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Abstract Intrathymic injection of 
donor bone marrow cells (ITBMCs) 
at the time of transplantation and 
treatment with antilymphocyte se- 
rum (ALS) permitted the indefinite 
survival of Brown Norway (BN, 
RT1") rat heart grafts in 6 out of 8 
Lewis (LEW, RT1') rat recipients. 
LEW recipients with long-surviving 
BN heart grafts (LSGs) also ac- 
cepted additional BN heart grafts 
without further immunosuppression, 
though they rejected Piebald Virol 
Glaxo (PVG, RT1') rat heart grafts 
in the usual fashion. In the in vitro 
study, the proliferative response of 
the lymphocytes from LEW recipi- 
ents with LSGs remained suppressed 

when they were stimulated by BN 
spleen cells, but not when stimulated 
by PVG cells. Bone marrow cells 
(BMCs) from LEW rats with LSGs 
showed strong, nonspecific, suppres- 
sive effects on the proliferative re- 
sponse in the mixed lymphocyte cul- 
ture reaction, suggesting that one of 
the possible explanations for toler- 
ance might be the involvement of a 
suppressor mechanism. 
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Introduction 

Successful induction of donor-specific tolerance is sure 
to improve the clinical results of organ transplantation 
without the adverse effects of long-term immunosup- 
pression. Following the report of intrathymic injection 
(IT) of pancreas islets [19], which induced generalized 
unresponsiveness as well as normalization of high 
blood-glucose levels in diabetic rats, the thymus has of- 
ten been taken as an effective site for inoculating alloge- 
neic cells in order to try to induce unresponsiveness. 
Many groups have recently demonstrated that tolerance 
to rat cardiac allografts by the IT of donor splenocytes 
[12, 161 or bone marrow cells (BMCs) [14] can be in- 
duced. We administered intrathymic BMCs and immun- 
osuppressive agents at the time of heart transplantation 
rather than 1 to 3 weeks earlier, as other groups have 
done, since we thought our protocol would be more fea- 
sible for clinical application. In the previous study, we 

also determined and reported the donor- and organ-spe- 
cific tolerances to rat cardiac allografts and mixed allo- 
geneic chimerism. For this purpose, we used intrathymic 
injection of donor bone marrow cells (ITBMCs) in com- 
bination with tacrolimus. To determine the donor-spe- 
cific tolerance, we also used ITBMCs in combination 
with antilymphocyte serum (ALS) [8, 9, 10, 221. In the 
present experiment, we followed up the cardiac al- 
lograft survival and studied the mechanism of tolerance 
in vitro in the ITBMC and ALS treatment model. 

Materials and Methods 
Animals 

Male Lewis rats (LEW, RT1') purchased from Charles River, (Yo- 
kohama, Japan), 8 to 14weeks of age, were used as recipients. 
Male Brown Norway rats (BN, RTI") (Seiwa Experimental Ani- 
mals, Fukuoka, Japan), 8 to 13 weeks of age, were used as donors. 
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Male Wistar Furth rats (WST, RT1"; Cler Japan, Tokyo, Japan), 
8 weeks of age, were used as third-party skin donors, and male Pie- 
bald Virol Glaxo rats (PVG, RT1") (Seiwa Experimental Animals), 
7 to 9 weeks of age, were used as third-party heart donors. The 
Principles of Laboratory Animal Care and The Instructions on An- 
imal Experiments (Kinki University) were followed for these ex- 
periments. 
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:: , I Heart transplantation 

Heterotopic heart transplantation was performed by means of the 
cuff technique reported by Heron [ S ]  with slight modifications. 
Briefly, cuffs were applied to the right external jugular vein and 
the common carotid artery of a LEW recipient. After hepariniza- 
tion, the heart of a BN donor was harvested. Blood was not flushed 
from the heart. After the aorta and pulmonary artery of the donor 
heart had been pulled over the cuffs, circular ligatures were ap- 
plied. We also used the cuff technique for second-set heart trans- 
plantation, connecting the donor aorta and pulmonary artery to 
the left iliac vessels of the recipient [4]. The operation was per- 
formed under clean, but not sterile, conditions, and no antimicro- 
bial agents were administered postoperatively. 

Skin transplantation 

A square skin graft (1.5 cm x 1.5 cm) harvested from the abdomen 
of a BN or a WSTrat was placed on the back of a LEW recipient. 

Intrathymic injection of donor BMCs 

BMCs were collected from the long bones of a heparinized BN rat 
by flushing phosphate buffered saline (PBS) from one of the cut 
ends. After hemolysis with Tris-NH,CI, the BMCs were suspended 
in PBS. The cell viability was greater than 85 %, as determined by 
trypan blue dye exclusion. The thymus was reached through apartial 
midsternal incision, and a total of 1 x 10' freshly prepared BMCs 
were injected into each lobe just before heart transplantation. 

Immunosuppression 

One milliliter of rabbit ALS (Inter-Cell Technologies, Hopewell, 
N. J.) was injected intraperitoneally (i. p.) three times on alternate 
days, starting on the day of transplantation (days 0, 2 and 4). No 
additional immunosuppressant was given thereafter. 

Graft survival 

Allografts were examined daily by palpation and inspection. Re- 
jection of a heart graft was diagnosed when contraction ceased 
completely. Rejection of grafted skin was diagnosed when com- 
plete necrosis was observed. 

Histopathology 

Specimens were fixed in 10 YO buffered formalin, dehydrated, and 
embedded. For immunological studies, two kinds of primary anti- 
body were used. MRC OX-27 (Serotec, Oxford, UK) recognizes 
the MHC class I antigen of BN cells, but not that of LEW cells 
(data from Serotec). MRC OX-3 (Serotec, Oxford, UK) recognizes 

the MHC class 11 antigen of LEW cells, but does not react with that 
of BN cells [l]. Deparafinized sections were treated with trypsin, 
then incubated with primary antibodies. Next, biotinylated anti- 
mouse IgG antibodies were added and then a mixture of sterpto- 
avidin and biotinilated horseradish peroxidase. The sections were 
incubated with diaminobenzidine tetrahydrochloride (DAB) be- 
fore being counterstained with hematoxylin. Stained cells were 
counted under a light microscope (H & E x ZOO), and the results 
were grouped as: no stained cells, one stained cell in several fields, 
1 to 5 cells in every field, and more than 5 cells in every field. 

Mixed lymphocyte culture (MLC) 

Lymphocytes were collected from the lymph nodes (for responder 
cells) and the spleen (for stimulator cells) of rats with and without 
transplants by centrifugation. After the lymphocytes were washed 
with culture medium, stimulator cells were treated with mitomycin 
C. The tissue culture medium (RPMI 1640, GIBCO, Grand Island, 
N. Y.) used in this experiment was supplemented with 5 x lo-' mol/l 
2-mercaptoethanol, 10 YO (v/v) heat-inactivated fetal calf serum, 
L-glutamine and penicillin-streptomycin. We cultured 1.5 x lo5 re- 
sponder cells, together with 1.5 x lo5 stimulator cells, in a flat-bot- 
tomed 96-well microplate for 1, 3, or 5 days in quadruplication. 
Twenty hours prior to the completion of the culture, 3H-thymidine 
was added at a concentration of 1 y Cilwell, and "-thymidine in- 
corporation was measured for 1 min in a liquid scintillation coun- 
ter. In some of the microcultures, BMCs (1.5 x 10'lwell) that were 
collected from a LEW rat with long-surviving BN heart grafts 
(LSGs) were added at the beginning of the culture. 

Results 

First heart and skin-graft survival 

Nonimmunosuppressed LEW recipients rejected BN 
heart grafts with a median survival time (MST) of 
7.5 days with ITBMCs (n = 4; 7 ,7 ,  8,s days) or without 
ITBMCs (n = 6; 6, 6, 7, 8, 8, 8days). They rejected 
PVG heart grafts with a MST of 6 days ( n  = 6; 6 ,6 ,6 ,6 ,  
7, 7 days). Administration of ALS (1 ml x 3) prolonged 
BN heart-graft survival to a MST of 29.5 days, while 6 
out of 8 LEW recipients accepted BN heart grafts for 
more than 150 days in the ALS + ITBMC group (Fig. 1). 
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Table 1 Survival of second-set grafts in the LEW recipients with 
long-surviving first BN heart grafts. All the first BN heart grafts 
continued beating after the second-set transplantation (MST 
Mean survival time, *sacrificed recipients with beating grafts) 

Second-set graft n Survival (davs) MST (davs) 

BN heart 2 182*, 439* 310.5 
PVG heart 2 5 ,7  6.0 
BN skin 2 18,22 20.0 
WST skin 2 10,12 11.0 

Without any immunosuppressant, LEW recipients 
rejected BN skin grafts with a MSTof 9.0 days ( n  = 4; 8, 
9, 9, 11 days) and PVG skin grafts with a MST of 
8.0 days (n  = 4; 7 ,8 ,8 ,8  days). 

Second-set heart and skin-graft survival 

Some of the LEW recipients that accepted the first BN 
heart grafts because of the treatment with ALS + IT- 
BMCs, underwent a second-set heart or skin transplan- 
tation around 150 days after the first heart grafting with- 
out further immunosuppression. Second-set BN heart 
grafts were accepted indefinitely; PVG heart grafts 
were rejected in the usual fashion (Table 1). Both BN 
and WST skin grafts, which showed slightly prolonged 
survival were finally rejected (Table 1). The BN skin 
grafts survived longer than the WST skin grafts. 

cells from a naive BN or PVG rat. Some representative 
results from two consecutive experiments are shown in 
Table2. As expressed in the stimulation index (SI) to 
eliminate the influence of rat age, the proliferative re- 
sponse of a naive rat reached its peak on day 3. In con- 
trast, the proliferative response of the lymphocytes 
from a LEW rat with a LSG remained low when it was 
stimulated with BN cells, although the highest response 
was observed on day5 when it was stimulated with 
PVG (third party) cells (Fig. 2). 

BMCs from a LEW rat with a LSG showed a marked 
nonspecific suppressive effect on the proliferative re- 
sponse of lymphocytes from a LEW rat whose BN heart 
graft had been rejected without immunosuppression 
(Table 2). 

Immunohistology 

Two LEW recipients with first and second LSGs were 
sacrificed, and the organs were examined by the indirect 
immunoperoxidase method for the detection of chimer- 
ism. In the myocardia of both the first and second BN 
heart grafts, there were considerable numbers of cells 
that had LEW MHC class I1 antigens. Moreover, cells 
containing BN MHC class I antigens were observed in 
the various organs of a LEW recipient (Table 3). 

Mixed lymphocyte culture reaction 

Lymph node cells were collected from a naive LEW rat 
and a LEW recipient with a LSG. The LEW recipient 
was treated with ALS + ITBMCs. We analyzed their 
proliferative response to mitomycin-treated stimulator 

Discussion 

We successfully induced donor-specific tolerance by 
means of ITBMCs at the time of transplantation in com- 
bination with a short course of ALS, using the rat heart 
transplantation model. However, the tolerance was lim- 
ited and organ-specific, as shown by the fact that the sec- 
ond skin grafts were finally rejected after a slightly pro- 

Table 2 Results of mixed lymphocyte culture reaction (n naive rat, 1 rat with a long surviving heart graft, r rat with a rejected heart 
graft. LN lvmDh node cells. SP suleen cells. BMC bone marrow cells. ND not done) 

Responder cell Stimulator cell Added cell 3H-Thymidine incorporation (mean a SD cpm) 

1st dav 3rd dav 5th day 

n LEW LN 
n LEW LN 
n LEW LN 
1 LEW LN 
1 LEW LN 
1 LEW LN 
1 LEW BMC 
1 LEW BMC 
r LEW LN 
r LEW LN 
r LEW LN 
r LEW LN 

n LEW SP 
n BN SP 
n PVG SP 
n LEW SP 
n BN SP 
n PVG SP 
n BN SP 
n PVG SP 
n BN SP 
n PVG SP 
n BN SP 
n PVG SP 

- 

1 LEW BMC 
1 LEW BMC 

3869.0 f 169.4 
10079.0 k 511.0 
7362.6 f 623.5 
1812.4 a 78.2 
1844.6 ? 151.0 
1767.1 k 178.2 

ND 
ND 

5 250.8 k 357.6 
4502.3 a 278.5 
9518.6 + 557.4 

10051.5 a 3 036.7 

14184.0a 2110.0 
53699.7 f 4319.6 
53869.3 a 4001.2 
7601.0 f 700.7 

18500.4 k 1642.5 
16305.4 f 1480.1 

ND 
ND 

41 299.3 * 1455.7 
38'783.6 a 4483.9 

1454.0 rf- 364.2 
1663.9 f 640.6 

13984.3 k5046.7 
33 658.5 k 4695.7 
28115.7a6911.7 
2918.4 f 767.0 
8051.0 1643.1 

12991.1 f 1113.8 
291.2 _+ 98.4 
219.9 f 57.4 

39405.2 f 1255.7 
41 281.3 a 4 153.4 

585.2 f 55.3 
858.0 f 156.5 
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Table 3 Mixed chimerism 
demonstrated by immunoper- 
oxidase staining ( - no stained 
cells, + one stained cell in sev- 
eral fields, ++ 1 to 5 cells in ev- 
ery field, +++ more than 5 cells 
in every field) 

3 4  “1 

BN heart graft 

Monoclonal Antibody Number of stained cells 

- + ++ +++ 
MRC OX-3 1st graft, 
(anti-LEW class 11) 2nd graft 

Organs of LEW recipient 

Monoclonal Antibody Number of stained cells 

- + ++ +++ 
MRC OX-27 Liver Skin, intestine, Original heart, lung, 
(anti-BN class I) kidney spleen, lymph nodes, 

thymus, bone marrow 

/’ 

/’ 

hO’ ILEW. (BN)m 

. 
<-d ‘0 
iW . (PVG)m 

1 , I 

1 3 5 
Days 

Fig.2 Mixed lymphocyte culture reaction of a naive and a grafted 
LEW recipient. SI, Stimulation index calculated with allogeneic 
(cpm)/autologous (cpm); n LEW; responder lymph-node cells 
from a naive LEW rat; 1 LEW; responder lymph-node cells from a 
LEW recipient with long-surviving grafts; (BN/PVG),, mitomy- 
cin-treated stimulator splenocytes from a naive BN or PVG rat 

longed survival. This may be due to the presence of a 
skin-specific antigen or differences in the quality of anti- 
gen presentation between heart and skin. We think our 
protocol will be more suitable for clinical application 
than those which give intrathymic donor cells a few 
weeks before transplantation [12, 14, 161. Seventy-five 
percent of the LEW recipients accepted the first BN 
heart grafts indefinitely when treated with iTBMCs 
and ALS, while treatment with either ALS or ITBMCs 
only did not permit the long-term survival of the BN 
heart grafts, suggesting that ITBMCs and concurrent T- 
cell depletion is decisive in this protocol. T-cell deple- 
tion in the recipients may accelerate stem cell traffic 
into the thymus, where cells of both donor (BMCs) and 
recipient origin may proliferate and interact with thymic 
epithelium or with each other. This environment can be 
expected to produce lymphocytes of both donor and re- 
cipient origin that react with neither donor nor recipient 
antigens, resulting in effective tolerance induction 
through thymic education. The second BN heart grafts 

were also accepted in the LEW rats with LSGs without 
any additional immunosuppression, but third-party 
PVG heart grafts were not. These findings are compati- 
ble with our in vitro results, in which lymphocyte prolif- 
eration of a LEW rat with a LSG remained suppressed 
when stimulated by BN spleen cells but did not when 
stimulated by PVG cells. Reduced frequency of precur- 
sor cytotoxic T-lymphocytes (pCTLs) has been observed 
in the recipient after ITof donor cells in the rat [15,17]. 
Donor-reactive T cells have been also shown deleted in 
the mice experimental model [7]. These reports indicate 
that the main mechanism of tolerance after intrathymic 
donor cell injection may be immunological deletion or 
anergy. There may be different mechanisms of tolerance 
working in the early postoperative phase and in the late 
maintenance period. It has been reported that IT of ge- 
netically modified autologous muscle cells induces spe- 
cific tolerance through reduced CTL activity [6]. In the 
experiment, muscle cells that express donor type MHC 
class I antigen were used, thus indicating the involve- 
ment of another mechanism of tolerance [3].  

It should be noted that the contraction of the first BN 
heart grafts became weakened after the second BN skin 
transplantation in the LEW rats with LSGs but a grad- 
ual recovery of contraction was observed after the com- 
plete rejection of the skin grafts. A similar phenomenon 
was observed in our previous study in which we used ta- 
crolimus and ITBMCs [S]. This could be another possi- 
ble explanation for tolerance. i t  may suggest that a cer- 
tain graft-protecting mechanism, possibly mediated by 
suppressor cells, has worked. A suppressor mechanism 
has been reported in the mouse skin transplantation 
model when intravenous BMCs and ALS are used. 
With this models specific and nonspecific suppressor 
cells of both donor and recipient origin were identified 
[ll].  An adoptive cell transfer study suggests the pres- 
ence of an active suppressor mechanism in a rat heart 
transplantation model in which intrathymic splenocytes 
and ALS [13] are used. We neither assayed veto cells 
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nor studied the cell subsets that were responsible for the 
suppressive effect in the present study, but BMCs from a 
LEW rat with a LSG showed marked nonspecific sup- 
pressive effects on the proliferative response in the 
MLC. This may support our in vivo observations and 
suggest the presence of suppressor cells. 

Using immunoperoxidase staining, we found mixed 
allogeneic chimerism in LEW rats with LSGs. Recipi- 
ent-type MHC class 11-positive cells were found in the 
BN heart graft and donor-type MHC class I-positive 
cells throughout the recipient organs. This two-way cell 
traffic may be the other possible mechanism of toler- 
ance. We have already reported that the recipient-type 
MHC class 11-positive cells in the BN heart graft had a 
surface marker for macrophages/monocytes too [22]. 
These cells in the graft may suggest the alteration of 
graft immunogenicity, thereby resulting in diminished 
graft antigenicity [21]. However, it has also been re- 
ported that the persistent presentation of donor antigen 
is necessary to maintain tolerance [20]. It seems rational 
to think that the donor-type MHC class I-positive cells 
found in the recipient organs derive from BMCs in- 
jected into the thymus, as reported for a mouse skin 
graft model [11]. These donor-type cells seem to play a 
role in maintaining tolerance by persistent antigen stim- 

ulation and, as we showed in the present study, seems to 
play active roles as suppressor cells. 

We have presented some of the possible mechanisms 
of tolerance in the intrathymic donor antigen injection 
model, but an explanation of the mechanism still re- 
mains to be clearly found. We think that several mecha- 
nisms work together to induce and/or maintain toler- 
ance. The mechanism responsible may differ due to var- 
ious factors, ranging from the type of injected antigens 
to the time after transplantation. BMCs can be expected 
to differentiate and expand in the recipient. We also 
note a report stating that the injected soluble antigen 
may be presented to recipient T cells by recipient anti- 
gen presenting cells (APCs) [18]. There may be evi- 
dence that the decreased frequency of pCTL is decisiye 
in the induction period of tolerance [15, 171 and that 
the suppressor cells are required to maintain tolerance 
in the late period. Moreover, another mechanism, in- 
volving the alloantibody network, in which immuno- 
globulins inhibit MLC responses, may be responsible 
for the tolerance [2]. Precise understanding of the mech- 
anism of tolerance would lead us to establish a reliable 
method for immunomodulation to induce immunologi- 
cal tolerance, resulting in improved clinical outcome. 
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