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Abstract
Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) char-

acterized by destruction of myelin. Recent studies have indicated that axonal damage is involved
in the pathogenesis of the progressive disability of this disease. To study the role of axonal
damage in the pathogenesis of MS-like disease induced by myelin oligodendrocyte glycopro-
tein (MOG), we compared experimental autoimmune encephalomyelitis (EAE) in wild-type
(WT) and transgenic mice expressing the human bcl-2 gene exclusively in neurons under the
control of the neuron-specific enolase (NSE) promoter. Our study shows that, following EAE
induction with pMOG 35–55, the WT mice developed significant clinical manifestations with
complete hind-limb paralysis. In contrast, most of the NSE-bcl-2 mice (16/27) were completely
resistant, whereas the others showed only mild clinical signs. Histological examination of CNS
tissue sections showed multifocal areas of perivascular lymphohistiocytic inflammation with
loss of myelin and axons in the WT mice, whereas only focal inflammation and minimal axonal
damage were demonstrated in NSE-bcl-2 mice. No difference could be detected in the immune
potency as indicated by delayed-type hypersensitivity (DTH) and T-cell proliferative responses
to MOG. We also demonstrated that purified synaptosomes from the NSE-bcl-2 mice produce
significantly lower level of reactive oxygen species (ROS) following exposure to H202 and nitric
oxide (NO) than WT mice. In conclusion, we demonstrated that the expression of the anti-
apoptotic gene, bcl-2, reduces axonal damage and attenuates the severity of MOG-induced EAE.
Our results emphasize the importance of developing neuroprotective therapies, in addition to
immune-specific approaches, for treatment of MS.

Index Entries: Myelin oligodendrocyte glycoprotein (MOG); experimental autoimmune
encephalomyelitis (EAE); multiple sclerosis (MS), bcl-2.

*D.O. and J.F.K. contributed equally.

Journal of Molecular Neuroscience
Copyright © 2001 Humana Press Inc.
All rights of any nature whatsoever reserved.
ISSN0895-8696/00/15:167–175/$12.25



168 Offen et al.

Journal of Molecular Neuroscience Volume 15, 2000

Introduction

Multiple sclerosis (MS) is a chronic disabling dis-
ease of the central nervous system (CNS), with
relapsing-remitting or a chronic-progressive clini-
cal manifestations. The etiology of MS has not yet
been fully elucidated, but it is believed that
immunological mechanisms are involved in dis-
ease initiation and progression (Stinissen et al.,
1997). Although the major histological hallmark of
MS lesions in the CNS is demyelination with
destruction of the myelin sheath and death of oligo-
dendrocytes, it has been proposed that mild to mod-
erate axonal damage and loss occur in the late
chronic progressive stage of the disease (Kornek
and Lassmann, 1999; De Stefano et al., 1999; Trapp
et al., 1999; Silber and Sharief, 1999). It was also
found that antibodies against amyloid precursor
protein (APP), known to be a sensitive marker of
axonal damage, are present within acute MS lesions
and in the active borders of less-acute plaques (Fer-
guson et al. 1997). Furthermore, magnetic resonance
spectroscopy measurements of N-acetyl-aspartate
(NAA), a compound found exclusively in neurons
and their projections in the adult brain, indicate the
presence of axonal damage within the lesions and
the surrounding white matter (Davie et al. 1995).
Pathological studies in MS patients have demon-
strated a high frequency of terminal axonal ovoids,
indicating axonal transection that correlated with
irreversible neurological impairment (Fu et al.,
1998; Trapp et al., 1998). Recent studies have pro-
posed that oxidative stress, triggered by cytokines
and inflammatory mediators, may also contribute
to the axonal damage, neuronal loss, and brain atro-
phy following demyelination (Trapp et al., 1998;
van Walderveen et al., 1999; Zhu et al., 1999).

In this study, we investigated the possible role of
axonal susceptibility and resistance to reactive
oxygen species (ROS) in the pathogenesis of MS,
using experimental autoimmune encephalomyelitis
(EAE), an accepted animal model of MS. To evalu-
ate the extent of this resistance to ROS, we used NSE-
bcl-2 transgenic mice that overexpress the human
bcl-2 gene exclusively in their neurons, under the
control of neuron-specific enolase promoter (Farlie
et al., 1995). Previous studies have demonstrated
that these mice contain increased number of neu-
rons owing to increased resistance to neuronal death
during development (Farlie et al., 1995; Bernard et

al., 1997; Coleman et al., 1999). Increased resistance
to cell death was also observed during induced
ischemia (Martinou et al., 1994). In addition, sev-
eral studies have shown that these NSE-bcl-2 mice
are also resistant to experimentally induced neu-
rodegenerative diseases such as Parkinson’s dis-
ease (Offen et al., 1998; Yang et al., 1998),
Alzheimer’s disease (Saille et al., 1999), and amy-
otrophic lateral sclerosis (ALS; Kostic et al., 1997).
We now demonstrate that the clinical features, as
well as inflammation and axonal damage, in MOG-
induced EAE are significantly attenuated in NSE-
bcl-2 mice.

Materials and Methods

Mice

Male and female wild-type (WT) C57BL/6 
(H-2b) and NSE-Bcl-2/B6 transgenic mice were
established and characterized in the laboratory of
Dr. Ora Bernard (WEHI, Melbourne, Australia;
Farlie et al., 1995). All mice used in these experi-
ments were 2–3 mo old.

EAE Induction

EAE was induced by immunization with the pep-
tide encompassing amino acids 35-55 of rat myelin
oligodendrocyte glycoprotein (MOG). Synthesis was
carried out by the Weizmann Institute Synthesis Unit,
using a solid-phase technique on a peptide synthe-
sizer (Applied Biosystems Inc., Foster City, CA). Mice
were injected subcutaneously at one site in the flank
with a 200 µLemulsion containing 300 µg MOG pep-
tide in complete Freund adjuvant (CFA) and 500 µg
Mycobacterium tuberculosis (Sigma, Israel). An iden-
tical booster immunization was given at one site on
the other flank 1 wk later. The mice were also injected
with 300 ng pertussis toxin (PT, Sigma, Israel) in 
500 µL phosphate-buffered saline (PBS) in the tail
vein immediately and again at 48 h after the first
immunization. Following the encephalitogenic chal-
lenge, mice were observed daily and clinical mani-
festations of EAE were scored as previously
described (Mendel et al., 1996).

Histopathology

Brains and spinal cords from WT and NSE-
bcl-2 mice were dissected out 25 d after immu-
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nization with pMOG 35-55, fixed in 10% buffered
formalin, and embedded in paraffin. Five micron-
thick sections were stained with Hematoxylin and
Eosin (H&E). The bielshowesky’s method was used
for evaluation of the axonal population (Luna,
1968a). The Luxol Fast Blue (LFB) stain combined
with an H&E stain was used for the assessment of
myelin loss (Luna, 1968b).

Delayed-Type Hypersensitivity (DTH) Assay

Mice were injected with 100 µL of an emulsion
containing 150 µg MOG peptide (pMOG 35-55) in
CFA and 250 µg M. tuberculosis in the foot pads.
Nine days later, 20 µL of PBS was injected into the
left ear (LHS) and 20 µL of 1.0 mg/mL pMOG 
35-55 (20 µg) or Purified Protein Derivative (PPD)
of M. tuberculosis (Staten Serum Institute, Denmark)
was injected to the right ear. The thickness of the
ears was determined before and 24 h after injection
into the ear using a micrometer (Mitutuyo, Japan).

T-Cell Proliferation Assay

Popliteal lymph-node cells (5 ×105) isolated from
mice injected subcutaneously in the foot pads with
100 mL of emulsion containing 150 µg pMOG 
35-55 in CFA with 250 mg of M. tuberculosis, were
cultured in microtiter wells as previously described
(Ben-Nun et al., 1981). The relevant peptide was
added (0.5, 1.0, and 2 µg/well) in triplicate cultures.
The cultures were incubated for 48 h at 37°C 
in humidified air containing 7.5% CO2. [

3H]-
thymidine (1 µCi/well) was added for the last 
16 h of the incubation and the cultures were then
harvested and counted using a Matrix 96 Direct
beta counter (Packard Instr., Meridien, CT). The
proliferative response is measured as the [3H]-
thymidine incorporation expressed as mean counts
per minute (CPM) of triplicate cultures.

Isolation of Synaptosome

Synaptosomal fractions were isolated from
whole brains as previously described by Lebel et
al. (1992). Briefly, brains were homogenized in 
10 vol (w/v) of 0.32 M sucrose (ice-cold) utilizing
a teflon/glass homogenizer. The nuclear fraction
was removed by centrifugation at 1800g at 4°C for 
15 min. The pellet was resuspended in HEPES
buffer (120 mM NaCl, 2.5 mM KCl, 1.2 NaH2PO4,

0.1 mM MgCl2, 5 mM NaHCO3, 6 mM glucose,
1 mM CaCl2, 10 mM HEPES).

Immunoblot Analysis of Bcl-2 Expression

Following homogenization, synaptosome frac-
tions and liver tissues were subjected to protein
separation by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) (12.5%) and
electroblotted onto a nitrocellulose filter (NC). Rain-
bow protein markers (Amersham) were used as
molecular-weight standard. The NC filter was
probed with antihuman Bcl-2 antibodies (Santa
Cruz, CA) that were detected with horseradish per-
oxidase-conjugated antirabbit IgG using the ECL
kit (Amersham).

Reactive Oxygen Species (ROS)
Production Assay

Synaptosomes were exposed to an oxidative
burst by incubation with either H2O2 (1 mM, 30 min,
37°C) or with the NO donor 3-morpholinosyd-
nimine (SIN-1, 1 mM, 30 min, 37°C). ROS produc-
tion was measured using a membrane-penetrative
diacetate derivative of 2′,7′ -dichloroiluorescin
(DCFH-DA). Upon entering synaptosomes, the
diacetate group is cleaved off enzymatically. Both
DCFH-DA and DCFH are nonfluorescent fluores-
cein analogs, however, during oxidative burst they
are oxidized to highly fluorescent compounds
(DCF; Rosenkranz et al., 1992).

Statistical Analysis

The statistical significance of differences in the
clinical severity of EAE following pMOG 35-55-
induction between WT and transgenic (NSE-bcl-2)
mice groups was evaluated using the Student’s 
t-test and contingency table analysis (for correc-
tion of small groups) to calculate the X2 values with
the Stat View 512+program (BrainPower Inc).

Results

To study the effects of Bcl-2 overexpression in
neurons on the pathogenesis of EAE, we compared
the clinical manifestations of the disease in WT
(C57BL/6) and transgenic NSE-bcl-2 mice, follow-
ing disease induction with pMOG 35-55. Two weeks
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after the encephalitogenic challenge, most of the
WT mice (18/21) developed severe EAE charac-
terized by complete hind-limb paralysis with mean
of score of 2.1 + 0.14 (Fig. l). In contrast, the NSE-
bcl-2 mice were significantly resistant to MOG-
induced EAE. Sixteen out of the 27 (16/27)
immunized transgenic mice remained disease-free,
(p < 0.005 using X2 test). The other 11 mice demon-
strated mild clinical signs characterized by loss of
tail tonicity and some weakness of the hind limbs
with mean score of 0.54 ± 0.02 (p < 0.0001, using
Student’s t-test). Thus, the disease induced in NSE-
bcl-2 mice was markedly reduced both in incidence
and clinical severity as compared to that in WT
mice.

To further characterize the disease, spinal cords
and brains were examined by light microscopy for
inflammation and demyelination. Sections of spinal
cords from WT mice 45 d after immunization
revealed a widespread perivascular lymphohisti-
ocytic inflammatory infiltrate with scattered neu-
trophils. This was accompanied by severe
demyelination and axonal damage (Fig. 2A,B). In
contrast, sections of healthy NSE-bcl-2 mice showed
only focal perivascular lymphohistiocytic inflam-
mation (Fig. 2D, E), whereas those with mild clin-

ical signs revealed pathological changes that were
not as severe as those seen in the WT mice.
Bielshowsky staining of spinal-cord sections from
immunized WT mice showed severe axonal
damage (Fig. 2C), whereas those from healthy
immunized NSE-bcl-2 mice showed minimal
axonal damage, only in regions surrounding
inflammation only (Fig 2F). Bielshowsky stained
section of the spinal cord from the NSE-bcl-2 mice
with mild clinical disease showed a degree of axonal
damage intermediate between that seen in the WT
mice and that seen in the disease-free NSE-bcl-2
mice (data not shown).

To rule out the possibility that the differences in
the clinical manifestations of disease in the NSE-
bcl-2 mice were owing to generalized immune
dysfunction somehow associated with Bcl-2
overexpression in neurons, the ability of the NSE-
bcl-2 mice to mount a T-cell response was com-
pared to that of the WT mice. NSE-bcl-2 and WT
mice were immunized with pMOG 35-55 and their
recall T-cell proliferative response against the anti-
gen was assessed. As can be seen in Fig. 3, the in
vitro primary proliferative response of both WT
and NSE-bcl-2 mice against pMOG 35-55 was com-
parable. This indicates that the immune potency of

Fig. 1. Induction of EAE in C57BL/6J and NSE-bcl-2 mice with pMOG 35-55. Twenty-one WT (C57BL/6) and
27 transgenic NSE-bcl-2 were injected with pMOG 35-55 in CFA supplemented with M. tuberculosis (Mt) as
described in Materials and Methods. The mean daily clinical score ± SD is shown for each group of mice (0 = no
clinical symptoms; 1 = loss of tail tonicity; 2 = partial hind-limb paralysis; 3 = complete hind-limb paralysis).
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Fig. 2. Histopathology of CNS tissue from WT and NSE-bcl-2 mice with pMOG 35-55-induced EAE. Longitu-
dinal sections of spinal cord from a WT mouse with EAE (A) demonstrating areas of inflammation (H&E). (B) Luxol
Fast Blue staining shows loss of myelin, and (C) Bielshowsky staining of the same area indicates axonal loss. Spinal-
cord sections from clinically disease-free NSE-bcl-2 mouse stained with H&E show very mild focal inflammation
(D), LFB stain shows no loss of myelin (E), and Bielshowsky stain demonstrates an intact axonal population (F).
Original magnification of all pictures × 100
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NSE-bcl-2 mice is similar to that of the WT mice.
We also examined the functional capacity of T cells
from the two groups of mice to develop a delayed-
type hypersensitivity (DTH) response. Figure 4

shows that the DTH response against pMOG 35-55
or against PPD was similar in both WT and NSE-
bcl-2 mice. The thickness of the ears as a measure
of local inflammation after injection of pMOG

Fig. 4. Delayed-type hypersensitivity (DTH) response against pMOG 35-55 in WT and NSE-bcl-2 mice. DTH
response against pMOG 35-55 was assayed by measuring ear thickness following injection with pMOG 35-55
into the right ear of previously sensitized mice. Each histogram represents the mean thickness (×10–3 inches) ± SD
for each group of mice (n = 3).

Fig. 3. Proliferative T-cell response against pMOG 35-55 in WT and NSE-bcl-2 mice. Popliteal lymph nodes
isolated from mice immunized with the pMOG 35-55 9 d previously, were examined for their primary prolifera-
tive T-cell responses to different concentrations (0.5, 1.0, and 2.0 µg) of peptide. The response to 2.0 µg of pure
protein derivative (PPD) of M. tuberculosis was also tested as a positive control of T-cell proliferation. Each his-
togram represents the mean CPM × 10–3 ± SEM and of triplicate cultures.
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35-55 significantly increased (6.6 × 10–3 inches to
9 × 10–3 inches in WT (p < 0.01) and 7 × 10–3 to
9.9×10–3 inches in NSE-bcl-2 mice [p < 0.01]). Hence,
there was no significant difference in the degree of
the DTH response between the two mice lines. The
thickness in the uninjected ear remained unchanged
in all mice (data not shown). These two experiments
indicate that there are no differences between the
NSE-bcl-2 and WT mice in their capacity to elicit
functional encephalitogenic T cells specific for
pMOG 35-55.

To further investigate the mechanism(s) under-
lying reduction in axonal loss and relative resis-
tance to MOG-induced EAE observed in NSE-bcl-2
mice, we assessed the effect of bcl-2 overexpres-
sion on the production of ROS, which may lead to
axonal damage. We isolated synaptosomes from
whole-brain extracts of WT and NSE-bcl-2 mice
and confirmed the expression of the human bcl-2
transgene in synaptosomes of transgenic mice by
Western-blotting analysis. As shown in Fig. 5A, a
29-kDa band corresponding to human Bcl-2 is

expressed only in synaptosomes but not in the liver
of NSE-bcl-2 mice and is not expressed in synap-
tosomes of WT mice. We then compared free-rad-
ical production in synaptosomes from WT and
NSE-bcl-2 mice following an oxidative burst by
using the DCFH assay (see Methods). Figure 5B
shows that ROS production in response to H2O2

was significantly higher (9200 vs 4900, p < 0.01) in
synaptosomes obtained from WT mice, compared
with NSE bcl-2 mice. In addition, synaptosomes
from NSE-bcl-2 mice produced significantly less
ROS (4200 vs 6950, p < 0.01) following exposure to
induced NO species (Fig. 5B). These results sug-
gest that overexpression of bcl-2 is associated with
an increased free-radical scavenger capacity of the
synaptosomes.

Discussion

Our study shows that transgenic mice overex-
pressing bcl-2 in their neurons are highly resistant
to MOG-induced EAE. The incidence and clinical

Fig. 5. Free-radical production from purified synaptosomes following an oxidative burst induced with H2O2 or
NO. (A) The expression of bcl-2 was determined in tissue extracts of brain synaptosomes and liver from WT and
NSE-bcl-2 by Western blotting using antihuman bcl-2 antibodies. (B) Purified brain synaptosomes from WT or
NSE-bcl-2 mice were exposed to H2O2 (1 mM) or the NO-donor, SIN-1 (1 mM) and free-radical production (ROS)
was measured by DCFH. Each histogram represents the mean ROS production ± SD for each group of mice 
(n = 3).
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severity of the disease were markedly reduced in
these mice compared to WT mice. Furthermore, his-
tological examination of CNS tissues demonstrated
reduced levels of demyelination and axonal
damage in NSE-bcl-2 compared with WT mice. The
resistance to EAE induction is most probably owing
to overexpression of bcl-2 in neurons and not to an
alteration in the immune response of the transgenic
mice. The NSE-bcl-2 transgenic mice were gener-
ated using C57BL/6 and therefore differ from WT
C57BL/6 only in the overexpression of the human
bcl-2 transgene in their neurons (Farlie et al., 1995).
Accordingly, the delayed-type hypersensitivity
response and in vitro primary T-cell proliferation
assays as well as measures of local inflammatory
infiltration were similar in WT and transgenic mice.
Hence, these data suggest that overexpression of
Bcl-2 in neurons can protect against axonal damage
and attenuate the clinical manifestations of this
experimental CNS demyelinating disease.

In both EAE and MS, the inflammatory process
in the CNS plays an important role in demyelina-
tion and axonal damage that consequently con-
tributes to disease progression and increasing
disability. Such inflammatory changes are associ-
ated with local production of highly destructive
agents, including NO and ROS, that may contribute
to the axonal damage (Vladimirova et al., 1998;
Brudin et al., 1999). It has been shown that in rodents
with EAE, nonspecific inhibitors of NO-synthetase
(NOS) partially ameliorate the disease (Fenyk-
Melody et al., 1998). It was suggested that the ther-
apeutic effect of interferon (IFN)-β treatment in MS
might be owing, in part, to suppression of patho-
genic NO production (Guthikonda et al., 1998).
The mechanism by which NO kills cells is not yet
understood. However, it appears that NO, together
with superoxide, form highly toxic peroxynitrate,
which, in turn, may generate additional free rad-
icals that cause harmful sequalae including lipid
and protein oxidation (Lipton et al., 1993). Oxida-
tive stress is impotent in the pathogenesis of myelin
basic protein (MBP)-induced EAE. For instance,
treatment with free-radical scavengers, such as 
N-acetyl cysteine, inhibited disease development
(Lehmann et al., 1994). We have now shown that
purified synaptosomes from CNS tissues of NSE-
bcl-2 mice, produced significantly less free radi-
cals than those from WT mice when challenged
with H2O2 and NO.

Bcl-2 plays a major role in the regulation of apop-
tosis in both the immune and neuronal systems.
The exact mechanism by which bcl-2 protects cells
from apoptotic death is not yet fully understood.
It has been suggested that its antiapoptotic effects
are exerted by promoting the function of antioxi-
dants via unknown mechanisms (Frommel and
Zarling, 1999). Several in vitro and in vivo studies
demonstrated that bcl-2 protects cells from apop-
tosis induced by endogenous or exogenous 
oxidants and reduces ROS-induced damage (Hock-
enbery et al., 1993; Korsmeyer et al., 1995; Hochman
et al., 1998; Offen et al., 1998). In addition, it was
shown that NO-induced toxicity is prevented by
overexpression of bcl-2 (Melkova et al., 1997). Our
findings indicate that anti-oxidant and/or anti-
apoptotic agents, targeted to the CNS, might prove
to be an important treatment modality for atten-
uating and delaying axonal damage and disease
progression.
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