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Time-dependent Expression of ICAM-1 & VCAM-1 on Coronaries of
the Heterotopically Transplanted Mouse Heart

To investigate the pathogenesis of accelerated graft atherosclerosis after cardiac
fransplantation, a genetically well-defined and reproducible animal model is
required. We performed heterotopic intraabdominal heart transplantation be-
tween the two inbred strains of mice. Forty hearts from B10.A mice were trans-
planted into B10.BR mice. Recipients were sacrificed at 1, 3, 5, 7, 14, 28, and
42 days after implantation. The specimens from both donor and recipient were
examined with fluorescent immunohistochemistry and the serial histopathologic
changes were evaluated. In the donor hearts, ICAM-1 and VCAM-1 expressions
were minimal at day 1 and they gradually increased, reaching their peaks on
day 5 or 7 and remained unchanged by day 42. However, there were very
little expressions in the recipients’ hearts. Mean percent areas of intima in the
donor coronaries revealed progressive increase by day 42. However, those in
the recipients occupied consistently less than 5% of the lumen. In conclusion,
we demonstrated that a heterotopic murine heart transplantation model was
a useful tool to produce transplantation coronary artery disease and that adhe-
sion molecules on the cardiac allografts were activated very early and remained
elevated at all time-points, nonetheless the arterial lesion was detected after
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day 28 and its progression was accelerated thereafter.

INTRODUCTION

Accelerated graft atteriosclerosis (AGAS) has emerged
as the leading cause of death in heart transplant recip-
ients. Recent studies revealed the incidence of this disease
goes up to 44% in three years after transplantation (1).
Although the pathogenesis of AGAS is not clearly undet-
stood yet, there exist views that it could result from a
subclinical sustained immunologic insult to the cotonaty
arteries linked to MHC differences between the donor
and recipient. It indiscriminately involves the entire
length of the vessel (2) or it spares the recipient’s arteties
(3). The general belief is that AGAS involves a localized
cell mediated immune response initiated by activating
host T-lymphocytes by graft endothelial cells (4). T-cell
activation within the vessel wall could cause local produc-
tion of cytokines ot growth factors that result in accumu-
lation and proliferation of intima and smooth muscle cells
of graft arteties (5). In addition to the initiating role of
MHC antigens, vascular adhesion molecules also play im-
portant roles in mediating allo-immune reaction. The
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attachment of T-lymphocytes to other cell types is crucial
to vatious lymphocyte functions, including antigen pte-
sentation and recognition, target cell recognition, and
traversing blood vessel walls (6, 7). Vascular adhesion
molecules regulate this process and may play an impot-
tant role in the development of cell-mediated immune
responses. Several studies using prophylactic anti-ICAM-
1 and anti-VCAM-1 antibody showed inhibition of rejec-
tion and induced a state of long-term graft sutvival (8,
9). This study has been petformed to document the time
courses of two endothelial adhesion molecules expres-
sions: intercellular adhesion molecule (ICAM)-1 (10) and
vascular cell adhesion molecule (VCAM)-1 (11), and to
document the progressive histopathologic changes in the
donor coronary arteties in the heterotopically transplant-
ed mutine cardiac allografts.

MATERIALS AND METHODS

Heterotopic heart transplantation
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Adult mice (seven to ten weeks of age) of B10.A and
B10BR strains, weighing 17-22 gram, wete obtained from
Jackson Laboratoties (The Jackson Laboratory, Bar Har-
bor, U.S.A.). The B10.A (H-2D? and B10.BR (H-2D")
strains differ in the D locus of the class I MHC antigen.
The mice wete housed under conventional conditions and
fed a standard diet (Rodent laboratory chows, Cheil Je-
dang Company, Incheon, Kotrea) and watet ad libicum.
The surgical technique for intraabdominal heterotopic
heart transplantation was a modification of the technique
previously described by Corry et al. (12). Briefly, after ade-
quate anesthesia using 4% chloral hydrate (0.1 mL/20
g of body weight, intraperitoneal injection) and methoxy-
flurane (inhalation), a “U”-shaped sternal lid was made
and lifted cephalad. Both the right and the left supetior
caval veins wete ligated with 5-0 silk. The donor heatt
was arrested with 0.5 mL cold heparinized saline (100
unit/mL of saline) delivered via the inferior caval vein.
The aorta and main pulmonary artery wete then tran-
sected. After transection of caval veins distal to the liga-
tures, the pulmonaty veins were ligated en bloc and tran-
sected. The donor heart was preserved in 4C cold saline
solution until the recipient mouse was prepatred. Through
a midline abdominal skin incision, the recipient’s infra-
renal abdominal aorta and inferior caval vein were dis-
sected and controlled both proximally and distally with
5-0 silk ligatures. After longitudinal aortic incision, an
end-to-side anastomosis between the transected end of
donor ascending aorta and the recipient abdominal aorta,
followed by an end-to-side anastomosis between the tran-
sected end of donor pulmonary artery and the recipient
infetior caval vein using 10-0 nylon sututes. Subsequently,
the proximal tecipient aottic ligature was released first.
After completion of heterotopic heart transplantation, the
mice wete allowed to recover with oxygen and local heat,
and were then transferred into their cages with free access
to food and water. Recipient animals wete sactificed at
1, 3, 5, 7, 14, 28, and 42 days after implantation. Five
mice were included in each corresponding day.

Immunohistochemistry

On each corresponding day, all mice were sactificed
and grafts were snapfrozen in liquid nitrogen containing
isopentane and stored at -70C. The specimens were
embedded in OCT compound (Tissue-Tek, Miles Inc.,
Elkhart, IN, U.S.A.). Cryosections (4 ym thickness) were
mounted on silane coated glass slides and fixed in -20C
acetone for five min and air dried. The slides were
washed three times in PBS. Before addition of the pri-
mary antibody, non-specific binding was blocked with
PBS containing 0.15% normal horse serum (Vectot,
US.A) for 30 min. The sections wete then incubated
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with the primary antibody (for ICAM-1: purified hamster
ant-mouse CD54 monoclonal antibody, Pharmigen,
US.A. dilute 1:50 in blocking serum, for VCAM-1: puri-
fied anti-mouse CD106 monoclonal antibody, Pharmi-
gen, dilute 1:100 in blocking serum) for two hr in a hu-
midified chambet at room temperature. The slides were
dipped in PBS in 0.1% Triton X-100 for three min in
order to reduce background noise and washed additional
three times with PBS. Then the specimens were incu-
bated with FITC-labeled secondary antibodies (for ICAM-
1: FITC conjugated and-hamster IgG, Pharmigen, dilute
1:50 in blocking serum, for VCAM-1: FITC conjugated
rabbit anti-rat IgG, Pharmigen, dilute 1: 100 in blocking
serum) for 30 min at room temperature in the datk.
Following subsequent washes in PBS with 0.05% Tween
20, slides were counterstained with propodium iodide/
antifade (Oncor, U.S.A.), and mounted in fluorescence
mounting media (Dako, Denmark). The sections were
examined and scored on a scale of 0 to 3 by two of the
authors in a blind manner (Table 1). Photomicrographs
were taken with a fluorescence microscope (Olympus,

Japan).
Morphometric measurement

To demonstrate the setial changes of intimal hypet-
plasia and medial hypertrophy, percent ateas of intima
and media were calculated by following equations. {Per-
cent area of intima=[1-(D;*/Dier’)] X 100, petcent area of
media=[1-(Dy*/Der”)] X 100, where Dy=diameter of
lumen, Dip=diameter of internal elastic lamina, Dggr=
diameter of external elastic lamina}. Percent luminal
patency was calculated by the equation, [(D1*/D) X
100].

Statistical analysis

The mean Tt standard error values were calculated for
each group of mice and AVONA with single factor anal-
ysis was used to determine significance.

Table 1. Grading scale of the semi-quantitative method in
measuring ICAM-1 and VCAM-1 in cardiac tissues

Grade Extent of immunoflucrescent staining

0 Negative for immunofluocrescence

1 Equivocal staining for immunoflucrescence

2 Definite positive staining of intramuscular arteriole for
immunoflucrescence

3 Positive staining of myocardium and interstitium in

addition to arteriole
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RESULTS

All allografts showed palpable contractions at the time
of harvest. Cold ischemic time ranged from 40 to 61 min
(mean 4918 min). ICAM-1 and VCAM-1 expressions
in cardiac tissues were demonstrated in Table 2 and
Table 3. In the donot heart, ICAM-1 was expressed on

Table 2. ICAM-1 expressions in cardiac tissues were dem-
onstrated. The intensity of expressions increased gradually,
peaking on day 5, and remained unchanged thereafter. How-
ever, the recipients’ coronary arteries did not show such dra-
matic increases in expression
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the coronaty arteties with a mean grade of 1.120.1 at
day 1. The intensity of exptessions increased gradually,
peaking on either day 5 or 7 (mean grade of 2.31+0.3
at day 7), and remained unchanged thereafter (mean
grade of 2.4%0.2 at day 42). However, the recipient’s
coronaty atteries did not show such dramatic increases
of expression except milder degrees of elevation for initial
3-5 day (§<0.05, ANOVA) (Fig. 1, Table 2). VCAM-1
expression was present from day 1 at a mean grade of

Table 3. VCAM-1 expression was increased by day 5 and
remained unchanged thereafter. On the contrary, in the recip-
ient heart it was expressed to a lower degree

Donor Recipient p value Donor Recipient p value
Day 1 11+0.1 (h=7) 11202 (n=10) 0.43 Day 1 16204 (n=7) 1.1+£0.3 (n=8) 0.20
Day 2 1.0£0.3 (n=5) 15205 (n=5) 0.22 Day 2 1.7£0.3 (n=5) 1.2+0.3 (n=5) 0.14
Day 3 12402 (n=9) 1.7£0.4 (n=9) 0.14 Day 3 18205 (n=6) 1.7+£04 (n=8) 0.45
Day 5 26102 (n=7) 2.0+0.6 (n=4) 014 Day 5 3.0=£0.0 (h=7) 1.6+04 (n=7) 0.01
Day 7 23+0.3 (n=7) 1.4£04 (n=9) 0.05 Day 7 25203 (h=7) 1.6+04 (n=6) 0.08
Day 14 26+0.3 (n=9) 11204 (h=10) 0.005 Day 14 2.8+0.1 (n=10) 1.5£0.3 (n=8) 0.001
Day 28 28102 (n=9) 1.3+£0.4 (n=8) 0.001 Day 28 26=x0.2 (=8 1.4+04 (n=8) 0.004
Day 42 24+02 (n=10) 0.8+0.2 (n=9) 0.001 Day 42 3.0£0.0 (n=10) 1.1+0.2 (n=10) 0.001

Fig. 1. ICAM-1 and VCAM-1 expression in cardiac tissues. A: ICAM -1 expression in recipient heart. B: In day 7 donor coronary
artery, ICAM-1 is expressed in mean grade 2.3 that is, definitely positive staining of intramyocardial arteriole for immunofluorescence.
C: VCAM -1 expression in recipient heart. D: VCAM-1 expression in day 42 donor heart, VCAM-1 is expressed in mean grade
3.0 that is, definitely positive staining of myocardium and interstitium in addition to intramyocardial arteriole (<400).
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Fig. 2. Serial representative histopathologic changes in donor coronary arteries. Day 42 specimen has characteristic atherosclerotic
change in comparison with early specimen.

Fig. 3. Serial representative histopathologic changes in recipient coronary arteries. Thickness of intima and media remained un-
changed throughout the observed experimental period.
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Fig. 4. Severe arteriosclerotic narrowing similar to accelerating graft atherosclerosis is observed in donor artery at day 42. These
findings are characterized by prominent intimal and medial hyperplasia, and preserved internal elastic lamina with diffuse involvement.

1.6£0.4, and was increased by day 5 (mean grade of
5 day=3.010) and remained at mean grades over 2.5
by day 42 in the donor arteties. On the contraty, in the
recipient heart it was expressed to a lower degtee, follow-
ing mild degree of increase for initial three days (p<
0.05, ANOVA) (Fig. 1, Table 3).

The representative histopathologic changes in donor
and recipient coronary arteties wete demonstrated in Fig.

2 and 3. Sevete attetiosclerotic narrowing was observed
in the day 42 group (Fig. 4). Means of percent area of
intima in donor atteties revealed less than 25% by the
14 day group, then it progtessively incteased theteafter
(means of percent area of intima at 42 day, 68.5 £3.5%).
On the contraty, the intima of the recipients’ cotonaty
arteries occupied less than 5% of the lumens (Fig. 5).
Mean petcent area of media in donor arteties remained
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Days after implantation

Fig. 5. The serial changes of percent
areas of intima was calculated.

Days after implantation

Fig. 6. Serial changes of percent areas
of media were calculated.

Days after implantation

Fig. 7. Serial changes of percent lumi-
nal patency were calculated.
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constant compared to the cotresponding recipient speci-
mens by the 28 day, followed by a modest inctease in
the 42 day group (Fig. 6). Mean percent luminal paten-
cies wete over 75% by two weeks after implantation,
then gradually dropped thereafter to 31.5+19.2% at 42
day (Fig. 7).

DISCUSSION

This study documented the long-term serial progres-
sive histopathologic changes of donor coronary arteties in
a murine model of accelerated graft artetioscletosis, and
observed the time course of the adhesion molecule ex-
ptession including ICAM-1 and VCAM-1. The availa-
bility of mouse strains with predetermined different his-
tocompatibility provides an oppottunity to examine the
AGAS. However, a strict restriction of histocompatibility
difference between donor and recipient is tequired to
prtoduce the mature vascular obstructive lesions, othet-
wise the entire transplanted heart is likely to be destroy-
ed due to acute-type tejection. The strain combination,
B10A and B10BR, in this study differs in D locus of
class I MHC antigen and previously reported as the
strain pair with long-term donot heart sutvival (13, 14)
and progressive intimal thickening of coronary arteries
had been demonstrated (14, 15). In addition, post-trans-
plantation immunosupptessive agent was not required in
these strain paits. Percent area of intima was greater in
donor coronaty atteties than in the recipient at any point
in time. The intimal hyperplasia in early specimens may
reptesent eatly activation of thickening process after
transplantation ot eatly low grade intimal hyperplasia
due to an inflammatory reaction to intimal injuty occut-
red during the harvest. It has been reported that sevete
intimal proliferation with occlusion of the lumen as early
as three months after heart transplantation in patients
with unremitting heart rejection (16).

Adhesion of leukocytes to vascular endothelium is a
necessary step leading to the migration of cells into the
target tissue. Vascular adhesion molecules regulate this
process and may play a role in the graft rejection. The
subsequent release of cytokines enhances adhesion and
migration through endothelial cells into the tissue. Within
the tissues cytokines cause upregulation of class I MHC
antigen and ICAM-1, which makes the endothelium a
target for cytotoxic damage by leukocyte functioning
antigen (LFA)-1, CD8 positive T-cells (17). ICAM-1
(CD54) is a member of the immunoglobulin supetfamily
whose constitutive exptession on the endothelial cells is
uptegulated duting the inflammatory process by various
cytokines (IL-1, TNF, lymphotoxin). Its specific ligand
is LFA-1 (10). Tanio et al. demonstrated that ICAM-1
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expression is strongly correlated with severity of allograft
rejection (18). Notmal or non-rejecting capillary endothe-
lial cells are constitutively capable of ICAM-1 exptession
(18). Tanaka et al. (19) observed that ICAM-1 exptession
statts two days after transplantion in rabbit cardiac allo-
graft. Our study found that this uptegulated ICAM-1
expression remains high in all groups during six-week
observation both in endothelium and media of the donor
coronaty atteries. This might suggest that medial cells
could also trigger the immune response.

VCAM-1 is a cell adhesion molecule induced on the
vascular endothelial cells at the site of inflammation and
is one of the ligands for very late antigen (VLA-4).
VCAM-1 expression has been identified in human allo-
graft rejection (20), at the site of chronic inflammation
in rabbit (21), and at the site of viral myocarditis in mice
(22). These obsetvations suggest that VCAM-1 may pto-
mote leukocyte recruitment at inflammatory site as well
as rejecting allografts. Pelletier (22) observed that endo-
thelial VCAM-1 reactivity develops in the thitd day of
post-transplant in allograft recipient in mice, which is
related to the time of significant T-cell infilcration. We
show here that high-grade VCAM-1 expression was de-
tected from one wk to six wks after transplantation both
in endothelium and media of coronary atteties of the
allograft. The role of endothelial VCAM-1 in the devel-
opment of allograft rejection is still not well understood.
Tanaka et al. (19) observed that vascular smooth muscle
cells expressed both VCAM-1 and ICAM-1 in later stages
of acute rejection in rabbit cardiac allografts, suggesting
that such events may contribute to the later development
of accelerated graft atherosclerosis in transplanted heart.
They also found that expression of VCAM-1 preceded
that of ICAM-1 on endothelial cells duting acute rejec-
tion. Ferran (23) reported VCAM-1 expression in endo-
myocardial biopsies obtained two wks before histologic
evidence of rejection was apparent in clinical transplan-
tation. Orosz et al. (8) noted that the inflammatory en-
hancement of endothelial ICAM-1 exptession is obsetved
in both non-trejecting cardiac isografts and tejecting cat-
diac alloraft. In contrast, the inflammatoty induction of
endothelial VCAM-1 is obsetved only in rejecting cardiac
allograft. These observations may suggest that VCAM-1
can serve as an eatly marker of allograft rejection. Our
results revealed that VCAM-1 exptession stays high dut-
ing the six wks of obsetvation.

In out study, both ICAM-1 and VCAM-1 were ex-
pressed in donot arteries from day 1 and they gradually
increased by day 7. Their intensities remained high there-
after. These findings imply that it takes several days or
even a week until adhesion molecules are fully activated
and the cardiac allograft alloimmunity status is un-
changed thereafter. Initial three to five-day mild eleva-
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tion of exptessions were present in the recipients’ heart
as in the donors’. However, this initial up-tegulation in
the recipient heart is likely to be due to a surgery-related
inflammatory reaction.

Determinant of progression tate of the arterial lesion
is multifactorial. The possible causative factots include
species difference, histocompatibility difference, sevetity
and number of rejection episodes, donot harvesting tech-
niques, and serum cholesterol levels. Thus our expeti-
ment tepresents a set of models which consists of an
exchange between the mice with a minot MHC dispatity,
a 60-min ischemia for donor heart, and normocholesterol-
emia. Our results demonstrated the time sequence of the
arterial lesions in the donor hearts and these might be
used as a control for comparison in further studies related
to cardiac allograft vasculopathy.

In conclusion, we demonstrated that a heterotopic
murine heart transplantation model was a useful tool to
produce transplantation coronary artery disease. This
model could be helpful for future studies investigating
the pathogenesis of chronic cardiac allograft vasculopathy
and developing a potential new therapeutic modality for
AGAS in cardiac transplantation. In addition, we demon-
strated the time course of ICAM-1 and VCAM-1 ex-
pression, and the sequential histopathological changes in
the development of AGAS in cardiac allografts between
mutine inbred strains, that is adhesion molecules on the
cardiac allografts were activated vety eatly and remained
elevated state at all period, however the significant arte-
rial lesion was detected by day 28 and sevetely pro-
gressed thereaftet.
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