQVPSEDFERAPQ in the cytoplasmic domain,
and c: PYMIPAQSKDGSIV at C-terminus of CARI1) were chosen
to make polyclonal anti-CAR antibodies (Fig. 1A). Anti-CARa
antibodies and anti-CARb antibodies were obtained as previously
described [13]. Briefly, the polypeptides were synthesized with
additional cysiein at the C-terminus, conjugated to keyhole limpet
hemocyanin (Calbiochem-Novabichem), and used to immunize
white rabbits. The resulting antisera were purified by immunoad-
sorbent affinity chromatography on CNBr-activated Sepharose 4B
(Pharmacia) columns coupled with the peptides. Anti-CAR1 C-
terminus antibodies (anti-CARc antibodies) were newly prepared to
discriminate CAR1 from CAR2. The C terminal polypeptide of
CARI was conjugated to keyhole limpet hemocyanin (Calbiochem-
Novabichem) with glutaraldehyde and used to immunize white
rabbits. Purified antibodies were obtained with the same proce-
dures. Monoclonal anti-a smooth muscle actin (eSMA) antibodies
(Sigma), monoclonal anti-pan cadherin antibodies (Sigma), and
monoclonal anti-connexin43 antibodies (Chemicon International)
were purchased.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blot analysis

Ventricular tissue of each age group (n=4) was homogenized in
cell lysis buffer [20 mmol/l Tris-HC] pH 8.0, 137 mmol/l NaCl,
2 mmol/1 ethylene diamine tetraacetic acid (EDTA), 0.3% socdium
dodecyl sulfate (SDS), 0.4% sodium deoxycholate, 1 mmol/l
phenylmethylsulfonylfluoride (PMSF), and 1% NP-40], rotated at
4°C overnight, and centrifuged at 15,000xg for 30 min. Then, the

— 339 —



Fig. 1 A The design of primers A

285

and antibodies. The numbers -

Just beneath or above primers

5 76
indicate the location in rat cox- n
sackievirus and adenovirus - CARY l | V-like | |

Clike | [TM

ceptor (CAR)1 and CAR2. V- N —
like V-like domain. C-like C- ) a
like domain. TM transmem-

brane domain, J, 2 the alterna-

| g
tive portions of CAR1 and 5 76

CAR2. B The sizes of poly- CARZI | V-like | ‘

C-like | ITMI

merase chain reaction products
for CARI1 and CAR2 using X
c¢DNA from an adult rat heart. A -

single band was obtained for
CARI1 (I} and CAR2 (2). The -
sizes were the reasonable and

expected ones. M size markers

primers for PCR

m-----m  products of quantitative real time PCR

=2 polypeptides used for immunization to produce anthbodics

m=——a  cxpecled PCR products

supernatant was stocked at —20°C. After measuring the concen-
trations of each sample using a DC protein assay kit (Bio-Rad),
10 ug of protein was separated by SDS-polyacrylamide gel
electrophoresis (PAGE) (12% acrylamide) and analyzed by
immunoblotting with the primary antibodies. Anti-CARa, CARb,
and CARc antibodies were diluted to 0.0025 mg/ml, 0.001 mg/m!,
and 0.002 mg/ml, respectively. Densitometry was petformed
for CAR at 46 kDa using computer software (Quantity One,
PDD).

Immunohistochemistry and immunofluorescence for tissue samples

The removed hearts of each age group were fixed in Bouin’s liquid
overnight at 4°C, dehydrated, and embedded in paraffin. Sliced
sections (5 micrometers) were prepared on APS coated slides
(Matsunami) and deparaffinized. After washing in phosphate-
buffered saline (PBS), the slides were heated in 0.01 M citrate
buffer (pH 6.0) at 120°C for 20 min in an autoclave, washed three
times in PBS, and incubated in methanol containing 0.3% H,0, for
neutralizing the endogencus peroxidase. Then, a histofine (R) kit
(Nichirei) was diluted with PBS containing 5% skim milk to I:1
and used for the following procedures. For the detection of CAR,
anti-CARc antibodies were chosen based on the results of Western
blot analysis to avoid a nonspecific reaction. The antibodies were
diluted to 0.002 mg/ml, and normal rabbit immunoglobulin fraction
(Dako) was used at the same concentration as the negative control.
Visualization was achieved with 3, 3'-diaminobenzidine tetrahy-
drochloride, and the cell nuclei were counterstained with Mayer’s
hematoxylin.

Immunefluerescence for CAR was performed using the same
methods (without methanol containing 0.3% H,0,) until the
secondary antibodies, and then, fluorescein isothiocyanate
(FITC)-conjugated streptoavidin (Vector, 1/50) was used. Anti-
conexind3 antibodies were diluted to 1/500, followed by anti-
mouse immunoglobulins labeled with tetramethyl rhodamine
isothiocyanate (TRITC) (Dako, 1/50). After the addition of
mounting medium (Vector, Vectashield), fluorescent images were
obtained using a confocal laser scanning microscope (Fluoview,
Olympus).

Primary culture of rat neonatal cardiomyocytes

Cardiomyocytes were prepared from the ventricles of neonatal (3-
4 days old) rats by the modified method of Simpson [30]. Briefly,
the ventricles were minced and stirred at 37°C in trypsin solution
containing 0.1% trypsin (Difco), 0.8% NaCl, 0.04% KCl, 0.1%

M 12

glucose, and 0.035% NaHCO3. The solution with suspended cells
was collected and exchanged every 15 min. The collected solution
was added with ice-cold culture medium containing medium199
(Gibco), Ham’s F-12 (Gibco), 10% fetal bovine serum (ICN),
0.4% penicillin-streptomycin (Invitrogen), and 0.1 mmol/l 5-
bromo-2'-deoxyuridine (Sigma). The suspended cells obtained
during the procedures from the second to the seventh cycles were
collected by centrifugation at 120xg, washed three times with
PBS, and resuspended in the culture medium. The cells were
cultured for 90 min at 37°C with 5% CO, on a flask (Corning),
and adherent cells were excluded as fibroblasts. Then, the
suspended cells were diluted with the medium at the concentration
of 4x10% cells/ml and cultured on 6é-well cell culture dishes
(Iwaki) (1.3x10* cells/mm?) at 37°C with 5% CO,. The medium
was exchanged on day 3.

On days 1, 3, and 7, the wells (n=3) were washed three times
with PBS, and only the adherent cells were used as the samples. For
preparation of total protein, the wells were agitated with lysis buffer
(20 mmol/l Tris-HCI pH 8.0, 137 mmol/l NaCl, 2 mmol/1 EDTA,
0.3% SDS, 0.4% sodium deoxycholate, 1 mmol/l PMSF, and 1%
NP-40) at room temperature for 10 min and scraped. The contents
were rotated at 4°C overnight, and centrifuged at 15,000xg for
30 min. Then, the supernatant was stocked at —20°C. For the
samples of day 0, the cells suspended prior to starting culturing
were used. The cells were washed three times with PBS, and the
lysis buffer was added. Total protein was obtained using the same
procedures. Then, SDS-PAGE and Western blot analysis were
performed as above.

Immunofluorescence for cultured cardiomyocytes

Cardiomyocytes on day 0, prior to starting culturing, were washed
three times with PBS, prepared on slides (Matsunami) by Cytospin
(Shandon) at 10xg for 5 min, and air-dried. For the samples for
day | and day 2, cardiomyocytes were cultured on collagen I-
coated culture slides (Becton Dickinson) at a concentration of
1.1x10% cells/fmm?. On day 1 and day 2, the slides were washed
three times with PBS, air-dried, and stored at —40°C until the
immunofluorescence procedure. The samples were fixed in 4%
paraformaldehyde for 20 min, and permeabilized with 0.2% Triton
X-100 for 5 min at room temperature. And then, a Histofine (R) kit
(Nichirei) was diluted with PBS containing 5% skim milk to [:!
and used for the following procedures. Anti-CARc antibodies were
diluted to 0.002 mg/ml. After washing the secondary antibodies,
FITC-conjugated streptoavidin (Vector, 1/50) was used for visual-
ization. Anti-aSMA antibodies, anti-pan cadherin antibodies, and
anti-connexind3 antibodies were used at 1/200, 1/500, and 1/500,
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Fig. 2 Expression of cardiac 6 G
mRNAs during postnatal de- (x10%) LA Xk (XI_O ) %% E2 3
velopment. Coxsackievirus and 5 i * I__xx 1 120 " ! L
adenovirus receptor (CAR)1 i ! ' =1
decreased gradually after 4 4 100 -
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lower level. Changes of atrial < 3 - ]
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Fig. 3 Expression of coxsackie-
virus and adenovinus receptor A CARc
(CAR) and connexind3 proteins R
during postnatal development. (kDa)
A Using three anti-CAR anti- G7.4-
bodies, CAR was detected at 66.2 -1
46 kDa. Anti-CARa and anti- B SR
CARD antibodies cross-reacted S
with other proteins (shown by 45_(; : | O . -
the arrowhead and arrows, re- i e -
spectively), Proteins were not : L
identified. Anti-CARc antibod- N
ies obviously reacted specifi- 31.0-} -
cally with CAR. B Quantified o
delns‘itometay. %Adl_idcxpres;:ion i :
relative to da id not change
until | week after birth, Then it do dl d3 d7  do dl 43 d7 do dl d3 d7
declined at 1 month and B
3 menths, and the declines were CARa CARDb CARc
statistically significant. %% %% ## ##
*P<0.05. **P<0.01 by Scheffe LT % &4 ! ##) #8
test. #P<0.05. ##P<0.01 by the uks # ##
T — = ey
Tukey-Kramer method l—ﬁil #
1
1.0 1.0 1.0
0.5 0.5 0.5
0
do dl d3 d7 do di d3 d7 d0 dl d3 d7

followed by anti-mounse immunoglobulins labeled by TRITC
(Dako, 1/50). After the addition of the mounting medium (Vector,
VECTASHIELD), fluorescent images were obtained using a
contfocal laser scanning microscope (Fluoview, Olympus).

Statistical analysis

Values are presented as meanxSD. Statistical analysis was
performed by the Tukey-Kramer method, in which SDs of each
group were considered equal by the Bartlett test. The Kruskal-
Wallis test, followed by the Scheffe test, was used with unequal
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Fig. 4 Imunohistochemistry for
coxsackievirus and adenovirus
receptor {CAR). The develop-
mental changes in localization
of CAR were examined with
anti-CARc antibodies. A, B At
birth. C, D 1 week after birth.
E, F 1 month after birth, G, H
3 months after birth. I, J Nor-
mal rabbit immunoglobulins
were used at the same concen-
tration instead of the anti-CARc
antibody as the negative con-
trols for A and H, respectively.
The immunoreactivity of CAR
is clearly observed on the whole
surface of myocytes at birth.
Then, CAR seems to localize
predominantly at the intercalat-
ed disks. It should be noted that
the endocardium (A) and the
vessel walls (C) were free of
CAR. Criginal magnifications,
x600

SDs. The difference was considered statistically significant when

the P value was less than 0.05.
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rat hearts (Fig. 1B). No shorter products, suggesting
splicing variants, were detected.

The results of gPCR are shown in Fig. 2. The levels of
mRNA of CARI were 3.0- to 7.4-fold higher than those

Results

Expression of mRNA in hearts
during postnatal development

The PCR products for CAR! and CAR2 were detected at
expected length, indicating the existence of CAR in adult

of CAR2 throughout the postnatal development. The
levels of CART mRNA started to decrease at I week after
birth. At 1 month of age, the hearts still showed higher
levels of CARI mRNA (1.68+0.49x10% molecules
mRNA/ug of total RNA) than those at 3 months
(0.9120.14x10° molecules mRNA/ug of total RNA),
although the difference was not statistically stgnificant.
However, CAR2 mRNA did not decrease throughout the
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Fig. 5 The culture of car-
diomyocytes and expression of
coxsackievirus and adenovirus
receptor (CAR) protein. A Car-
diomyocytes were prepared
from neonatal rat hearts by
trypsin treatment (day 0). Non-
adherent cells were removed.
From day O through day 7, the
myocytes grow with increasing
intercellular contacts. B With

three anti-CAR antibodies,
CAR was detected at 46 kDa.
Anti-CARa antibodies and anti-
CARD antibodies cross-reacted
with other proteins (arrowhead
and thin arrows, respectively).
The smaller band, which de- >
tected anti-CARDb antibodies

. . 31.0-
(thick ) dered t -
be”fcra;r;’:r::edwésﬁugfn(sll (Sflf;ntic-’ ’ -
fied densitometry. *P<0.03.
**P<0.01 by Scheffe test.
#P<0.05. ##P<0.01 by the Tu-
key-Kramer method d0 dl d3 d7 do dl 43 d7 40 dl d3 d7
C I *x‘W‘ # A I T
1 T —
1.01 CARa 1.0{ CARb 1.0l CARc
0. 0.51 0.
0 O Lok
do di d3 d7 d0 dl 43 d7 do d1 d3 d7

development and stayed at a lower level. CARI decreased
to 30% at 3 months after birth, and ANP, a typical fetal
phenotype, decreased more remarkably to 2.8%. In
contrast, a-cardiac myosin, a typical adult phenotype,
increased up to 390% at 3 months. N-cadherin, an
adhesion molecule, decreased significantly after 1 week
of age, similarly to CARI, but connexin43 did not change
during the development.

Expression of CAR protein
in hearts during postnatal development

Using three anti-CAR antibodies, bands of CAR were
detected at 46 kDa throughout the development, even at
3 months of age (Fig. 3A). Immunoreactivity of each
antibody to CAR showed a difference. The anti-CARa
antibody showed weaker band expression than other anti-
CAR antibodies. Statistical analysis of the results of
densitometry revealed significant decreases of CAR from
1 week to 1 month, and 1 month to 3 months (Fig. 3B).

Immunohistochemistry of hearts
In neonatal rat hearts, CAR was stained on almost the

whole surface of cardiomyocytes (Fig. 4A, B). The
endocardium of the ventricle or the papillary muscles

revealed negative staining for CAR (Fig. 4A). Vessel
walls were also negative for CAR (Fig. 4C). After birth,
polarity of cardiomyocytes began to emerge, and immu-
noreactivity of CAR became more clear at the sites of
intercalated disks as they grew, while immunoreactivity
on the non-contacting surface of cardiomyocytes became
fainter (1 week: Fig. 4C, D, 1 month: Fig. 4E, F,
3 months: Fig. 4G, H). In the adult heart, CAR was
locatized predominantly at the intercalated disks (Fig. 4G,
H).

Expression of CAR protein in cultured cardiomyocytes

Figure S5A shows the appearances of cultured cells at
different stages, The adhesion of cardiomyoccytes to the
wells was not complete, even after 24 h of culturing, and
the density of adhered cardiomyocytes was low. By day 3,
most cells adhered to the wells, and the cell density was
similar to that of day 7.

Using three anti-CAR antibodies, the bands of CAR
were detected at 46 kDa (Fig. 5B). On day 0, cardiomy-
ocytes had lost most of the CAR molecules after
treatment in a trypsin solution. The result indicated that
most CAR molecules in neonatal rat hearts had existed on
the surface of the cells and were digested by trypsin. On
day 1, the blot for CAR became apparent, using all three
antibodies, although a significant rise was confirmed only
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Fig. 6 Immunofluorescence of
cultured cardiomyocytes for
coxsackievirus and adenovirus
receptor {CAR) and cadherin.
A, B, C After 2 days of cultur-
ing, CAR labeled green with
fluorescein isothiocyanate
(FITC) localizes along the
junction between the two car-
diomyocytes, as identified by
anti-o smooth muscle actin an-
tibody, labeled red by tetra-
methyl rhodamine
isothiocyanate (TRITC). D, E,
F, G H IJ K L The
localization of CAR, labeled
green with FITC, was compared
with cadherin, labeled red by
TRITC. D, E, F The cardiomy-
ocytes on day 0 have lost CAR
on the cell surface due to tryp-
sin treatment. Cadherin remains
stainable on the cell surface. G.
H, I On day 1, CAR starts to
localize at the sites of cellular
contacts (arrows), where cad-
herin is also stained. J, K. On
day 2, co-localization of CAR
and cadherin is obvious along
the junctions. Original magnifi-
cations, x600. Scale bars,

10 um

for CARb (Fig. 5C). The expression of CAR reached a
plateau by day 3 and remained stable until day 7.

Immunofluorescence of cultured cardiomyocytes

Neonatal cardiomyocytes were specified by anti-aSMA
antibodies. CAR was clearly confined to the sites of
intercellular contact of cardiomyocytes (Fig. 6A, B, C).
After trypsin treatment on day 0, CAR did not exist on the
cell surface and was stained differently than cadherin
(Fig. 6D, E, F}. Soon after the establishment of cellular
contacts on day 1, CAR was localized to the site of
intercellular contacts (Fig. 6G, 1 arrow), and cadherin was

cadherin merge

observed at the same site (Fig. 6H, I). By day 2, CAR was
found at the sites of intercellular contact in parallel with
cadherin (Fig. 6J, K, L).

Localization of CAR and connexin43 in vivo and in vitro

CAR was shown on the whole surface of cardiomyocytes
in vivo at birth. Connexin43 was only sparsely stained,
but a polarity was not found (Fig. 7A, B, C). In contrast,
at 3 months of age, both CAR and connexin43 showed
apparent polarity and were co-localized predominantly at
the intercalated disks (Fig. 7D, E, F).
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Fig. 7 The localizations of
coxsackievirus and adenovirus
receptor (CAR) and conexind3
in rat hearts and in cultured
cardiomyocytes. A, B, C In
newborn rat hearts, CAR, la-
beled green with fluorescein
isothiocyanate (FITC), localizes
on almost the whole surface of
cardiomyocytes. Connexind3 is
only sparsely stained but a po-
larity is not found. D, E, F. In
the adult rat heart, CAR local-
izes predominantly at the inter-
calated disks co-localizing with
connexind3. G, H, I Trypsin-
treated cardiomyocytes have
lost CAR from the cell surface,
and connexind3 sparsely re-
mains. J, K, L On day 1, CAR
and connexind3 are co-local-
ized at the sites of cellular
contacts (arrows), M, N, O On
day 2, CAR and connexind3 are
co-localized along the intercel-
lular junctions between the
cells. Original magnifications,
x600. Scale bar, 20 gm

In suspended nconatal cardiomyocytes, connexind3
was stained mainly beneath the cell surface, even after
trypsin treatment (Fig. 7H, I). On day 1, CAR and
connexind3 were shown to coexist at the sites of cell—cell
contact (Fig. 71, K, L arrow). By day 2, the sites of
intercellular contacts became linear, and CAR and
connexin43 existed together as dense lines along the
junctions (Fig. 7M, N, Q).

Discussion

The localization of CAR was emphasized as the deter-
minant of coxsackievirus and adenovirus infection [6, 9,
25, 33, 34, 35], and this is the first study demonstrating
spatiotemporal change of CAR in the heart during
postnatal development. The results will explain the

merge —

susceptibility of neonates and children to viral myocar-
ditis.

In this study, we confirmed the postnatal decrease of
cardiac CAR prior to histological examinations. As
demonstrated in a previous report [10], the postnatal
decrease of CAR mRNA in the heart was confirmed, but
in this study, we found that a decline of the mRNA level
was associated with a decline of CAR protein. Decreases
of CAR expression in adults have already been reported in
the skeletal muscle [19], brain [13], and heart [10, 14] of
rodents. The decline of cardiac CAR seemed less
remarkable and slower than those of skeletal muscle
and brain. The presence of a considerable amount of CAR
suggested that CAR has some roles in the heart, even in
adults. CAR is a molecule belonging to the immunoglob-
ulin superfamily, and we reported its role in homophilic
cell—cell contact {13]. It was interesting that the devel-
opmental decrease of an adhesion molecute, N-cadherin,
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was similar to that of CAR, at least with respect to
mRNA, but the developmental change of connexind3,
which is a type of channel protein on the intercalated disk,
was not. We did not focus on the physiological function
of CAR in this study, and the role of CAR in the heart
remains to be studied.

Our principal finding was the spatiotemporal change of
CAR during postnatal development, and it was deter-
mined using anti-CAR antibodies. First, we prepared
three anti-CAR antibodies, anti-CARa, anti-CARb, and
anti-CARGc, to precisely determine the change of local-
ization of CAR and then, tested their specificity. In
Western blot analysis, both anti-CARa and CARb anti-
bodies showed additional bands, which were considered
to be fragments of CAR or unrelated unknown molecules.
Anti-CARc antibody reacted only with CAR1 and showed
no additional bands; this is the reason that anti-CARc
antibody was used in the histological studies. We also
performed immunohistochemistry with anti-CARb anti-
body to detect both CAR1 and CAR2 and confirmed the
same staining pattern in developing hearts (data not
shown); at birth, CAR was found diffusely on the surface
of myocytes, but was localized predominantly at the site
of intercellular contacts in the adult heart.

However, in cultured cardiomyocytes, the cells re-
vealed diffuse immunoreactivity to the anti-CARc anti-
body, which was strongest on day 0. At that time, Western
blot analysis showed almost a negative band at 46 kDa.
This would mean that during the preparation of car-
diomyocytes, the extracellular domains of CAR must be
digested by trypsin, and fragmented CAR in the cyto-
plasma would be stained or the immunoreactivity might
be non-specific. The size of the smaller molecule detected
by anti-CARb antibody on day 0 was identical to that of
the proteolysed CAR in trypsin-treated Hela cells {4],
and the reason for the absence of the shorter band with
anti-CARc antibody was unknown. Nevertheless, CAR
was clearly accumulated at the site of the contact once the
cultured myocytes established intercellular contact and
increased with intercellular contacts.

Interestingly, it was only when cardiomyocytes were in
immature hearts that cardiomyocytes expressed CAR and
other intercalated disk proteins onto the whole surface
without polarity. Reported localizations of intercalated
disk proteins, N-cadherin, and connexind3 in vivo [1, 24,
28] and in vitro [23, 28] supported our results and were
similar to that of CAR in terms of polarity. The
localizations seemed to depend upon the environment,
and, thus, there must be factors that lead those molecules,
including CAR, to the whole surface of cardiomyocytes
without polarity in the immature heart. The spatiotempo-
ral change of CAR was considered to be a part of the
dynamic movement of molecules during the maturation of
the intercalated disk.

Since CAR acts as a common receptor for both
coxsackievirus and adenovirus and the viruses are
frequent causes of myocarditis in humans, the up-
regulation in the hearts and the change of the intracellular
localization of CAR during development may affect the
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susceptibility to these viruses. Actually, newborn and
young children are the most affected. When CAR is
localized on the whole cell surface, viral infection occurs
more easily, as shown in airway epithelial cells [25, 34].
However, when CAR is exclusively localized at the site of
cell-cell contact, the intercalated disks, viruses might be
unable to use the receptor to infect the heart, and this can
partly explain why viral myocarditis is common in
neonates and young children,

In conclusion, CAR was expressed abundantly on the
whole surface of cardiomyocytes in immature rat hearts.
Not only the expression level, but also the localization of
CAR, are the possible determinants of the susceptibility
of neonates and children to viral myocarditis. Further
studies will be needed to clarify the physiological and
pathological role of CAR in the heart and may possibly
lead to prevention or treatment of viral myocarditis and
dilated cardiomyopathy.
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ACC | American College of Cardiology

ACE ! angiotensin converting enzyme

AHA | American Heart Association

AN [ Aneurysm

ARB I Angiotensin receptor blocker

ATP | adenosine triphosphate

BMIPP [ betamethyl-ioophenyl-pentadecanoic acid
CABG ! coronary artery bypass grafting
CFR | coronary flow reserve

CK ! creatine kinase

CT : computed tomography

EF . ejection fraction

FFRmyo . Myocardial fractional flow reserve
FS { fraction shortening

Ga | Gallium

H-FABP | heart-type fatty acid-binding protein
HDL ? high-density lipoprotein

ICT . intracoronary thrombolysis

ISDN ! isosorbide dinitrate

IVUS ! intravascular ultrasound

LDL : low-density lipoprotein

MIBG ! metaiodobenzylguanidine

MLC ! myosin light chain

MRA © Magnetic resonance angiography
MRI . Magnetic resonance imaging

PCI © percutaneous coronary intervention
PDE . phosphodiesterase

PET . Positron emission tomography

POBA : plain cld balloon angioplasty
SPECT . Single photon emission computed tomography
Te . Tecnechium

Tl . Thaltium

TnT : troponin T

t-PA [ tissue plasminogen activator
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