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Dark Agouti (DA) rats are highly susceptible to induction of Th-l-mediated autoimmunity
disease, including experimental allergic encephalomyelitis (EAE). In contrast to other suscep-
tible rat strains in which disease is induced only with encephalitogen emulsified in complete
Freund’s adjuvants (CFA), in DA rats EAE develops after injection of encephalitogen in
incomplete Freund’s adjuvants (IFA) or Titermax, putative Th-2 directed adjuvant. Lymph
node cells derived from immunized DA rats and stimulated in vitro produce significantly
more Interferon-3, (IFN-3,) than resistant Albino Oxford (AO) rats. However, cells derived
from both strains produce large amounts of IL-10 but not IL-4. Immunized lymph node cells
derived from EAE susceptible (AO DA) Flrats induce clinical signs of disease in suble-
thally irradiated parental DA but not AO rats. The pathohistology of the target tissue in these
recipie,nts clearly demonstrated infiltration of mononuclear cells in both parental strains.
However, the number of CD4+ cells was significantly higher and number of apoptotic cells
significantly lower in DA rats sacrificed 8 days after passive transfer. We postulate that in
addition to higher IFN-3, and TNF-c production, resistance to early apoptosis of the invading
cells in the target tissue possibly due to lack of downregulation by TGF-[3 leads to exceptional
susceptibility to EAE in DA rats.
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INTRODUCTION

T-helper type-1 (Th-1) cells appear to be involved in
human organ specific autoimmune diseases. Multiple
sclerosis is assumed to be a consequence of an

autoimmune process in the central nervous system
(CNS). Indeed, CD4+ T cell clones derived from

peripheral blood or cerebrospinal fluid of multiple
sclerosis patients show a Th-1 lymphokine profile
(Brod et al., 1991). Induction of experimental allergic

encephalomyelitis (EAE) in susceptible mice and rats

provides a remarkable model for the study of autoim-
mune inflammatory responses in CNS. Current evi-
dence shows that autoreactive CD4+ T cells cross the
blood-brain barrier and secrete proinflammatory
cytokines, IFN-3, and TNF-, in response to epitopes
present in CNS proteins such as myelin basic protein
(MBP). We (Vukmanovic et al, 1990; Lukic et al.,
1991) and others (Lorentzen et al., 1995; Lenz et al.,
1999) have demonstrated that DA rats are exception-
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ally susceptible to induction of EAE with MBP or

encephalitogenic peptide, MBP 63-81, emulsified in
CFA. Additionally, attempted tolerization of DA rats

with MBP 63-81 peptide in IFA (Lenz et al., 1999)
resulted in the induction of EAE. We have also shown
that susceptible DA rats and (DA AO) F hybrids
profoundly differ from EAE resistant AO rats in the
level of production of Th-1 cytokines after appropri-
ate stimulation. Significantly higher levels of Inter-
leukin-2 (IL-2), IFN-7 and TNF-t were produced by
the stimulated spleen, lymph node and peritoneal cell
populations of DA rats and (DA AO) F rats when
compared to AO strain rats (Lukic et al., 1998).

Surprisingly, transfer of (AO DA) F encepha-
litogenic cells into sublethally irradiated parental
hosts demonstrated that EAE develops only in DA
rats (Mostarica-Stojkovic et al., 1992). Abundant
information exists on the mechanisms involved in the
induction phase of EAE such as immunodominant

epitopes and effector lymphocyte phenotype but less
is known about the factors responsible for the deliv-

ery of the signals which damage target cells.
Although the molecular mechanisms are not under-
stood, we have previously shown that TGF- down-
regulates EAE expression at the level of the target
tissue (Shahin et al., 1995). Bonetti et al., (1997) have
investigated expression of pro- and anti-apoptotic
molecules in the CNS at different stages of EAE and
found that expression correlated with elimination of

infiltrating T cells and macrophages rather than oli-

godendrocytes.
In this study we have analyzed the extraordinary

susceptibility to active and passive T cell mediated
EAE in DA rats and resistance to EAE in AO rats at

the level of the target tissue. We demonstrate that
effector cells in DA rats are refractory to apoptosis at

the level of CNS. We also observed that TNF-ct
inducible stress activated e-Jun-N-terminal kinase is

more expressed in DA than in AO rat brain stem tis-
sue 11 days after EAE induction. Taken together our

data are compatible with the notion that, in the
absence of downregulation at the level of the target
tissue, possibly mediated by TGF-3, effector cells
resist early apoptosis and induce TNF- mediated

pathology.

MATERIAL AND METHODS

Antigens and Adjuvants

Rat spinal cord or guinea pig MBP (Sigma, St Louis,
USA) was used as the antigen, complete Freund’s

adjuvant (CFA) and copolymer CRL 89-41 (Titer-
max, Cytrx, USA) were used as adjuvants for EAE
induction.

Animals and Immunization

Eight to 12-week-old male DA and AO rats (originally
purchased from Harlan, UK, and maintained in our ani-

mal facilities) were immunized in the left hind foot pad
with antigen emulsified in adjuvant (0.1 ml of emul-
sion containing.005 ml of spinal cord tissue or 100 pg
MBP). The animals were monitored for clinical signs
of EAE, graded as 0 (no disease) 1 (loss of tail tonic-

ity), 2 (hind limb weakness), 3 (hind limb paralysis), 4
(moribund or death), as previously described (Vuk-
manovic et al., 1990; Lenz et al., 1999).

Cytokine Production

Draining lymph node cells were isolated from
MBP + Titermax-primed rats 10 days after immuniza-
tion and cultured for 4 days in the presence of MBP as

detailed previously (Lukic et al., 1997). Supernatants
from stimulated cells were assayed for IFN-7, IL-4 and
IL-10 using commercial ELISA kits (Biosource, USA).

Passive Transfer

Passive transfer experiments were performed as

detailed elsewhere (Mostarica-Stojkovic et al., 1992).
(AO DA) F rats were immunized with spinal cord
tissue emulsified in CFA. Ten days later draining
lymph node cells were isolated and stimulated with
MBP for 5 days. Sublethally irradiated (5 Gy) parental
AO and DA rats and (AO DA) Flhybrids were i.v.

injected with 1.5 107 cultured cells and animals sacri-
ficed 8 days later. The spinal cord tissue was fixed in
Zamboni’s solution and embedded in paraffin.
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Immunostaining and detection of apoptosis

The spinal cord specimens were deparaffinized and
incubated in 3.3% hydrogen peroxide in absolute
methanol for 30 min to block endogenous peroxidase.
The slides were then transferred into 0.01 M citrate
buffer and boiled in a microwave oven for 5 minx 2
to retrieve antigens. The slides were washed in 0.05
M Tris-buffer, and incubated with a blocking agent
containing carrier protein (Dako, Denmark). The

blocking agent was poured off and the slides were
incubated with mouse anti-rat monoclonal CD4 anti-

bodies (Pharmingen, USA) (1 400, dilution in 0.05
M Tris-buffer) overnight at 4C. The sections were

allowed to warm to room temperature, washed three
times (5 minutes each) in Tris-buffer (0.05 M
Tris-BSA) and then incubated with the link antibody
biotinylated anti-mouse IgG in PBS (DAKO, Den-
mark) for 30 minutes, followed up with avidin-perox-
idase for 1 hour. The slides were then washed in 0.05
M Tris-buffer and peroxidase activity was demon-
strated with diaminobenzidene hydrochloride (Sigma,
USA; dissolved in 15 ml of M Tris-buffer, filtered,
then 12 ml of 30% hydrogen peroxide added to the

filtrate). The light brown solution was placed on the
sections for 3-5 minutes. Sections were then counter-

stained within haematoxylin, sealed with a cover slip
using Cytoseal 60 mounting medium (Stephens Sci-

entific, USA) and examined on a Zeiss Axiophot pho-
tomicroscope.
The extent and localization of apoptosis in situ was

assessed by direct immunoperoxidase detection of

digoxigenin labelled genomic DNA in fixed tissue

(Apoptag, in situ apoptosis detection kit, Oncor Inc.,
USA). The procedure recommended by the manufac-
turer was followed with counterstaining in methyl
green.

SDS-PAGE and Western Blotting

Animals were immunized with spinal cord tissue in
CFA and groups of three animals sacrificed by day 11
and 17 after encephalitogen injection. Freshly isolated

rat brain stem tissue was homogenized at 4C in

homogenization buffer (50 mM Hepes, 150 mM
NaCI, 50 mM NaF, 1 mM Na3VO4, 10% glycerol,
10% Triton X- 100, 1 gg/ml Leupeptin, 1 mM PMSF,
pH 7.2). The homogenate was centrifuged at 15000
rpm for 15 minutes at 4C. An aliquot of the superna-
tant was kept for protein determination, and to the
rest, SOS sample buffer containing beta-mercaptoeth-
anol was added. The samples were boiled for three
minutes and after cooling, the equivalent of 30 tg of

protein/lane were loaded on to a 12% polyacrylamide
gel. The proteins were subjected to electrophoresis
under constant voltage, transferred on to nitrocellu-

lose membranes blocked with 50% non-fat milk. The
blots were incubated with an antibody to JNK-1

(Santa Cruz Biotechnology, USA) at a dilution of 1
2000 at room temperature for 2 hours, washed and
then incubated with the secondary antibody conju-
gated to horseradish peroxidase. Anti-JNK antibody
binding was visualized by enhanced chemilumines-
cence.

RESULTS

Given the extraordinary susceptibility of DA rats to

develop EAE after the injection of encephalitogenic
peptide in IFA adjuvant (Lenz et al., 1999), we tested
whether an adjuvant that does not favour DTH
responses such as Titermax (Bennett et al., 1992),
would support induction of EAE. As shown in Table I,
animals immunized with MBP emulsified in copoly-
mer adjuvant did demonstrate clinical signs of disease

by day 9 and developed severe EAE by day 11. In fact
the disease was more severe than in DA rats challenged
with MBP in CFA. As in previous experiments, AO
rats were resistant to induction of disease with tested

antigen in both adjuvants. Thus, our data demonstrate
that the adjuvants that do not induce significant level of
inflammation and apparently do not favour Th-1

responses, very effectively support activation of
encephalitogenic T cells in DA rats.
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TABLE Induction of EAE in DA rats but not AO rats with myelin basic protein in CFA or Titermax

Strain Immunogen Adjuvant Incidence Onset (day) Severity

DA

AO

CFA 3/3
Spinal cord

Titermax 6/6

MBP CFA 3/3
MBP

Titermax 6/6

CFA 0/3
Spinal cord

Titermax 0/6

CFA 0/3
MBP

Titermax 0/3

10.5 3.0

9.0 3.5

11.5 2.6

10.5 3.0

a. Mean group severity (maximum 4.0).

Cytokine Production by
Encephalitogen-Stimulated Lymph Node Cells

We have previously shown that lymphoid cells
derived from DA rats produce significantly more

IFN-/ in response to mitogens than corresponding
population of AO rat-derived cells (Lukic et al.,
1997). Additionally, LPS or IFN-, stimulated macro-

phages produce significantly more TNF-t but not

nitric oxide (NO) in DA rats (Lukic et al., 1998). To
check whether these differences affect production of
Th-1 cytokines by encephalitogen triggered lymph
node cells, we analyzed production of IFN-?, IL-4 and
IL-10 in the cell populations restimulated in vitro with

MBE As illustrated in Table II, lymphoid cells in both
strains produced significant amounts of IFN-,.
Although IL-4 was not detected in cells derived from
both strains, IL-10 production was very high. These
results imply that IL-10 does not efficiently downreg-
ulate expansion of encephalitogenic cells in DA rats.

Passive Transfer of EAE

We have described previously (Mostarica-Stojkovic
et al., 1992) that passive transfer of T cells derived
from (AO DA) F hybrids do not induce clinical

signs of disease in parental AO rats. In accordance
with previous work, clinical signs of disease were

seen in DA rats as early as day 6 after transfer

(Table III). AO rats did not show any clinical signs of
the disease. The recipient rats were sacrificed by day
8 after induction and sections of the spinal cords were
examined for the presence of infiltrating cells. Hae-
matoxylin eosin staining revealed mild perivascular
infiltrates and diffusely infiltrating mononuclear cells
in both AO and DA rats (data not shown). Although
qualitative analysis was not attempted the number of
infiltrating cells seemed to be similar in both strains.
However, the number of CD4+ cells appeared to be
higher in DA strains (Fig. la and b). The most strik-

ing finding was the difference in the number of apop-
totic cells in AO and DA CNS (Fig l c and d). While
most of the infiltrating cells in AO CNS were apop-
totic, apoptosis was rarely seen by day 8 in the CNS
of the DA rats. We concluded that resistance to apop-
tosis and expansion of disease inducing cells at the
level of the target tissue significantly contribute to the
extraordinary susceptibility of DA rats to EAE.

TABLE II In vitro Production of IFN-, IL-4 and IL-10 by the
MBP-Titermax immunised lymph node cells re-stimulated with
MBP

Strain Cylokincs (pg/ml)

IFN-y IL-4 IL-IO

DA 1120 0 846

AO 168 0 909

110 lymph node cells were cultured in the presence of 10
tg/ml MBP for 4 days.
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FIGURE Light micrographs of cross sections of the spinal cord of DA (a, c) and AO (b, d) rats showing the CD4 immunoreactivity
(arrows) in (a) DA and (b) AO rats and also a single apoptotic cell (arrowhead) in DA (c) and several apoptotic cells in AO (d). (Bar 6 pm)
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TABLE III Passive transfer of EAE

Recipients Incidence nay ofonset Gradeb

DA 3/3 6

F 3/3 7 1,5

AO 0/5 0

a. 1.5 107 lymph node cells from (AO DA) F1 rats immunized 10 days
earlier with spinal cord tissue + Titermax and restimulated in vitrowith
MBP for 5 days.
b. Mean group severity (Maximum 4.0).

FIGURE 2 Western blot analysis of JNK expression in brain stem
homogenate of AO, DA and F1 prior (g, h, I), and 11 (a, b, c) and
17 days (d, e, f) after EAE induction. The most pronounced
increase of JNK expression was observed by day 11 in DA rats (h
vsb)

E-Jun-N-terminal kinases (JNKs) expression
in the CNS after EAE induction

Expression of JNKs in the CNS may reflect transduc-
tion of a variety of stimuli to selective cellular

response (Kumagae et al., 1999). Among the
cytokines tested, TNF- had the strongest effects of
JNK expression in oligodendrocytes and astrocytes
(Zhang et al., 1996). Given the fact that DA rats are

"high" TNF-c producers in comparison to AO rats

(Lukic et al., 1998) and that the brain stem was found
to be target tissue in EAE in rats, we have analysed
the level of JNK expression in the brain stem

homogenate of AO and DA rats. The expression of
JNKs was analysed at the peak of clinical disease in

DA rats (day 11) and by 17 days after the disease
induction. These data are illustrated in Fig 2. It was
found that JNK expression is lower in untreated DA
rats but when compared with AO and (AO DA) Fl,

the increase of expression is highest in DA rats by day
11 after active immunization.

DISCUSSION

The main findings of the studies reported in here are

the following: (a) DA rats develop EAE following
immunization with MBP when given with an adju-
vant that does not contain mycobacteria (Table I); (b)
this regimen induces high IFN-/ production in the

presence of IL-10 producing Th-2 cells (Table II); (c)
susceptibility to passive EAE in DA rats correlated
with lack of apoptosis in the target tissue when com-

pared with EAE resistant AO rats (Fig. 1); (d) suscep-
tibility to EAE correlated with enhanced expression
of JNK stress activated protein kinase (Fig. 2).
Our early work in DA and AO rats (Mostarica-Sto-

jkovic et al, 1992; Vukmanovic et al. 1990) and that
of.Lenz et al., (1999) demonstrated that DA rats are

highly susceptible to EAE. Nonionic block copolymer
adjuvants, such as Titermax, are reported to induce

high, long lasting antibody titers to soluble proteins
without inducing local granulomatous reaction (Ben-
nett et al., 1992). Preliminary experiments also indi-

cated that Titermax does not support induction of

delayed type hypersensitivity (manufacturer’s report
1999). However, in DA rats both "tolerogenic regi-
men", such as encephalitogenic peptide in IFA (Lenz
et al., 1999), as well as encephalitogen in putative
Th-2 directed adjuvants, led to induction of EAE
(Table I). These findings challenge the paradigm that
immunization protocols which favour Th-2 cells in
some strains of EAE susceptible mice and rats are

inevitably tolerogenic (Forsthuber et al., 1996).
Instead, it appears that genetics of host may override
the effects of adjuvant relative to induction of autoag-
gressive T cell responses. Interestingly, it was found
that in addition to disease promoting IFN-7, lymph
node cells stimulated with MBP + Titermax produced
significant amounts of IL-10. This implies that at least
in DA rats, IL-10 may not be an immunoregulatory
cytokine suppressing expansion of encephalitogenic
cells (Table II). Indeed, IL-10 has been produced by
encephalitogenic T cell lines not only in DA (Lenz et

al., 1999) but also in Lewis rats (Sun et al., 1995). In
order to further understand the strain differences in

susceptibility to EAE, we analyzed the events at the
level of the target tissue. To equalize the influx in
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CNS, we used sublethally irradiated parental strains
and encephalitogenic F (AO DA) cells. This proto-
col has been already established and has demon-
strated that only DA rats exhibit clinical signs of the
disease (Mostorica-Stojkovic et al., 1992). It had been
demonstrated that while molecules of the apoptotic
cascade are well represented in the CNS during EAE,
their expression correlates with elimination of infil-
trating cells (Bonetti et al., 1997; White et al., 1998).
The selective apoptotic elimination of autoreactive T
cells from the target organ of spontaneously resolving
EAE has been also reported after passive transfer of
disease in Lewis rats (Tabi et al., 1994). To this, we
now add the evidence that early apoptosis of infiltrat-

ing cells may contribute to the lack of clinical signs of
EAE in resistant AO rats. It has been reported
recently that Fas/FasL interactions play a role in the
pathogenesis of EAE, but that they are not required
for disease to occur (Dittel et al., 1999). On the other
hand, extraordinary susceptibility to EAE in DA rats

may be due to the presence of costimulatory signal in
the CNS, which upregulates the expression of
anti-apoptotic molecules. Although expression of
these proteins may b,e modulated by cellular interac-
tion in CNS (van Parijs et al., 1996; White et al.,
1998) the precise mechanism of survival of CD4/ T
cells in DA CNS is not understood. One of the possi-
ble explanations is the absence of downregulation
mediated to TGF-3 induced apoptosis. We have
shown previously that TGF-13 downregulats EAE in
DA rats (Shahin et al., 1995). The production of

IFN-/and TNF-ot by (DA AO) F encephalitogenic
cells may then lead to initial damage of oligodendro-
cytes and initiate demyelination. Indeed demyelinisa-
tion has been shown to be mediated by TNF-c
(Selmaj and Raine, 1998) and we have shown that
peritoneal macrophages derived from DA rats are

"high" TNF-c producers (Lukic et al., 1998). To this
we now add the evidence that the expression of JNK
protein kinase highly sensitive to TNF-ct activation
(Zhang et al., 1996) is more significantly enhanced
after EAE induction in DA rats than in EAE resistant
AO rats.

Taken together, our data support the notion that
expression of organ-specific autoimmunity may be

regulated at the level of the target tissue. It appears
that susceptibility of DA rats to organ-specific
autoimmunity is not related only to preferential acti-
vation of Th-1 disease inducing cells but also to rela-
tive lack of downregulatory Th-2 related, apoptosis
inducing mechanisms, at the level of the target tissue.
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