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ARTICLE INFO ABSTRACT

Multiple sclerosis (MS) is a chronic autoimmune inflammatory disease of the central nervous system (CNS) affecting
more than 2.5 million individuals worldwide. In the present study, myelin oligodendrocyte glycoprotein (MOG)-in-
duced experimental autoimmune encephalomyelitis (EAE) mice were treated with adenosine receptor A,, antagonist
SCH58261 at different periods of EAE development. The administration of SCH58261 at 11-28 days post-immunization
(d.p.i.) with MOG improved the neurological deficits. This time window corresponds to the therapeutic time window
for MS treatment. SCH58261 significantly reduced the CNS neuroinflammation including reduced local infiltration of
inflammatory cells, demyelination, and the numbers of macrophage/microglia in the spinal cord. Importantly,
SCH58261 ameliorated the EAE-induced neurobehavioral deficits. By contrast, the SCH58261 treatment was ineffective
when administered at the beginning of the onset of EAE (i.e., 1-10 d.p.i). The identification of the effective therapeutic
window of A,a receptor antagonist provide insight into the role of A,s receptor signaling in EAE, and support
SCH58261 as a candidate for the treatment of MS in human.
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progressive, primary progressive, and progressive relapsing (Lublin et al.,
2014). A classic animal model of MS—experimental autoimmune en-
cephalomyelitis (EAE)—exhibits neuro-immune inflammatory responses in

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune inflammatory disease

of the central nervous system (CNS). It is characterized by paralysis, visual
impairment, sensation problems, and lack of motor coordination
(Ben-Zacharia, 2011; Steinman, 2001). Its pathological changes are con-
sidered as a two-stage process: The initial neuroinflammatory phase asso-
ciated with blood-brain barrier damage, prominent infiltration of activated
CD4" and CD8™ T cells, and the presence of reactive astrocytes and pro-
liferating oligodendrocytes. The degenerative phase is characterized by
demyelination, axonal and neuronal loss, and accumulation of activated
microglia and macrophages (Steinman, 2001; Neuhaus et al., 2003; Lopez-
Diego and Weiner, 2008). Based on the multiple clinical presentations, MS is
divided into 4 types of clinical courses: relapsing-remitting, secondary
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CNS associated with inflammatory demyelination pathological changes, and
thus, is regarded as an animal model mimicking the primary progressing
type of MS. It has been widely used as a research tool to search for new
drugs to treat MS (Denic et al., 2011; Centonze et al., 2010; Li et al., 2012;
Yao et al., 2012; Wang et al., 2014). However, the treatment for MS is
largely limited to the management of symptoms (Thompson et al., 2010)
and corticosteroid hormone treatment that are associated with many un-
wanted side-effects and limited efficacy. Thus, the development of effective
potential disease-modifying pharmacological agents with preferred safety
profile is vital.

Recently, animal studies suggested that adenosine A,, receptors
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represent a novel therapeutic target for the treatment of MS (Yao et al,,
2012; Liu et al., 2016, 2018; Ingwersen et al., 2016). Adenosine is an en-
dogenous purine nucleoside, and the levels of extracellular adenosine in-
crease rapidly and markedly during tissue inflammation. Increased extra-
cellular adenosine as well as upregulated adenosine A,x receptor (AsaR) is
proposed as a “STOP” signaling to effectively suppress the local in-
flammatory response to protect against excessive cellular damage to the
surrounding tissues (Blackburn et al., 2009). For its ability to respond to
locally increased extracellular adenosine and to target pathological in-
flammation, as well as the homeostasis modulation of immune functions
with preferred safety profile, A;aR signaling has been considered and
evaluated as a potential therapeutic target for inflammatory diseases such as
MS (Yao et al., 2012; Wang et al., 2014; Mills et al., 2008, 2012).

The role of A,4R signaling in the development of EAE is complex and
may exert multiple and sometimes opposite effects on immune and neu-
roinflammatory responses. We and others have recently demonstrated that
the genetic inactivation of AxsRs produced severer EAE pathology and
neurological deficits with pronounced pro-inflammatory production and
neurodegeneration with demyelination (Yao et al., 2012; Mills et al.,
2012). Conversely, these findings also indicated that the treatment with
SCH58261, an adenosine receptor antagonist specific for A,, subtype,
exerted a protective effect against EAE development (Mills et al., 2008,
2012). This apparent paradoxical effect reflects multiple and complex
actions of App receptor in regulating the EAE pathology. We hypothesized
that the different effects of AR antagonists on the EAE pathology are
dependent on the different periods of the EAE disease course. To this end,
this study sought to determine the effect of A;R antagonist SCH58261 on
early immune induction period (i.e., 0-10 days post-immunization (d.p.i.))
or later neurobehavioral deficits period (i.e., 11-28 d.p.i.). We found that
the effective therapeutic time window of A;sR antagonist SCH58261 was
on the later neurobehavioral deficits period and was associated with the
reduced activation of macrophage/microglia rather than on the early
immune induction period.

2. Results

2.1. Administration of SCH58261 during 11-28 d.p.i. effectively improved
the EAE-induced neurological deficits

To investigate the therapeutic time window of the selective A;sR
antagonist SCH58261 on the development of EAE, we monitored and
recorded the behavioral deficiency of EAE mice daily during the entire
experimental period. At 13 d.p.i. after MOGs3s.55 treatment, mice began
to display a progressive decrease in exploratory activity. On the
15d.p.i., mice treated with MOG3s_55 exhibited signs of muscle weak-
ness, including flaccid tail and hind leg paralysis.

MOGg3s.s5-induced EAE in C57BL/6 mice is speculated to produce a
single attack-disease course with no recurrence (Stark and Cross, 2006).
Based on our previous studies (Li et al., 2012; Wang et al., 2014) and the
pilot study showing the neurological deficits (e.g. ascending flaccid pa-
ralysis), we considered the 0-10 d.p.i. as the incubation period or immuno-
induction period (corresponding to the initial non-symptom of EAE), and
11-28 d.p.i. as the neurobehavioral deficits period of EAE (Fig. 1A), which
is slightly different from the EAE disease course 11-20 d.p.i. as we observed
previously (Li et al., 2012; Wang et al., 2014).

Importantly, SCH58261 treatment during each period of EAE sig-
nificantly improved the neurobehavioral deficits indicated by the reduced
EAE scores (Fig. 1B) (two-way ANOVA analysis, p = 0.001). Compared to
the EAE-DMSO group, the EAE-SCH 0-28d group (i.e., the SCH58261
treatment for the entire EAE disease course) markedly improved the be-
havioral deficit (p = 0.001), which was in agreement with the previous
studies (Mills et al., 2008, 2012). Treatment with SCH58261 during the
onset to peak stage of EAE alone (i.e., EAE-SCH 11-28d group) also showed
the neuroprotective effect against EAE pathology (p < 0.001). On the other
hand, mice administered SCH58261 during the early ten days (EAE-SCH
0-10d group) showed only a trend of alleviation without statistical sig-
nificance (p = 0.141).
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2.2. Administration of SCH58261 during the 11-28 d.p.i. reduced the
infiltration of inflammatory cells, demyelination, and macrophage/microglia
activation in the spinal cord

To further confirm the neuroprotection conferred by SCH58261
treatment, we examined the inflammatory cell infiltration, demyelina-
tion, and activation of glial cells in the spinal cord sections.

Consistent with the neurobehavioral deficits and EAE scores, the
EAE-SCH 11-28d group showed a reduced inflammatory cell infiltra-
tion into the spinal cord as compared to the EAE-DMSO group
(p = 0.0072) (Fig. 2A). Moreover, the EAE-SCH 0-28d group also dis-
played a reduction in inflammatory cell infiltration (p = 0.0273) as
compared to the EAE-DMSO group. Consistent with the lack of beha-
vioral effect, the EAE-SCH 0-10d.p.i. group only showed a trend of
reduction without statistical significance as compared to the EAE-
DMSO group (p = 0.9405; Fig. 2A).

Similarly, LFB staining revealed a similar pattern of demyelination
as that of inflammatory cells infiltration by showing that the treatment
with SCH58261 attenuated demyelination in EAE. Specifically, the
EAE-SCH 11-28d and the EAE-SCH 0-28 d.p.i. groups showed reduced
demyelination; the EAE-SCH 11-28 d.p.i. showed a marked reduction
than the EAE-DMSO group (Fig. 2B).

Furthermore, immunohistochemistry was used to determine the
activation of astrocytes and macrophage/microglia involved in neuro-
protection based on SCH58261 treatment. As shown in Fig. 3A, im-
munization with MOG3s.s5 increased the number of GFAP-positive as-
trocytes, which was not affected by the administration of SCH58261.
Conversely, EAE pathology was associated with the markedly increased
number of Iba-1-positive macrophage/microglia. SCH58261 treatment
attenuated the macrophage/microglia activation in EAE mice (Fig. 3B);
the EAE-SCH 11-28d and EAE-SCH 0-28d groups showed the decreased
number of Iba-1-positive macrophage/microglia as compared to the
EAE-DMSO group (p = 0.0003 and p = 0.0008, respectively).

2.3. Administration of SCH58261 during 11-28 d.p.i. suppressed the EAE-
induced inflammation by reducing the pro-inflammatory cytokine IFN-y

In order to elucidate the mechanism of SCH58261-mediated pro-
tection during EAE progression, we examined the expression of mac-
rophage/microglia-related inflammatory cytokine IFN-y in the cerebral
cortexes. The expression level of IFN-ywas markedly increased in the
EAE-DMSO group. The treatment with SCH58261 during the
11-28 d.p.i and 0-28 d.p.i. significantly reduced the increased level of
IFN-y in the cerebral cortex (Fig. 3C). The treatment with SCH58261
during the 0-10d.p.i. did not exhibit any neuroprotective effect
without the reduced level of IFN-y in this group.

2.4. Administration of SCH58261 after the onset of EAE also improved the
EAE-induced neurological deficits

Since the A,5R antagonist SCH58261 was effective at 11-28 d.p.i. in
reducing the behavioral deficits, we further explored whether
SCH58261 treatment after the onset of behavioral deficit could still
confer protects against EAE pathology. As shown in Fig. 4B, SCH58261
treatment after the onset of behavioral deficit significantly reduced the
neurological behavior scores when comparing the EAE-SCH group with
the EAE-DMSO group (two-way ANOVA, followed by the LSD test, F
(1,22) = 4.785, p = 0.0396); the improvement was observed on the 6th
day after onset of EAE and SCH58261 treatment.

2.5. Administration of SCH58261 after the onset of EAE reduced the
inflammatory cells infiltration and demyelination in the spinal cord

As shown in Fig. 4, a large number of inflammatory cells infiltration
and severe demyelination was found in the EAE-DMSO mice, and the
administration of SCH58261 after onset of EAE reduced the infiltration
of inflammatory cells (Fig. 4C) and demyelination in the spinal cords
(Fig. 4D), which was consistent with the behavioral improvement by
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Fig. 1. The effect of A;sxR-antagonist SCH58261
treatment at different periods of EAE disease
course. (A) Schematic showing three therapeutic

EAE-SCH 0-10d group

EAE-SCH 11-28d group

time windows when A,5R antagonist SCH58261 was
administered to mice at different periods.
Therapeutic window 1: EAE-SCH 0-28 d group, total
EAE course from the immune induction and the onset
to development; therapeutic window 2: EAE-SCH
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SCH58261 treatment after the EAE onset. Quantitative analysis showed
that the number of infiltrating inflammatory cells in the EAE-SCH group
declined as compared to the EAE-DMSO group (t(19) = 2.517,
p = 0.0210). Meanwhile, the EAE-SCH group showed a significant re-
duction of demyelination (t(19) = 3.296, p = 0.0038). These results
confirmed that SCH58261 exerted a neuroprotective effect after EAE
onset by intervening the inflammatory and demyelination processes.

2.6. Administration of SCH58261 after the onset of EAE modulated Iba-1
positive macrophage/microglia activation

We also determined whether macrophage/microglia activation
could be affected by SCH58261 treatment after the onset of the beha-
vioral deficit by immunofluorescence double staining. We found that
the treatment with SCH58261 for 10 days markedly decreased the
number of Iba-1-positive cells as compared to the EAE-DMSO group
(Fig. 5A and B). In addition, SCH58261 treatment for 10 days, after the
onset of the behavioral deficit, decreased the expression of inducible
nitric oxide synthase (iNOS) in macrophage/microglia (t(12) = 2.682,
p = 0.020) as compared to the EAE-DMSO group.

0-10d group, at the early period of an immune in-
ductive responses; therapeutic window 3: EAE-SCH
11-28d group, at the later period of an onset-to-peak
of neurobehavioral deficits. (B) EAE mice in different
groups were treated with A;,R antagonist SCH58261
during 0-10d.p.i., 0-28d.p.i., and 11-28d.p.i., or
with DMSO and no treatment, respectively. The day
when mice received MOG treatment was considered
as day 0. The neurobehavioral deficit of EAE mice
was monitored daily, and the mean EAE score was
calculated. Error bars represent the SEM. Two-way
ANOVA analysis revealed a significant effect of
treatment (F(3,27) = 6.766, p = 0.001). ** indicates
Control p < 0.01 and *** indicates p < 0.001.
EAE-DMSO

EAE-SCH0-10d
EAE-SCH11-28d
EAE-SCH 0-28d

2.7. Administration of SCH58261 after EAE mice showed that the
neurobehavioral deficits suppressed the EAE-induced pro-inflammatory
cytokine IFN-y

Since the treatment with SCH58261 during the 11-28 d.p.i. of EAE
reduced the level of IFN-y in the cerebral cortex, we examined whether
the same phenomenon occurred when the treatment with SCH58261
after the onset of EAE mice showed neurobehavioral deficits. As ex-
pected, SCH58261 treatment after EAE mice showed neurobehavioral
deficits also remarkably downregulated the secretion of IFN-y in the
EAE mice cerebral cortexes (Fig. 5C).

3. Discussion

The most significant finding in the present study was the demonstration
thatf the A,4R antagonist could protect against EAE pathology when ad-
ministered at the neurobehavioral deficits period (i.e. 11-28 d.p.i., when
mice developed distinct motor and other symptoms with pronounced neu-
roinflammatory demyelination pathology in CNS) but not at the initial in-
cubation period of EAE with pronounced immune induction period or
specific lymphocyte proliferation cellular pathology in bone marrow-de-
rived cells (i.e. 0-10 d.p.i.). The study also defined the potential therapeutic
effect and time window, whereby the AR antagonist SCH58261 exerted a
protective effect against EAE pathology. While adenosine signaling is critical
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Fig. 2. The effect of treatment with A,,R-antagonist SCH58261 at different periods of EAE on the histopathological changes in the spinal cord sections. (A)
The effect of treatment with A,sR-antagonist SCH58261 at different periods of EAE on the infiltration of inflammatory cells in the spinal cord. Representative images
from paraffin-embedding tissue sections of the spinal cord (stained by HE 200 X , scale bar = 50 pm). (A’): Quantitative analysis of the pathological scores. One-way
ANOVA analysis revealed a significant effect of treatment (F(3,31) = 5.562, p = 0.0036). Control group (n = 6); EAE-DMSO group (n = 9); EAE-SCHO0-10d group
(n = 6); EAE-SCHO0-28d group (n = 12); EAE-SCH11-28d group (n = 8). Five fields per spinal cord in each group were analyzed at 400 x magnification for H&E
staining. Error bars represent the SEM. * indicates p < 0.05, while ** indicates p < 0.01. (B) The effect of treatment with A,sR-antagonist SCH58261 at different
periods of EAE on demyelination changes in the spinal cord sections. Representative images obtained from paraffin-embedding in tissue sections of the spinal cord

(stained by LFB 200 X , scale bar = 50 pm).

to the development of EAE pathology, the mechanism underlying A,aR
signaling in the development of EAE is complex and is yet to be elucidated.
Our recent study with A;pR KO revealed that the genetic inactivation of
AsaR exacerbates EAE pathology with the increased behavioral deficit, in-
creased inflammatory infiltration, overexpression of proinflammatory cy-
tokines, and exacerbated demyelination in A;sR KO mice as compared to
the WT mice (Yao et al., 2012). This phenomenon suggested that AjaR
signaling is critical for the maintenance of neuronal integrity in response to
EAE insults. Consistent with this, a recently study has shown that activation
of A,a signaling by selective AjsR agonist CGS21680 inhibits the EAE
progression by suppressing the specific lymphocyte proliferation, reducing
the infiltration of CD4* T lymphocytes, increasing intracellular calcium
levels (Liu et al., 2016), and reducing the effects of Th1 stimulation on the
blood-brain barrier permeability (Liu et al., 2018). These effects of the ApaR
signaling are likely attributed to the A;sRs in bone marrow-derived cells

since AR ™/ mice (recipient) that receive wild-type (donor) bone marrow
are protected from the EAE development (Mills et al., 2012). These findings
are in agreement with the experimental findings from several peripheral
tissues that A,4R signaling on lymphocytes exhibit anti-inflammatory effects
(Blackburn et al., 2009). Furthermore, a previous study indicated that
contrary to the A;sR KO, treatment with A,,R antagonist SCH58261 confers
a protective effect against EAE pathology (Mills et al., 2008). Our results
validated this finding and further demonstrated that A;sR antagonist con-
fers the protective activity during the neurobehavioral deficit period of EAE.
This phenomenon is partially explained by the opposite effect of AoaR sig-
naling on non-immune cells within the CNS than that in the bone marrow-
derived cells (Mills et al., 2012). Despite the opposite effects of AR sig-
naling in the immune and non-immune cells and the exacerbated damage in
the genetic ApaR KO, pharmacological blockade of the AjsR produces
overall (predominantly) protective effects. Thus, the pharmacological
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Fig. 3. (A) The effect of treatment with A,,R-antagonist SCH58261 at different periods of EAE on the population of GFAP-positive astrocytes in the spinal cord
sections. Representative images taken from paraffin-embedding tissue sections of the spinal cord (stained by immunohistochemical technique (GFAP-positive cells) 400 x ,
scale bar = 50 um). (a) Five fields per spinal cord in each group were analyzed at 400 X magnification for GFAP staining. Error bars represent the SEM. One-way ANOVA
analysis did not reveal any significant effect of the treatment (F(3,26) = 2.086, p = 0.1266). Control group (n = 6); EAE-DMSO group (n = 6); EAE-SCHO-10d group (n = 7);
EAE-SCHO-28d group (n = 9); EAE-SCH11-28d group (n = 8). (B) The effect of treatment with A;s,R-antagonist SCH58261 at different periods of EAE on the popu-
lation of Iba-1 positive macrophage/microglia in the spinal cord sections. Representative images were obtained from paraffin-embedding tissue sections of the spinal cord
(stained by immunohistochemical technique (Iba-1 positive cell) 400 X , scale bar = 50 pm). (a) Five fields per spinal cord in each group were analyzed at 400 X magni-
fication for Iba-1 staining. Error bars represent the SEM. *** indicates p < 0.001. One-way ANOVA analysis revealed the significant effect of treatment (F(3,28) = 9.909,
p = 0.0001). Control group (n = 6); EAE-DMSO group (n = 9); EAE-SCHO0-10d group (n = 6); EAE-SCHO0-28d group (n = 9); EAE-SCH11-28d group (n = 8). (C) The effect of
administration of SCH58261 at different disease courses on the secretion of IFN-y in the cerebral cortex of EAE mice. Four groups of C57BL/6 female mice received
different CFA/MOG and SCH58261/DMSO at different disease courses of the EAE model as described in the Methods. Mouse cerebral cortexes were dissected and secretion
levels of IFN-y were determined by ELISIA. *** indicates p < 0.001. One-way ANOVA followed by LSD post-hoc comparison. (F(2,24) = 18.27,p < 0.0001). Control group
(n = 6); EAE-DMSO group (n = 9); EAE-SCHO0-28d group (n = 9); EAE-SCH11-28d group (n = 9).

blockade of the A,4R signaling represents a novel therapeutic strategy for
the treatment of MS (Ingwersen et al., 2016; Mills et al., 2008, 2012).
Since our findings demonstrated that the SCH58261 was effective

protection against EAE pathology even at the relatively later period, i.e.,
after the onset of behavioral deficit in mice. Similarly, we found that caf-
feine treatment at the behavioral deficits period or during the entire course

during the neurological deficit period of EAE, corresponding to the neu-
roinflammatory phase of MS, A,4R antagonist should be administered at the
neurodegenerative phase of MS pathology in future. Whether AR an-
tagonist treatment is effective on the degenerative phase of other types of
EAE model (i.e., relapsing-remitting, secondary progressive, and progressive
relapsing) needs to be investigated further. Conversely, SCH58261 treat-
ment at the incubation period of EAE or the immune induction period was
ineffective. The present study demonstrated that the administration of
SCH58261 starting from the occurrence of EAE neurobehavioral deficits
could protect against EAE. This phenomenon indicated that the effective
therapeutic time window with A,zR antagonist SCH58261 could confer

of EAE protected against EAE pathology (Wang et al., 2014). These distinct
effects of the A,4R signaling in EAE were consistent with the recent findings
that preventive EAE treatment with A,azR-specific agonist inhibits the
myelin-specific T cell proliferation ex vivo and ameliorates the disease,
while application of the same agonist after disease onset exacerbates the
non-remitting EAE progression and results in severer tissue destruction
(Ingwersen et al., 2016). Together, these findings establish that the A;R
antagonists confer neuroprotection against EAE pathology by specifically
acting during the neurobehavioral deficits period after the onset of EAE.
This is critical for the drug development since the desirable treatment
window is indicative of the potential therapeutic effect of A;sR antagonist
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Fig. 4. (A) When EAE mice showed neurobehavioral deficits and were treated
with AjsR-antagonist SCH58261. EAE mice were treated with A,zR-antagonist
SCH58261 or DMSO for ten days after showing neurobehavioral deficits (i.e., half
paralyzed tail). Schematic diagram showing d.p.i. by MOG injection, and showed the
days after onset of EAE when mice showed neurobehavioral deficits and were ad-
ministered SCH58261 or DMSO (red arrows indicated the first day when EAE mice
showed neurobehavioral deficits and the beginning of treatment with SCH58261 or
DMSO; blue arrows indicated the day when mice were treated with MOG). (B)
Effect of treatment with A, R-antagonist SCH58261 after EAE mice showed
neurobehavioral deficits. The day when EAE mice showed neurobehavioral defi-
cits was defined as the first day after the onset of EAE. The behavioral score was
monitored daily, and mean EAE score was calculated. Error bars represent the SEM.
Arrow indicates the first day when EAE mice showed neurobehavioral deficits and
the beginning of treatment with SCH58261 or DMSO. Two-way ANOVA analysis
revealed a significant effect of treatment (F(1,22) = 4.785, p = 0.0396)). * indicates
p < 0.05; ** indicates p < 0.01. (C) The effect of treatment with AjzR-an-
tagonist SCH58261 after the onset of EAE on the infiltration of inflammatory
cells in mice spinal cords. Representative images from frozen tissue sections of the
spinal cord. (A) H&E staining exhibited the infiltration of inflammatory cells into
EAE mice lumbar spinal cord. (C) Quantitative analysis of the pathological scores.
Four fields per spinal cord in each group were analyzed at 400 X magnification for
H&E staining. Error bars represent the SEM (Control group n = 11; EAE-DMSO
group n = 10; EAE-SCH group n = 11). * indicates p < 0.05. T-test analysis re-
vealed a significant effect of treatment (t(19) = 2.517, p = 0.0210). (D) The effect
of treatment with A,sR-antagonist SCH58261 after the onset of EAE on de-
myelination in mice spinal cords. LFB staining exhibited the level of demyelina-
tion in mice lumbar spinal cord (scale bars = 100 pm). (D) Quantitative analysis of
the pathological scores. Four fields per spinal cord in each group were analyzed at
400 x magnification for LFB staining. Error bars represent the SEM (Control group
n = 11; EAE-DMSO group n = 10; EAE-SCH group n = 11). * indicatesp < 0.05.
T-test analysis revealed a significant effect of treatment (t(19) = 3.296, p = 0.0038).

has a potential therapeutic effect on the symptomatic active phase of MS,
which can be used as a candidate for the development of new drug and the
treatment strategies for MS.

Furthermore, these complex and opposite effects of the A;sR signaling
at the different periods of the disease likely reflect distinct cellular elements
involved in these activities, depending on the cellular basis and disease
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course. In the current study, SCH58261 was found to be effective when the
drug was administered during the neurobehavioral deficits period or after
the onset of EAE. One of the underlying mechanisms may be associated with
the Ao5R antagonist-induced reduction in the population and activity of Iba-
1 positive macrophage/microglia. Macrophage/microglia specialized im-
mune functions in the CNS, thereby playing a crucial role in neuroin-
flammation (Tansey and Goldberg, 2010; Reitz et al., 2011). A previous
study showed that A, receptor antagonist (ZM-241385) could prevent Aja
receptor agonist (CGS21680) potentiation lipopolysaccharide-induced NO
release in the in vitro mixed glial (microglia and astrocyte) cultures. Double
immunofluorescence demonstrated that NOS-II immuno-staining co-loca-
lized with the microglial marker (Saura et al., 2005). In addition, removal of
the endogenous extracellular adenosine or blocking A;sR with SCH58261
prevented the secretion of LPS-induced increase of both brain-derived
neurotrophic factor (BDNF) and proliferation of microglia (Gomes et al.,
2013). Thus, we speculated that one of the underlying mechanism of AppR
antagonist exerting a neuroprotection effect during EAE progress is related
to the reduction in the population and suppression of the activity of Iba-1-
positive macrophage/microglia. Whether SCH58261 provides a neuropro-
tective effect by acting on oligodendrocytes and astrocytes needs further
study. The neurobehavioral deficits period of EAE corresponds to the ap-
pearance of neurological deficiency, resulting from immune neuro-in-
flammation, demyelination, substantial axonal damage, and oligoden-
drocyte apoptosis in the EAE model. One of the key pathogenesis
mechanisms in the neurobehavioral deficits period is the accumulation of
activated microglia and macrophages in the development of autoimmune
demyelination (Lopez-Diego and Weiner, 2008). The activation of macro-
phage/microglia is closely associated with the development of histopatho-
logical lesions and progression of EAE; for instance, macrophage/microglia
that can release several cytotoxic molecules, such as IFN-y. The release of
IFN-y can activate microglial cells, leading to feed-forward regulation of
inflammation. The current study showed that SCH58261 attenuated the
activation of Iba-1 positive macrophage/microglia accompanied by the
significantly suppressed level of IFN-y. In addition, the activation of mi-
croglia and macrophages contributes to inflammatory demyelination during
MS. Recent evidence has shown that macrophages are involved in demye-
lination while microglia are involved in myelin debris clearance (Ingwersen
et al., 2016; Yamasaki et al., 2014). The activation of A,sR inhibits the
myelin uptake by both microglia and macrophages (Ingwersen et al., 2016).
Nitric oxide synthase (iNOS) catalyzes the NO synthesis, a marker of pro-
inflammatory macrophages/microglia, which might participate in the
neurodegenerative process of MS when activity increases (Boven et al.,
2006; Mantovani et al., 2004; Mosser and Edwards, 2008). Evidence has
shown that a strong immunoreactivity for iNOS is diffusely distributed in
the center and at the outer edge of the active demyelinating lesions (Mikita
et al., 2011). The elevated levels of iNOS mRNA are correlated with the
severity of the clinical signs during the development of EAE (Gordon, 2003;
Oleszak et al., 1998; Raes et al., 2007). The current result showed that the
administration of ApxR antagonist SCH58261 was predisposed to a decline
in the expression of iNOS in macrophage/microglia.

4. Materials and methods
4.1. Animals

C57BL/6J female mice (aged 8-10 weeks) were obtained from the
Laboratory Animal Center of Wenzhou Medical University, China. All
animal procedures in the present study were conducted according to the
protocol approved by the Institutional Animals Care and Use
Committee at Wenzhou Medical University, China, which adhered to
the NIH Guide for the Care and Use of Laboratory Animals.

4.2. Induction of EAE

EAE was induced as described previously (Li et al., 2012; Yao et al,,
2012; Wang et al., 2014). Briefly, the mice were immunized with MOGgs_s5
(AC Scientific, China) oligodendrocyte glycoprotein, emulsified in in-
complete Freund's adjuvant (Sigma, USA) (MOGss_s5-CFA) supplemented
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with 8 mg/ml mycobacterium tuberculosis H37Ra. Each mouse was sub-
cutaneously injected with 200 pg MOGs3s_55-CFA in the flanks. In addition,
pertussis toxin (200 ng, Sigma) was injected intraperitoneally immediately
and 48 h after immunization. The neurobehavioral deficits of EAE score and
body weight were examined daily by an investigator who was blind to the
treatment until the mice were killed.

4.3. SCH58261 treatment and group

Mice were treated with SCH58261 (2 mg/kg/d, Sigma, USA, i.p.) in
DMSO or DMSO alone from the initial day of EAE induction and con-
tinued throughout the experiment. The doses of SCH58261 were se-
lected based on the previous study, which showed protective effects of
SCH58261 during EAE progression (Mills et al., 2008). In the first
protocol, we determined the effective therapeutic time-window for
SCH58261-mediated protection against EAE, we randomly divided the
mice into five groups according to SCH58261 treatment schedule: (1)
Control group (n = 6): Control mice received no treatment but were
housed in the same condition as the experimental group; (2) EAE-DMSO
group (n = 13): EAE mice received DMSO (rather than SCH58261)
treatment; (3) EAE-SCH 0-10d group (n = 7): EAE mice received
SCH58261 from the 1st to 10th d.p.i; (4) EAE-SCH11-28d group
(n = 11): EAE mice received SCH58261 from the 11th-28th day of
immunization; (5) EAE-SCH 0-28d group (n = 12): EAE mice received
SCH58261 from the 1st to 28th day of immunization.

We also designed the second protocol to determine the effect of
SCH58261 treatment. Firstly, the mice were injected with MOG3s_55 to
induce the EAE model; the neurobehavioral deficits were observed from
the 0 to 28th d.p.i. When the mice showed neurobehavioral deficits
(flaccid tail), they were randomly divided into two groups: (1) EAE-SCH
group (n = 13): When mice showed behavioral deficits in several days
post immunization(half paralyzed tail) indicated the EAE onset, and the
mice were treated with SCH58261 by intraperitoneal injection for 10
days consecutively (most EAE mice reached the peak period); (2) EAE-
DMSO group (n = 11): EAE mice were treated with DMSO after the EAE
onset for the next 10 days as a positive control group; (3) Control group
(n = 12): Mice were injected with saline (instead of MOGz3s.55) and
raised in the same condition as the other groups. All mice were sacri-
ficed on the 10th day post onset of EAE, respectively.

4.4. Behavioral evaluation of EAE

The day of MOG3s_s5-CFA immunization was regarded as day 0d.p.i.
The neurobehavioral deficits were scored twice a day for each mouse ac-
cording to the previously established criteria (Yao et al., 2012; Wang et al.,
2014; Weaver et al., 2005) as following: tail: 0, no signs; 1, half paralyzed
tail; 2, fully paralyzed tail; Limbs: 0, no signs; 1, weak or altered gait; 2,
paresis; 3, fully paralyzed limb. Each of the hind- and forelimbs were as-
sessed separately. Thus, a fully paralyzed quadriplegic animal would attain
a score of 14, and mortality equates to a score of 15. The mice were
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sacrificed after the appearance of a peak (At 28th d.p.i, when the EAE mice
showed the highest EAE scores based on the pilot study) in neurobehavioral
deficits for histological and biochemical analysis.

4.5. Histological analyses

In the first protocol at the 28th d.p.i or in the second protocol at the
10th day post onset of EAE, all the experimental mice were sacrificed, and
the cerebral cortex and the spinal cords were dissected out. Subsequently,
the brain tissues were frozen in liquid nitrogen and stored at —80 °C for
further analysis, while the lumbar and thoracic spinal cords were dissected
out for processing by routine paraffin-embedding for hematoxylin-eosin
staining and Luxol Fast Blue (LFB) staining.

4.5.1. H&E staining for inflammatory cells infiltration

The sections were stained with hematoxylin-eosin, as described pre-
viously (Yao et al., 2012; Wang et al., 2014; Okuda et al., 1999). We first
calculated the number of nuclei in each microscopic view at 400 X high
magnification in each group and then computed their mean values. The
mean values of the nuclei of the experimental groups at high magnification
were subtracted from the mean values of the control groups, and the mean
numbers of infiltrating immune cells were presented. The sections were
semi-quantified as follows: 0 = no inflammation; 1, cellular infiltrates only
in the perivascular areas and meninges; 2, mild cellular infiltrates in the

parenchyma (1-10/section); 3, moderate cellular infiltrates in the par-
enchyma (11-100/section); 4, marked cellular infiltrates in the parenchyma
(> 100/section) (Okuda et al., 1999).

4.5.2. LFB staining for myelin

Spinal cord sections were stained with LFB to detect myelin damage
using a previously published protocol (Li et al., 2012; Wang et al., 2011a,
2011b). Briefly, after a step of removing the lipids, sections were immersed
in LFB solution at 56 °C overnight (14 h) and rinsed with 95% ethanol and
distilled water to remove excess staining. Then, the slides were incubated in
lithium carbonate solution for 30 s and then in 70% ethyl alcohol for 30s.
Next, the slides were rinsed in distilled water. The differentiation was ver-
ified under a microscope to ensure that myelin was sharply stained. Sub-
sequently, the sections were then mounted for examined by light micro-
scopy. Image Pro Plus 6.0 was used for quantitative analysis.

4.5.3. Immunohistochemical analysis of glial activation

Sections of lumbar spinal cords were dehydrated through a graded
series of ethanol, followed by treated with 0.3% H,O, to inactivate the
endogenous peroxidase with high pressure to retrieve antigen. Then,
the sections were blocked with 5% BSA and incubated with goat anti-
Iba-1 polyclonal antibody (1:100, Abcam, USA) and rabbit anti-GFAP
monoclonal antibody (1:100, Zhongshan Gold Bridge Biotechnology
Co. Ltd, China) overnight at 4 °C. After washing with PBS, sections were
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Fig. 5. (A) and (B) The effect of treatment with A,,R-antagonist SCH58261 after the onset of EAE on the activation of macrophage/microglia in the spinal cords.
(A) Immunofluorescence double staining showed the expression of iNOS in Iba-1-positive microglia/macrophages (600 X ). Arrows in panels indicate positive cells. Treatment
with SCH58261 for ten days markedly decreased the expression of iNOS. (B) Four fields per spinal cord per mouse were analyzed at 600 X magnification for both IBA-1- and
iNOS-positive staining (Control group n = 8; EAE-DMSO group n = 7; EAE-SCH group n = 7) (t(12) = 2.682, p = 0.020). * indicates p < 0.05. (C) The effect of ad-
ministration of SCH58261 after EAE mice showed neurobehavioral deficits on the secretion of IFN-y in the EAE mice cerebral cortexes. Three groups of C57BL/6
female mice received different CFA/MOG and SCH58261/DMSO as described in the Methods. Mouse cerebral cortexes were dissected and secretions of IFN-y were determined
by ELISIA (Control group n = 6; EAE-DMSO group n = 5; EAE-SCH group n = 7) (t(10) = 2.404, p = 0.037). * indicates p < 0.05.

incubated with biotinylated anti-goat or anti-rabbit IgG, followed by
SABC reagent and diaminobenzidine for visualization. The number of
positive cells in the white matter of every section in five random high
power fields (400 X ) was counted by two observers, who were blinded
to the treatment group, and averaged.

4.6. ELISA analyses of IFN-y levels

To detect the secretion levels of IFN-y in mice cerebral cortexes, EAE
mice cerebral cortexes were dissected out and homogenized in cell-lysis
buffer supplemented with phenyl-methyl-sulphonyl fluoride. After
centrifugation, the supernatants were used for the determination of
IFN-y levels by ELISA according to the manufacturer's protocol (Wes-
tang Biotech, Shanghai, China).

4.7. Immunofluorescence double-staining

On the 10th day post-onset of EAE, the mice were perfused with ice-
cold 4% paraformaldehyde solution. Spinal cords were post-fixed
overnight and cryoprotected in 18% sucrose solution for a minimum of
48h. Spinal cords were cut with a cryostat and 30-um-thick coronal

sections were collected. Then, the sections were placed in the anti-
freeze solution and stored at —20 °C until assayed.

Subsequently, the coronal sections were placed for 30 minat room
temperature and fixed with 4% acetone for 10 min. After washing in 0.1 M
PBS, the slices were incubated in 3% H,0O, for 10 min to inactivate the
endogenous peroxidase. After rinsing in PBS, the sections were incubated
with 10% FBS for 10 min at room temperature, followed by overnight in-
cubation at 4 °C with rabbit anti-INOS polyclonal antibody (1:100, Abcam)
and goat anti-Iba-1 polyclonal antibody (1:100, Abcam). After rinsing in
PBS, the sections were co-incubated for 30 min at room temperature in the
dark with fluorescent secondary antibodies: FITC-Affini Pure Donkey Anti-
Goat IgG (1:100, Jackson, USA) and Cy3-AffiniPure Donkey Anti-Rabbit IgG
(1:100, Jackson). After extensive washings, the slices were incubated with
DAPI (1:500) for 1 min at 37 °C in the dark. After final washing, the slices
were mounted with glycerinum and visualized under confocal laser scan-
ning microscope FV 10i (Olympus, Japan). The expression of proteins in
each section was analyzed by software Image-Pro Plus 6.0. Finally, we used
confocal laser microscopy scanning to determine whether or not iNOS was
expressed in the macrophage/microglia after treatment with SCH58261.
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4.8. Statistical analyses

The SPSS16.0 statistical program and GraphPad Prism 7 were used for
statistical analysis. All data are presented as mean + SEM unless otherwise
stated. Mouse EAE neurological behavioral deficit scores and histopatho-
logical scores were analyzed by two-way ANOVA (with two factors, i.e.
treatment and disease course), followed by LSD post-hoc comparisons and
Mann-Whitney U-tests. The comparisons among multiple disease courses
with single treatment factor were analyzed by one-way ANOVA, while those
between two groups with single treatment factor were analyzed by t-test;
p < 0.05 was considered as statistically significant.

5. Conclusions

In the present study, we demonstrated that administration of Ajs-spe-
cific receptor antagonist SCH58261 during the neurobehavioral deficits
period of EAE or after the onset of EAE provides neuroprotection and at-
tenuates the neurological deficits symptoms. The protective effect of
SCH58261 was associated with the inactivation of macrophage/microglia
and the reduction of iNOS expression. This mechanistic understanding of
A, a-specific receptor antagonist SCH58261 against EAE pathology might
advance the prospective treatment strategies for MS.
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