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THE INDUCTION OF IMMEDIATE EARLY GENES IN
POSTISCHEMIC AND TRANSPLANTED LIVERS IN RATS

ITs RELATION TO ORGAN SURVIVAL!
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The protein products of the immediate early genes
(IEG)s have been proposed to play an important role in
long-term tissue plasticity such as cell repair or pro-
grammed cell death. The expression of liver IEGs was
studied following liver ischemia (LI) or OLT in rats. In
LI, 60 min of warm ischemia was induced in shunted
rats (shunt LI group; 100% survival) and nonshunted
rats (nonshunted LI group; poor survival). In OLT,
donor livers were transplanted into the recipients
within 1 hr (fresh liver OLT group; 100% survival) or
after 24 hr of storage using University of Wisconsin
solution (preserved liver OLT group; poor survival).
Using both models, IEG mRNAs (c-fos and c-jun) were
analyzed by Northern blot hybridization at various
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times before and after reperfusion. The expression of
liver IEGs was not induced by warm ischemia and cold
preservation alone. Reperfusion of livers following
warm ischemia or cold preservation resulted in a dis-
tinctly different pattern of gene expression in viable
and nonviable livers. In shunted LI and fresh liver
OLT groups (viable), c-fos and c-jun mRNAs increased
markedly to a peak value within 1-2 hr of reperfusion,
returning to basal level by 3 hr. In nonviable livers, the
level of these mRNAs was detected continuously at 3
hr of reperfusion in the nonshunted LY model and also
at 6 hr after reperfusion in the preserved liver OLT
group.

Our data suggest that a protracted pattern of ex-
pression of c-fos and c-jun in the liver at the early
stage of reperfusion might be correlated with the se-
verity of liver transplant-related insults and subse-
quent graft failure.

Since the introduction of University of Wisconsin (UW)*
cold preservation solution to liver transplantation, post-
transplant liver function has improved and the viable pres-

* Abbreviations: IEG, immediate early gene; LI, liver ischemia;
UW, University of Wisconsin.
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ervation time of the liver has been extended to 24-30 hr,
resulting in a significant increase in organ availability and
sharing (I). Despite these advances, primary nonfunction
and dysfunction of liver grafts following transplantation are
still common problems which occur at a very early stage,
preceding the immunological rejection by many days (2, 3).
Although the precise mechanisms of such an allograft fail-
ure are unknown, the vulnerability of the liver to warm is-
chemia, cold preservation, and reperfusion injury has been
suggested to be a key factor in immediate posttransplant
graft function (4). We have reported the beneficial effects of
various pharmacological agents or recipient manipulation
on warm ischemia and preservation/reperfusion injury (5-
7). These studies have raised several important questions
about the mechanisms of liver transplant-related ischemia/
reperfusion injury, including the identification and regula-
tion of the molecular switch from reversible damage to irre-
versible ischemia/reperfusion injury. The use of molecular
biological techniques in combination with a rat liver trans-
plantation model facilitates the investigation of the gene ex-
pression that could underlie these mechanisms at a tissue
level.

The immediate early genes (IEGs) (c-fos, c-jun, jun-B,
NGFI-A, etc.) are rapidly and transiently induced in most
tissues by a variety of extracellular stimuli, including
ischemia/reperfusion injury (8). The IEGs c-fos and cjun
encode proteins that are members of the leucine zipper
family of transcription factors. These proteins associate as
dimers and recognize specific DNA sequences located in the
regulatory region of target genes, possibly involved in cellu-
lar growth and differentiation (9, 10). In the rat liver, reper-
fusion after warm ischemia induces the transient expression
of c-fos mRNA (11, 12), which has been suggested to be in-
strumental in the reprogramming of transcription for acute-
phase proteins and subsequent tissue repair (12, 13). Con-
versely, recent studies indicate that continuous expression of
2 types of IEG (c-fos and c-jun) may be associated with pro-
grammed cell death (apoptosis) after damage to the nervous
system and in various organs during development (14, 15).
These findings have led to the hypothesis that the pattern of
IEG expression may be useful as an important indicator of
cell repair in some instances, and be a predictor of subse-
quent cell death in the liver graft after transplantation in
others. In the present study, we investigated the expression
of c-fos and c-jun genes in livers of rats subjected to liver
transplant-related injuries such as warm ischemia, cold
preservation, and reperfusion in relationship with the organ
survival.

MATERIALS AND METHODS

Animals. In the liver ischemia (LI) model, nonfasting, male, out-
bred Wistar rats (250-300 g) were used. In the OLT model, male
inbred PVG/c (RTI°) rats, weighing 200-250 g, were used as both
donors and recipients to prevent immunological rejection. Animals
were allowed to take food and water ad libitum before and after the
operation. All operations were performed under ether anesthesia.

Liver ischemia. A portosystemic shunt was induced by transposi-
tion of the spleen subcutaneously, according to Benmark’s method, 3
weeks before the operation (16, 17). Within 3 weeks, collaterals were
created from the convex surface and the hilum of the spleen with this
method. After full skeletonization of the liver, normal rats (non-
shunted) or shunted rats were subjected to 60 min of LI by clamping
the portal vein and hepatic artery.

GOTO ET AL.

841

Orthotopic liver transplantation. In the fresh liver group, livers
from untreated donors were flushed with 10 ml of ice-cold UW solu-
tion, preserved in 50 ml of UW solution at 4°C (storage time < 1 hr),
and orthotopically transplanted into untreated recipients (fresh liver
OLT group). In the preserved liver group, OLT was performed after
the liver grafts were stored for 24 hr in UW solution at 4°C (pre-
served liver OLT group). In both groups, the liver grafts were rinsed
with 5 ml of cold Ringer’s lactate solution before implantation. De-
tails of the technique of liver removal and OLT without arterializa-
tion have been described previously (18, 19). All recipients received
0.5 ml of Ringer’s lactate and 0.5 ml of 8.4% sodium bicarbonate via
the penial vein and an antibiotic (cefamandole, 100 mg/kg) was given
intramuscularly. The average time of the recipient operation was 50
min.

Sham operation. One group of animals underwent sham opera-
tion; the abdomen was cut, the liver was exposed, and the abdomen
was closed 60 min later.

One-week survival study. LI was generated in 12 rats (shunted
rats, n=6; nonshunted rats, n=6), and 80 rat liver transplants (fresh
liver OLT, n=12; preserved liver OLT, n=18) were performed for the
preliminary 1-week survival study.

Northern blot analysis of IEG mRNAs in liver tissue. For the
study of LI, 3 animals in each group were killed after 1 hr of LI
without reperfusion (time 0) and at 30 min, 1 hr, and 3 hr after
reperfusion. The liver was processed immediately. To measure IEG
mRNA in livers during donor graft preservation (0-24 hr), a total of
15 donor livers were preserved with UW solution. Three livers were
taken at 5 time points during preservation (0, 8, 12, 18, and 24 hr).
For posttransplant analysis, a total of 30 rat liver transplants were
performed. Three from each group were killed at 5 time points (30
min and 1, 2, 3, and 6 hr) following reperfusion. Two to 8 animals
that underwent sham operation were killed at the same time points
in both the LI and OLT studies. The liver specimens, taken from the
median lobe (1-2 g wet weight) were promptly frozen in liquid ni-
trogen and stored at -70°C.

RNA preparation and Northern blot analysis were carried out as
described previously (20-22). Total RNA (30 ng), extracted from liver
tissue by a guanidinium thiocyanate method, was size fractioned by
1% (w/v) agarose-formaldehyde gel electrophoresis, transferred onto
Hybond-N nylon membranes (Amersham, Sydney, Australia) by cap-
illary transfer using 10 X standard saline citrate (1 X standard
saline citrate is 0.015 M NaCl, 0.15 M sodium citrate), and UV
cross-linked. The membranes were prehybridized for 15 min at 65°C
in rapid hybridization solution (Amersham). DNA probes for c-fos
(20) and c-jun (22) were labeled with [3?P]-dCTP (Bresatec, Adelaide,
Australia) by the random multiprime method (Pharmacia, Sydney,
Australia) and then added to the prehybridization solution. After
hybridization at 65°C for 2 hr, the membranes were washed to a final
stringency of 0.1% (w/v) SDS, 0.2 X sodium chloride sodium phos-
phate EDTA (SSPE) (1 X SSPE is 0.15 M NaCl, 10 mM
NaH,PO,.H20, 1 mM EDTA) at 65°C for 30 min, and exposed to
Kodak XAR-5 film with intensifying screens at -70°C for several
days. Loading and transfer of RNA were monitored by reprobing the
membranes with an oligonucleotide probe for 18S ribosomal RNA
(21). Intensity of autoradiographic bands was measured by image
analysis using the JAVA software package (Jandel Scientific, Corte
Madera, CA) and adjusted for variation in the intensity of 18S ribo-
somal RNA.

Statistical analysis. Fisher’s exact ¢ test was utilized for deter-
mining significant differences in the survival rate, and Student’s ¢
test was used for IEG mRNA expression. A P-values less than 0.05
was considered to be a significant difference.

RESULTS

One-week survival in LI and OLT. Using the LI model,
all 6 nonshunted rats that were subjected to 60 min of portal
triad clamping died within 3 days after surgery. Two rats died
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within 12 hr from irreversible intestinal congestion and he-
modynamic shock. The remaining 4 animals died from liver
failure as judged by mortal histological findings of extensive
coagulation necrosis with neutrophil infiltration (data not
shown). In contrast, all shunted rats subjected to the same
insult survived more than 1 month (Table 1). Histologically,
the liver revealed normal hepatic architecture.

In the OLT model, there was no significant difference in
portal vein clamping time between the fresh and preserved
liver groups (Table 2). Twelve animals grafted with fresh
livers yielded a 1-week survival of 100% (12/12). No obvious
hepatocellular injury was observed histologically in the fresh
liver after reperfusion (data not shown). When the preserva-
tion period was lengthened to 24 hr, 1-week survival rate of
rats grafted with preserved livers was poor (group A, 11.1%
[2/18]). The cause of death in 4 animals was intra-abdominal
hemorrhage. The remaining 14 rats died from hepatic failure
as judged by mortal histological findings of extensive hepa-
tocellular necrosis. At the level of the light microscope, his-
tological architecture of the livers after 24-hr preservation
appeared almost normal, although after 3-hr reperfusion, liv-
ers showed thrombosis in the sinusoidal lumen and vacuol-
ization in the swollen hepatocytes without any obvious hepa-
tocellular necrosis observed (data not shown).

IEG expression in LI model. LI alone failed to induce
either c-fos or c-jun expression in the livers of shunted and
nonshunted rats (data not shown). The basal expression of
c-jun mRNA was considerably higher than that of c-fos in
both groups. In shunted rats, there was a marked and tran-
sient induction of c-fos and c-jun expression that peaked 1 hr
after reperfusion. The increase was short-lived and the level
of c-fos and c-jun mRNA returned to basal levels within 3 hr
after reestablishment of the blood circulation (Figs. 1 and 2).
To investigate the relationship of hepatic IEG expression dur-
ing the early stages of reperfusion to the severity of the liver
insult, we measured IEG mRNAs in reperfused livers of non-
shunted rats (poor survival model) after 60 min of liver is-
chemia. The pattern of liver cfos and c-jun expression in
nonshunted rats was distinctly different from that observed
in shunted rats. It was maximal at 1 hr and persisted up to
3 hr after reperfusion (Figs. 1 and 2). We were unable to
detect any significant change in expression of the IEGs at any
time in the liver of sham-operated animals (data not shown).

IEG expression in fresh and preserved liver OLT. Injury to
the liver graft during the transplantation procedure includes
not only warm LI but preservation/reperfusion injury and
rewarming injury (4). To determine whether hepatic gene
expression in the immediate reperfusion phase after liver
transplantation might be used as a predictor of allograft vi-
ability, the expression of the IEGs c-fos and c-jun at the level
of mRNAs was analyzed in the rat OLT model with or with-
out prior preservation. The basal expression of c-jun mRNA

TABLE 1. One-week survival rates of shunted or nonshunted
rats subjected to 60-min warm ischemia of the liver

Shunted group Nonshunted group
Number 6 6
Survival days >T (X6) 0(X2), 1(x3), 3 (x1)
One-week survival (%) 6/6 (100) 0/6 (0)°

% Fisher’s exact test, P<0.01, as compared with the nonshunted
group.
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FIGURE 1. The expression of c-fos in livers of shunted rats (M) or
nonshunted rats (&) after 60 min of warm ischemia. Shunted rats or
normal (nonshunted) rats were subjected to 60 min of warm ischemia
by clamping the portal triad. Hepatic c-fos mRNA was analyzed by
Northern blot hybridization at various times after reperfusion as
indicated. A marked and transient expression of liver c-fos in shunted
rats was observed at 1 hr and almost disappeared 3 hr after reper-
fusion. In contrast, c-fos expression in nonshunted rats peaked at 1
hr and persisted up to 3 hr after reperfusion. Values are mean = SD
of 3 separate experiments. *P<0.05. The Northern blot is represen-
tative of 3 paired studies.

124204 4 &t
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FIGURE 2. The expression of c-jun in livers of shunted (M) or non-
shunted rats (£) after 60 min of warm ischemia. The induction pat-
tern of c-fos expression after reperfusion was similar to that of c-fos
in both models as shown in Figure 1. Values are mean * SD of 3
separate experiments. *P<0.05. The Northern blot is representative
of 3 paired studies.

was considerably higher than that of c-fos in both groups. The
expression of IEGs was not induced by preservation alone in
both models (data not shown). However, reperfusion follow-
ing transplantation of both fresh liver and preserved liver
resulted in different patterns of gene expression (Figs. 3 and
4). In the fresh liver OLT group, c-fos and c-jun mRNA was
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TABLE 2. Characteristics and 1-week survival of the 2 OLT
groups with different graft preservation time

Fresh liver group Preserved liver group

Number 12 18

Cold preservation time <1 24.2>0.6
(hr, mean * SD)

Portal vein 17.7+1.8 17.6+1.3

cross-clamping time
(min, mean + SD)

Survival days >7 (X12) >7 (X2), 1(X5), 2 (X6)
(no. of animals) 3 (X3), 4 (X1), 5 (x1)
One-week survival (%) 12/12 (100) 2/18 (11.1)°

¢ Fisher’s exact test, P<0.01, as compared with the fresh liver
group.

Seee ..
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FIGURE 3. The expression of cos in livers transplanted within 1 hr
(fresh liver OLT, W) or after 24-hr cold preservation (preserved liver
OLT, ). Donor livers were transplanted into the recipients within 1
hr or after 24 hr of storage using UW solution. IEG mRNAs (c-fos and
cjun) in the transplanted livers were analyzed by Northern blot
hybridization at various times after reperfusion. In fresh liver OLT,
the expression of liver cfos appeared at 30 min with a peak at 1 hr,
returning to the basal level 3 hr and 6 hr after reperfusion. In
contrast, the expression in transplanted livers following preserva-
tion peaked at 1 hr and declined slightly at 2 hr after reperfusion.
Further, the expression was still detected at up to 6 hr. Compared
with c-jun, the induction of c-fos mRNA expression showed some
variation for up to 3 hr after reperfusion. Values are mean =+ SD of
3 separate experiments. *P<0.05. The Northern blot is representa-
tive of 3 paired studies.

induced 30 min after reperfusion and increased rapidly and
transiently with a peak at 1 hr after reperfusion, returning to
basal level at 3 hr after reperfusion (Figs. 3 and 4). In con-
trast, the increased expression of ¢-fos and c-jun persisted for
up to 6 hr after reperfusion in the preserved liver OLT group
(Figs. 3 and 4). The induction of c-jun mRNA was consistent
among the livers from 3 animals at each time point after
reperfusion. The induction of c-fos mRNA, however, showed
some variation at 3 hr after reperfusion, but was more con-
sistent at 6 hr (Fig. 3). Namely, in the fresh liver OLT, the
induction of c-fos mRNA was transient with a peak at 1 hr,
becoming undetectable 3 hr after reperfusion. In the pre-
served liver OLT group, elevated expression of c-fos was ob-
served in 2 of the 3 livers sampled 3 hr after reperfusion. At
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FIGURE 4. The expression of c-jun in livers transplanted within 1 hr
(fresh liver OLT, W) or after 24-hr cold preservation (preserved liver
OLT, &). The basal expression of ¢c-jun was considerably higher than
that of ¢-fos. In fresh liver Tx, the expression of liver c-jun peaked at
2 hr after reperfusion and returned to the basal levels afterward. In
preserved liver Tx, the liver c-jun expression was observed consis-
tently, with greater signal intensity 3 hr and 6 hr after reperfusion.
Values are mean * SD of 3 separate experiments. *P<0.05. The
Northern blot is representative of 3 paired studies.

6 hr after reperfusion, induction of c-fos was consistently
observed in the 3 livers from 3 preserved liver-transplanted
rats. We were unable to detect any significant change in
expression of the IEGs at any time in the liver of sham-
operated animals (data not shown).

DISCUSSION

All liver grafts are damaged to some extent by the warm
ischemia, cold preservation, rewarming, and reperfusion that
occur during the transplantation process. Most transplanted
livers recuperate spontaneously, but some are so severely
injured during harvesting, storage, and reperfusion that they
are unable to function during the early postoperative period,
resulting in graft death (primary nonfunction) (2, 3). The
transition from reversible to irreversible liver damage may
be a reflection of a delicate balance among the processes of
proliferation, differentiation, cell repair, and cell death in the
liver graft. The induction of hepatic IEG has been suggested
to be associated with cell repair (11, 12) or programmed cell
death (14, 15). The response to several types of cell injury
during the transplantation process could involve the activa-
tion of IEGs soon after liver transplantation. The pattern of
this gene expression may represent the status of the tissue
and its likely long-term response to insult.

The transient induction of c-fos expression in liver has been
reported in an experimental model of LI (11, 12). From the
surgical point of view, the ischemic insults described by these
authors were not severe enough to affect the survival of ani-
mals after surgery. There was, however, transient induction
of c-fos expression within 1-2 hr after reperfusion. Using
these LI models, the purpose of our preliminary study was to
determine whether the IEG expression pattern might reflect
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prognosis after surgery for the perfect survival model and the
poor survival model. After we could consistently confirm the
transient pattern of hepatic IEG expression in a short-time
liver ischemia model (100% survival model) as others have
reported, we extended the liver ischemia time to lethal time
(60 min, poor survival model), resulting in a protractive pat-
tern of IEG expression. Concomitantly, the LI model with
prior shunting was set as a perfect survival model with same
time of liver ischemia. In another study of LI, an inverse
relationship between the rate of ATP recovery and the degree
of c-fos and c-jun expression in livers after reperfusion was
described (11). Thus, the pattern of IEG expression pattern
in reperfused livers may be associated with differences in the
severity of warm ischemia/reperfusion injury during the liver
transplantation process. Therefore, to determine whether
this concept could be applied to experimental liver transplan-
tation, the pattern of IEG mRNAs expression was analyzed
in the rat OLT model, which includes several types of liver
injuries.

Our OLT study demonstrates that the expression of the
IEGs was not induced by preservation alone, but by reperfu-
sion of both fresh and preserved liver. This treatment re-
sulted in a distinct pattern of gene expression in trans-
planted livers: transient expression pattern of liver IEGs in
fresh liver OLT (viable graft) and protracted pattern of c-fos
and c-jun expression in transplanted livers after 24-hr pres-
ervation (almost nonviable graft). The induction of c-jun
mRNA in transplanted livers following reperfusion, which
was more consistent than that of c-fos mRNA, may specifi-
cally reflect the differences in the severity of the liver trans-
plant-related insults and the graft prognosis. The reason for
the inconsistency of liver c-fos expression at 3 hr after reper-
fusion is unclear but may be due to the differences of gene
response to the severity of the preservation/reperfusion
injury.

Although in situ hybridization and immunchistochemical
study have not been performed in the present study, it would
be of much interest to examine the precise localization of
gene expression at the cellular level in response to warm
ischemia or cold preservation/reperfusion insult. Unlike the
warm liver ischemia/reperfusion injury, cold preservation/
reperfusion injury involves endothelial cells as a primary
target, and subsequent microcirculatory disturbances lead to
liver necrosis and graft failure in liver transplantation (23—
25). The morphological study indicated serious injury to si-
nusoidal lining cells and mild injury to the hepatocytes dur-
ing the first 1-3 hr after transplantation following 24-hr UW
storage (19, 26). However, we have indicated that 24-hr UW
preservation of the rat liver resulted in extensive hepatocel-
lular necrosis and poor graft survival at a later stage of liver
transplantation. These results indicate that cell death may
first occur at the sinusoidal lining cell level and then in the
parenchymal cells of the liver graft until degenerative death
or necrosis is completed. The continuous expression of IEGs
in transplanted livers following extended preservation may
reflect this serial step of cell repair or cell death in different
types of cells in the liver allograft. A continuous pattern of
cfos and c-jun expression has been suggested to be associ-
ated with programmed cell death, including apoptosis (14,
15). It is well known that an apoptotic type of cell death
occurs after hepatic ischemia and hypertrophy (27). It is pos-
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sible, therefore, that this type of cell death contributes to
tissue damage encountered in our transplantation model.

In conclusion, our results suggest that the induction pat-
tern and the level of c-fos and c-jun expression in postische-
mic livers and transplanted livers with various conditions
may reflect the differences in severity of the transplant-
related insults and the differences in subsequent graft sur-
vival upon transplantation. Analysis of inducible hepatic
gene expression during liver transplants may elucidate more
precisely the mechanism of primary graft nonfunction or dys-
function and allow application of gene-related therapy to
liver transplantation.
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TRANSFUSION OF ONE HLA-DR ANTIGEN-MATCHED BLOOD
TO POTENTIAL RECIPIENTS OF A RENAL ALLOGRAFT

DEREK MIDDLETON,! JEANIE MARTIN, JAMES DOUGLAS, AND MORRIS MCCLELLAND

Northern Ireland Tissue Typing Laboratory and Renal Unit, City Hospital, Belfast BT9 7AD, and Northern Ireland Blood

Patients awaiting a renal transplant were given 1
HLA-DR antigen-matched blood in order to compare
the sensitization and graft outcome of these patients
with those of control patients, who had been given
random blood before transplantation. No differences
in sensitization, measured by the formation of HLA
antibodies, or in graft survival were found between
the 2 groups. However, the incidence of rejection epi-
sodes was significantly reduced in the patients who
received blood matched for 1 HLA-DR antigen com-
pared with the patients who received random blood.

The beneficial effect of blood transfusion on allograft sur-
vival has been well documented (1). The policy at this center
has been to transfuse all potential recipients of a kidney
allograft with 2 U of blood before transplantation. However,
the benefits of blood transfusion have been questioned as a
result of improved graft survival in patients who did not
receive transfusions (2), and many centers have eliminated
the transfusion of potential recipients. One reason to avoid
transfusions is that they may lead to the formation of HLA
antibodies that make it more difficult for the patient to re-
ceive a cross-match-negative graft.

! Address correspondence to: D. Middleton, PhD, Northern Ireland
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It has been reported that giving transfusions with 1
HLA-DR antigen shared between the blood donor and the
recipient is associated with a reduction in the sensitization
rate and improval in graft survival, compared with recipients
who were mismatched with their blood donors for both
HLA-DR antigens (3). In an attempt to verify these findings,
we have transfused patients before transplantation with
blood matched for 1 HLA-DR antigen.

MATERIALS AND METHODS

Forty-six potential recipients of a renal allograft with no previous
history of pregnancy, blood transfusion, or transplantation and no
detectable HLA antibody in their serum were entered into the study.
Twenty-nine patients have subsequently been transplanted with a
cadaveric graft. An additional 4 patients have been transplanted but
have been excluded because 3 did not receive CsA and 1 received a
kidney from a sibling. Thirteen patients are still waiting for a graft.
Each patient was given 2 U of blood (packed cells), with each unit
sharing 1 HLA-DR antigen with the patient. In all cases, the 2 U of
blood were matched for the same HLA-DR antigen and were given
15-60 days apart. Patients who received their first unit of blood,
which in addition te having 1 HLA-DR antigen matched also had 1
HLA-DR antigen mismatched, were given a second unit that also
contained 1 HLA-DR antigen mismatched. Patients who received
their first unit of blood with 1 HLA-DR antigen matched but no
HLA-DR antigen mismatched were given a second unit with no



