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used to study liver allograft rejec-
tion. We have established a model
for rat liver allograft rejection,
monitored by fine needle aspiration
biopsy (FNAB), in the strain com-
bination PVG-to-BN with a mean
survival time of 37 = 20 days. In this
model, we observed acute rejection
with an intense peak of lymphoid
blasts and lymphocyte-dominated
inflammation in the FNAB

[9.1 +3.0 corrected increment units
(CIU)], and an eventual increase in
macrophages (up to 4.2 + 4.4 CIU),
together with fibrosis and parenchy-
mal necrosis in the graft. Markers of

were consistent with the overall cel-
lular response. The FNARB corre-
lated well with parallel graft histol-
ogy. In this rat model, the atraumatic
monitoring makes a close follow-up
possible without having to sacrifice
the experimental animals. This saves
work, animals, and costs in the study
of liver rejection.
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Introduction

Liver transplantation in the rat has been used as a model
for studying rejection and the effects of various immun-
osuppressive therapies. The immunobiology of inbred
rat strains is well characterized, and alloresponses in dif-
ferent strain combinations have been thoroughly stud-
ied [5, 6, 21]. In addition to choosing a suitable donor-re-
cipient combination with a sufficient rejection response,
itis necessary to obtain information about the graft. The
course of acute rejection can only be defined by serial
examination of liver specimens. Yet, obtaining serial his-
tological samples without major complications is almost
impossible, which is why acute rejection is usually estab-
lished by examining specimens obtained at autopsy after

immune activation, such as an in-
crease in IL-2-receptor (from

1% £2% to 21 % £ 13 %) and class
IT (from20% + 9% to0 43% £ 13 %)
expressing lymphoid cells and in-

sacrificing the transplant recipients. The effect of immu-
nosuppressive drugs is generally correlated to the mean
survival time. The time-related analysis of the rejection
process makes it necessary to sacrifice a great number
of animals.

In general, acute liver allograft rejection presents as
infiltration of the portal tracts by mononuclear cells
and damage to various structures of the liver. The in-
flammatory infiltrate consists mainly of lymphoid cells,
but neutrophils, eosinophils, and monocytes are also
present. The bile ducts and blood vessels are affected,
and cholestasis is recorded. In the rat liver, mononu-
clear cell infiltration of portal areas is also the major his-
tological finding in allograft rejection, together with pa-
renchymal necrosis and endothelialitis, but the bile
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ducts are not consistently affected [8, 15]. Fine needle
aspiration biopsy (FNAB), originally developed at our
clinic in Helsinki for the monitoring of kidney allografts
[3, 13], is also used routinely in clinical liver transplanta-
tion and has been reported by several groups [2, 4, 9-11,
14, 17, 20]. The hallmark of acute liver allograft rejec-
tion, demonstrated by aspiration cytology, is the appear-
ance of lymphocytosis and lymphoid blasts in the graft.
In the more advanced stages, mononuclear phagocytes
are abundant, and large numbers of macrophages are
usually associated with irreversible rejection. A more
detailed analysis of immunological activation in the
FNAB may reveal so-called activation markers, such as
an increase in class II and ICAM-1 expression, and the
appearance of IL-2-receptors on lymphoid cells [2, 11,
17].

The aim of this study was to develop an experimental
model of rat liver transplantation in which the rejection
process could be followed up without having to sacrifice
the recipients. To this end, we investigated whether re-
peated FNAB was atraumatic enough to be used to
monitor acute rejection in the same animals. We also
wanted to characterize the time-related cellular and im-
munological events of acute liver rejection in this rat
strain combination, which are known to eventually lead
to irreversible rejection after a mean graft survival of
37 £ 20 days. To use this strain combination for further
studies, we wanted to know the baseline cytological pro-
file of acute liver rejection in this model.

Materials and methods
Rats

A donor-recipient combination of PVG (RT1¢) to BN (RT1") was
used. A mean survival time of 36 days without immunosuppression
has previously been reported for this strain combination [21]. The
rats were fed regular rat food and tap water ad libitum. The ani-
mals were treated according to the “Principles of laboratory ani-
mal care”. The study was approved by the committee for experi-
mental research of Helsinki University Central Hospital.

Transplantation

Liver transplantation was performed on 23 rats under ether anes-
thesia using the technique introduced by Kamada [6] but with re-
construction of the hepatic artery. An operating microscope was
used. Briefly, the cuff technique was used for the portal and infra-
hepatic caval vein anastomoses. The bile duct was stented. The ar-
terial anastomosis was performed end-to-side between the donor
and recipient celiac trunks. The anhepatic phase lasted 15-20 min.
Cold (4°C) heparinized 0.9 % saline was used for perfusion and
preservation of the graft. No immunosuppression was given after
transplantation.

FNAB monitoring

Serial FNABs and corresponding peripheral blood samples were
obtained from eight rats on postoperative days 1-2, 3-5, 7-9, 13-
15, 20-21, and 28-30. For sampling, the animals were sedated with
a fentanyl-fluanisone injection. The sample was aspirated with a
25-gauge needle under the right costal margin and transferred di-
rectly into cell culture medium. A few drops of blood, obtained
from the tip of the tail, were placed into a similar culture medium
to determine the blood background.

The processing of the aspirate and the blood sample was per-
formed as described for clinical specimens [3]. The specimens
were cytocentrifuged onto microscope slides and stained with
May-Griinwald-Giemsa (MGG). The number of hepatocytes was
determined by the FNAB. The intensity of inflammation associ-
ated with rejection was quantified from the aspirates with the in-
crement method, as described previously [3]. Following this meth-
od, each inflammatory cell type is given a correction factor that re-
flects the diagnostic value of the cell type in acute rejection. Lym-
phoid blasts, plasma cells, monoblasts, and macrophages have the
highest correction factor, 1.0; activated lymphocytes are 0.5, large
granular lymphocytes and monocytes 0.2, and lymphocytes and
polymorphonuclear cells 0.1. The result is expressed in corrected
increment units (CIU). Total inflammation in the graft is expressed
as total corrected increment (TCI), which is a corrected sum of in-
flammatory cells in the FNAB from which the blood background
is subtracted. Altogether, 52 aspirates and corresponding blood
specimens were obtained.

Activation marker analysis

The immune activation of rejection in the FNAB was further ana-
lyzed by studying the expression of cell surface molecules consid-
ered “activation markers”. A three-layer, indirect, immunoperoxi-
dase technique and monoclonal antibodies against rat MHC class
IT antigens (MAS 043, Seralab, Sussex, UK), IL-2-receptor (MAS
263, Seralab), and intercellular adhesion molecule-1 (ICAM-1,
R&D Systems Europe, Abingdon, UK) were used. The cytocentri-
fuge preparations of the FNABs were first incubated with the
monoclonal mouse antibody, then with peroxidase-conjugated rab-
bit anti-mouse antibody (Dako, Copenhagen, Denmark), and
thereafter treated with a peroxidase-conjugated goat anti-rabbit
antibody (Tago, Burlingame, Calif., USA). The reaction was re-
vealed by AEC (3-amino-9-ethy! carbazole) solution containing
hydrogen peroxide. Mayer’s hemalum was used for counterstain-
ing.The percentage of lymphoid cells expressing activation marker
molecules was calculated, and the intensity of positive staining on
hepatocytes was semiquantitatively scored from 1 (slightly posi-
tive) to 3 (intense staining).

Histology

In parallel to FNAB, graft histology was performed on another six
recipients on days 1-2, and on an additional six on days 6-8 postop-
eratively by sacrificing the animals. The grafts of FNAB-monitored
rats were later obtained for histology when the animals died or had
to be sacrificed due to deterioration of their condition during on-
going acute rejection. All livers were fixed in 4 % buffered forma-
lin solution and embedded in paraffin. Four-micron-thick sections
were cut and stained with hematoxylin and eosin, and PAS. The
characteristic histopathological changes in the graft were scored
from +to++ +.
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Statistical analysis

Data were expressed as mean + SD, and for comparison of results,
the r-test was used. Significances were calculated by comparing
the results to the values recorded immediately (1-2 days) after
transplantation.

Results

Eighty-seven percent of ail the animals survived the op-
eration and could be included in the study. Serial
FNABs did not cause any complications, and 48 of 52
FNABs were representative, giving a success rate of
93 %. The reasons for nonacceptance were intraperito-
neal contamination or blood in the sample. The FNAB-
monitored rats developed acute rejection and died or
had to be sacrificed after a mean graft survival of
37+ 20 days (range 16-59 days).

Cellular findings of rat liver rejection in the FNAB

All rats developed acute rejection, demonstrated by
FNAB. The inflammatory profiles of acute rejection
are summarized in Fig. 1. On days 1-2 after transplanta-
tion, no immune activation was seen in the aspirates. A
high peak of inflammation associated with rejection
was recorded in every recipient. The episode of acute re-
jection started on days 3-5 after transplantation. The in-
tensity of the total inflammation was 0.7 £ 0.6 CIU on
days 1-2; it increased significantly (P <0.0001) to
6.7+ 1.6 CIU on days 3-5 and reached a maximum of
9.1+ 3.0 CIU on days 7-9 (P < 0.0001).

The inflammatory response was dominated by lym-
phoid blasts (2.0 +1.0 CIU on days 3-5 and 2.7+ 1.5
CIU at the peak, P < 0.0001 and P < 0.001, respectively)
and lymphocytes (0.6 £ 0.7 on days 1-2, 3.6 + 1.1 on days
3-5, P<0.0001, and 3.7 £ 1.3 on days 7-9, P < 0.0001) in
the early phase of rejection. Thereafter, lymphoid acti-
vation decreased and mononuclear phagocytes began
to dominate the graft infiltrate. The number of macro-
phages increased slowly, from neglible on days 3-5
(0605 CIU) to remarkably high on days 7-9
(20+11 CIU, P<0.001); they reached a peak
(421 4.4 CIU, P<0.05) on days 20-21.

Expression of activation markers

The lymphoid activation associated with acute rejec-
tion was further demonstrated by the surface molecular
changes (Fig.2a). The expression of IL-2-R molecules
on lymphoid cells in the FNAB followed the overall
pattern of the cellular rejection response. The number
of IL-2-R-positive cells was low before the onset of in-
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Fig.1 a Summary of the inflammation profiles (mean values) of
eight rat liver allografts monitored by FNAB and expressed cor-
rected increment in units (TCI = —Jili—) units. b~d The major in-
flammatory cell components: lymphoid blast cells (Blasts =
—@—), lymphocytes (Ly = —@—), and macrophages (Mp =

flammation, only 1.0% + 1.7 % on days 1-2, and then
increased rapidly to 21.3% £12.9% (P <0.005) on
days 3-5 and to 21.0% £ 10.5% (P < 0.001) on days 7-
9, together with the peak of the cellular response.
Thereafter, some decrease in the number of IL-2-R-ex-
pressing lymphoid cells was recorded in the more ad-
vanced stage of the rejection response. The increase in
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Fig.2 a Summary of activation marker expression (IL-2-R =
—@—, class Il = —O—, ICAM-1 = —ll—) on lymphoid cells in
the FNAB of the eight monitored rat liver allografts, expressed as
a percentage of positive lymphocytes. b The intensity of class II
and ICAM-1 expression (scored from 1 to 3) on parenchymal cells
in the aspirates. f Class 11, Z4 ICAM-1

Table 1 Histological alterations, scored from + to +++

Postoperative days Late phase of
12 63 acute rejection

(> 16 days
Portal inflammation + 4+ ++
Fibrosis - I+ SR,
Endotheliitis ~£ 4+ —+
Bile duct proliferation - —/+ +++
Cholangitis - —/* —+
Parenchymal inflammation  — +++ +H+++
Parenchymal necrosis + +++ ++++

class ll-positive lymphoid cells in the FNAB correlated
with the peak of inflammation: it went from a low of
19.6 % + 8.9 % on days 1-2, to a significantly elevated
42.7% £ 13.0% (P <0.01) on days 3-5, and reached its
maximum of 51.5% +16.3% (P <0.005) on days 7-9
at the peak. ICAM-1 expression on the lymphoid cells
in the FNAB was also linked to the immune activation
of acute rejection. The number of ICAM-1-expressing
cells increased significantly from a level of 3.2% £
1.3% on days 1-2 to 12.7% £1.6% (P < 0.0001) on

days 3-5, and up to 23.0% £9.8% (P < 0.005) on days
7-9.

Induction of class II antigens and ICAM-1 on the sur-
face of liver parenchymal cells was also recorded in as-
sociation with lymphoid activation in FNAB (Fig.2b).
Class II expression was not detectable before rejection
on days 1-2 but usually appeared on hepatocytes at the
beginning of immune activation on days 3-5. The inten-
sity of class 1l expression was faint (semiquantitatively
scored 0.9 + 0.7, P <0.05), but it increased significantly
(1.7+1.0, P<0.01) during the course of rejection.
ICAM-1 induction on hepatocytes was also recorded.
The intensity of ICAM-1 expression increased in associ-
ation with the lymphoid response (0.7 +£ 0.5 on days 1-2,
13208 on days 3-5, and 22+0.8 on days 7-9,
P < 0.005), corresponding to the overall pattern of im-
mune activation.

Histopathological findings

The histological findings of rat liver allografts are sum-
marized in Table 1. In the livers of the animals sacrificed
on days 1-2, no signs of acute rejection were present.
Only minor postsurgical histological changes, such as
some hepatocellular vacuolization and occasional focal
parenchymal necrosis, were recorded.

All livers obtained on days 6-8 showed a histological
picture consistent with moderate to severe acute rejec-
tion, with an intense portal mononuclear inflammatory
reaction. The portal tracts were greatly enlarged, their
outlines were constantly blurred, and inflammatory
streaks with mononuclear cells were seen radiating
from the portal areas. Endotheliitis was observed in all
animals, both in the central and portal veins, but was
more pronounced in the portal tracts. Proliferation,
swelling and vacuolization of the central and portal ve-
nous endothelial cells were observed in five out of six
of the cases. The portal tract arteries showed no signifi-
cant alterations. Marginal cholangitis was observed in
four of six animals, but only minimal ductal prolifera-
tion and practically no bile duct destruction or cholesta-
sis were recorded. The parenchyma showed some focal
inflammatory reaction, mainly pericentrally or parasep-
tally. Slight to moderate patchy necrosis and hepatocel-
lular vacuolization were seen. Kuppfer cells showed
some proliferative activity.

The end-stage livers of the eight FNAB-monitored
animals were obtained when the animals died or had to
be sacrificed on postoperative days 16-59. In these
grafts, the portal areas were still heavily infiltrated by
mononuclear cells, including macrophages, in six of
eight animals, and in two cases the portal inflammation
was of moderate intensity. Fibrosis was a prominent
finding in these grafts. The portal tracts were enlarged
and fibrotic in seven out of eight livers, and in some of
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them there was bridging fibrosis connecting adjacent
portal fields. Proliferation of bile ducts was common;
some ductal epithelial degeneration and marginal cho-
langitis were also seen. Endothelial lesions were mild
or absent, except for some single focal proliferation.
The parenchyma showed inflammatory infiltrates and
hepatocellular vacuolization in all animals and necrosis
of varying degrees in most cases.

Discussion

The strain combination used in this study demonstrated
an intense alloresponse and provided an ideal model
for studying acute rejection in the rat. The cellular find-
ings in the FNAB were comparable with those de-
scribed for human liver allografts, as well as those in an-
other model of liver rejection in the pig [12, 20]. The
time-related course of the irreversible rejection process
was relatively slow, and the appearance of each cellular
component of the cascade was easily recognized. The
immunological activation markers — the appearance of
[L-2-R, class II increase, and I[CAM-1 induction — sup-
ported the cellular findings. The appearance of 1L-2-re-
ceptor expression in the graft has also been shown to
correlate with acute rejection of the rat liver [18]. The
upregulation of class II and ICAM-1, recognized in hu-
man and rat allografts [1, 14, 16, 17, 19], followed the
overall course of immune activation in the FNAB.
Graft histology, obtained immediately after trans-
plantation, demonstrated surgery-related changes only.
Grafts harvested at the peak of immune activation
showed remarkable portal inflammation, together with
parenchymal changes. Thus, the time-related cellular
findings in the FNAB correlated well with histology,
but damage to the various structures of the organ and fi-

brosis were observed by histology only. The histological
findings of acute rat liver allograft rejection are compa-
rable with those of humans, although the biliary altera-
tions and vascular changes may vary. Thus, this animal
model can be considered representative enough to be
used to study liver allograft rejection.

The FNAB did not cause any complications, such as
bleeding or infection. It was possible to follow up the
same recipients by frequent sampling. A five- to sixfold
increase in the number of experimental animals would
have been required to perform as close a follow-up
with histological examination of the graft as with the
FNAB method. Because acute allograft rejection is a
time-related, multiphase process, there is an obvious
need for a monitoring method in the rat model. It would
be quite helpful to be able to follow the immunological
response in detail, together with the cell surface molecu-
lar changes during acute cellular rejection and the early
acute response leading to chronic changes, in the same
recipient.

Acute rejection has been widely studied using the rat
liver transplantation model. Yet, recording only the end
point after acute rejection may be inaccurate and mis-
leading. Even a relatively short prolongation of the sur-
vival of a test animal has been regarded as an indication
of the influence of different treatments. In studying var-
ious immunosuppressive regimens, it is useful to moni-
tor the effect at different stages of the rejection cascade,
not only the final outcome of the grafts. In our rat liver
rejection model, this can be done with considerably few-
er animals, less manual work, and lower costs.
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