The neuroprotective agent SR 57746A abrogates
experimental autoimmune encephalomyelitis and
impairs associated blood-brain barrier disruption:
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Experimental autoimmune encephalomyelitis (EAE) is a T cell
autoimmune disorder that is a widely used animal model for
multiple sclerosis (MS) and, as in MS, clinical signs of EAE are
associated with blood-brain barrier (BBB) disruption. SR 57746A, a
nonpeptide drug without classical immunosuppressive properties,
efficiently protected the BBB and impaired intrathecal IgG synthe-
sis (two conventional markers of MS exacerbation) and conse-
quently suppressed EAE clinical signs. This compound inhibited
EAE-induced spinal cord mononuclear cell invasion and normalized
tumor necrosis factor « and IFN-y mRNA expression within the
spinal cord. These data suggested that pharmacological interven-
tion aimed at inhibiting proinflammatory cytokine expression
within the central nervous system provided protection against BBB
disruption, the first clinical sign of EAE and probably the key point
of acute MS attacks. This finding could lead to the development of
a new class of compounds for oral therapy of MS, as a supplement
to immunosuppressive agents.

M ultiple sclerosis (MS) is a chronic inflammatory demyeli-
nating disease of the central nervous system (CNS) and
the major cause of neurological disability among young adults.
The disease evolves through different clinical forms, differing by
the presence or absence of more or less complete remission
phases. The mechanism by which this autoimmune disease
appears and progresses from one given form to another is still
unclear. Cytokines are thought to have a role in MS, and a bias
in favor of Th2-cell functions has been evoked during remission
phases (1, 2), although data accumulated over recent years
indicated that immune responses in MS are probably more
complex. There is currently no definitive therapy for MS, and
conventional immunosuppressive drugs and steroids are not
commonly prescribed because of their serious side effects in
long-term treatment. Therapeutic strategies targeting early
events should be developed, because up to 80% irreversible
oligodendrocyte destruction occurs in advanced stages of the
disease. Neuropathological changes in MS seem to be induced by
damage to the blood-brain barrier (BBB). Indeed, BBB break-
down is temporally correlated with the appearance of clinical
symptoms, and the inflammatory cytokines tumor necrosis
factor (TNF) o and IFN-vy are believed to be determining factors
in this process (3-5).

MS-like immunopathology can be reproduced in Lewis rats.
The experimental autoimmune encephalomyelitis (EAE) model
clinically simulates the inflammatory phase of an acute attack of
the relapsing-remitting form of human MS (6-11). As in MS,
EAE is associated with BBB disruption (12) and mononuclear
cell invasion, although extensive myelin damages are poorly
observed. We describe the effect of SR 57746A (1-[2-(naphth-
2-yl)-ethyl]-4-(3-trifluoromethylphenyl)-1,2,5,6-tetrahydropyri-

dine, hydrochloride), a neuroprotective agent (13-16), in the
EAE model, with emphasis on its effects on BBB dysfunction.

Materials and Methods

EAE Induction. Female Lewis rats were used at 8-9 weeks of age.
EAE was induced with 100 ug myelin basic protein (MBP)
fragment 68-82 (MBPss_g>) (Sigma) (17) in suspension in 50 ul
of a 0.9% saline solution and 50 wl of incomplete Freund’s
adjuvant (IFA) containing 1 mg of Mycobacterium tuberculosis
H37RA (Difco). A total of 100 ul of this suspension was injected
s.c. into the two hind footpads. Controls were immunized only
with IFA supplemented with M. tuberculosis and referred to as
CFA. All studies were approved by the Animal Care and Use
Committee of Sanofi Recherche.

Treatment and Clinical Grading of EAE. The SR 57746A-treated
groups (n = 10) received doses ranging from 1 to 10 mg/kg by
oral route in a volume of 0.5 ml daily, starting from day 0 of EAE
induction to the end of the experiment. Control rats (n = 10)
received the same volume of SR 57746A vehicle (5% DMSO, 5%
Tween 80, and 90% water for injectable preparations). The EAE
course was monitored by daily examinations as follows: no
neurological sign = grade 0; weak tail = grade 1.5; wobbly walk
or limb paresis = grade 2; one leg paralysis = grade 2.5; placed
on its back, the animal is unable to return to the normal
position = grade 3; hind leg paralysis, nasal bleeding, or incon-
tinence = grade 4; moribund = grade 5; and death = grade 6.
Moreover, the animals were weighed daily.

Histological Studies. Rats were anesthetized and perfused via the
left ventricle with 4% paraformaldehyde in PBS as described
(18). The lower part of the spinal cord was removed and fixed in
10% formalin. Paraffin-embedded tissues were cut on a mic-
rotome and stained with hematoxylin-eosin for histological
examination. All detected nucleated cells were counted, and the
mean value and SD was determined. In parallel, series of
adjacent vibratome sections were incubated sequentially with
goat anti-rat TNF-« and IFN-y antibodies (Genzyme), horse-
radish peroxidase-conjugated anti-goat antibody (Dako), and
diaminobenzidine chromogen.
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Biological Measurements. Cerebrospinal fluid (CSF) samples were
obtained by cisternal puncture, and blood samples by retro-
orbital puncture. Albumin was determined in plasma or CSF by
using a Bio-Rad kit. IgG titers were measured by ELISA using
a goat anti-rat IgG unlabeled or labeled with horseradish
peroxidase (Southern Biotechnology Associates) for coating and
developing antibody. The results are expressed in pg/ml, ac-
cording to a standard scale performed with a purified rat IgG
solution (Southern Biotechnology Associates).

Tissue Sampling. Mononuclear cells were isolated from spinal
cord parenchyma as described (19). Briefly, 25 rats per group
were killed, and their spinal cords were removed. An homoge-
neous cell suspension was obtained after passage through a
stainless-steel mesh screen and mixed with a 30% Percoll
(Amersham Pharmacia) medium. After 20-min centrifugation at
25,000 X g, mononuclear cells were collected in the pellet.

Relative Quantification of Cytokine mRNA by PCR. Poly(A)* mRNA
purification and conversion to first-strand cDNA were per-
formed with the PolyATract Series 9600 mRNA Isolation System
with ¢cDNA synthesis reagents (Promega) according to the
manufacturer’s instructions. Each cDNA sample was amplified
by using primer pairs specific to rat TNF-« and IFN-y (19).
Independent PCR amplifications of cytokines and -2 micro-
globulin (used as external control) were run in parallel as already
described, with quantification performed in the exponential
phase of amplification.

MBP Stimulation of Lymph Node Cells for Cytokine Production. Drain-
ing popliteal lymph node cells (PLNC) were removed on day 21
postimmunization. Single cell suspensions were prepared in
DMEM (GIBCO) supplemented with 10% FCS (Gibco), 2 X
107> M B-2-mercaptoethanol, 50 units/ml penicillin, and 50
pg/ml streptomycin. The cells (5.10% in 100 ul) were cultured in
96-well flat-bottomed plates (Falcon) for 96 h with an optimal
concentration of MBPgs_g> or Con A (Amersham Pharmacia).
After 96 h, the supernatants were harvested and stored at —80°C
until testing.

Measurement of Cytokine Production. TNF-«, IFN-vy, and IL-10
were determined by using ELISA kits from BioSource Interna-
tional (Fleurus, Belgium) and Genzyme. Assays were performed
according to the manufacturer’s instructions.

Statistical Analysis. Statistical significance was determined by the
RS/1 multicomparison procedure using a one-way ANOVA and
Dunnett’s test for multiple comparisons with a common control
group. Differences between means were considered significant
when P values were less than 0.05.

Results

Oral Administration of SR 57746A Impaired EAE Development. Im-
munization of adult EAE-susceptible Lewis rats with MBPss_g
resulted in the development of acute EAE in all animals.
Paralytic signs indicated ascending EAE, which started on day 12
and peaked around day 20, with a maximum clinical score of
3.0 = 0.2 (Fig. 14). At this time, loss of body weight, a
characteristic feature of EAE that is correlated with disease
severity, reached 18 g for rats weighing 130 g on day 0 (Fig. 1B).
By contrast, treatment with daily doses of 10 mg/kg SR 57746A
was therapeutically effective in reducing the clinical manifesta-
tions of EAE (P < 0.001/controls on day 20) and loss of body
weight (P < 0.01/controls on day 20). Furthermore, these two
parameters were significantly less severe for these two relevant
criteria in rats given 3 mg/kg and 1 mg/kg SR 57746A. The effect
observed on the weight parameter, the most objective criteria, is
not the result of a direct effect of the compound on weight gain
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Fig. 1. Prevention of MBPgg_gy-induced EAE by SR 57746A. (A) Effects on

clinical severity. (B) Effects on EAE-induced weight loss. Lewis rats were
immunized with 100 ug MBPsg_g; in CFA on day 0 and given SR 57746A daily
by oral route from day 0 until the end of the experiment. Weight loss was
documented as the weight relative to that of day 1. Values are means + SEM
for 10 rats. ®, MBPgs_g, + vehicle; m, MBPgg_g, + SR 57746A 10 mg/kg; A,
MBPgs_s2 + SR 57746A 3 mg/kg; ¥, MBPes_gz + SR 57746A 1 mg/kg; ®, CFA +
vehicle.

because the molecule by itself does not affect the weight gain of
normal animals (data not shown).

SR 57746A Lowered Inflammatory Infiltration into the CNS. Because
the most important pathological changes in rats with EAE are
detected in the lumbar part of the spinal cord (20, 21), this
section was dissected and carefully processed for histological and
immunohistological examinations. All control EAE rats had
widespread histological lesions, characterized by heavy perivas-
cular infiltrates forming foci (Fig. 2 4 and B), and the mean
number of nucleated cells per section was highly enhanced (Fig.
3). Moreover, an immunohistological examination clearly indi-
cated that these perivascular infiltrating cells produce TNF-«
and IFN-v, highlighting that they were in an activated state (Fig.
2 C and D). In EAE animals treated with SR 57746A, only one
of six animals developed a visible cellular infiltration, and the
mean number of nucleated cells per section was similar to that
of normal rats. Moreover, as in normal rats, nucleated cells were
class II negative resident cells, with numerous ED1 positive
microglial cells, whereas in EAE rats treated with the vehicle,
most of the nucleated cells were class II positive infiltrated cells
(data not shown). Finally, as in normal rats, no TNF-a- or
IFN-y-producing cells were detected in EAE animals treated
with SR 57746A. These results were further confirmed at the
mRNA level. TNF-a and INF-vy gene expressions were deter-
mined by quantitative reverse transcription-PCR (22, 23) in the
early phase of the disease (day 10) in leukocytes extracted from
the spinal cord of EAE-induced rats. As expected (19), TNF-«
and IFN-vy expressions were highly detected in leukocytes from
rats with EAE, contrary to normal rats with barely detectable
expression of the two cytokines (Fig. 4). SR 57746A treatment
of EAE-induced rats at a 10 mg/kg dose resulted in a significant
reduction of these cytokine mRNA expressions. The results of
four independent experiments indicated that mRNA expression
was inhibited by 98.8% * 1.2% for TNF-« and 85.2% = 7.3%
for IFN-vy.

SR 57746A Impaired BBB Disruption and CNS Production of IgG During
EAE. Because of the absence of activated leukocyte in the CNS,
we next examined the BBB status. Plasma and CSF were
collected for albumin and IgG scoring at the peak of the disease.
We observed that plasma-albumin was not significantly affected
by inoculation of complete Freund’s adjuvant (CFA) or
MBPgs_g, in CFA (Fig. 54), whereas CSF-albumin was markedly
increased in rats immunized with MBPgs_g> (480 * 82 ug/ml)
compared with control rats (156 + 8 pg/ml) or rats immunized
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Fig.2. Comparison of the histology of spinal cords in vehicle- and SR 57746A-
treated rats. Typical histopathological slices from MBPgg_g>-immunized rats
treated with vehicle, showed several inflammatory infiltrates (A), localized
around vessels (B) in the white matter in the lumbar part of spinal cords. In
contrast, sections from 10 mg/kg SR 57746A-treated rats immunized with
MBPgg_g> were similar to those from normal rats. TNF-« (C) and IFN-y (D) were
produced only by perivascular leukocytes (arrows) from rats with EAE.

with CFA alone (246 * 44 pg/ml) (Fig. 5B). In SR 57746A-
treated MBPgs_sr,-immunized rats, CSF-albumin was not signif-
icantly increased (210 *= 36 ug/ml). A similar profile was
obtained with plasma-IgG (Fig. 5C) or CSF-IgG (Fig. 5D). The
IgG index, calculated as (CSF/serum IgG ratio)/(CSF/serum
albumin ratio) was increased 5.4-fold in vehicle-treated MBPgs_
s2-immunized rats compared with CFA-immunized rats (Fig. 6),
indicating the presence of a humoral immune response within
the CNS in EAE rats, as in acute attacks of MS (24). By contrast,
the IgG index was not increased in SR 57746A-treated MBPgs_
s2-immunized rats, indicating that there was no humoral immune
response within the CNS in SR 57746A-treated rats. Collectively,
these data showed that SR 57746A impaired EAE-mediated
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Fig. 3. SR 57746A impaired inflammatory infiltration in the spinal cords of
ratsinduced for EAE. In hematoxylin/eosin-stained sections, all nucleated cells
were counted. For each group, the mean and SD were determined. #, P <
0.01/MBP + vehicle.
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Fig.4. SR57746A inhibited the expression of the proinflammatory cytokines
TNF-a and IFN-y. Inflammatory cells were isolated on day 10 postimmuniza-
tion from the spinal cord of 25 normal rats, 25 rats immunized with MBPgg_g2,
and 25 rats immunized with MBP and treated daily with SR 57746A at a 10
mg/kg dose. Quantification of mMRNA was performed by quantitative PCR. The
level of mRNA in each sample was normalized for their -2 microglobulin
content and plotted as a percentage of -2 microglobulin mRNA content.
(Insets) Electrophoresed 30-cycle PCR products stained with ethidium bro-
mide.

BBB disruption and CNS production of IgG concomitant with
the disease development.

SR 57746A Did Not Prevent ex Vivo Release of Antigen-Induced Th1 or
Th2 Cytokine Secretion by PLNC. SR 57746A did not impair the
generation of an antibody response to MBPgg_g, (data not
shown). We questioned whether SR 57746A could shift the
immune response from a Thl to a Th2 profile. PLNC draining
inflamed immunized footpads, containing a high proportion of
MBP-reactive T cells, were used to investigate this issue. PLNC
were stimulated with MBPgg_g, or with the nonspecific mitogenic
agent Con A and assessed for their ability to release IFN-vy as an
indicator of Th1 identity or IL-10 as an indicator of Th2 identity.
As indicated in Fig. 7, IFN-y and IL-10 secretions in response to
Con A were equivalent in PLNC derived from animals immu-
nized with CFA alone or with MBPgg_g, and treated or not with
10 mg/kg SR 57746A. PLNC from rats induced with CFA alone
did not respond to MBPgs_s,. In contrast, PLNC isolated from
rats immunized with MBPgs_s, strongly reacted by secreting
IFN-vy or IL-10, and their responses were similar irrespective of
their origin, i.e., control or SR 57746A-treated groups. These
data can be expressed in terms of Thl/Th2 cytokine ratios
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Fig. 5. SR 57746A protected against increased CSF albumin and Ig levels
during EAE. Rats were immunized with either PBS, CFA, or MBPsg_g>, and one
group was treated daily with 10 mg/kg SR 57746A. Plasma (A and C) and CSF
(B and D) then were collected for albumin (A and B) or Ig (C and D) scoring on
day 21. %, P < 0.05; #*, P < 0.01/MBP + vehicle.
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Fig.6. SR57746AimpairedtheincreasedIgGindexobserved during EAE. The
1gG index was determined from albumin and IgG measurements in plasma and
CSF of the previous experiment.

(IFN-v/IL-10) in vehicle versus SR 57746A-treated groups. The
IFN-v/IL-10 ratio for the vehicle-treated group was thus 0.75 =
0.27 in MBP-stimulated cells and 1.28 = 0.21 in Con A-stimu-
lated cells, whereas the same ratios for the SR 57746A-treated
group were 1.07 = 0.21 and 0.91 £ 0.16, respectively. This finding
clearly indicates no difference in Th1/Th2 ratios in the two
groups of rats.

SR 57746A Down-Regulated TNF-« Production in Lipopolysaccharide
(LPS)-Treated Rats. In the CNS, proinflammatory cytokines are
produced mainly by astrocytes, microglial cells, and invading
activated T cells. On the periphery, they are essentially produced
by macrophages and T cells. Here we examined whether
SR57746A could modulate cytokine production in a peripheral
inflammatory model, induced in Lewis rats by i.p. administration
of LPS (25). According to this protocol, SR 577746A treatment
did not modify the kinetics of cytokine release (data not shown),
but resulted in a strong dose-dependent decrease in TNF-a
production (measured at peak time: 1.5 h post-LPS) (Fig. 8).
Interestingly, doses required for inhibition of TNF-« synthesis
were correlated with those required for EAE protection.

Discussion

EAE is a widely studied animal model for MS. This model is
appropriate for elucidating the role of BBB disruption in the
development of this pathology and suitable for evaluation of
therapeutic interventions at the BBB level. In the present
study, we tested the EAE prevention potential of SR 57746A.
This molecule originally was described as having substantial
neuroprotective properties in various experimental protocols
(intraseptal administration of vincristine, crushing of sciatic
nerve, administration of acrylamide, or intraseptal infusion of
amyloid-B protein; refs. 13 and 26), and it protects pmn mice
against genetic motor neuronopathy (27). In vitro, this mole-
cule potentiates the effect of nerve growth factor (NGF) in
PC12 cells and stimulates the synthesis of NGF and brain-

IL-10 (pg/m1)
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Fig.7. SR57746A did not prevent ex vivo release of Th1 and Th2 cytokines by
MBPgs-sg>-specific PLNC. PLNC were harvested 21 days after EAE induction and
cultured for 96 h with 111 ug/ml MBPgg_g; or 1 ug/ml Con A. Supernatants
were evaluated for the presence of IFN-y and IL-10 by ELISA. The dotted lines
indicate IFN-y and IL-10 levels in the supernatant of PLNC cultured without
stimulators.
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Fig. 8. Protective doses in EAE correlated with those required for the inhi-
bition of TNF-« secretion. Groups of five rats were treated by oral route with
SR 57746A at the indicated doses or with the vehicle only (dotted line) 1 h
before LPS (1 mg/kg, i.p.). TNF-a was measured in plasma 1.5 h after LPS
administration. =, P < 0.01/vehicle-treated rats.

derived neurotrophic factor in primary cultures of rat hip-
pocampal astrocytes (13). SR 57746A currently is being eval-
uated in patients presenting with various neurodegenerative
pathologies. In a preliminary worldwide phase I-1II clinical trial
on 54 patients with amyotrophic lateral sclerosis monitored for
8 months, this agent demonstrated a 40% decrease in disease
progression as compared with the placebo group (16). The
results reported here indicate that SR 57746A effectively
prevents the development of EAE in a dose-dependent man-
ner, as revealed by representative parameters such as clinical
grading and change in body weight. Moreover, it prevents
peripheral inflammatory activated cells from entering the CNS
or being expended at this level, expressing and producing
TNF-«a and IFN-vy. In addition, the increased CSF/serum ratio
for albumin and Ig as well as the increase in the IgG index,
conventional markers of BBB disruption and intrathecal Ig
synthesis in EAE and MS (24), are prevented by SR 57746A
treatment. In contrast, this molecule did not impair the
humoral response to MBPgg_g> in plasma, the increased se-
cretion of corticosterone (data not shown), and the ex vivo
PLNC antigen-specific Thl and Th2 responses to MBPgg_g>
(assessed by their respective signature cytokine profiles). SR
57746A therefore did not affect the peripheral immune re-
sponse from the initiation of EAE, nor the response of the
hypothalamic-pituitary-adrenal axis. Together with our histo-
logical findings, these data suggest that SR 57746A may
mediate its therapeutic effects in EAE, either (i) by altering
the transmigration of activated autoreactive T cells into the
CNS parenchyma, or (ii) by preventing their expansion at this
level. Leukocyte entry into the CNS began by an adhesion step
at the BBB level. This process involves endothelial vascular cell
adhesion molecule 1 (VCAM-1) expression (28), which is
temporally correlated with the onset of clinical signs. TNF-«
plays a pivotal role in this VCAM-1 expression on endothelial
cells (29) and astrocytes (30). Moreover, it induces intercel-
lular adhesion molecule-1 expression on endothelial cells (31),
astrocytes (32), and glial cells (33, 34). TNF-« also favors MHC
class II antigen expression on astrocytes and microglial cells
(35), which normally express none of these molecules, and thus
could act as CNS antigen-presenting cells. The induction of
these molecules guides inflammatory leukocytes into and
through the CNS, thus contributing to their multiplication and
finally to BBB disruption. The mechanism of action of
SR57746A at the BBB level is not yet known. However, we
noted that orally administered SR 57746A was dose-
dependently one of the most potent nonsteroidal drugs inhib-
iting LPS-induced TNF-« synthesis. These results suggest that
the protective effect of SR 57746A against BBB disruption
could be mediated through a pharmacological intervention
aimed at inhibiting the production of proinflammatory cyto-
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kines involved in the development of EAE. The hypothesis of
a possible pathogenic role of TNF-«a in amyotrophic lateral
sclerosis recently has been documented, and even TNF-a-
producing cells could differ in amyotrophic lateral sclerosis
and EAE (36), which suggests that the protective effect of SR
57746A in these two diseases could be mediated through a
common mechanism. The neurotrophin-potentiating activity
of SR 57746A previously described (13-16) also may be
involved, but additional studies are needed to understand the
role of neurotrophins in EAE. Inhibition of pathogenic re-
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long-term treatment. SR 57746A, without significant general
immunosuppressive properties and active by oral route,
could represent a new generation of therapeutic compounds
for MS.
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