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ARTICLE INFO ABSTRACT

Keywords: The psychostimulant drug modafinil has been used for many years for the treatment of sleep disorders. Recent
Modafinil studies have indicated that modafinil has immunomodulatory properties in the central nervous system (CNS) and
Experimental autoimmune encephalomyelitis peripheral immune cells. Thus, our aim was to determine the effects of in vivo therapeutic treatment with
(EAE‘) . modafinil on the severity of clinical symptoms and immune response during the acute phase of experimental
Ez;;g;‘:mty autoimmune encephalomyelitis (EAE), an experimental model of multiple sclerosis. Modafinil treatment, given
Multiple sclerosis after the onset of symptoms, resulted in an improvement of EAE symptoms and motor impairment, which was
Inflammation correlated with reduced cellular infiltrate and a decreased percentage of T helper (Th) 1 cells in the CNS. The

spinal cord analysis revealed that modafinil treatment decreased interferon (IFN)-y and interleukin (IL)-6 protein
levels and down regulated genes related to Thl immunity, such as IFN-y and TBX21, without affecting Th17-
related genes. Our research indicates that therapeutic modafinil treatment has anti-inflammatory properties in
an EAE model by inhibiting brain Th1 response, and may be useful as adjuvant treatment for multiple sclerosis.

1. Introduction

Modafinil is a psychostimulant drug prescribed for the treatment of
narcolepsy, excessive daytime sleepiness and obstructive sleep apnea
[1,2]. Clinical and pre-clinical trials indicate that modafinil antagonizes
the dopamine transporter (DAT), consequently increasing extracellular
dopamine levels in the striatum [3] and nucleus accumbens [4]. Recent
accumulating evidence suggests that modafinil has an im-
munomodulatory effect following in vitro [5] and in vivo treatment
[6,7]1, as well as neuroprotective effects in an animal model of Par-
kinson's disease [8-10].

Our research group has conducted a series of experiments to further
study the immunomodulatory effect of modafinil in in vivo and in vitro
models. In vivo modafinil treatment prevented the motor impairment
and sickness behaviors induced by systemic lipopolysaccharide (LPS)
administration in mice, which are partially reversed by blockage of the
dopaminergic D1 receptor, indicating a role for dopamine in these ef-
fects [11]. In vitro and in vivo modafinil treatment was shown to in-
crease interferon (IFN)-mediated immunity in peripheral immune cells

of mice and humans [12]. Collectively, the data suggest that modafinil
treatment has a dual immunomodulatory effect depending on the target
organ, being anti-inflammatory in the central nervous system (CNS),
and pro-inflammatory in peripheral immune cells.

Modafinil has also been shown to reduce the fatigue and motor
impairment related to multiple sclerosis (MS) [13,14]. However, no
study has yet addressed the question of whether this improvement in
motor function in MS is caused by the psychostimulant effect per se, or
is related to modafinil's immunomodulatory properties. Given that
current treatments for MS are mainly immunosuppressive drugs, which
have a number of side effects, it is essential to find new therapeutic
strategies that are limited to the CNS, which is the primary target of MS
autoimmunity. Thus, the aim of the present study is to determine the
effects of therapeutic in vivo treatment with modafinil on the severity of
clinical symptoms and immune response during the acute phase of
experimental autoimmune encephalomyelitis (EAE), an experimental
model of MS.
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2. Methods
2.1. Animals

Adult (8 weeks old) female C57BL/6J mice from our own colony,
weighing 20-30 g each, were used. The animals were housed in stan-
dard polypropylene cages at a controlled room temperature
(22 £ 2°C) and humidity level (65-70%), with artificial lighting (12h
light/12h dark cycle) and with free access to Nuvilab® rodent chow
(Nuvital, Sao Paulo, Brazil) and filtered water. Sterilized and residue-
free wood shavings were used as animal bedding.

2.2. Induction of EAE and observation of symptoms

Mice were immunized subcutaneously at the base of the tail with
150 pg of MOG3s_ss (Proteimax, Brazil) emulsified in complete Freund's
adjuvant (CFA v/v; Sigma) containing 1 mg of M. Tuberculosis (BD
Biosciences). The mice also received 2 doses of 200 ng of Bordetella
pertussis toxin intraperitoneally, 0 and 48 h after immunization. Clinical
signs and symptoms of EAE were scored daily in all mice, according to
the following scale: 0- no disease, 1- limp tail, 2- weak/partially pa-
ralyzed hind legs, 3- completely paralyzed hind legs, 4- complete hind
and partial front leg paralysis, 5- complete paralysis/death.

2.3. Treatments

Modafinil (Stavigile, Libbs) tablets were freshly macerated, diluted
in B-cyclodextrin solution (2:1 drug:B-cyclodextrin), and in-
traperitoneally administered at the dose of 90 mg/kg. Animals were
treated with vehicle or modafinil for 5 consecutive days, after the onset
of EAE symptoms, from D12 to D16 post immunization (p.i.). The dose
and treatment regimen were based on previous studies [6,7,11,12].

2.4. Open field test

On D15 p.i., mice were subjected to the open field test 30 min after
treatment. Each mouse was individually placed in the center of the
apparatus, and the total locomotor activity (distance traveled in cen-
timeters) and mean velocity were automatically measured over a period
of 5min, as previously described [11]. Naive mice were used to de-
termine the baseline locomotion.

2.5. Collection of immune cells from CNS and spleen and flow cytometry

At the peak of EAE clinical symptoms and after the last modafinil
administration, 16 days after EAE immunization, a different set of mice
were deeply anesthetized by intraperitoneal administration of keta-
mine/xylazine, and perfused transcardially with 10 ml of 0.9% saline.
Their brains and spinal cords were excised, macerated and maintained
in 4ml of DMEM supplemented with 2.5% collagenase D (Roche) at
37°C in a 5% CO, incubator. 45 min later, suspensions of cells were
rinsed in DMEM, passed through a cell strainer (70 um) and centrifuged
at 450g for 5min at 4 °C. Then, the cells were resuspended in Percoll
25% and gently laid over Percoll 75% in tubes of 15 ml. The tubes were
centrifuged at 950g for 20 min with the centrifuge breaks turned off.
The ring containing mononuclear cells was collected, rinsed in DMEM
and centrifuged at 450g for 5min. The cells were then incubated with
the antibodies CD86 (FITC), CD45 (PercP) and CD11b (PE) (Biolegend,
CA, USA). An additional set of brain mononuclear cells were stimulated
ex vivo with anti-CD3 (5 pg/ml) and anti-CD28 (2 pg/ml) and incubated
for 72h, followed by phorbol myristate acetate (PMA; 50 ng/ml),
Ionomycin (1 pg/ml) and brefeldin (10 ug/ml) for 4h. Cells were
rinsed, fixed and permeabilized (Cytofix/Cytoperm kit, BD
Biosciences), and then incubated with the antibodies CD4 (FITC) and
IFN-y (APC) (Biolegend, CA, USA).

Each spleen was collected, mechanically dissociated using a cell
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strainer (70 um) and homogenized in 5ml of sterile DMEM. This sus-
pension was centrifuged at 450g for 5min and resuspended in 9 ml of
sterile ammonium chloride to lyse erythrocytes, following which the
solution was centrifuged again. The cells were then rinsed in DMEM
and incubated with the antibodies CD86 (PercP), CD11b (PE), Ia® (MHC
11, FITC), or with CD4 (FITC) and CD8 (PE) (Biolegend, CA, USA).

The single cells were immunophenotyped by analyzing the fre-
quency and intensity of fluorescence markers in a FACS Accuri flow
cytometer (BD Immunocytometry Systems, San Jose, USA). Microglia
were differentiated from macrophages based on the levels of CD45
surface expression, from a gated population of CD11b™* cells, based on
previous studies [11,15,16]. Microglia were CD11b* /CD45°" and
macrophages were CD11b*/CD45"h,

2.6. Quantification of cytokines

The distal third part of the spinal cord was collected on D16 p.i.
from a different set of EAE mice, and homogenized in Tris HCL buffer
(5ul/mg of tissue; 50 mM Tris, 150 mM NaCl, 5mM CaCl,, 0,02%
NaN3, 1% Triton X, and protease inhibitor), and then centrifuged at
17000 g for 30 min. Supernatants were analyzed for the concentrations
of interleukin (IL)-2, IL-4, IL-6, interferon (IFN)-y, tumor necrosis factor
(TNF), IL-17 and IL-10 by flow cytometry using a mouse cytometric
bead array (CBA) Th1/Th2/Th17 kit (BD Biosciences, USA) according
to the manufacturer's instructions.

2.7. qPCR analysis of spinal cord

On D16 p.i., the distal third part of the spinal cord was collected and
total RNA was isolated using the TRIzol® reagent (Invitrogen, USA).
RNA (2ug) was reverse-transcribed to cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Invitrogen, USA). Real-time PCR was
performed using the QuantStudio™ 3 (Applied Biosystems, USA) and
the TagMan Gene Expression Master Mix (Applied Biosystems, USA).
The Actb primer was used to detect the housekeeping gene. Specific
primers were used with Tagman Gene Expression Assay (Invitrogen,
USA) and the genes and locus are indicated in Table S1. The relative
gene expression data were analyzed by the 2-AACt.

2.8. Histology

The distal third part of the spinal cord was collected on D16 p.i.,
fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin.
Spinal cord sections were cut at 5um on a microtome, and later pro-
cessed for hematoxylin and eosin staining.

2.9. Statistical analysis

Data were analyzed using either unpaired Student t-test, one or two-
way analysis of variance (ANOVA) followed by Tukey's correction for
multiple comparisons. The results are expressed as the mean + SEM
and were analyzed using GraphPad Prism 6.0 software, and the level of
statistical significance was set at p < 0.05.

3. Results

A previous study from our laboratory showed that modafinil treat-
ment prevents inflammation-induced motor impairment and sickness
symptoms, an effect that is correlated with the reduced activation of
brain-derived monocytes and brain IL1- expression [11]. We then
decided to test whether therapeutic modafinil treatment affects the
severity of symptoms of EAE, a functional disease model of multiple
sclerosis. The results revealed a significant decrease in EAE symptoms
in modafinil-treated mice from day 12 to 21 post immunization
(p < 0.05 for D12; p < 0.001 from D13 to D21), as shown in Fig. 1A

[treatment factor F (1, 1073)=176,3, P < 0,0001; time factor F (21, 1073)=117,3, p<0.001;
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treatment x time F (21, 1073)=10,36, p=0.001]- 1he cumulative disease score
from D10 to D21 further shows the effect of modafinil in reducing EAE
clinical symptoms (Fig. 1B; p < 0.01). The hematoxylin and eosin
staining of spinal cords of EAE mice revealed a reduction in the cellular
infiltrate in modafinil-treated mice compared to mice treated with ve-
hicle (Fig. 1C).

Given the preventive effect of modafinil on limb paralysis induced
by EAE, we next studied motor impairment using a behavioral task, the
open field test, during the peak of EAE symptoms, on D15 post EAE
immunization. The open field data revealed a decrease in locomotion
(Fig. 1D) and mean velocity (Fig. 1E) in EAE mice treated with vehicle
(p < 0.001), compared to naive mice, which was partially prevented by
modafinil treatment (p < 0.001) [1ocomotion F (2, 19)=26.45, p=0.001; and
Mean velocity F (2, 19)=26.92, p=<0.001]-

We next aimed to study whether the decrease in EAE symptoms
caused by modafinil treatment was related to an improvement in fa-
tigue and general motor stimulation or was caused by a diminished CNS
immune response. To do this, we analyzed the CNS-derived immune
cells and how they are affected by modafinil treatment in EAE mice.
The flow cytometry data revealed a significant reduction in the absolute
number of immune cells in the CNS of mice treated with modafinil,
compared to vehicle-treated animals (p < 0.05; Fig. 2B). Additional
analysis revealed that modafinil treatment resulted in a significant re-
duction in the percentage of CD4 " IFN-y * cells (p < 0.01, Fig. 2C) and
decreased intracellular expression of IFN-y by CD4* cells (p < 0.001;
Fig. 2D). However, we found no significant differences in the percen-
tages of CD11b™, CD11b*CD86 ™ cells, and for the mean fluorescence
intensity of CD86 in CD11b™ cells (p > 0.05), as shown in Fig. 2E to
2G. In addition, modafinil treatment did not affect the percentages of
CD11b*CD45"8" (Fig. 2H) and CD11b*CD45'" cells (Fig. 2I), as well
as the percentage of CD11b"CD45"&" and CD11b*CD45"" cells ex-
pressing CD86 (Fig. 2J) and the mean fluorescence intensity of CD86 in
each of these subsets (Fig. 2K).

Modafinil treatment also decreased the levels of IFN-y (p < 0.05)
and IL-6 (p < 0.05); and showed a tendency to reduce TNF levels
(p = 0.06), as revealed by the cytokine analysis in spinal cord homo-
genates (Fig. 3A to 3C). The levels of IL-2, IL-4, IL-17 and IL-10 were
not detectable by the current methodology.

We then studied the expression of immune-related genes in the
spinal cord of EAE mice. The qPCR analysis revealed that modafinil
treatment significantly reduced mRNA levels of genes related to Thl

Modafinil
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Fig. 1. Therapeutic modafinil treatment ameliorates the se-
verity of clinical symptoms and motor impairment of EAE.
Adult female mice were immunized with MOG3s_s5 and, after
the onset of EAE symptoms, treated with modafinil for 5
consecutive days. The figure presents the mean values
( = SEM) of (A) EAE clinical score and (B) cumulative score
from D10 to D21 (n = 31/group, derived from 4 independent
experiments). (C) H&E staining in spinal cords shows reduced
cell infiltrate in modafinil-treated mice (scale bar = 50 um).
In addition, the figure shows mean values of (D) total loco-
motion and (E) mean velocity in the open field test on D15
(n = 10/group). * p < 0.05, ** p < 0.01, *** p < 0.001.

immunity, such as IFN-y (p < 0.01; Fig. 4A) and T-box transcription
factor 21 (TBX21; p < 0.001; Fig. 4B). Regarding genes related to Th17
immunity, modafinil treatment did not affect mRNA levels of IL-17
(Fig. 4C) and RAR-related orphan receptor gamma t (ROR-yt; Fig. 4D),
whereas it increased mRNA levels of IL-23 (p < 0.01; Fig. 4E). Mod-
afinil treatment also decreased mRNA levels of nitric oxide synthase 2
(Nos2; p < 0.05; Fig. 4F), without affecting other innate immunity
genes, such as conserved helix-loop-helix ubiquitous kinase (Chuk;
Fig. 4G) and IL-6 (Fig. 4H). Additionally, regulatory T cell genes, such
as IL-10 (p < 0.01; Fig. 4I), TGF-B (p < 0.001; Fig. 4J) and FoxP3
(p = 0.01; Fig. 4K) were reduced by modafinil treatment.

Considering the stimulatory effect of modafinil treatment in spleen
cells reported previously [12], we also tested how modafinil treatment
would affect splenic immune cells during EAE. Modafinil treatment
resulted in an increase in the absolute number of immune cells
(Fig. 5B), although it was not statistically significant (p = 0.07), as well
as a decrease in the percentage of splenic T CD4" cells (p < 0.05;
Fig. 5C), without changing the percentage of T CD8™ cells (p > 0.05;
Fig. 5D). Modafinil treatment did not affect the absolute number of
CD11b* cells (p > 0.05; Fig. 5E) and the percentage of CD11b™* cells
(p > 0.05; Fig. 5F). In addition, modafinil increased the percentages of
CD11b*CD86™ cells (p < 0.05; Fig. 5G) and CD11b*MHC II" cells
(p = 0.01; Fig. 5H), as well as the mean fluorescence intensity of CD86
and MHC II in CD11b™ cells (p < 0.001; Fig. 5I and J) in the spleen of
EAE mice.

4. Discussion

We conducted in vivo treatment with modafinil after the onset of
EAE symptoms to study the therapeutic potential of the drug. Our re-
sults showed that therapeutic modafinil treatment decreased the se-
verity of symptoms and motor impairment in experimental auto-
immune encephalomyelitis (EAE). This improvement is related to a
reduction in Thl immunity in the CNS during the acute phase of the
disease. MS and its experimental model EAE are characterized by an
autoimmune response against myelin driven by autoreactive T cells,
causing demyelination, axon degradation and motor impairment
[15,17-20]. The disease is initiated in the peripheral immune organs,
such as the spleen and draining lymph nodes, but it culminates in the
CNS, the target organ, with infiltration of monocytes and autoreactive T
cells and subsequent glial activation. We have previously shown that
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Fig. 2. Therapeutic modafinil treatment reduces inflammatory cell infiltrate and Th1 cells in the CNS of EAE mice. Adult female mice (n = 8/group) were immunized
with MOGg3s_s5 and, after the onset of EAE symptoms, treated with modafinil for 5 consecutive days. Following the last drug treatment, all mice were subjected to
collection of brain and spinal cord and isolation of mononuclear cells, followed by flow cytometry. The figure presents (A) the gating strategy and the mean values
( = SEM) of: (B) absolute number of CNS immune cells, (C) percentage of CD4 "IFN-y ™ cells and (D) mean fluorescence intensity of IFN-y by CD4* cells, as well as
percentages of (E) CD11b* cells, (F) CD11b"CD86" cells, and (G) mean fluorescence intensity of CD86 by CD11b* cells. In addition, the figure shows the
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Fig. 3. Therapeutic modafinil treatment decreases IFN-y and IL-6 protein levels
in the spinal cord of EAE mice. Adult female mice (n = 7/group) were im-
munized with MOG3s_ss and, after the onset of EAE symptoms, treated with
modafinil for 5 consecutive days. At the end of treatment, all mice were sub-
jected to collection of spinal cord and further cytokine analysis. The figure
presents the mean values ( = SEM) of (A) IFN-y, (B) IL-6 and (C) TNF. *
p < 0.05.

modafinil has a dual effect on immune-inflammatory response: it is
anti-inflammatory in neuroinflammation models, such as those induced
by LPS [11] and methamphetamine [6,7], whereas it increases

interferon-mediated immunity in peripheral immune cells of mice and
humans [12]. For these reasons, we decided to study the effects of
modafinil in a functional disease model, EAE.

Our data revealed that modafinil administered daily from 12 to 16
days post immunization significantly reduced the severity of symptoms
of EAE. This effect was evident from D12 p.i. to the end of the ob-
servation, despite the fact that the daily treatment had been terminated
on D16. The open field analysis indicated that the motor impairment
caused by EAE was partially prevented by modafinil treatment, re-
vealing that modafinil improves not only limb paralysis, but also the
impairment of motor function and exploratory behavior caused by EAE.
These findings are in line with a recent study which revealed that a
single modafinil treatment in rats improved catalepsy, or tonic im-
mobility, in a 6-hydroxydopamine (6-OHDA)-induced rat model of
Parkinson's disease. [21].

The histological analysis showed that modafinil treatment drasti-
cally reduced the cell infiltrate in the spinal cord of EAE mice. The
characterization of CNS immune cells by flow cytometry further con-
firmed that modafinil reduced the number of immune cells in the CNS
of EAE animals, comprising infiltrating monocytes, neutrophils, T cells,
perivascular macrophages, and microglia. Interestingly, the percentage
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Fig. 4. Therapeutic modafinil treatment affects T helper-related genes in the spinal cord of EAE mice. Adult female mice (n = 5-7/group) were immunized with
MOGg3s_ss and, after the onset of EAE symptoms, treated with modafinil for 5 consecutive days. At the end of treatment, all mice were subjected to collection of spinal
cord and further qPCR analysis. The figure presents the mean values ( = SEM) of (A) IFN-y, (B) TBX21, (C) IL-17, (D) ROR-t, (E) IL-23, (F) Nos2, (G) Chuk, (H) IL-6,
(D) IL-10, (J) TGF-B and (K) FoxP3 mRNA levels. * p < 0.05, ** p < 0.01, *** p < 0.001.

of T helper cells (CD4™" cells) expressing IFN-y, namely Th1 cells, as
well as the intracellular expression of IFN-y by CD4™ cells, were de-
creased in the CNS of modafinil-treated animals. This reduction was not
accompanied by changes in the percentages of CD11b* cells,
CD11b*CD86™ cells, CD11b* CD45"8" cells (infiltrating monocytes
and neutrophils, resident macrophages) and CD1 1b*CD45"°" cells
(microglia), as well as in CD11b*CD45%8" and CD11b*CD45"" cells
expressing the co-stimulatory molecule CD86.

The spinal cord levels of cytokines further demonstrated that
modafinil treatment drastically decreased IFN-y and IL-6 and showed a
tendency, although not statistically significant, to decrease TNF levels,
corroborating the data on Thl cells. Our gene expression assay con-
firmed that modafinil specifically decreased expression of Thl-related
genes such as IFN-y and TBX21, in the spinal cord. The gene expression
of IL-23, a cytokine pivotal to T cell differentiation into Th17 cells, was
increased in the spinal cord following modafinil treatment. However,
this increase seems to have no impact on the other Th17-related genes,
IL-17 and ROR-vyt, as well as on IL-17 protein levels, which were un-
affected following modafinil treatment. Intriguingly, genes related to
regulatory T cells were also down-regulated after modafinil treatment,
suggesting that Treg cells are not responsible for the anti-inflammatory
effect of modafinil. The collective data suggest that modafinil's effects
in ameliorating EAE symptoms are mediated by T cells and specific to
Thl immunity, as revealed at both the protein and gene levels.

Dopaminergic agonists and antagonists have been used previously
to study the role of dopamine on EAE progression. Although by distinct
mechanisms, both dopamine agonists, such as pramipexole [22] and
bromocriptine [23], and antagonists, such as SCH23390 [24], risper-
idone and clozapine [25,26], reduced the severity of symptoms and
immune response in EAE mice. Although we cannot exclude the parti-
cipation of other neurotransmitters that are also affected by modafinil,
such as noradrenaline, the collective data suggest that the effects of
modafinil on EAE may be related to dopamine [27]. In line with this
hypothesis, previous studies have shown that depletion of central do-
pamine induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) exacerbated the severity of EAE symptoms [28], whereas the
monoamine oxidase (MAO) inhibitor phenelzine, which increases brain
dopamine levels, decreased the severity of EAE [29].

Concomitantly, the analysis of immune cells in the spleen of EAE
animals revealed that the percentage of T CD4" (T helper) cells was
reduced in modafinil-treated animals, whereas the percentage of T
CD8™" (T cytotoxic) cells was unaffected. On the other hand, modafinil
increased the percentage of CD11b*CD86 " and CD11b*MHCII* cells,
as well as the surface expression of CD86 and MHC class II, markers of
activated CD11b™* cells. However, we could not determine whether
modafinil promoted changes in the M1/M2 polarization of activated
macrophages in the current model, which would help to reveal whether
the increased activation of CD11b* cells is related to classically



W.N. Branddo, et al.

A

FSC-H

7

Singlets
772

il =}

<

SSC-

CD11b

CD11b*
17,8

8.0x10°+

CD86

International Immunopharmacology 75 (2019) 105809

Vehicle Modafinil

MHCII
137

MHC 1l

CD11b

3
4 50x1071 £ 6.0410¢
3 s
S 4.0x107 =
° © 4.0x10°%4
3 7 2
_g 3.0x107 G
3 £ "2 2,0x10°
< 2.0x1074 2 s <
K] 538 [a)
] o E F
0 1.0x1074
2 B Vehicle Modafinil Vehicle Modafinil
< o cba 61 30+
Vehicle Modafinil **
81 4- g ‘5
+8 44 3 204
a
64 34 o §
s d S 2 2 Ty
i 3 ot
3t g o 8
3] 3] H
24 1 0- G 0-
Vehicle Modafinil Vehicle Modafinil
4000+ — 800001
0- C 0- D w ] *kk
Vehicle Modafinil Vehicle Modafinil E 3
*s *e 60000+
3 a
o
_‘E’ ‘= 40000
re ™
s =
2 3 20000+
Q I
o |
0- = 0- ]

Vehicle Modafinil

Fig. 5. Modafinil treatment increases activation of CD11b* cells in the spleen of EAE mice. Adult female mice (n = 10/group) were immunized with MOGss_ss5 and,
after the onset of EAE symptoms, treated with modafinil for 5 consecutive days. Following the last drug treatment, all mice were subjected to collection of spleen and
isolation of cells, followed by flow cytometry. The figure presents (A) the gating strategy, and the mean values ( = SEM) of (B) absolute number of immune cells, and
percentages of (C) CD4™ cells and (D) CD8™ cells. The figure also illustrates the mean values of (E) absolute number of CD11b™ cells, and the percentages of (F)
CD11b* cells, (G) CD11b*CD86™* cells and (H) CD11b*MHC II* cells, as well as the mean fluorescence intensity of (I) CD86 and (J) MHC II in CD11b™* cells. *

p < 0.05, ** p < 0.01, *** p < 0.001.

activated (M1, pro-inflammatory) or alternatively activated (M2, anti-
inflammatory) macrophages. These results therefore need to be inter-
preted with caution.

Although contradictory, the effects of modafinil on immune cells of
the CNS versus spleen in EAE animals corroborate our previous findings
indicating an anti-inflammatory effect in the CNS [11] and a pro-in-
flammatory effect in splenic immune cells [12]. It is possible to spec-
ulate that the effects of modafinil on neuroinflammatory models are
mediated by the modafinil-induced increase in brain dopamine, which
negatively affects the activation of immune cells, such as T cells and
macrophages [30,31]. In this respect, a microdialysis study demon-
strated that modafinil promotes a fast and significant increase in brain
dopamine content in a dose dependent fashion [32]. This hypothesis is
corroborated by a previous study that showed that the pharmacological
blockage of dopaminergic D1 receptors prevents some of the modafinil-
mediated effects in inflammation-induced sickness behaviors [11].

Taken together, the data presented here provides evidence that
therapeutic modafinil treatment improves EAE symptoms, and this ef-
fect is correlated with the reduction in Thl cells and Thl-related

cytokines and genes in the CNS. To our knowledge, this is the first pre-
clinical study that links the improvement in MS-related fatigue reported
previously in modafinil-treated patients [13] to an anti-inflammatory
effect of the drug. Our study, therefore, opens a new avenue of clinical
research regarding the therapeutic effect of modafinil on MS and in-
dicates that, in addition to improving fatigue, modafinil treatment has
immunomodulatory properties and may be useful as adjuvant treatment
for MS patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105809.
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