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Prolonged cold ischemia has been suggested as a fac-
tor that will exacerbate later graft arterial disease
(GAD), a major limiting factor for long-term trans-
plant survival. We therefore examined the effects of
cold ischemia on GAD as well as adhesion molecule
and cytokine expression in murine cardiac grafts.
Mild GAD developed in isografts undergoing 4-hour
cold ischemia. Relative to control isografts, cold isch-
emia induced transiently enhanced endothelial ex-
pression of intercellular adhesion molecule-1
(ICAM-1) at 4 hours post-transplant. There was also
transiently-augmented gene expression of interleu-
kin (IL)�1� , IL-6, and transforming growth factor-�
in these cold-ischemic isografts. By 3 days post-trans-
plantation, however, there were no longer any differ-
ences between control and cold ischemic isografts.
Cold ischemia did not significantly affect the final
grade of either parenchymal rejection or GAD in long-
term (4 to 12 weeks) major histocompatibility com-
plex (MHC) I- or MHC II-mismatched allografts mole-
cules transplanted without immunosuppression. At
early time points after cold ischemia (4 to 24 hours),
allografts mismatched for MHC I and/or MHC II
showed enhanced expression of ICAM-1 and cytokines
comparable to that seen in isografts. By day 7 post-
transplant, both control and cold ischemia allografts
showed comparable expression of cytokines and adhe-
sion molecules. Although prolonged cold ischemia can
initiate mild GAD in isografts by transiently enhancing
antigen non-specific inflammatory responses, it does
not significantly augment subsequent alloresponses.
(Am J Pathol 2002, 160:1077–1087)

Progress in immunosuppressive therapy and manage-
ment of acute allograft rejection has improved short-term
survival of heart transplant patients. However, strategies

for prevention and treatment of graft coronary artery dis-
ease (GAD) have proven elusive and GAD remains a
major limiting factor for long-term graft survival.1,2 Various
immunological, infectious, and nonimmunologic factors
may contribute to the development of GAD.3–6 Charac-
teristically, GAD affects the engrafted vessels and spares
the host arteries. Although understanding of the patho-
genesis of GAD is incomplete, two simple models can
explain this selective involvement of the transplanted ar-
teries: an immunological response directed against do-
nor antigens, or a response to ischemic injury encoun-
tered during storage and transport postexplantation.7

Thus, Gaudin et al showed that histologically proven
ischemic injury during the perioperative period predicts
the development of GAD in humans.8 Another recent
study9 demonstrated the development of GAD in rat heart
isografts following prolonged cold ischemia. The mech-
anisms for the development of GAD by cold ischemia/
reperfusion are not fully understood. Several studies have
demonstrated that warm ischemia and reperfusion re-
sulted in increased cell adhesion molecule expression
and stimulated reactive oxygen species and inflamma-
tory cytokine production in a variety of organs, culminat-
ing in leukocyte accumulation and tissue destruc-
tion.10–12 Much less is known about the effects of cold
ischemia and reperfusion on early cytokine expression. It
also remains controversial whether prolonged cold isch-
emia/reperfusion injury can aggravate GAD.9,13 Particu-
larly, it is uncertain whether early enhanced inflammation
induced by prolonged cold ischemia can accentuate
subsequent alloimmune responses, or whether ischemic
injury and alloimmune responses may independently af-
fect the development of GAD.

The present study used a heterotopic mouse heart
transplant model to examine whether cold ischemia fol-
lowed by reperfusion can induce GAD in isografts not
subject to immunological injury, or augment GAD in major
histocompatibility complex (MHC) I- or MHC II-mis-
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matched allografts. We chose a four-hour ischemic pe-
riod to correspond to the upper limit of cold ischemia
typically permitted for clinical human heart transplanta-
tion. To gain mechanistic insight into the pathogenesis of
transplantation complications, we further studied the ef-
fects of prolonged cold ischemia on the time course and
magnitude of expression of inflammatory cytokines and
cell adhesion molecules in isografts and in MHC I-, MHC
II-, or in total-allomismatched allografts. The results indi-
cate that cold ischemia transiently increases the expres-
sion of selected cytokines, as well as intercellular adhe-
sion molecule-1 (ICAM-1), and may thereby contribute to
the development of GAD. However, alloresponses in car-
diac grafts occur largely after the effects of ischemic
injury have already subsided, and the extent of acute
parenchymal rejection or subsequent GAD are not sig-
nificantly affected by prior cold ischemic injury.

Materials and Methods

Antibodies and Other Reagents

Antibodies for mouse ICAM-1, vascular cell adhesion
molecule-1 (VCAM-1), E-selectin, and isotype- and class-
matched immunoglobulin were purchased from Phar-
Mingen (San Diego, CA). Anti-mouse P-selectin antibody
(10A10) was a generous gift of Dr. Michael A. Gimbrone,
Jr. Normal goat serum, rabbit serum, and biotinylated
secondary antibodies were from Vector Laboratories Inc.
(Burlingame, CA) [�-32P]UTP was from Perkin Elmer Life
Sciences, Inc. (Boston, MA).

Animals

Inbred male mice (9 to 12 weeks) of several strains were
used in these experiments. C57BL/6 (B/6, H-2b) and
BALB/c (B/c, H-2d) mice were obtained from Taconic
Farms, Inc. (Germantown, NY). B6-C-H-2bm12KhEg
(bm12, H-2bm12) mice MHC class II-mismatched from B/6
mice, and B6-C-H-2bm1ByJ (bm1, H-2bm1) mice MHC
class I-mismatched from B/6 mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). Animals were
maintained in the Harvard Medical School animal facili-
ties and allowed ad libitum access to food and acidified
water. Sentinel mice housed in the same room as exper-
imental animals were consistently pathogen-free. All ex-
periments conformed to animal care protocols approved
by the institutional review group.

Heart Transplantation

Heterotopic heart transplantation was performed as pre-
viously described.14,15 In brief, donor and recipient mice
were anesthetized by inhalation of Metofan (Pittman-
Moore, Mundelein, IL). Donor hearts were perfused with
chilled, heparinized 0.9% saline or heparinized Stanford
solution16 via the inferior vena cava and harvested after
ligation of the vena cava and pulmonary veins. The aorta
and pulmonary artery of donor hearts were anastomosed
to the abdominal aorta and inferior vena cava of recipient

mice, respectively, using microsurgical technique. Isch-
emic time during the surgical procedure was routinely 30
minutes, and initial graft survival was greater than 90%.

Prolonged Cold Ischemia

For cold ischemia experiments, harvested donor hearts
were perfused and stored in sterile saline (0.9% NaCl
solution) for 4 hours at 4°C before transplantation. Pre-
liminary experiments showed minimal histological evi-
dence of myocardial necrosis at day 7 post-transplant in
B/6 heart isografts following 4-hour cold ischemia in sa-
line (data not shown). Different storage solutions may
potentially offset the effects of prolonged cold ischemia
on GAD. We therefore also tested the effects of cold
ischemia on GAD development in the presence of Stan-
ford solution, a storage medium reported efficacious for
reducing GAD in human heart transplantation.16 In this
series of experiments, we evaluated GAD in MHC II-
disparate grafts at 8 weeks and in MHC I-disparate grafts
at 12 weeks. Stanford solution experiments, including
non-ischemic controls, were performed as a distinct co-
hort from the saline experiments.

Histological Examination

Grafts were explanted at defined intervals of 0 hours, 4
hours, 24 hours, 3 days, 7 days, or 4, 8, or 12 weeks
post-transplant, and sectioned into three transverse
parts. The basal third was fixed in 10% phosphate-buff-
ered formalin, embedded in paraffin, and 5 � sections
were stained with hematoxylin and eosin, or elastic tissue
stains. The other transverse sections were either frozen in
OCT compound (Ames Co., Division of Miles Laborato-
ries, Elkhart, IN) for immunohistochemistry (see below)
and/or analyzed by RNase protection assay (RPA; see
below). The severity of parenchymal rejection and GAD
was scored blindly by two independent observers (Y.F.
and R.N.M.); scores uniformly fell within a range of one
grade for the two observers, and were averaged. Paren-
chymal rejection was graded using a scale modified from
the International Society for Heart and Lung Transplanta-
tion17 (0, no rejection; 1, mild interstitial or perivascular
infiltrate without necrosis; 2, focal interstitial or perivas-
cular infiltrate with necrosis; 3, multifocal interstitial or
perivascular infiltrate with necrosis; and 4, widespread
infiltrate with hemorrhage and/or vasculitis). The severity
of GAD was evaluated based on the lumenal narrowing
by intimal hyperplasia, and was scored individually for
each vessel (0, no or minimal [�10%] vascular occlusion;
1, 10 to 25% occlusion; 2, 25 to 50% occlusion; 3, 50 to
75% occlusion; 4, 75 to 100% occlusion). The final GAD
score for each allograft heart was calculated by averag-
ing the scores of all vessels; typically, the individual
scores for �10 vessels on three to four transverse sec-
tions were averaged for each specimen.

Preliminary experiments demonstrated that GAD de-
velops more rapidly in MHC II-disparate grafts relative to
MHC I-disparate grafts, frequently exhibiting complete
lumenal occlusion by 8 weeks. Conversely, post-trans-
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plant intervals of 12 weeks are typically required to de-
velop moderate-to-severe GAD in MHC I-disparate
grafts. Because the composition of cellularity versus ma-
trix deposition in GAD varies as the lesions mature,15 we
evaluated GAD at two time points. MHC II-disparate
grafts were therefore assessed at 4 and 8 weeks post-
transplant, while MHC I-disparate grafts were examined
at 8 and 12 weeks. The expression of cell adhesion
molecules following immunohistochemical staining was
evaluated blindly by two observers (Y.F. and R.N.M): �,
not present or focal weak staining; �, diffuse or strong
staining; these evaluations were 100% concordant.

RNase Protection Assay

Total RNA was prepared by guanidinium thiocyanate/
phenol/chloroform/isoamylalcohol isolation method using
TRIZOL (Gibco BRL). Fifteen micrograms of total RNA for
each sample was analyzed quantitatively for cytokine
mRNA expression by RPA. Multiprobe RNase protection
assay kit mCK-3b (containing DNA templates for tumor
necrosis factor (TNF)-�, lymphotoxin (LT)-�, TNF-�, inter-
leukin (IL)�6, interferon (IFN)-�, IFN-�, transforming
growth factor (TGF)-�1, TGF-�2, TGF-�3, macrophage
migration-inhibitory factor (MIF), L32 and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)) and
mCK-2b (containing DNA templates for IL-12p35, IL-
12p40, IL-10, IL-1�, IL-1�, IL-1 receptor antagonist (Ra),
IL-18, IL-6, IFN-�, MIF, L32, and GAPDH) were obtained
from PharMingen. RPA was performed following the man-
ufacturer’s instructions. In brief, the DNA templates were
used to synthesize the [�-32P]UTP-labeled RNA probes
in the presence of GCAU mixture and T7 RNA polymer-
ase. Each RNA sample was hybridized with the labeled
RNA probes by overnight incubation at 56°C, followed by
digestion with RNase A and T1 mixture for 45 minutes at
30°C. The samples were treated by proteinase K, ex-
tracted with Tris-saturated chloroform-isoamylalcohol-
phenol solution, and then ethanol-precipitated in the
presence of ammonium acetate. The protected RNA du-
plexes were dried, redissolved in loading buffer and,
after denaturing at 90°C, resolved on a 5% acrylamide-
urea sequencing gel. 32P-labeled probes were used as
molecular size markers. The gel was absorbed to filter
paper, dried under vacuum, and exposed on film
(BioMax- MR; Kodak, Rochester, NY) and phosphorim-
ager screen. The volume integrations of mRNA-protected
32P-labeled probe fragments were analyzed by bioimag-
ing analyzer (Molecular Dynamics, Sunnyvale, CA). Fi-
nally, volume integrations of the protected bands for each
cytokine were normalized against the bands for GAPDH
in the corresponding lane. Total RNA samples from naive
hearts of donor strain were used as normal heart controls.

Immunohistochemical Staining

Four-�m-thick frozen sections were fixed in acetone for 5
minutes at 4°C. To reduce nonspecific binding, the sec-
tions were first incubated with 5% normal goat or rabbit
serum for 30 minutes at room temperature (RT). Hamster

monoclonal antibody against mouse ICAM-1 and rat
monoclonal antibodies against mouse VCAM-1, P-selec-
tin, and E-selectin were used as primary antibodies. Sec-
tions were incubated with primary antibodies for 90 min-
utes at RT, washed in phosphate buffered saline (PBS),
and incubated with biotinylated secondary antibodies
(goat anti-hamster IgG[H � L] or rabbit anti-rat IgG[H �
L]) for 45 minutes at RT. After washing in PBS, the sec-
tions were incubated with an alkaline phosphatase-con-
jugated avidin-biotin complex (Vectastain ABC-AP kit;
Vector Labs) and washed. Alkaline phosphatase activity
was visualized by incubating in substrate solution (Fast
Red; Sigma Chemical Co., St. Louis, MO). Sections were
counterstained with hematoxylin. Naive hearts of the do-
nor strain were used as normal heart samples. Sections
of mouse placenta were used for positive control staining
of P-selectin and E-selectin.

Statistical Analysis

The incidence of GAD in isografts was compared be-
tween groups using �2 test. Values for histological grad-
ing of parenchymal rejection and GAD in allografts, and
values for relative gene expression of inflammatory cyto-
kines were expressed as mean � SEM and compared
using analysis of variance (ANOVA) followed by Fisher’s
protected least significant difference (PLSD) post-hoc
test.

Results

Prolonged Cold Ischemia Alone Causes GAD in
Isografts

The majority of arteriopathy lesions in isografts were mild,
with an average GAD score for each graft of less than 1.
Therefore, to evaluate the effects of prolonged cold isch-
emia on GAD in isografts, we elected to compare the
incidence of GAD between no-storage controls and
4-hour cold ischemia groups. Mild intimal thickening was
observed by 8 weeks in the coronary arteries of isografts
which had undergone 4-hour cold storage in saline (Fig-
ure 1B), whereas isografts of the no-storage group did
not show any histological features of GAD at 8 weeks
(Figure 1, A and C). The incidence of low-grade GAD in
cold-ischemic isografts tended to increase at later time
points (12 weeks), although there was no statistically
significant difference in the incidence of GAD between
no-storage group and 4-hour cold storage group at that
time point. Notably, well-developed intimal lesions with
severe luminal narrowing were seen only in the 4-hour
cold ischemia group at 12 weeks (Figure 1D). Four hours
of cold ischemia in Stanford preservation solution tended
to increase the extent of GAD relative to storage in saline,
but the incidence of GAD was not significantly different at
12 weeks between Stanford solution and saline groups
(Table 1).
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Prolonged Cold Ischemia Does Not Affect the
Severity of GAD and Parenchymal Rejection in
Allografts

Both MHC I- (bm1 to B/6) and MHC II-mismatched (bm12
to B/6) allografts develop mild to severe GAD by 8 to 12
weeks post-transplant (Figure 1). Because totally allomis-

matched (B/c to B/6) allografts undergo severe acute
rejection and cease functioning at approximately 8
days,18 they do not survive long enough to develop GAD
in the absence of immunosuppression. Thus, B/c to B/6
allografts were not evaluated for GAD. Four-hour cold
storage in either 0.9% saline or Stanford preservation
solution did not significantly exacerbate or accelerate the
development of GAD for either MHC I or MHC II antigen-
mismatched allografts, compared with corresponding
no-storage control groups (Tables 2 and 3). Although the
use of Stanford solution for donor heart perfusion and
cold preservation resulted in significantly greater paren-
chymal rejection and GAD scores relative to grafts per-
fused in 0.9% saline (Table 3), the Stanford and saline
solution groups were transplanted as distinct cohorts at
separate times, and are not strictly comparable. Inflam-
matory cell infiltration accompanied by more widespread
myocyte necrosis (parenchymal rejection) occurred by
day 3 in all allografts and became more prominent by day
7. In both MHC I- and MHC II-mismatched allografts,
parenchymal rejection diminished at later stages (by 4 to
8 weeks), whereas GAD progressed by 4 to 8 weeks.15

Prolonged cold ischemia did not significantly affect the
severity nor change the time course of parenchymal rejec-
tion in any of the allograft combinations (Tables 2 and 3).

Expression of Inflammatory Cytokines in Grafts
With and Without Prolonged Cold Ischemia

Figure 2 shows representative RPA gels from mRNA de-
rived from isografts or total mismatched allografts; the
associated densitometric analyses of these gels are
shown in Figure 3. Normal hearts contained minimal lev-
els of mRNAs encoding inflammatory cytokines such as
IL-6 and IL-1�. However, expression of the mRNAs for
these cytokines increased by 4 hours after transplanta-
tion in all grafts. This rise is attributable to the transplan-
tation surgery which entails an obligatory 30 minutes of
warm ischemia. Cold ischemia increased expression of
IL-6 and IL-1� mRNAs in all donor and recipient strain
combinations tested. TGF-� mRNA was expressed
weakly in normal hearts, and increased in all grafts within
24 hours of transplantation. Cold ischemia (4 hours) en-

Figure 1. Elastin staining of the sections of mouse heart isografts and allo-
grafts. Scale bars, 50 �m. A: A representative section from a B/6 isograft in the
no-storage group, 8 weeks after transplantation. Intimal lesions rarely devel-
oped in the isografts in the no-storage group. B: A representative section
from a B/6 isograft following 4-hour cold ischemia in saline, 8 weeks after
transplantation. Note the mild intimal thickening. C: A representative section
from a B/6 isograft in the no-storage group, 12 weeks after transplantation.
D: A representative section from a B/6 isograft following 4-hour cold isch-
emia in Stanford solution, 12 weeks after transplantation. The incidence of
GAD tended to increase following 4-hour cold ischemia in either the saline
and Stanford solution groups; GAD lesions from the 4-hour cold ischemia
group showed moderate to severe intimal thickening at 12 weeks. E: A
representative section from a bm1 to B/6 allograft in the no-storage group, 12
weeks after transplantation. F: A representative section from a bm1 to B/6
allograft in the 4-hour cold ischemia group, 12 weeks after transplantation.
Similar severe GAD lesions developed in MHC class I disparate allografts
without cold ischemia. G: A representative section from a bm12 to B/6
allograft in the no-storage group, 8 weeks after transplantation. H: A repre-
sentative section from a bm12 to B/6 allograft in 4-hour cold ischemia group,
8 weeks after transplantation. Similar severe GAD lesions developed in MHC
class II disparate allografts without cold ischemia.

Table 1. Incidence of GAD in Isografts

Time after
transplantation 4 weeks 8 weeks 12 weeks

Saline storage
No storage 0 (n � 4) 0 (n � 4) 17 (n � 6)
4-hour cold

ischemia
0 (n � 5) 50 (n � 4) 60 (n � 5)

Stanford solution
No storage ND ND 25 (n � 4)
4-hour cold

ischemia
ND ND 80 (n � 5)

Values are expressed as percent incidence of GAD. All of the
averaged GAD scores applied for isografts were less than grade 1.
Note the greater values of incidence of GAD (indicated by bold letters)
in 4-hour cold ischemia groups relative to the no storage groups.

ND, not done.
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hanced this increase in TGF-� by 24 hour post-transplan-
tation, reaching statistically significant differences be-
tween no-storage group and 4-hour cold ischemia group
in TGF-�1, �2 and �3 in isografts, and in TGF-�2 and �3
in allografts. In isografts, TGF-�1 and �2 mRNA de-
creased by day 7 and there was no significant difference
between the no-storage and 4-hour cold ischemia
groups. Thus, in isografts, the effects of prolonged cold
ischemia (relative to no-storage) on cytokine mRNA ex-
pression are evident only at early time points (1 day) after
transplant.

However, in allografts, TGF-�1 remained elevated at
day 7, while TGF-�2 and �3 tended to decrease. Begin-
ning at day 7 post-transplant, mRNAs encoding the T cell
cytokine IFN-� and another proinflammatory cytokine
TNF-� were markedly increased in all allografts and,
particularly in total allomismatched allografts; transcripts
for IL-1�, IL-6, TGF-�1, and IL-10 were also strongly
expressed. In contrast to the impact of prolonged cold
ischemia on the immediate expression of IL-6, IL-1�, and
TGF-� in isografts, there were no differences between the
4-hour cold ischemia group and the control no-storage
group in the levels of IL-10 or IFN-� mRNA at early time
points (�3 days). Moreover, there were no significant
differences between the 4-hour cold ischemia group and
the control no-storage group in the mRNA transcripts of
any cytokines measured beginning with the peak of
mRNA expression at day 7. The temporal changes of T
cell cytokine expression were similar for MHC I, MHC II,
or total allogeneic mismatches (B/c hearts into B/6 recip-

ients); the intensity of cytokine expression was greatest in
totally mismatched allografts at day 7.

Cell Adhesion Molecules Expression in the
Grafts

Normal hearts as well as both isografts and allografts
showed no or little staining for P-selectin and E-selectin at
any time point examined (Tables 4 and 5). Similarly, the
endothelium of large coronary vessels of normal non-
transplanted hearts expressed little or no ICAM-1 and
VCAM-1. However, the endothelial expression of these
molecules increased in all grafts within 24 hours of trans-
plant. Relative to no-storage control hearts, both isografts
and allografts in the 4-hour cold ischemia group showed
increased expression of ICAM-1 within 4 hours of trans-
plantation. In isografts, the increases in ICAM-1 localized
to the endothelium of epicardial and intramyocardial cor-
onary vessels (Figure 4, Table 4). ICAM-1 expression on
infiltrating leukocytes appeared by day 3, and remained
elevated through day 7. Endothelial VCAM-1 was also
increased following transplantation, although cold isch-
emia did not, in general, accelerate expression. (Figure
5, Table 5). Thus, 4 hours of cold ischemia resulted in
increased endothelial ICAM-1 expression within 4 hours
of transplantation, with no significant differences seen for
any other adhesion molecules between no-storage and
4-hour cold ischemia groups.

Table 2. GAD and Parenchymal Rejection Score in Allografts Stored in Saline

Time after transplantation

4 weeks 8 weeks 12 weeks

GAD PR GAD PR GAD PR

bm1 3 B/6
No storage ND ND 1.21 � 0.43 (7) 1.93 � 0.30 (7) 0.93 � 0.40 (7) 1.63 � 0.39 (8)
4-hour cold ischemia ND ND 1.92 � 0.57 (6) 1.86 � 0.26 (7) 0.64 � 0.21 (7)* 1.07 � 0.13 (7)

bm12 3 B/6
No storage 1.33 � 0.63 (6) 1.75 � 0.50 (6) 1.36 � 0.51 (7) 2.71 � 0.26 (7) ND ND
4-hour cold ischemia 1.43 � 0.58 (7) 2.29 � 0.53 (7) 1.43 � 0.40 (7) 2.43 � 0.23 (7) ND ND

Values are expressed as mean � SEM. PR, parenchymal rejection; GAD, graft coronary artery disease. The scales (1–4) are described in the
Methods.

*p � 0.05 vs. 4-hour cold ischemia (bm1 to B/6) allograft group at 8 weeks.
ND, not done.

Table 3. GAD and Parenchymal Rejection Score in Allografts Stored in Stanford Solution

Time after transplantation

8 weeks 12 weeks

GAD PR GAD PR

bm1 3 B/6
No storage ND ND 1.43 � 0.47 (7) 2.00 � 0.19 (7)
4-hour cold ischemia ND ND 2.42 � 0.52 (6) 1.93 � 0.37 (7)

bm12 3 B/6
No storage 2.86 � 0.21 (7) 3.57 � 0.17 (7) ND ND
4-hour cold ischemia 3.08 � 0.54 (6) 3.25 � 0.21 (6) ND ND

Values are expressed as mean � SEM.
PR, parenchymal rejection; GAD, graft coronary artery disease. There was no statistically significant difference in GAD and parenchymal rejection

scores between no storage and 4-hour cold ischemia Stanford solution groups in each donor strain. Significantly greater values (p � 0.05) than those
of the corresponding saline groups (see Table) are indicated by underlining.

ND, not done.
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Discussion

Prolonged cold ischemia before heart transplantation is
one plausible non-immunological risk factor6,7 for GAD,
accounting for selective involvement of the graft vessels,
with sparing of the native donor arteries. Despite many
clinical studies, however, it remains controversial whether
prolonged cold ischemia can trigger or exacerbate
GAD.19 A few experimental studies9,13 using heart trans-
plantation in rats have also reported conflicting results
regarding the exacerbating effects of prolonged cold
ischemia on the development of GAD in allografts. How-
ever, the mechanisms underlying the induction or accen-
tuation of GAD by cold ischemia have not been clarified.

The availability of congenic strains in mice permit
isograft controls that rigorously eliminate immunological
contributions. Our results indicate that cold ischemia (4
hours) alone is sufficient to initiate the development of
mild GAD in isografts within 8 to 12 weeks of transplan-
tation. Molecular and cellular pathways potentially in-
volved in the pathogenesis of GAD include transiently
augmented expression of inflammatory cytokines such as
IL-6, IL-1�, and TGF-�, as well as increased ICAM-1
adhesion molecule expression. Notably, the increased
cytokine and ICAM-1 expression seen in isografts were
comparable to those seen in all allograft combinations
from 4 hours to 3 days post-transplantation, a time when
the transient effects of perioperative ischemia will pre-
dominate. Moreover, cold ischemia in isografts had com-
parable effects to cold ischemia in all allograft combina-
tions in the same time period. By day 7 post-transplant,
when the allo-responses predominate, isografts show di-
minished cytokines and adhesion molecules relative to

allografts. In addition, 4 hours of cold ischemia did not
augment the severity of parenchymal rejection or GAD in
non-immunosuppressed MHC I- or MHC II-mismatched
allografts. Regardless of the degree of alloantigen dis-
parity (MHC I, MHC II, or total allomismatches), all cyto-
kines examined (IFN-�, IL-10, TGF-�, IL-1�, IL-6, and
TNF) showed comparable tempo and level of mRNA
expression in the cold ischemia and control groups in
allografts beginning 3 days after transplantation. These
results show that cold ischemia (4 hours) did not signifi-
cantly affect either net helper T cell-mediated allore-
sponses (IFN-�, IL-10) or antigen non-specific innate re-
sponses (IL-1�, IL-6, TGF-�, TNF). Abundant ICAM-1 and
VCAM-1 expression occurred in the arterial walls and
parenchyma in all allografts at day 7 after transplantation
with no difference between the cold ischemia and control
groups, while levels of P-selectin and E-selectin were low,
even in allografts.

A number of studies focusing on warm ischemia/reper-
fusion and myocardial tissue injury suggest important
roles for expression of inflammatory cytokines and adhe-

Figure 2. Representative panels of RPA from transplanted hearts. Fifteen
micrograms of total RNA from normal non-transplanted hearts, or from hearts
explanted at 0 hour, 4 hour, 24 hour, 3 days, or 7 days after transplantation
were analyzed using the multiprobe RPA kits mCK-3b (containing DNA
templates for TNF-�, LT-�, TNF-�, IL-6, IFN-�, IFN-�, TGF-�1, TGF-�2,
TGF-�3, MIF, L32, and GAPDH) and mCK-2b (containing DNA templates for
IL-12p35, IL-12p40, IL-10, IL-1�, IL-1�, IL-1Ra, IL-18, IL-6, IFN-�, MIF, L32,
and GAPDH). The lanes on the far left show the undigested labeled probes
that serve as size references, and the lanes on the far right show the results
of RPA using a control RNA sample that was supplied by a manufacturer of
the kit. Left panel: Representative gel images of B/6 isografts experiment
analyzed by mCK-3b. Right panel: Representative gel images of BALB/c to
B/6 allografts experiment analyzed by mCK-3b.

Figure 3. The results of densitometric analysis of cytokine mRNA expression.
Volume integrations of the mRNA bands for each cytokine were analyzed
using phosphoimaging analyzer and normalized against the bands for
GAPDH in the corresponding lane. Graphs showing the relative densitomet-
ric values of IL-1�, IL-6, TNF-�, TGF-�1, TGF-�2, TGF- �3, IFN-�, or IL-10
mRNA expression in isografts and MHC I-disparate (bm1 to B/6), MHC
II-disparate (bm12 to B/6), or totally mismatched (B/c to B/6) allografts
(from left to right). Three to four animals per each group were analyzed.
Each relative densitometric value is expressed as mean � SEM. *P � 0.05 vs
no storage group at the same time point, †P � 0.05 vs each corresponding
group at day 3. Open bars, no storage control groups; hatched bars, 4-hour
cold ischemia groups.
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sion molecules in vascular cells and cardiac myo-
cytes.10–12 Some cytokines and adhesion molecules will
promote inflammation and tissue destruction,11,12,20

while others protect against tissue injury, including myo-
cardial necrosis.21,22 For example, IL-1� or IL-6 stimulate
ICAM-1, VCAM-1 and E-selectin expression on cultured
human umbilical vein endothelial cells.23,24 Sources of
IL-6 in the heart grafts include cardiac myocytes them-
selves as well as infiltrating inflammatory cells.25,26

Therefore, endothelial activation by inflammatory cyto-
kines can increase adhesion molecule expression and
stimulate leukocyte adhesion to coronary endothelial
cells, potentially augmenting coronary arterial injury, and
triggering a response to injury cascade.27 As observed in
this study, enhanced expression of IL-1� and IL-6 after
prolonged cold ischemia may transiently increase adhe-
sion molecule expression, suggesting a mechanism for
the development of mild GAD in isografts after prolonged
cold ischemia.

Contrary to the proinflammatory cytokines such as
IL-1� and IL-6, TGF-� may have a protective effect in the
setting of ischemia and reperfusion.28 TGF-� can also

protect the endothelium and myocardium indirectly by
decreasing the release of TNF-� and reactive oxygen
species. In addition, TGF-�1, the dominant member of
TGF-� family produced by leukocytes, suppresses allo-
immune responses. For instance, TGF-�1 inhibits IL-2-
dependent T cell proliferation,29 IFN-� production,30 cy-
totoxic T cell generation,31 and responsiveness of
antigen presenting cells to IFN-�,32 in vitro. During rejec-
tion, rat cardiac allografts have elevated levels of TGF-
�,33 and moreover, systemic administration of recombi-
nant TGF-�1 prolonged cardiac allograft survival in
rats.34 Because frequent episodes of acute rejection and
immunological injury to vascular cells can contribute to
early development of GAD,4 immunosuppression via
TGF-�1 could mitigate GAD.

Conversely, other biological activities of TGF-� might
exacerbate the development of GAD. The mature intimal
lesion of GAD consists of accumulated extracellular ma-
trix and vascular smooth muscle cells (SMC), along with
infiltrating macrophages and T lymphocytes.35–37 TGF-�
increases extracellular matrix production such as proteo-
glycans and collagens by SMC.36,38 Although the mito-

Table 4. Expression of Cell Adhesion Molecules in Isografts

Time after transplantation Normal heart

B/6 isografts

4 hours 24 hours 3 days 7 days

ICAM-1
No storage � � � � �
4-hour cold ischemia � � � �

VCAM-1
No storage � � � � �
4-hour cold ischemia � � � �

P-selectin
No storage � � � � �
4-hour cold ischemia � � � �

E-selectin
No storage � � � � �
4-hour cold ischemia � � � �

Immunohistochemical staining of cell adhesion molecules was graded as: �, not present or focal weak staining; �, diffuse or strong staining. Three
to four samples were examined for each group. Details are described in Materials and Methods.

Table 5. Expression of Cell Adhesion Molecules in Allografts

Time after
transplantation

bm1 3 B/6 Allografts bm12 3 B/6 Allografts B/c 3 B/6 Allografts

4 hours 24 hours 3 days 7 days 4 hours 24 hours 3 days 7 days 4 hours 24 hours 3 days 7 days

ICAM-1
No storage � � � � � � � � � � � �
4-hour cold

ischemia
� � � � � � � � � � � �

VCAM-1
No storage � � � � � � � � � � � �
4-hour cold

ischemia
� � � � � � � � � � � �

P-selectin
No storage � � � � � � � � � � � �
4-hour cold

ischemia
� � � � � � � � � � � �

E-selectin
No storage � � � � � � � � � � � �
4-hour cold

ischemia
� � � � � � � � � � � �

Immunohistochemical staining of cell adhesion molecules was graded as: �, not present or focal weak staining; �, diffuse or strong staining. Three
samples at 4 or 24 hours, or four samples at day 3 or day 7 were examined for each group. Details are described in Materials and Methods.
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genic effects of TGF-� on SMC vary depending on the
conditions,39,40 local expression of TGF-�1 gene in por-
cine arteries in vivo resulted in the development of fibro-

cellular intimal hyperplasia.41 This observation suggests
that, in the absence of other major factors causing arterial
injury, TGF-� could induce vascular sclerotic lesion for-

Figure 4. Immunohistochemical staining of representative sections from B/6 isografts. Scale bar, 50 �m. A: ICAM-1 staining of a section from a B/6 isograft in
no storage group, at 4 hours after transplantation. ICAM-1 is weakly expressed in the endothelium of coronary vessels. B: Negative control staining for A using
isotype-matched hamster IgG instead of the anti-ICAM-1 antibody. C: ICAM-1 staining of a section from a B/6 isograft in the cold ischemia group, 4 hours after
transplantation. ICAM-1 was strongly expressed in isografts following 4-hour cold ischemia. D: Negative control staining for C. E: VCAM-1 staining of a section
from a B/6 isograft in no storage group, 24 hours after transplantation. Endothelial VCAM-1 is increased by the transplant procedure, compared with normal heart.
F: Negative control staining for E using isotype-matched rat IgG. G: VCAM-1 staining of a section from a B/6 isograft in 4-hour cold ischemia group, 24 hours after
transplantation. Positive staining for VCAM-1 expression was seen in the majority of the vessels in isografts following 4-hour cold ischemia. H: Negative control
staining for G. I: P-selectin staining of a section from a B/6 isograft in no storage group, 4 hours after transplantation. J: Negative control staining for I using
isotype-matched rat. K: P-selectin staining of a section from a B/6 isograft in 4-hour cold ischemia group, 4 hours after transplantation. L: Negative control staining
for K. M: E-selectin staining of a section from a B/6 isograft in no storage group, 4 hours after transplantation. N: Negative control staining for M. O: E-selectin
staining of a section from a B/6 isograft in 4-hour cold ischemia group, 4 hours after transplantation. P: Negative control staining for O. P-selectin and E-selectin
are sparsely expressed in isografts at any time point.
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mation. These effects of TGF-� on fibrocellular prolifera-
tion could partially explain the development of relatively
mild intimal thickening at 8 to 12 weeks post-transplant in
isografts from the 4-hour cold ischemia group, where
there was early elevated TGF-� expression relative to
no-storage controls.

In MHC I- and MHC II-mismatched allografts, we found
no differences between the no-storage control group and
the 4-hour cold ischemia group in either parenchymal
rejection or GAD grades at 4 to 12 weeks post-transplan-
tation. This observation agrees with the results from
RNase protection assays demonstrating that prolonged
cold ischemia did not augment the already significant
helper T cell-mediated alloimmune responses (as as-
sessed by the induction of IFN-� and IL-10 genes). Thus,
prior enhanced inflammation due to prolonged cold isch-
emia does not significantly affect vascular injury due to
alloimmune responses.

Histological examination of bm1 allografts subjected to
4-hour cold storage showed a GAD score at 12 weeks

that was significantly decreased relative to the 8 week
GAD score (P � 0.046). Because GAD scores were not
significantly different between 8 weeks and 12 weeks in
no-storage bm1 allografts, it cannot be concluded that
GAD regressed in bm1 allografts. Rather, the maturation
of GAD lesions from a highly cellular to a more fibrotic
intima15 with vascular remodeling will likely be associ-
ated with an apparent diminution in the severity of GAD.
Our results showing the decreased GAD scores for MHC
1-disparate allografts at 12 weeks relative to 8 weeks
agree with the report by Russell et al,42 in an MHC
I-disparate transplant model.

We also evaluated the effects of the Stanford preser-
vation solution on development of GAD and parenchymal
rejection, comparing a no-storage control group with a
4-hour cold ischemia group. We used the Stanford pres-
ervation solution because a previous clinical study sug-
gested that its use reduced the incidence of GAD, com-
pared with the University of Wisconsin high potassium
solution.16 The Stanford solution experiments were per-

Figure 5. Immunohistochemical staining for adhesion molecules. Representative sections from bm1, bm12, or B/c to B/6 allografts 7 days after transplant, without
4-hour cold storage. Scale bar, 50 �m. A: ICAM-1 staining of a section from a bm1 to B/6 allograft. ICAM-1 expression is increased on the endothelium and on
graft infiltrating mononuclear leukocytes. B: Negative control staining for A using isotype-matched hamster IgG. C: VCAM-1 staining of a section from a bm1 to
B/6 allograft. VCAM-1 expression is increased on the endothelium and on some of graft-infiltrating mononuclear leukocytes. D: Negative control staining for C
using isotype-matched rat IgG. E: ICAM-1 staining of a section from a bm12 to B/6 allograft. F: Negative control staining for E. G: VCAM-1 staining of a section
from a bm12 to B/6 allograft. H: Negative control staining for G. I: ICAM-1 staining of a section from a B/c to B/6 allograft. J: Negative control staining for I. K:
VCAM-1 staining of a section from a B/c to B/6 allograft. L: Negative control staining for K. Strong expression of both ICAM-1 and VCAM-1 was observed at day
7 for all allografts. Four-hour cold ischemia did not have any significant effect on the expression of these cell adhesion molecules at day 7 post-transplant.
Expression of both ICAM-1 and VCAM-1 was most pronounced in B/c to B/6 allografts, reflecting the most severe acute rejection.
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formed as a distinct cohort from saline experiments, at a
later time, and with their own set of internal controls. The
histological examination showed no reduction in the de-
velopment of GAD in isografts following prolonged cold
ischemia in the Stanford solution. Similarly, GAD and
parenchymal rejection did not differ between the no-
storage group and the 4-hour cold ischemia group in
allografts from the Stanford solution experiments. In this
study, the use of the Stanford solution did result in ap-
parently greater parenchymal rejection and GAD than
that seen in saline incubated hearts. However, we cannot
draw any conclusions about the relative efficacy of saline
or Stanford solution preservation because the two groups
were transplanted as distinct cohorts at separate times,
and with different baseline levels of rejection and GAD for
the control hearts not exposed to prolonged cold isch-
emia. Nevertheless, the results do not indicate any
unique beneficial effects of Stanford cardioplegic pres-
ervation solution for the prevention of GAD.

The murine heterotopic heart transplantation model
used here has certain limitations. First, heterotopic trans-
plantation causes load reduction of the implanted hearts,
particularly in the left ventricle, while clinical orthotopic
transplantation does not. These differences could affect
the metabolic demand of myocardium or coronary vessel
tissues under ischemic condition, causing modification of
the effects of cold ischemia on the development of GAD.
To our knowledge, however, there are no applicable data
for the assessment of the metabolic demand of ischemic
mouse hearts or relative susceptibility to ischemic injury
between human and mice. Secondly, the donor mice,
regardless of strain, had normal arteries pre-transplanta-
tion. In contrast, the arteries of human donor hearts fre-
quently have intimal thickening and not infrequently pre-
existing atheroma. Hence, the arterial substrates in
human heart transplantation may vary from the simple,
reproducible, and well-controlled situation in the mouse.
Finally, although we did examine a variety of MHC-mis-
matched strain combinations, we did not use any immu-
nosuppression in this study. Thus, it is possible that the
effects of cold ischemia might be accentuated under
conditions where the alloimmune response is tempered.
It is important to note, however, that the changes in
cytokine and adhesion molecule expression due either to
surgery or to cold ischemia were comparable between
isografts and all allograft combinations, up to 3 days
post-transplant, when effects of ischemia will predomi-
nate. Moreover, subsequent cytokine and adhesion mol-
ecule expression, parenchymal rejection and GAD were
all unaffected by the presence or absence of cold isch-
emia. Thus, given that cold ischemia induced only mini-
mal GAD in isografts, it seems unlikely that cold ischemia
alone materially accentuates the GAD induced by allore-
sponses. Although immunosuppression with the mouse
allograft model may be achieved with anti-CD4 and anti-
CD8 antibody administration,15,42 we elected not to use
these treatments because they also dramatically affect
macrophage recruitment and activation during the early
time periods when ischemic effects will be greatest. Cy-
closporine immunosuppression is also not as effective in
mice as in humans.43

The present experimental results indicate that an isch-
emic insult similar to that allowed maximally in human
heart transplantation causes only slight arteriopathy, and
does not exacerbate the much more profound intimal
response due to allogeneic stimulation. Our results indi-
cate distinct molecular mechanisms underlying the mild
and limited intimal thickening in transiently ischemic
isografts versus the severe arteriopathy induced by allo-
responses. We conclude that cold ischemic injury can
induce GAD in the absence of alloimmune responses,
but does not accentuate antigen-dependent mecha-
nisms for the development of GAD in transplanted mouse
hearts.
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