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enesis of TA, particularly alloantibodies directed against
onor major histocompatibility complex (MHC) classes I
nd II.3 Anti-HLA class I antibodies have been suggested to
nduce endothelial and SMC biologic signals4 and could
nitiate an endothelial cell proliferation with regard to vas-
ular lesion development.5 These clinical data, together
ith experimental approaches, demonstrate a close relation
etween antibody-induced TA and a protective effect of the
ntiapoptotic gene expression.6

In our experience in a rat aortic allograft model, medial
mooth muscle destruction appeared to be linked to a hu-
oral immunity.7,8 In this model, humoral contributions
ere at least dependent on MHC-I and involved an apopto-

is phenomenon, either in vivo or in vitro, in vascular cell
estruction.9 Interestingly, adventitial compartment, that is,
dventitial inflammatory cells, was demonstrated as a piv-
tal role in antigen presentation leading to a local antibody
roduction against MHC-I.10

In view of this circumstantial evidence, the aim of our
tudy was to demonstrate the capacity of the humoral im-
unity to induce direct vascular lesions and then to appear

s a key for the development of TA.

aterials and Methods
nimals
ale rats (200-250 g) from the three inbred strains, NUDE (RNU)
IH-rnu, Brown Norway (BN) RT-1n, and Lewis (LEW) RT-1l,
ere purchased from Iffa-Credo Laboratory (L’Abresle, France).
hey were used as donor and recipient in an orthotopic aortic graft
odel and a heterotopic abdominal cardiac graft model. All ex-

eriments were conducted according to French legislation for the
reatment of animals. Rats were allowed access to food ad libitum.

xperimental Models
his work was based on humoral transfer experiments. To focus

he study on arterial graft intimal lesion, we used experimental
odels: abdominal aortic allografts as a specific vascular aggres-

ion model and abdominal heterotopic cardiac allografts as a solid
rgan transplant application.

Orthotopic aortic transplantation. The intra-abdominal trans-
lantation was performed under general anesthesia (20 mg/kg of
etamine (Imalgene 1000; Merial, Lyon, France). The donor’s

Abbreviations and Acronyms
BN � brown Norway
FITC � fluorescein isothiocyanate
Ig � immunoglobulin
LEW � Lewis
MHC� major histocompatibility complex
RNU � rat nude
SMC � smooth muscle cell
TA � transplant arteriosclerosis
bdominal aorta (1.5-cm long) was harvested and flushed with a r
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old physiologic saline solution and immediately orthotopically
ransplanted by two end-to-end anastomoses as previously de-
cribed.11,12 The graft ischemic time was 20 to 30 minutes. Aortic
lamping ranged from 30 to 40 minutes. No immunosuppressive or
nticoagulant treatment was used.

Abdominal heterotopic cardiac transplantation. Intra-abdominal
ardiac transplantation was performed under general anesthesia
intramuscular injection of 20 mg/kg of ketamine. The donor heart
as harvested and flushed by a cold physiologic saline solution

nd immediately heterotopically transplanted, as previously de-
cribed.13 In brief, the donor ascending aorta was anastomosed to
he recipient infrarenal abdominal aorta. The donor pulmonary
rtery was anastomosed to a recipient inferior vena cava. The
onor pulmonary veins and caval veins were priory ligated. The
raft ischemic time ranged from 40 to 50 minutes. The recipient
ortic clamping ranged from 50 to 60 minutes. Neither immuno-
uppressive nor anticoagulant treatment was used.

umoral Transfer
lloantisera were obtained from LEW after BN skin graft sensi-

ization on an additional rat group. In brief, a 2 cm2–wide full skin
atch was obtained from BN and grafted orthotopically onto a
EW rat. Three successive grafts were performed in 10-day inter-
als. Repeated skin grafts induced serum immunoglobulin G (IgG)
ble to recognize vascular cells or splenocytes from the donor’s
rigin (BN) in the fluorescein-activated cell scan as previously
escribed.7 One million BN splenocytes were incubated for 30
inutes at 4°C with 10 �L of alloantisera IgG diluted from 1:1 to

:1000. Cells, washed twice in phosphate-buffered saline solution–
etal calf serum, were incubated with fluorescein isothiocyanate
FITC)-conjugated mouse anti-rat Ig kappa chain. The alloan-
iserum used for transfer was 1:50 diluted. The aortic allografted
ecipient rats were intraperitoneally injected with 1.5 mL alloan-
isera 3 days before the aortic transplantation, the day of the
ransplantation, and 2 and 5 days after the transplantation. Cardiac
llografted recipient rats were intraperitoneally injected with
.5 mL alloantisera the day of the transplantation and 2, 5, 7, and
days after the transplantation.

xperimental Design
he orthotopic aortic transplantation was performed in 4 groups of
0 rats put to death on the 21st day: a BN to BN isografted group
group 1), a BN to LEW allografted group (group 2), a BN to RNU
rafted group without any humoral transfer (group 3), and a BN to
NU grafted group with a humoral transfer (group 4).

To study early lesions, we performed 2 additional BN to RNU
ortic graft groups with and without humoral transfer (n � 10,
espectively). In these 2 groups, rats were put to death on day 3
n � 5) and on day 10 (n � 5). For both of those experiments, the
umoral transfer was performed 3 days before and the day of the
ortic transplantation.

The heterotopic abdominal cardiac transplantation was per-
ormed in 2 groups of 10 rats put to death on day 21: a BN to RNU
ardiac graft group without any humoral transfer (group A) and a
N to RNU cardiac graft group with a humoral transfer (group B).

All rats were put to death with an overdose of pentobarbital
50 mg/kg). Cardiac and aortic grafts were rapidly dissected and

emoved.
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istology
histologic examination was performed in all groups. For this

urpose, after harvesting, aortas and hearts were flushed with a
hysiologic saline solution. One half of each graft was postfixed in
% formalin for 24 hours. The tissue was embedded in paraffin,
nd transversal sections of 5 �m were performed to allow light
icroscopic examination. Slides were stained with orcein, sirius

ed, and hematoxylin, for elastin, collagen, and nuclei, respec-
ively. Each slide was examined for qualitative and quantitative
valuation.

The other half of the graft was snap-frozen immediately in
sopentane precooled by liquid nitrogen after filling with a fixative
olution (Tissue TEK; Miles Laboratories, Elkart, Ind). The cryo-
reserved half of the transplant was stored at �80°C for cryostat
ection (5-�m thick). Immunohistochemical staining was per-
ormed with streptavidine peroxidase technique (Amersham,
uckinghamshire, United Kingdom) to reveal IgG deposits by a
onoclonal antibody against rat IgG (Biotinylated Anti-rat IgG;
ictor Laboratories, Burlingam, Calif).

n Situ Detection of DNA Fragmentation
NA fragmentation was detected in situ by the terminal deoxynu-

leotidyl transferase–mediated dUTP nick end labeling (TUNEL)
ethod (In situ Cell Death Detection Kit; Boehringer, Mannheim,
ermany). DNA fragmentation was evaluated after a 1-hour incuba-

ion at 37°C with terminal deoxynucleotidyl transferase FITC-
onjugated dUTP.

Slides were examined with a Leica fluorescence microscope
Leica Microsystems GmbH, Wetzlar, Germany).

orphometric Analysis
semiautomatic image analysis was used to quantify histologic

hanges on a formalin-fixed section for the aortic grafts. The image
ystem included the following: a light microscope (Nikon E600
icroscope; Nikon, Tokyo, Japan), a color video camera (Spot Soft-
are v2.21 Camera, Diagnostic Instruments, Inc, Sterling Heights,
ich), an image analysis processor (Software Image Pro-Plus 4.1

or Windows 95), and a personal computer connected to the
rocessor that permitted the automatic analysis of all morphologic
ransformations and sequential storage of the results. For each
tain, measurements were performed on aortic intima, media, and
dventitia tunicae and on coronary arteries. Two programs were
sed in this study. The first program was used to analyze the elastin
tructure of the aortic wall. The elastin contents permitted the
etermination of the intimal and medial thickness micrometers.
he second program was used to analyze the nuclear contents of

he graft wall. The mean cell density (number of nuclei per square
illimeter of the aortic wall) was measured in adventitia (adven-

itial cell density: cells per square millimeter) and media (medial
ell density: cells per square millimeter).

tatistical Analysis
n the aortic graft model, the results of the morphometric study are
xpressed as mean � SEM. The Student t test was performed to
nalyze the differences in morphometric measurements. Analysis
f variance was used as a single factor for the different parameters
Systat program version 8.0-1998; Systat Software, Inc, San Jose,

alif). 1

The Journal of Thoracic
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In the cardiac graft model, the study was focused on coronary
rteries, particularly intimal lesions. Each heart was studied on
our 1-mm–separated levels. All slides were carefully examined.
he detection of at least one coronary intimal proliferative

esion assigned the entire cardiac graft submitted to the patho-
ogic process. The coronary lesions affecting the cardiac grafts
ere counted in the 2 BN to RNU groups. Then we used the �2

earson test.

esults
o sign of rejection was observed in the isografted aorta:

here was neither intimal proliferation nor inflammatory
dventitial infiltration; the medial thickness was respected
Figure 1, A).

When allografted in LEW recipients, BN aortas under-
ent a severe rejection process (Figure 1, B) as compared
ith BN/BN isografts: the intimal thickness and the intima/
edia ratio increased (Table 1; P � .001), the medial

hickness and the medial smooth cell density decreased
Table 1; P � .001), and the adventitial cell density in-
reased (Table 1; P � .001).

In the absence of the humoral transfer, the aspects of the
hree compartments of BN aortas grafted in RNU recipients
Figure 1, C) were not significantly different from those of
he isografted aorta: intimal thickness (P � 1), medial
hickness (P � .8), intima/media ratio (P � 1), medial cell
ensity (P � .15), and adventitial cell density (P � .71).

The humoral transfer induced severe lesions in the BN
orta grafted in RNU recipients (Figure 1, D). When com-
ared with RNU recipients alone, the humoral transfer in-
uced intimal thickening (63 � 4 vs 4 � 1.1 �m, P � .001),
ostly composed of a myofibroblastic cell proliferation,

overed by an endothelial cell lining. The endothelial layer
as not characterized in this study. The media seemed to be
naltered by the humoral transfer (71 � 9 vs 81 � 12 �m;
� .15). The intima/media ratio increased in relation to the

ntimal thickness (81 � 5 vs 4.5 � 1.2; P � .001). The
edial cell density was similar in the 2 groups (2.7 � 0.4 vs

.3 � 0.7 � 103 cell/mm2; P � .34). Unexpectedly, the
umoral transfer increased the adventitial cell density in
NU recipients (5.1 � 0.7 vs 2.8 � 0.6 � 103 cell/mm2; P
.026).
However, the aortic aggression induced by humoral

ransfer in RNU recipient was moderate when compared with
EW recipient allografts. The intimal thickness was lower than

n LEW recipient allografts (63 � 4 vs 299 � 54 �m; P �
001); the medial thickness remained higher than in LEW
ecipient allografts (71 � 9 vs 45.2 � 4 �m; P � .001), and
he ratio intima/media was lower (81 � 5 vs 450 � 67; P �
001); the medial SMC density was similar in the 2 groups
2.7 � 0.4 vs 2.3 � 1 � 103 cell/mm2 P � .67); the
dventitial cell density was lower in the humoral transfer
roup than in the LEW recipient (5.1 � 0.7 vs 9.5 � 3.6 �

03 cell/mm2 P � .001).
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To approach the intimal lesion induced by the humoral
ransfer in nude recipients, we performed 2 additional aortic
rafted groups in RNU recipients and submitted them to im-
unohistologic analysis. When the humoral transfer occurred,

n immunohistologic study revealed the presence of LEW
nti-BN antibodies (IgG) evidenced on remaining endothelial
ining when sacrificed on day 3 (Figure 2, F). In the absence of
he humoral transfer, endothelial cell lining was free of any
gG deposits. Later, on day 10, the endothelial cells disap-
eared and an intimal proliferation occurred within the hu-
oral transfer group (Figure 2, G). In the absence of the

umoral transfer, the endothelial cells remained intact (Figure
, C). When focusing on endothelial cells, studies revealed
everal signs in favor of an apoptosis phenomenon. In the
umoral transferred group, hematoxylin coloration evidenced
uclear condensation on day 3 (Figure 2, E). Later, on day 21,
UNEL was positively evidenced in endothelial lining and

ntimal thickness (Figure 2, H).

Figure 1. Histologic aspects of BN aortic graft on the
recipient (hematein). The isografted aorta was devoi
respected, and inflammatory adventitial infiltration was
a marked obstructive intimal proliferation, a destructio
the media; adventitial cell infiltration was prominent (
aortic wall was similar to the isografted aorta (C). H
enough, medial layers seemed to be respected and ad
Norway; LEW, Lewis; RNU, rat nude; SMC, smooth mu

ABLE 1. Quantitative morphologic changes in intima, med
ffect of the humoral (anti-BN) transfer in nude rat

BN recipient

ntimal thickness (�m) 3.4 � 1.2
edial thickness (�m) 85.3 � 6.6

ntima/media ratio 3.9 � 1.3
edial cell density (�103 cell/mm2) 3.7 � 0.5

dventitial cell Density (�103 cell/mm2) 3.7 � 0.8
N, brown Norway; LEW, Lewis; RNU, rat nude.
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Beside the aortic allografts, 2 groups of cardiac allografts
ere performed in RNU recipients to test the capacity of the
umoral transfer to induce a coronary lesion. Sacrifices on
ay 21 showed prominent obliterative lesions in coronary
rteries in 7 of the 9 transplanted hearts of the humoral-
ransferred group (Figure 3). The obliterative lesions were
ssentially composed of myofibroblastic cell proliferation
nd tended to a complete occlusion. Coronary lesions were
losely associated with adventitial perivascular cell inflam-
atory infiltrates. The histologic examination failed to ev-

dence any change in the cardiac parenchymal tissue. In the
bsence of the humoral transfer, the coronary arteries and
ardiac parenchyma were intact.

iscussion
he main result of this study was the demonstration that
umoral immunity was able in vivo to induce vascular
ndothelial cell destruction and intimal thickening to

day: effect of the humoral (anti BN) transfer in RNU
any rejection sign: intimal and medial layers were
(A). In contrast, BN to LEW allografted aorta exhibited

the elastic laminae, and the disappearance of SMC in
the RNU recipient without humoral transfer, the BN

ral transfer induced intimal thickening. Interestingly
itial inflammatory infiltration occurred (D). BN, brown
cell.

nd adventitia occurring in BN aortic graft on the 21st day:

recipient
RNU recipient without

humoral transfer
RNU recipient with

humoral transfer

99 � 54 4 � 1.1 63 � 4
5.2 � 4 81 � 12 71 � 9
50 � 67 4.5 � 1.2 81 � 5

2.3 � 1 3.3 � 0.7 2.7 � 0.4
9.5 � 3.6 2.8 � 0.6 5.1 � 0.7
21st
d of
rare
n of
B). In
umo
vent
scle
ia, a

LEW

2
4
4
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evelop as a response to immune arterial wall aggression.
his result was obtained in rat models of aortic and
ardiac graft. When BN aortas were transplanted in RNU
ecipients in the absence of humoral transfer, aortic grafts
ere devoid of any rejection process. Endothelial cell

ining and the media were respected. The adventitia was
ot invaded by inflammatory cells, arguing for a true
olerance to aortic graft by the RNU strain. The humoral
nti-BN transfer had a striking effect on the arterial wall
s confirmed by the quantitative and qualitative histo-
ogic findings. This is consistent with a direct effect of
ntibodies on the arterial wall and, in particular, on
ndothelial cells. Intimal thickening developed as a re-
ponse to immune endothelial aggression. Early observa-
ions performed on BN aortic graft after humoral (LEW
nti-BN) transfer in RNU recipient revealed the presence
f IgG deposits on the remaining endothelial cells on
ay 3. A few days later (day 10) the endothelial cells

Figure 2. Immunohistological aspects of BN aortic gr
(anti-BN) transfer in RNU recipient. (Hematein stainin
monoclonal antibodies; TUNEL staining). This figure is
absence of the humoral transfer, the intima was intact o
was devoid of any IgG staining on day 3 (B). On day 21
rare endothelial cells (D). TUNEL was negative in med
induced intimal destruction on day 3 with the disappe
LEW anti-BN antibodies (IgG) deposits was revealed o
thickening occurred (G). On day 21, TUNEL staining reve
adventitial layers (H). BN, brown Norway; RNU, rat nu
isappeared completely and the intimal thickening devel- a

The Journal of Thoracic
jtcs.ctsnetjournDownloaded from 
ped. The same process was evidenced on cardiac grafts
erformed in nude recipients. Without any humoral anti-BN
ntibody transfer, cardiac allografts were devoid of any sign
f rejection: neither coronary lesion nor parenchymal in-
ammatory infiltration was observed in 21 days. The hu-
oral transfer led to a marked intimal proliferation, occur-

ing in 7 of the 9 cardiac grafted rats.
The rat aortic graft model has been used for several years

o study the arterial lesions occurring in chronic rejection in
llografts. In our experiment in the model of LEW recipient
f BN aorta, medial smooth muscle destruction appeared to
e linked to humoral immunity.7,9 Moreover, the skin graft
resensitization increased the humoral immunity, medial
MC destruction, and accelerated intimal proliferation.8

lloantibodies were eluted from aortic allografts and were
haracterized mostly as anti-MHC-I molecules. The hu-
oral immunity was demonstrated to be capable of aortic
all cell destruction, particularly in vitro, through an

the third, 10th, and 21st days: effect of the humoral
deposits were revealed by biotinylated anti-rat IgG

ed on the intima and luminal part of the media. In the
ys 3 and 10 (A and C, hematein). Endothelial cell lining
EL staining revealed a very slight apoptosis affecting

nd adventitial layers. In contrast, the humoral transfer
e of endothelial cells (E: hematein). The presence of
remaining endothelial cells (F). On day 10 an intimal
markedly an apoptosis in the intimal proliferation and

gG, immunoglobulin G; LEW, Lewis.
aft on
g; IgG
focus
n da

, TUN
ial a
aranc
n the
aled
de; I
poptotic phenomenon.9 Furthermore, the present study
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