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INHIBITORY ROLE OF DIAZEPAM ON AUTOIMMUNE INFLAMMATION

IN RATS WITH EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS
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Abstract—Glutamate and GABA are the main excitatory and
inhibitory neurotransmitters in the CNS, and both may be
involved in the neuronal dysfunction in neurodegenerative
conditions. We have recently found that glutamate release
was decreased in isolated synaptosomes from the rat cere-
bral cortex during the development of experimental autoim-
mune encephalomyelitis (EAE), the animal model of multiple
sclerosis. In contrast to control animals where GABA in-
duced a decrease in the evoked glutamate release, which was
abolished by picrotoxin (a GABAA antagonist), synapto-
somes from EAE rats showed a loss in the inhibition of the
glutamate release mediated by GABA with a concomitant
diminution of the flunitrazepam-sensitive GABAA receptor
density. We have presently further evaluated the relevance of
the GABAergic system in EAE by treating rats challenged for
the disease with the GABA agonist diazepam. Administration
of diazepam during 6 days starting at day 6 or 11 after EAE
active induction led to a marked decrease of the disease
incidence and histological signs associated with the disease.
Cellular reactivity and antibody responses against the en-
cephalitogenic myelin basic protein were also diminished.
Beyond the effects of diazepam on the autoimmune, inflam-
matory response, we report also a positive effect on neu-
rotransmission. Treatment with diazepam inhibited the previ-
ously described reduction in glutamate release in the frontal
cortex synaptosomes from EAE animals. These data suggest
that an endogenous inhibitory GABAergic system within the
immune system is involved in the diazepam effect on EAE
and indicate that increasing GABAergic activity potently
ameliorates EAE. © 2011 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: autoimmunity, diazepam, multiple sclerosis,
GABAergic system, neurotransmitter release.

Multiple sclerosis (MS) is an immune-mediated demyeli-
nating disease of the human CNS, the most common
neurologic disease of young adults (Trapp and Nave,
2008). Although its etiology is unknown, the primary insult
1 Both authors contributed equally to this work.
Corresponding author. Tel: �54-351-4334168; fax: �54-351-
334074.
-mail address: garoth@fcq.unc.edu.ar. (G. A. Roth).
bbreviations: APCs, antigen-presenting cells; CFA, complete
reund’s adjuvant; Con A, concanavalin A; dpi, days post-induction;
TH, delayed-type hypersensitivity; EAE, experimental autoimmune
ncephalomyelitis; MBP, myelin basic protein; MNC, mononuclear

ells; MS, multiple sclerosis; PBS, phosphate-buffered saline; SI, stim-
lation index; 4AP, 4-aminopyridine.
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in MS is mainly attributed to an autoimmune attack against
myelin components, involving progressive accumulation
of inflammation, and posterior neurodegeneration that
leads to axonal and neuronal dysfunction within the CNS
(McFarland and Martin, 2007; Dutta and Trapp, 2011). A
well-accepted model that mimics many of the clinical and
pathological features of MS is experimental autoimmune
encephalomyelitis (EAE). This pathology can be induced in
genetically susceptible animals by a single injection of
CNS antigens homogenized in an adequate adjuvant (Lud-
win, 2006). Wistar rats develop a monophasic course
(acute stage, 11–13 days post-induction, dpi) character-
ized by ataxia and hind limb paralysis associated with
weight loss and fecal and urinary incontinence. Affected
animals show a spontaneous neurological improvement
2–4 days after the onset of the disease regaining the full
ability to walk by 17–18 dpi (Slavin et al., 1996). Neverthe-
less, in spite of the well-defined histopathology of MS and
EAE, the mechanisms that contribute to neurological def-
icits remain unclear. In this respect, there is a growing
recognition of the importance of axonal and cortical over
the known white matter changes in the genesis and evo-
lution of the lesions (McFarland and Martin, 2007; Vercel-
lino et al., 2007).

Glutamate is the major excitatory neurotransmitter in
the CNS, and its concentration at the synaptic cleft is finely
regulated by multiple mechanisms, which include the glu-
tamate–glutamine cycle and the activity of glutamate up-
take and transport mechanisms. The central role played by
glutamate receptors in mediating excitotoxic neuronal
death in stroke, epilepsy, trauma, and MS has been well
established (Bolton and Paul, 2006; Centonze et al.,
2010). However, the glutamatergic release, crucial in in-
formation intake and information processing within the
brain (Vereker et al., 2000), has been poorly explored for
this disease. Using the EAE model, we described a dimi-
nution on the calcium-dependent glutamate release in iso-
lated nerve terminals of the cerebral cortex from EAE
animals, which was coincident with the onset of the clinical
signs (Vilcaes et al., 2009). These results strongly support
the fact that cortical region could contribute to clinical
symptoms and disease progression as well as provide
novel insights into the molecular events that may affect the
normal neuronal function during the course of the disease
in EAE and possibly in MS.

GABA is the major inhibitory neurotransmitter bal-
anced with glutamate in the CNS. GABA-mediated synap-
tic inhibition is essential for normal brain function, neuronal
activity, information processing and plasticity, network syn-

chronization, and in disease (Huang, 2009). GABAA recep-
ts reserved.
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tors are perfectly positioned to reduce excitability and in-
hibit the positive-feedback loop that constitutes excitotox-
icity (Zhang et al., 2007). In this regard, we have recently
demonstrated that, in contrast to controls, synaptosomes
from EAE rats showed a loss in the inhibition of the gluta-
mate release mediated by GABA. Furthermore, we ob-
served a decreased flunitrazepam-sensitive GABAA re-
ceptor density in synaptosomes from symptomatic EAE
rats (Cid et al., 2011). These results indicate that both
glutamatergic and GABAergic neurotransmission are im-
paired in symptomatic EAE animals and could contribute to
clinical symptoms and disease progression. Interestingly,
MS has been associated with diminished serum levels of
GABA and its synthetic enzyme, glutamic acid decarbox-
ylase (Demakova et al., 2003). Moreover, studies using the
EAE model have shown that the concentration of GABA
and glutamic acid decarboxylase activity in blood, as well
as the uptake of [3H]GABA by spinal cord synaptosomes,

ere also reduced in EAE animals (Gottesfeld et al.,
976).

These observations prompted us to explore the impact
f agents that can modulate GABA action in the pathology
f EAE. Among them is diazepam, a classical benzodiaz-
pine that binds to a central benzodiazepine receptor in-
reasing the effects of GABA by enhancing chloride con-
uctance (Drugan and Holmes, 1991). Therefore, in order
o explore the role of GABA neurotransmission in the
athogenesis of EAE, we conducted in vivo studies exam-

ning the effects of diazepam on the development of EAE
n Wistar rats.

EXPERIMENTAL PROCEDURES

EAE induction and experimental groups

Forty-five-day-old albino rats from a Wistar strain inbred in our
laboratory for 40 years were used. All experiments were per-
formed in accordance with international and institutional guide-
lines for animal care, and the protocol was approved by the local
institutional review committee for animal studies (Exp. No. 15-99-
40426). Every effort was made to minimize both the number of

Table 1. Effect of diazepam treatment on EAE clinical signs

Group Diazepam
(mg/kg/d)

Days of
treatment

Disease
incidence (%)

CFA None No 0/20
FA 0.10 6–11 0/10
FA 0.10 11–16 0/10
AE None No 17/20 (85.00)
AE 0.05 6–11 7/12 (58.33)
AE 0.10 6–11 6/20 (30.00)
AE 0.10 6–16 0/4 (0.00)
AE 0.10 11–16 10/20 (50.00)

Animals were injected i.p. with the indicated amount of diazepam at
esults are expressed as mean�SEM.

a MMCS, mean maximum clinical score is the sum of the highest clin
ivided by the number of rats that got sick in that group.

b The disease index was the sum of the daily clinical score for each a
linical symptoms�100.
animals used and their suffering. Animals were anesthetized with
a mixture of xylazine and ketamine (10 and 65 mg/kg, respec-
tively, i.p.), and the active disease was induced by intradermal
inoculation in both hind feet with 8 mg whole myelin purified from
bovine spinal cords in 0.5 ml of an emulsion consisting of 0.25 ml
saline solution and 0.25 ml complete Freund’s adjuvant (CFA;
Sigma-Aldrich Co., St. Louis, MO, USA) (Degano and Roth,
2000). In some experiments, other group of rats received 0.5 ml of
the same emulsion without any antigenic preparation (CFA
group). Diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-1,4-
benzodiazepin-2(3H)-one) (Glutasedan, Northia Medicinales, Ar-
gentina) was dissolved in phosphate-buffered saline (PBS) and
administered i.p. at a concentration of 0.05 mg (1 ml)/kg/d or 0.10
mg (2 ml)/kg/d during 6 or 12 consecutive days (see Table 1).

nimals were weighted, and assessed daily for clinical signs of
AE and scored as follows: 0, no evident clinical signs; 1, flaccid

ail; 2, hind limb weakness; 3, definitive hindquarter paralysis and
rinary incontinence; 4, tetraparalysis; and 5, moribund state or
ead. The mean clinical score was defined as the sum of the
ighest clinical score achieved by each rat during the acute phase
f the disease divided by the number of rats that developed the
isease signs in that group. The disease index was calculated as
he sum of the daily clinical score for each animal throughout the
xperimental period divided by the day of onset of EAE clinical
ymptoms�100 (Staykova et al., 2002). The delayed-type hyper-
ensitivity (DTH) testing was performed 9 or 12 days after chal-
enge, and then the animals were sacrificed at 12–14 dpi when the
ats from the EAE group showed the maximum clinical signs of the
isease (acute period). Rats were anesthetized again with xyla-
ine and ketamine and bled to death by cardiac puncture. Inguinal
ymph nodes were aseptically removed and placed in ice-cold
PMI 1640 medium. Other set of animals were processed for
istological studies.

Histopathology

Animals from each group at the disease acute period (14 dpi) were
deeply anesthetized and intracardiacally perfussed with ice-cold
PBS and then with 4% paraformaldehyde in PBS, pH 7.4. Seg-
ments from the lumbar region (L1–3) of the spinal cords were
removed and post-fixed in buffered 4% paraformaldehyde for
24 h. These tissues were embedded in paraffin, cut into trans-
verse sections (5-�m thick), and stained with hematoxylin–eosin
according to standard procedures. Six step-sections were exam-
ined for each animal with an Axiovert 200 microscope (Carl Zeiss,
Thornwood, NY, USA). The histological findings were graded ac-
cording to the extent of leukocyte infiltrates in the white matter. The

Sa Day of
onset (dpi)

Length of
disease (d)

Disease
indexb

0 0 0
0 0 0
0 0 0

�0.27 12.00�0.36 4.77�0.54 68.00�7.97
�0.56 13.14�0.49 5.71�1.02 94.50�27.95
�0.29 13.00�0.71 4.75�0.48 55.82�8.86

0 0 0
�0.40 12.00�0.50 5.14�0.34 61.64�13.51

ated days post-induction of the EAE with bovine myelin in CFA. The

e (0–5) achieved by each rat during the acute phase of the disease

oughout the experimental period divided by the day of onset of EAE
MMC

0
0
0
2.50
2.89
2.50
0
2.14
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severity of inflammation was scored from 0–4 as follows: 0, no
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inflammatory cells; 1, inflammatory cells limited to meninges or sub-
meninges; 2, inflammatory cells in meninges and perivascular spac-
es; 3, perivascular and mild parenchymal infiltrates; and 4, several
and large perivascular and parenchymal inflammatory infiltrates.

Immunological T-cell determinations

For DTH reaction determination at 9 and 12 dpi, the animals were
injected intradermally in the right ear with 40 �l of 3 mg/ml myelin
asic protein (MBP) in PBS, and 40 �l PBS in the left ear (negative
ontrol), both sterile solutions. The ear thickness was determined
n a blind fashion with a digital caliper. The results are expressed
s the difference in mm between the thickness of the right ear and
he left ear measured 24 h after the injection.

For the measurement of the proliferative response, mononu-
lear cells (MNC) aseptically isolated from inguinal lymph nodes
ere cultured by triplicate in 96-well flat-bottom plates essentially
s previously indicated (Degano and Roth, 2000). Briefly, 3�106

cells/ml were cultured in a total volume of 200 �l/well of RPMI
1640 medium with 75 �g/ml of PBM or 1 �g/ml concanavalin A
(Con A) for 72 h. When indicated, 2.5 �g/well of diazepam was
lso added to the cultures. Each well was pulsed with 20 �l of

medium containing 1 �Ci of [3H]TdR during the last 18 h of culture,
hen the cells were harvested onto fiberglass filters, and the
adioactivity incorporated was counted using standard liquid scin-
illation techniques. The results from the proliferation assays are
xpressed as stimulation index (SI), defined as the ratio between
ean counts per minute (cpm) of antigen-stimulated culture/mean

pm of the unstimulated culture, considering a SI�2 as positive
esponse.

Antibody determinations

Total anti-MBP antibodies were determined by a Western blot
technique (Roth and Obata, 1991). Polyacrylamide gels were
prepared in 12% concentration without lanes, and 200 �l of sam-
ple (300 �g of lyophilized bovine myelin) was planted along the
urface. The electrophoretic run was performed in the presence of
odium dodecyl sulfate at a constant voltage of 120 mV. The
eparated proteins were subsequently electrotransferred to a ni-
rocellulose membrane, using a constant current of 350 mA for 50
in. The membranes were stained with 0.29% Ponceau-S and cut

nto strips 0.5-cm wide, which were blocked with a 5% solution of
kim milk powder in PBS at 4 °C overnight. The sera of animals
ere diluted in PBS buffer with 0.05% Tween20 and 1% bovine
erum albumin. Each nitrocellulose strip was incubated with 600

�l of serum at 4 °C with constant shaking all night. They were then
ashed with 0.05% Tween20 in PBS, and the membranes were

ncubated overnight at 4 °C with the corresponding monoclonal
ntibody followed by the HRP-conjugated anti-mouse IgG diluted
/500. Finally, the strips were washed, and the color reaction was
arried out with 0.05% 4-Cl-naphthol and 0.01% hydrogen perox-
de in PBS with constant agitation. The reaction was stopped by
dding distilled water, the nitrocellulose strips were left to dry, and
hen they were scanned and analyzed with the computer program
ELPRO.

Preparation of synaptosomes and glutamate release
assay

The frontal cortex was isolated from the different groups when the
animals of EAE control group showed the clinical signs (6–24 h
after onset, 12–13 dpi). The synaptosomes were purified on dis-
continuous Percoll gradient as described previously (Vilcaes et al.,
2009). Synaptosomes that sedimented between the 10 and 23%
Percoll bands were collected and diluted in a final volume of 30 ml
of HEPES buffer medium consisting of 140 mM NaCl, 5 mM KCl,
5 mM NaHCO , 1 mM MgCl , 1.2 mM Na HPO , 10 mM glucose,
3 2 2 4

and 10 mM HEPES, pH 7.4, before centrifugation at 27,000�g for d
10 min at 4 °C. The pellets thus formed were resuspended in 5 ml
of HEPES buffer medium, and the protein content was determined
by the Bradford assay (Bio-Rad, Hercules, CA, USA). For gluta-
mate release assays, the synaptosomal pellets were stored on ice
and used within 3–4 h. Glutamate release from cerebrocortical
synaptosomes was monitored on-line, using an assay that em-
ploys exogenous glutamate dehydrogenase and NADP� to cou-
ple the oxidative decarboxylation of the released glutamate. Then,
the generated NADPH was detected fluorometrically (Sihra et al.,
1992; Vilcaes et al., 2009). Briefly, synaptosomal pellets were re-
suspended in HEPES buffer medium and incubated in a stirred and
thermostated cuvette maintained at 37 °C in a FluoroMax-P Horiba
Jobin Yvon spectrofluorimeter (Horiba Ltd, Kyoto, Japan). After 3
min, 1 mM NADP�, 50 U/ml glutamate dehydrogenase, and 1.2 mM

aCl2 were added. Then, after 5 min of incubation, 3 mM 4-amino-
yridine (4AP) was added to stimulate glutamate release. Traces
ere calibrated by the addition of 4 nmol of glutamate at the end of
ach assay. Data points were obtained at 1-s intervals.

Data analysis

The results were expressed as the mean�SEM. The levels of
glutamate were analyzed using the one-way or two-way analysis
of variance (ANOVA). Whenever ANOVA indicated significant
effects (P�0.05), a pair-wise comparison of means by Newman–
Keuls test (NK) was carried out. In all cases, the assumptions of
the analysis of variance (homogeneity of variance and normal
distribution) were attained. In all statistic analysis, a P�0.05 was
considered to represent a significant difference between groups.

RESULTS

Clinical evaluation of EAE

The clinical analysis of the different groups of animals
sensitized to induce EAE is summarized in Table 1. As
previously shown (Scerbo et al., 2009), about 85% animals
of the EAE control group treated with vehicle alone exhib-
ited the characteristic clinical signs of the disease. The rest
of the animals manifested a subclinical state of disease
with histological alterations and immunoreactivity to MBP
(Figs. 2, 3, and 4). Treatment with 0.05 mg/kg/d (low dose)
or 0.10 mg/kg/d (high dose) of diazepam markedly dimin-
ished the incidence of EAE to 60% (low dose, 6–11 dpi),
30% (high dose, 6–11 dpi), 50% (high dose, 11–16 dpi),
and 0% (high dose, 6–16 dpi). However, the analysis of
disease indexes revealed that sick EAE rats from the
diazepam-treated groups showed similar onset, severity,
and length of the disease as sick animals from the vehicle-
treated EAE control group.

The disease was also associated with a marked body
weight loss (Slavin et al., 1996). Rats from the vehicle-
treated EAE group began to lose weight just before the
onset of the clinical signs (10 dpi), and the body weight
loss continued during the acute phase reaching a maxi-
mum of 10–20%. The EAE animals treated with diazepam
lost less body weight than rats from the vehicle-treated
EAE group (Fig. 1). After the acute period, all the animals
began gradually to regain body weight. There were no
differences in body weight among the different CFA
groups, indicating that diazepam has no effect per se on
his parameter (data not shown).

In order to get some insight about the mechanism of

iazepam effect on EAE incidence, we evaluated several



i
(
d
c
r
l
f
r
e

d
p
f
4
w

r

M. J. Bibolini et al. / Neuroscience 199 (2011) 421–428424
immune parameters in animals injected with myelin to
induce EAE that developed or did not develop clinical signs
after treatment with 0.10 mg/kg body weight/day of diaze-
pam during 6–11dpi (induction stage) or 11–16 dpi.

Diazepam treatment decreased the histological
lesions within the CNS

Examination of histological sections from the lumbar re-
gion of the spinal cords from the vehicle-treated EAE an-
imals stained with hematoxylin–eosin showed marked in-
flammation (Fig. 2A). Tissue sections from these rats re-
vealed numerous inflammatory cells infiltrated in the
meninges, perivascular spaces, and throughout the paren-
chyma (Fig. 2C), and the histopathological scores were

Fig. 1. Comparison of the body weight variations determined as the
percentage difference with respect to day 0 of rats from CFA-injected
animals, EAE animals, and EAE rats treated with 0.10 mg/kg/d diaz-
epam during 6–11 dpi or 11–16 dpi.

Fig. 2. Histology of spinal cord sections. Sections from the lumbar r
paraffin and stained with hematoxylin–eosin. (A) Inflammatory cell infil
as the mean�SEM of four animals examined per group. Significa
Representative histological sections of (B) CFA rat, (C) sick EAE contr
EAE rat treated with diazepam from 6 to 11 dpi. Scale bar: 50 �m. F

eferred to the Web version of this article.
indistinguishable between animals that developed or did
not develop clinical signs. However, the spinal cord sections
from non-sick animals that received diazepam showed a
significant decrease in the extent of inflammatory infiltration
with respect to vehicle-treated animals (Fig. 2A). Represen-
tative histological sections from CFA animals and vehicle- or
diazepam-treated EAE groups are depicted in Fig. 2B–E.
These results indicate that the absence of clinical symptoms
in the non-sick diazepam-treated rats is associated with the
inhibition of inflammatory infiltrates in CNS.

Effect of diazepam on the MBP-specific T- and B-cell
responses

In order to evaluate whether the incidence of EAE in ani-
mals treated with diazepam correlates with a decreased
immunological response to myelin antigens, we analyzed
the cellular immune response to the encephalitogenic
MBP. Both, DTH and EAE, are mediated by antigen-spe-
cific CD4� T cells of the Th1 cytokine phenotype, suggest-
ng a causal link between EAE and DTH responsiveness
Cua et al., 1995). Fig. 3A shows that DTH reaction to MBP
etermined 9 days after the EAE challenge was signifi-
antly lower in diazepam-treated rats with respect to the
espective vehicle-treated EAE control group. At 12 dpi,
ower DTH values were only observed in the group treated
rom 6 to 11 dpi. However, when the results were sepa-
ated into sick and non-sick animals (Fig. 3B), the inhibitory
ffect of diazepam on the DTH reaction was more evident.

Proliferation of MNC was tested in vitro at the acute (12
pi) stage of the disease. Similar positive levels (SI�2) of
roliferation in response to MBP were observed in MNC
rom EAE animals and sick diazepam-treated rats (Fig.
A). On the contrary, the MBP-induced MNC proliferation
as abrogated in treated non-sick animals. Interestingly,

–3) of spinal cords were obtained at the acute period, embedded in
ored as described in Experimental procedures. Values are expressed
nces of treated group vs. vehicle are indicated by *** P�0.001.
sick EAE rat treated with diazepam from 6 to 11 dpi, and (E) non-sick

retation of the references to color in this figure legend, the reader is
egion (L1
tration sc
nt differe

ol rat, (D)
or interp
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we observed similar levels of MNC proliferation in re-
sponse to Con A among all groups analyzed (Fig. 4B),
indicating that the diazepam action involves the inhibition
of antigen-specific responses.

Some studies have suggested a possible role of B cells
and antibodies in the induction and immunoregulation of
EAE (Rivero et al., 1999). In this respect, we evaluated the
humoral response by analysis of total serum IgG antibod-
ies to MBP. The data presented in Table 2 indicate that
levels of total IgG anti-MBP antibodies in sera from the
diazepam-treated animals during 6–11 dpi were lower
than in sera from vehicle-treated animals. When rats were
treated with diazepam during 11–16 dpi, the total anti-MBP
antibodies, although lower, were not significantly different
from the EAE animals. The Th1-like immune response has
been associated in rats with the switching of immunoglob-
ulins secretion towards IgG2b, and the IgG1 isotype has
been associated with a Th2-like response (Mosmann and
Sad, 1996; Rivero et al., 1999; Degano et al., 2004). The
anti-MBP IgG isotype analysis showed no significant dif-
ferences among the different animal groups, indicating that

Fig. 3. Effect of diazepam on DTH response. (A) Rats were treated as
indicated, and DTH was tested at 9 or 12 dpi. Animals were injected
s.c. with MBP in the left ear and the vehicle in the right ear. Swelling
was determined 24 h post-immunization and the results expressed as
the difference of thickness (mm) between the left and right ear. (B) The
obtained results independent of the testing day were grouped in sick or
non-sick animals. Data correspond to the mean value�SEM of three
experiments performed each with four animals per group. Significant
differences of treated group vs. vehicle are indicated by * P�0.05,
** P�0.01.
there is no shift of the type of immune response in animals
that were treated with diazepam compared to the vehicle-
treated animals.

Glutamate release of the frontal cortex
synaptosomes isolated from EAE animals

We studied several preparations of frontal cortex synapto-
somes from control CFA rats, vehicle-treated EAE ani-
mals, and EAE rats treated with diazepam that developed
or did not develop clinical signs. The release of glutamate
was evoked by addition of 4AP. 4AP is a potassium chan-
nel blocker, which has been shown to destabilize the
plasma membrane potential of the synaptosomes, with an
increase of cytoplasmic free Ca2� concentration by open-
ing voltage-gated Ca2� channels, allowing them to fire
spontaneous, tetrodotoxin-sensitive, action potentials ca-
pable of triggering exocytotic release of glutamate (Tibbs
et al., 1989). Thus, this repetitive firing induced by 4AP
mimics more closely the physiological mechanism of ter-
minal depolarization than other inductors. In control nerve
terminals from non-treated CFA rats, this release reached
18.81�0.59 nmol glutamate/mg protein/7 min in the pres-
ence of 1.2 mM CaCl2. As previously shown, in the nerve
terminals from normal rats, the total glutamate release
evoked by 4AP in the presence of Ca2� had no significant
ifferences with respect to the CFA rat synaptosomes

Fig. 4. Effect of diazepam on MBP-specific T- and B-cell responses.
(A) Specific MBP-, (B) Con A-proliferative response indicated as stim-
ulation index (SI). MNC were isolated from inguinal nodes of animals
under different treatments during the acute period (12–14 dpi). Data
correspond to the mean value�SEM of three experiments performed

each with four animals per group.
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(Vilcaes et al., 2009). In addition, no significant differences
were observed between these groups and the diazepam-
treated CFA animals.

Synaptosomes from vehicle-treated sick EAE rats
showed a significant decrease in the total release of glu-
tamate evoked by 4AP (13.82�1.58 nmol/mg protein/7
min, �26.53% with respect to the vehicle-treated CFA
control). Similar results were obtained in synaptosomes
from the diazepam-treated sick EAE animals. Conversely,
the glutamate release in synaptosomes derived from non-
sick diazepam-treated EAE animals was similar to the
respective control CFA groups (Fig. 5). These results in-
dicate that diazepam treatment also reverses the defect in
neurotransmission we described in EAE rats.

DISCUSSION

The present data show that diazepam treatment applied
after the induction of EAE strongly decreased the suscep-
tibility to the disease and spinal cord histological lesions. A
key event in the development of EAE is the activation and

Table 2. Specific IgG subclasses of anti-MBP antibodies in sera from

Group Diazepam
(mg/kg/d)

Days of
treatment

n MMCS Anti-

Total

CFA None No 3 0 2.89
EAE None No 2 0 87.58
EAE None No 6 2.87 93.61
EAE 0.10 6–11 4 0 26.55
EAE 0.10 6–11 3 2.33 28.57
EAE 0.10 11–16 4 0 60.69
EAE 0.10 11–16 3 2.67 65.99

Immunoblotting analysis of IgG (sera diluted 1:1000), IgG1, and IgG
Data are expressed as arbitrary units and correspond to the mean
Significant differences of treated group vs. sick EAE animals non-tr

Fig. 5. 4-aminopyridine–evoked total glutamate release from rat fron-
tal cortex synaptosomes. Synaptosomes were purified from normal,
control (CFA groups), and EAE animals treated with diazepam as
indicated and sacrificed at 11–12 dpi, and glutamate release was
evoked by the addition of 3 mM 4-aminopyridine and assayed by
on-line fluorometry. Results represent means�SEM of four indepen-
dent animals per group. Glutamate release from diazepam-treated or
not treated EAE rats was significantly different from the corresponding

CFA animals, * P�0.05, ** P�0.01, two-way ANOVA.
proliferation of encephalitogenic cells in peripheral lymph
nodes (Pedotti et al., 2003). Therefore, in order to shed
light about the mechanism underlying EAE inhibition me-
diated by diazepam, we analyzed whether this effect was
associated with changes in the immune response against
myelin antigens. Here, we demonstrated that the diaze-
pam-treated rats elicit a significantly lower cellular re-
sponse to the encephalitogenic protein MBP. Thus, we
detected a reduction in the DTH reaction to MBP in vivo,
Fig. 3) and an inhibition of lymph node MNC proliferation
x vivo (Fig. 4). Further analysis of the cellular immune

response showed that MNC from protected diazepam-
treated rats proliferated in the presence of Con A in a
similar way as cells from sick EAE rats, indicating that the
suppression of the disease would not involve total anergy
of the cellular response. The immunization to induce EAE
stimulated also a humoral response to MBP. The total
anti-MBP IgG antibody levels were decreased in diaze-
pam-treated rats, but anti-MBP IgG isotypes analysis
showed similar IgG2b/IgG1 ratios among all the studied
animals. Therefore, the resistant state of the diazepam-
treated animals to develop EAE could not represent an
impaired Th1 response with a concomitant shift to a Th2-
type milieu, but a decrease in the global encephalitogenic
immune response. In line with these results, we also ob-
served that diazepam inhibited the antigen-specific prolif-
eration of lymph node MNC when added in vitro (data not
shown). The inhibition of the neuropathological signs me-
diated by diazepam was greater when the treatment was
applied during the inductor phase of the encephalitogenic
immunoresponse (6–11 dpi) than during the immune ef-
fector stage (11–16 dpi).

In our study, increasing GABAergic activity amelio-
rated the manifestations of EAE, but treated rats that got
sick were clinically no different from control EAE rats.
These results suggest that the observed effect of diaze-
pam occurred at least in part through a direct effect of the
GABAergic agents on the development of reactive immune
factors. Although the effect of GABA in the CNS is well
known (Huang, 2009), recent data demonstrated that
GABA and its receptors are also present and functional in
the immune system. Thus, it has been shown that a subset

nd diazepam-treated groups

bodies

IgG2b IgG1 IgG2b/IgG1 (Th1/Th2)

10.83�3.59 9.25�1.38 1.13�0.32
95.25�3.63 92.55�5.76 1.01�0.10

147.17�9.77 100.68�19.12 1.40�0.29
124.32�5.68 98.52�3.15 1.18�0.14
150.67�9.58 112.58�17.66 1.45�0.24
138.48�13.29 106.12�13.36 1.37�0.14
145.85�13.07 120.29�21.51 1.20�0.17

diluted 1:200) reactivity against MBP.
EM of the indicated number of animals per group.
th diazepam are indicated by * P�0.05.
control a

MBP anti

IgG

�0.30
�10.26
�15.66
�5.18*
�6.91*
�11.73
�12.92

2b (sera
value�S
of GABAA receptor subunits are expressed by T cells;
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GABA at relatively low concentrations have a dramatic
inhibitory effect on effector T-cell development and func-
tion both in vitro and in vivo, apparently by arresting T-cell
cycling (Tian et al., 2004). More recently, it has been
reported that antigen-presenting cells (APCs) also express
functional GABA receptors and respond electrophysiologi-
cally to GABA. There is an endogenous GABA secretion
by both APCs and T cells, and functional GABA channels
on macrophages (Bhat et al., 2010). Interestingly, these
authors showed that increasing GABAergic activity phar-
macologically ameliorates the ongoing paralysis in EAE via
inhibition of inflammation. They also demonstrated that the
GABAergic agents used act directly on APCs, decreasing
MAPK signals and diminishing the subsequent adaptive
inflammatory response to myelin proteins.

Beyond the effects of diazepam on the autoimmune,
inflammatory response, we report also a positive effect on
neurotransmission. Treatment with diazepam inhibited the
previously described drop in glutamate release in frontal
cortex synaptosomes from EAE animals (Fig. 5). Classi-
cally diazepam acts by increasing the frequency of channel
opening, thus requiring GABA to be present and classify-
ing them as allosteric agonists (Study and Barker, 1981).
Hence, considering we have reported a defective GABAA

function in EAE (Cid et al., 2011), it is possible to speculate
that the increased GABAA activity in the CNS could also
ontribute to the absence of neurological signs in diaze-
am-treated rats. Interestingly, alprazolam, other benzodi-
zepine derivative, also decreased the severity of clinical,
istological, and neuroendocrine manifestations of EAE in
ewis rats but only when the animals were exposed to
tressful conditions (Núñez-Iglesias et al., 2010). These
bservations indicate that the anxiolytic effect of benzodi-
zepines can also account for managing the manifesta-
ions of EAE and MS.

CONCLUSION

Our data at present show a beneficial effect of diazepam
on the development of EAE. Future experiments using a
combination of GABAergic agents specific for central ben-
zodiazepine receptors, intrathecal injections, and the use
of benzodiazepines derivatives that do not cross the
blood–brain barrier will be conducted in order to dissect
the role of GABA in the CNS during the pathogenesis of
EAE.
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