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Inosine, an Endogenous Purine Nucleoside, Suppresses
Immune Responses and Protects Mice from Experimental
Autoimmune Encephalomyelitis: a Role for A2A Adenosine

Receptor
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Abstract Multiple sclerosis (MS) is a T cell autoimmune,
inflammatory, and demyelinating disease of the central ner-
vous system (CNS). Currently available therapies have par-
tially effective actions and numerous side reactions. Inosine,
an endogenous purine nucleoside, has immunomodulatory,
neuroprotective, and analgesic properties. Herein, we evaluat-
ed the effect of inosine on the development and progression of
experimental autoimmune encephalomyelitis (EAE), an ex-
perimental model of MS. Inosine (1 or 10 mg/kg, i.p.) was
administrated twice a day for 40 days. Immunological and
inflammatory responses were evaluated by behavioral,
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histological, immunohistochemical, ELISA, RT-PCR, and
Western blotting analysis. The administration of inosine
exerted neuroprotective effects against EAE by diminishing
clinical signs, including thermal and mechanical hyperalgesia,
as well as weight loss typical of the disease. These beneficial
effects of inosine seem to be associated with the blockade of
inflammatory cell entry into the CNS, especially lymphocytes,
thus delaying the demyelinating process and astrocytes acti-
vation. In particular, up-regulation of IL-17 levels in the sec-
ondary lymphoid tissues, a result of EAE, was prevented by
inosine treatment in EAE mice. Additionally, inosine consis-
tently prevented A2AR up-regulation in the spinal cord, like-
ly, through an ERK 1-independent pathway. Altogether, these
results allow us to propose that this endogenous purine might
be a putative novel and helpful tool for the prevention of
autoimmune and neurodegenerative diseases, such as MS.
Thus, inosine could have considerable implications for future
therapies of MS, and this study may represent the starting
point for further investigation into the role of inosine and
adenosinergic receptors in neuroinflammation processes.

Keywords Autoimmunity - Multiple sclerosis - Experimental
autoimmune encephalomyelitis - Inosine - A2A receptor

Introduction

Multiple sclerosis (MS) is a chronic inflammatory and demy-
elinating disease of the central nervous system (CNS) with
progressive damage to the myelin sheath and neurodegenera-
tion initiated by an autoimmune response to self-antigens [1,
2]. MS affects more than 2.5 million people worldwide and is
considered a classical neurological disease in young adults,
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which causes permanent disability and compromises quality
of life [3, 4]. Although the cause of MS remains unknown,
genetic and environmental factors have been shown to be
implicated in the development of this disease [5, 6].
However, MS and its murine model, experimental autoim-
mune encephalomyelitis (EAE), have been characterized as
a T cell-mediated disease [7]. These T cells are antigen (Ag)-
specific, activated in peripheral lymphoid tissues, and cross
the blood-brain barrier (BBB) into the CNS, where they are
reactivated by resident Ag-presenting brain—spinal cord glial
cells [8]. These reactivated T lymphocytes and glial cells se-
crete pro-inflammatory cytokines and chemokines, culminat-
ing in a progressive neuroinflammation, demyelinating le-
sions, and neuronal and oligodendrocytes death [9].
Previously, the primary effector T cell in the pathology of both
EAE and MS was thought to be a Th1 cell, which requires IL-
12 for its differentiation and is characterized by the secretion
of IFN-y, IL-2, and TNF [7]. However, Th17 cells and their
major product, interleukin-17 (IL-17), have been shown to
play a critical role in these Th cell-mediated disease [10, 11].
IL-17 is a pro-inflammatory cytokine that activates immune
cells to produce a variety of inflammatory mediators, which
together increase BBB permeability and perivascular cell in-
filtrates [12, 13].

A substantial number of individuals diagnosed with MS
report persistent pain as a relevant clinical sign [14], and they
might also experience cognitive and mood impairment, like
fatigue and anxiety, detectable even before a definitive diag-
nosis of MS is made [15, 16]. In MS patients, previous studies
have described this pain as central neuropathic pain [17] that
can be manifested through mechanical and thermal
hyperalgesic pain-like behavior in EAE [18]. The activation
of glial cells and secretion of pro-nociceptive mediators like
IL-17 are related to pain symptoms [19, 20].

Inosine, an endogenous purine nucleoside, is formed by the
breakdown of adenosine by the enzyme adenosine deaminase.
It has been demonstrated that inosine has neuroprotective,
anti-inflammatory, and analgesic effects. Previous data show
that it regulates the expression of genes involved in axon out-
growth and promotes recovery in rodent models of stroke and
CNS injury [21-24]. Inosine reduces the levels of pro-
inflammatory cytokines in animal models of inflammatory
diseases and suppresses macrophage, lymphocyte, and neu-
trophil activation [25-27]. Moreover, it has been shown that
inosine has a pronounced effect against pain-like behavior in
rodent models [28]. The protective effects of inosine are asso-
ciated with its actions through G-protein-coupled adenosine
receptors (especially, Al, A2A, and A3) [26, 29, 30], which
are expressed in the brain, spinal cord, spleen, and, mainly, in
leukocytes [31]. In this context, inosine effect is due, in part, to
intracellular signaling pathways including mitogen-activated
protein kinase (MAPK) [32, 33]. This pathway is involved in
the regulation of inflammatory responses [34], in which
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ERK1 can modulate autoimmune disorders like EAE [35].
Earlier studies have demonstrated that inosine treatment is
well-tolerated and benefits patients with MS through improve-
ments in the clinical score and a reduction in lesion activity
[36, 37]. In addition, adenosine Al and A2A receptors are
involved in the development and progression of EAE disease
[11, 38]. However, the specific mechanisms of inosine action
in MS are not well-established. For these reason, we aimed to
investigate the effects of inosine on the progression of EAE by
assessing clinical scores, as well as to provide further evidence
on the underlying signaling pathways related to the immuno-
modulatory and neuroprotective effects of inosine in the EAE
model. We also verified the effects of inosine in the pre-motor
signs of the disease, like hyperalgesia, anxiety-like behavior,
and fatigue.

Material and Methods
Experimental Animals

Experiments were conducted using female C57BL/6 mice, 6
to 12 weeks old. The mice were kept in groups of four to six
animals per cage, maintained under controlled temperature
(2241 °C) with a 12-h light/dark cycle (lights on at
7:00 a.m.), and were given free access to food and water. All
procedures used in the present study followed the “Principles
of laboratory animal care” (NIH publication no. 85-23) and
were approved by the Animal Ethics Committee of the
Universidade Federal de Santa Catarina (CEUA-UFSC, pro-
tocol number PP00811 and PP00956).

EAE Induction

Experimental autoimmune encephalomyelitis (EAE) was in-
duced by subcutaneous (s.c.) immunization into the flanks
with 200 pl of an emulsion containing 200 pg of MOGss_ss
peptide and 500 pg of Mycobacterium tuberculosis extract
H37Ra (Difco Laboratories, Detroit, MI, USA) in incomplete
Freund’s adjuvant oil (Sigma Chemical Co., St. Louis, MO,
USA). This procedure was repeated after 7 days to increase
the incidence of EAE, as previously described [39]. In addi-
tion, the animals received by the i.p. route 300 ng of Pertussis
toxin (Sigma Chemical Co., St. Louis, MO, USA) on day 0
and day 2 post-immunization. Non-immunized (naive) and
EAE animals were used as the negative and positive control
groups, respectively. Mice were weighed and observed daily
for clinical signs of EAE for up to 40 days post-immunization.
The neurological impairment of EAE was quantified using a
clinical scale according to the following scores: 0, no signs of
disease; 1, loss of tone in the tail; 2, hindlimb paresis; 3,
hindlimb paralysis; 4, tetraplegia; and 5, moribund and/or
death.



Mol Neurobiol (2017) 54:3271-3285

3273

Drug Treatment Protocol

Inosine was kept in amber glass, maintained at 4 °C, and
diluted in the vehicle saline (0.9 % NaCl solution) to the
desired dose (1 and 10 mg/kg) just before use. Inosine or
vehicle was administered intraperitoneally (i.p.) twice a day
(8:00 a.m. and 5:00 p.m.) for 40 days (starting on day 0 until
day 40 post-immunization), 1 h before immunization and the
behavioral tests, which were carried out in the morning. The
choice of dose was based on previous data described in the
literature [28, 29].

Behavioral Experiments
Mechanical Hyperalgesia

For the evaluation of mechanical hyperalgesia, mice were
placed individually in clear Plexiglas boxes (9x7x11 cm)
on eclevated wire mesh platforms to allow access to the
ventral surface of the right hind paw. The withdrawal
response frequency (%) was measured following 10 appli-
cations (3 s each) of von Frey hairs (VFH, Stoelting,
Chicago, IL, USA). Stimuli were applied on the plantar
surface of the right hind paw with enough force to elicit a
slight bend in the filament. A withdrawal of the paw was
considered a positive response (10 % response frequency).
Importantly, 0.4 and 0.6 VFH filaments produce a mean
withdrawal frequency of about 15 %, which is considered
an adequate value for the measurement of mechanical
hyperalgesia [40]. The animals were acclimatized for
30 min before behavioral testing, and to determine the
basal tactile thresholds, all the groups were evaluated be-
fore disease induction. All animals were evaluated at dif-
ferent time points until day 14 because, after this time
point, the clinical signs of EAE, such as locomotor defi-
cits, were visible.

Cold Thermal Hyperalgesia

For the evaluation of cold thermal hyperalgesia, the acetone
method was adapted from Walczak, Beaulieu [41]. The mice
were placed in clear Plexiglas boxes (9 %7 x 11 cm) on elevat-
ed wire mesh platforms and acclimatized for 30 min. The
acetone technique consisted of placing 20 ul of acetone on
the plantar surface of the right hind paws. The time the animal
spent lifting, licking, or shaking, the paw was recorded for
20 s. Three measurements were done and recorded at intervals
of 15 min. In order to determine the baseline threshold, all the
groups were tested before immunization. Cold thermal
hyperalgesia was evaluated on alternate days, starting on day
1 until day 13 after immunization.

Hot Thermal Hyperalgesia

The hot plate test was used to measure response latencies. The
apparatus consists of a metal plate (AVS system, cold-hot
plate, Sdo Paulo, SP, Brazil) maintained at 501 °C.
Animals were placed into the heated surface and the time
between placement and jumping, shaking, or licking of the
paws was recorded as the index of response latency. An auto-
matic 30-s cutoff was used to prevent possible injuries caused
by hot exposure for a long period of time to the animal paw.
All animals were evaluated at days 11, 13, and 15 p.i. since,
after this day, the clinical signs of EAE, such as locomotor
deficit, were visible.

Elevated Plus-Maze Test (EPM)

Twelve days after immunization, mice were evaluated in the
elevated plus-maze test, which is a recognized behavioral par-
adigm for the assessment of anxiolytic- and anxiogenic-like
effects of procedures and drugs in rodents [42]. The maze
consists of a central platform (6 X 6 cm), with two open arms
(30x6 cm) aligned perpendicularly to two closed arms
(30x6x16 cm). The open arms had a 1-cm high Plexiglas
rim to prevent falls. The maze was elevated 50 cm above the
floor. Mice were placed on the central platform facing a closed
arm and allowed to explore the maze for 5 min. The videos
were analyzed visually. The time spent in the open and closed
arms was used to calculate the percentage of time spent in the
open arms. Any decrease in this parameter or in the number of
entries in open arms represents anxiety-like behavior, and the
total number of entries in the closed arms is a measure of
locomotor activity.

Weight Load Swimming Test (WLST)

Fourteen days after immunization, mice were evaluated using
the weight load swimming test adapted from Su et al. [43] for
the assessment of fatigue-like behavior. Mice were placed
individually in an open cylindrical container (diameter,
10 cm; height, 25 cm) with water at a depth of 17 cm main-
tained at 28+ 1 °C. A weight equivalent to 5 % of body weight
was attached to the tail root, and the endurance for each mouse
was measured as swimming time recorded from placement in
the pool to exhaustion. The swimming period (30 min) was
considered the time spent struggling and making necessary
movements until exhaustion and possible drowning. When
mice were unable to remain at the water surface (for 7 s), they
were considered exhausted.

Histological Analysis

Forty days after EAE induction, animals were euthanized and
each portion of the lumbar spinal cord (L3-L5) was removed
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and fixed immediately in 4 % paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) for 24 h and stored in 70 % alcohol
until paraffin processing. Samples were dehydrated in eth-
anol for removal of tissue water followed by
diaphanization with xylene for removal resident alcohol
and complete permeation of paraffin. After that, tissues
were embedded in paraffin and sections (5 pm) were
mounted on glass slides and deparaffinized. The histo-
logical analysis of inflammation and demyelination was
performed using hematoxylin-eosin (H&E) and luxol
fast blue (LFB), respectively. The settings used for im-
age acquisition were identical for both control and ex-
perimental tissues. Five to six ocular fields per section
(three to four mice per group) were captured and a
threshold optical density that best discriminated the nu-
clear staining of inflammatory cells (H&E) or myelin
(LFB) was obtained using NIH ImagelJ 1.36b imaging
software (NIH, Bethesda, MD, USA) and applied to all
experimental groups. The total pixel intensity was deter-
mined, and the data are expressed as optical density
(0.D.).

Immunohistochemical Analysis

Immunohistochemical analysis was performed on paraffin-
embedded lumbar spinal cord tissue sections mounted on
glass slides and deparaffinized, as described above. Slices
(5 um) were stained with a monoclonal mouse anti-glial
fibrillary acidic protein (GFAP, 1:100). High-temperature
antigen retrieval was performed by immersion of the slides
in a water bath at 95-98 °C in 10 mM trisodium citrate
buffer of pH 6.0 for 45 min. After overnight incubation at
4 °C with the primary antibody, the slices were washed
with PBS and incubated with the secondary antibody, and
immune complexes were visualized with 0.05 % 3,3'-di-
aminobenzidine tetrahydrochloride (DAB: Dako
Cytomation, Glostrup, Denmark)+0.03 % H,0O, in phos-
phate buffer saline (PBS) (for an exact amount of time:
1 min). The reaction was stopped by washing in water
and counterstaining with Harris” hematoxylin. Images of
the dorsal and ventral horns of spinal cord sections stained
with antibodies to anti-GFAP were obtained by using a Q-
imaging digital camera connected to an Olympus Bx41
microscope. Settings for image acquisition were identical
for control and experimental tissues. Five to six ocular
fields per section (3—4 mice per group) were captured
and a threshold optical density that best discriminated
staining from the background was obtained using NIH
ImageJ 1.36b imaging software (NIH, Bethesda, MD,
USA) using a counting grid at x100 and x400 magnifica-
tion. The total pixel intensity was determined and the data
are expressed as optical density (O.D.).
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Determination of Cytokine Levels

Forty days after EAE induction, animals were killed and in-
guinal lymph nodes, spleen, and spinal cord were removed.
All tissue samples were weighed, frozen in liquid nitrogen,
and stored at —70 °C. For cytokine assays, samples were ho-
mogenized in phosphate buffer containing 0.05 % Tween 20,
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM
benzethonium chloride, 10 mM EDTA, and 2 ng/ml aprotinin.
The homogenates were centrifuged at 3000g for 10 min (4 °C)
and the supernatants stored at —80 °C until assays for the
determination of levels of the cytokines IL-17, IL-10, and
IL-4. The amount of protein in each sample was measured
using the Bradford method using bovine serum albumin as
the standard. The levels of cytokines were measured in
100 pl of sample using mouse cytokine ELISA kits, according
to the manufacturer’s instructions. The level of the cytokines
was estimated by interpolation from a standard curve by col-
orimetric measurements at 450 nm (correction wavelength
540 nm) on an ELISA plate reader (Berthold Technologies,
Apollo 8, LB 912, KG, Germany). All results are expressed as
picograms per milligram protein (pg/mg).

Real-Time Quantitative PCR

Lumbar spinal cords were removed 40 days p.i. from 4 to 6
animals/group, and the total RNA was extracted using the
Trizol protocol. The reverse transcription assay was carried
out as described in the M-MLV Reverse Transcriptase Kit
(Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions. Real-time quantitative PCR analysis was
performed in StepOnePlusTM using the TagMan1 Universal
PCR Master Mix Kit (Applied Biosystems, Foster City, CA,
USA) for quantification of the amplicons. Fifty nanograms of
total RNA was used for cDNA synthesis. The cDNA was
amplified in duplicate using specific TagManl Gene
Expression target genes, the 30 quencher MGB and FAM-
labelled probes for AIR (Mm01308023 m1), A2AR
(Mm00802075_m1) and GAPDH (NM_008084.2), the latter
used as endogenous control for normalization. The PCRs were
performed in a 96-well Optical Reaction Plate (Applied
Biosystems, Foster City, CA). The thermocycler parameters
were as follows: 50 °C for 2 min, 95 °C for 10 min, 50 cycles
of 95 °C for 15 s, and 60 °C for 1 min. Expression of the target
genes was calibrated against conditions found in control ani-
mals (i.e., animals that received vehicle, 0.9 % NaCl solution).

Immunoblotting Analysis

Forty days after EAE induction, animals were euthanized and
the lumbar spinal cords were rapidly removed to subsequent
AIR, A2AR, ERK1, and p-ERK analysis by Western blotting
assay. During dissection, spinal cords were maintained in ice-
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cold Krebs-Ringer bicarbonate buffer (KRB) with the follow-
ing composition (in mM): 122 NaCl, 3 KCI, 1.2 MgSQ,, 1.3
CaCl,, 0.4 KH,PO,, 25 NaHCO;, and 10 Dp-glucose. The
buffer was bubbled with 95 % O, and 5 % CO, up to
pH 7.4. The spinal cord was solubilized with SDS-stopping
solution (4 % SDS, 2 mM EDTA, 8 % [3-mercaptoethanol,
and 50 mM Tris, pH 6.8, 2 mM PMSF). Samples (60 pg of
total protein/lane) were separated by 10 % SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were
blocked with 2 % albumin (1 h) in TBS (10 mM Tris,
150 mM NacCl, pH 7.5), followed by three washes with
TBS-T (10 mM Tris, 150 mM NacCl, 0.05 % Tween-20,
pH 7.5). Membranes were incubated with the following pri-
mary antibodies: anti-A1R (Abcam, ab82477, 1:250), A2AR
(Santa Cruz Biotechnology, sc-32261, 1:250), ERK (Cell
Signaling®, sc-93, 1:250), p-ERK (Cell Signaling®, sc-
7976, 1:250), or B-actin (1:1000; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) overnight, at 4 °C, and then were
exposed to appropriate peroxidase-conjugated secondary
antibodies (1:1000 anti-goat and 1:250 anti-rabbit; Santa
Cruz Biotechnology) for 1 h at room temperature.
Immunocomplexes were visualized using an enhancing
chemiluminescence detection system (GE Healthcare).
Densitometric analysis was performed for the quantification
of immunoblotting using Scion Image Software (Scion
Corporation). The level of total immunocontent was deter-
mined as the ratio of optic densitometry (O.D.). The 3-actin
band was used as the loading control. The level of phosphor-
ylation was determined as the ratio of the O.D. of the phos-
phorylated protein band over the O.D. of the total protein
band. The data are expressed as a percentage of the value in
the control group for each membrane (100 %). Total protein
level was evaluated by Peterson’s method using bovine serum
albumin as the standard.

Drugs and Reagents

Inosine, Pertussis toxin, phosphate buffered saline (PBS), in-
complete Freund’s adjuvant oil, H&E, H,O,, and BSA were
obtained from Sigma Chemical Co. (St. Louis, MO, USA);
MOG;35_55 peptide (MEVGWYRSPFSRVVHLYRNG) from
EZBiolab (Carmel, IN, USA); M. tuberculosis extract H37Ra
from Difco Laboratories (Detroit, MI, USA); Trizol and M-
MLV reverse transcriptases were purchased from Invitrogen
(Carlsbad, CA, USA). The primers and probes for AIR,
A2AR, and GAPDH were purchased from Applied
Biosystems (Foster City, CA, USA); monoclonal mouse
anti-GFAP from Cell Signaling Technology (Danvers, MA,
USA); monoclonal goat anti-A2AR, polyclonal rabbit anti-
ERK sc-93, polyclonal goat anti-pERK sc-7976, and second-
ary antibodies (anti-goat and anti-rabbit) from Santa Cruz
Biotechnology® (Santa Cruz, CA, USA); polyclonal rabbit
anti-adenosine AIR and (3-actin from Abcam® (Cambridge,

MA, USA); anti-mouse IL-10 and IL-4 ELISA MAX Deluxe
Sets from BioLegend (San Diego, CA, USA); anti-mouse-1L-
17 Duo Set kits from R&D Systems (Minneapolis, MN,
USA). The other reagents used were of analytical grade and
obtained from different commercial sources.

Statistical Analysis

All data are presented as mean+ SEM: clinical score, weight
and hyperalgesia tests, 4-6 mice per group; EPM and WLST,
6-11 mice per group; ex vivo tests, 3—6 mice per group. The
results are representative of one or two independent experi-
ments. A statistical comparison of the data was performed by
one or two-way ANOVA followed by the Bonferroni or
Newman—Keuls post hoc test, depending on the experimental
protocol. P<0.05, 0.01, and 0.001 were considered signifi-
cant. The statistical analyses were performed using
GraphPad Prism 4 software (GraphPad Software Inc., San
Diego, CA, USA).

Results
Inosine Attenuates the Clinical Signs of EAE

To evaluate the efficacy of inosine, EAE was induced in
C57BL/6 mice using MOG3;5_s5 peptide. As expected, clinical
symptoms, such as tail atony and clumsy gait, appeared on
day 12 post-MOG-injections and peaked around day 36 on
untreated EAE group (Fig. 1a). There was just one death dur-
ing the course of EAE development. To test the preventive
effect of inosine in the EAE model, this compound was given
intraperitoneally as 1 and 10 mg/kg from day 0 of immuniza-
tion to day 40, the end of the analysis. Compared with the
untreated EAE group, animals treated with inosine at both 1
and 10 mg/kg presented significant protection against disease
induction, delayed onset of clinical signs, and attenuated clin-
ical scores (Fig. 1a, b). Animals treated with 1 mg/kg inosine
showed the first EAE typical symptoms only on day 30, with a
maximum clinical score of 1 on the last day of analysis, an
88 % inhibition based on the area under the curve (AUC)
(Fig. 1a, b). Moreover, although the clinical signs appeared
on day 20 in animals treated with 10 mg/kg inosine, the max-
imum clinical score achieved was also 1, indicating maximal
inhibition of 77 % based on the AUC (Fig. 1a, b). In addition,
a progressive loss of body weight paralleled the severity of the
disease (Fig. 1c). At the peak of disease (day 22 post-induc-
tion), mice treated with 1 mg/kg inosine were protected
against marked loss of body weight and recovered a healthy
appearance similar to naive mice (Fig. 1d). However, treat-
ment with 10 mg/kg inosine failed to inhibit weight loss in-
duced by EAE (Fig. 1d). Based on these results, a dose of
1 mg/kg of inosine was used in subsequent experiments to

@ Springer



3276

Mol Neurobiol (2017) 54:3271-3285

Fig. 1 Inosine reduces EAE
severity and prevents weight loss
after immunization. Mice were
immunized on days 0 and 7 with
MOGs;s_55/CFA and monitored
daily for clinical signs for

40 days. The treatment was given
at 8§ am. and 5 p.m. by i.p. route
with inosine (1 or 10 mg/kg) or
vehicle (0.9 % NaCl solution)
from day 0 to day 40. The EAE
group had remarkably higher
clinical scores compared to the
naive group starting on day 14
and treatment with inosine
delayed the onset and attenuated
the clinical scores (a) and area 0
under the curve (AUC) (b). Mice
were monitored daily for weight
gain/loss from the beginning of
the experiment. Body weight
changes (c) and body weight
gain/loss at the peak of disease 2
(day 22 post-induction) (d). Data
are presented as mean + SEM of
4-6 mice/group. *p <0.05 and
*#%p <0.001 versus the naive
group, *p <0.05 and "*p < 0.001
versus the EAE group (one-way
ANOVA followed by Newman-
Keuls)
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investigate some of the mechanisms underlying its immuno-
modulatory and neuroprotective effects.

The Effect of Inosine on Mechanical and Thermal
Hyperalgesia Following EAE

It is recognized that neuropathic pain is a relevant symptom
that precedes motor dysfunction in MS, contributing to greatly
reduced quality of life in patients [44]. Therefore, in the next
set of experiments, we investigated the effect of inosine pre-
treatment on mechanical and thermal hyperalgesia during the
EAE pre-symptomatic phase. The mechanical hyperalgesia
produced following EAE induction was characterized by a
pronounced and long-lasting increase in the response frequen-
cy to stimulation with von Frey hairs (0.4 and 0.6 g) on the
right hind paw (Fig. 2a—d). This hyperalgesic behavior was
observed starting on day 4, reached a maximum on day 12
after immunization, and remained elevated for up to 14 days
(Fig. 2a). Significantly, 1 mg/kg inosine was effective in re-
ducing mechanical hyperalgesia with 65413 and 79+10 %

@ Springer

inhibition (0.4 and 0.6 g filament, respectively) based on the
AUC (Fig. 2b, d). We also assessed whether inosine is effec-
tive in preventing cold and hot thermal hyperalgesia. The
treatment with inosine (1 mg/kg) showed a significantly lower
time response to the cold stimuli than the untreated EAE
group, with 84+9 % inhibition based on the AUC (Fig. 2e,
f). Furthermore, a reduction in paw withdrawal latency to heat
stimulus was obtained by inosine treatment compared to un-
treated EAE group in the acute phase of disease (Fig. 2g—1).

Inosine Decreases the Neuroinflammatory Process,
Myelin Loss, and Reactive Astrogliosis in the Spinal Cord
after EAE Induction

Inflammatory cells trafficking to the CNS during EAE are
predominantly Ag-specific T lymphocytes; the expression of
cellular adhesion molecules [18, 45] and chemokines by these
cells contributes to neuroinflammation and demyelination
[46]. We next evaluated the effect of inosine on the intensity
of inflammatory cell infiltration induced by EAE and if it
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Fig. 2 Inosine reduces hyperalgesia associated with EAE. Mice were
immunized on days 0 and 7 with MOG;s_55/CFA. The figure shows
time course and its respective area under the curve (AUC) from mechan-
ical hyperalgesia (assessed by the von Frey hair test) and cold thermal
hyperalgesia (assessed by the acetone test), which were evaluated during
the induction phase of EAE (0 to 14 days p.i.); the hot thermal
hyperalgesia at 50 °C (assessed by hot plate test) was evaluated in three
different points: 11, 13, and 15 days p.i. Treatment with inosine (1 mg/kg,
i.p.) or vehicle (0.9 % NaCl solution) was performed twice a day and

could preserve the integrity of myelin in the spinal cord
40 days post-immunization. It was found that the number of
inflammatory foci in the spinal cord was significantly higher
in the EAE group compared with the naive group (Fig. 3a, b).
In contrast, mice treated with inosine (1 mg/kg) showed a
significantly lower number of inflammatory foci compared
with the untreated EAE group (Fig. 3a, b). In addition, the
demyelination index was significantly higher in the EAE
group whereas treatment with inosine (1 mg/kg) significantly
prevented myelin loss (Fig. 3¢, d). Of great relevance, ino-
sine (1 mg/kg) prevented demyelination, maintaining

throughout the test period. Hyperalgesia upon mechanical stimulation
with von Frey filaments 0.4 g (a) plus AUC (b), filament 0.6 g (¢) plus
AUC (d), cold thermal stimulation (e) plus AUC (f), and hot thermal
stimulation 11 (g), 13 (h), and 15 (i) days p.i. INO [ inosine 1 mg/kg,
Dpi days post-immunization. Data are presented as mean+SEM of 4-6
mice/group. *p <0.05, **p<0.01, and ***p <0.001 versus the naive
group, *p<0.05, #p<0.01, and #*p<0.001 versus the EAE group
(two-way ANOVA followed by Bonferroni’s test for a, ¢, and e and
one-way ANOVA followed by Newman-Keuls for b, d, and f-i)

tissue integrity similar to that observed in the naive
group (Fig. 3c, d). In addition, reactive astrogliosis con-
tributes to the extent of CNS damage in EAE [47]. In
the next step, we assessed whether treatment with
inosine exerts a role on astrocytic cell activation in
the spinal cord 40 days post-immunization. GFAP
immunoreactivity was up-regulated in the untreated
EAE group when compared with the naive group
(Fig. 3e, f). Remarkably, treatment with inosine
(1 mg/kg) was also effective in preventing reactive
astrogliosis (Fig. 3e, f).
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EAE

LBF staining © H&E staining

GFAP staining m

Fig.3 Inosine ameliorates EAE pathology. The lumbar spinal cords were
analyzed on day 40 p.i. in different experimental groups for
neuroinflammation by H&E staining (a and b), for demyelination by
luxol fast blue staining (¢ and d) and astroglial activation by GFAP
immunoreactivity (e and f). Specifically, four 5-um sections of lumbar
spinal cord white matter were obtained between L4 and L6 from the naive
group, EAE group, and mice pre-treated with inosine (I mg/kg). The
EAE group exhibited a higher inflammatory cells infiltration (a and b),
demyelination area (¢ and d), and astroglial activation (e and f) when

Inosine Inhibits IL-17 Cytokine Production
in the Peripheral Lymphoid Tissue

Previous studies have suggested a strong association be-
tween IL-17 levels and MS severity [11], which pathogen-
ic potential is associated with a marked neuroinflammatory
process [48]. To provide evidence as to whether inosine
treatment could suppress IL-17 cytokine expression, we
examined inguinal lymph node and spinal cord IL-17
levels 40 days post-immunization. Initially, IL-17 level
was not altered in the spinal cord (Fig. 4a), but these
values were markedly increased in the inguinal lympho-
cytes of untreated EAE group compared with naive group
(Fig. 4d). Inosine (1 mg/kg) significantly inhibited the
levels of IL-17 in the inguinal lymph nodes after EAE
induction (Fig. 4d). To investigate whether the immuno-
modulatory effects of inosine were linked to the up-
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compared with naive group, and inosine pre-treatment reduced signifi-
cantly neuroinflammation (a and b), demyelination (¢ and d), and
astrogliosis (e and f) when compared with the EAE group.
Magnification correspond x400. O.D. optical density, /NO [ inosine
1 mg/kg. Data are presented as mean+ SEM of 4—6 mice/group.
#%p<0.01 and ***p <0.001 versus the naive group, *p <0.05 and
##i1 <0.001 versus the EAE group (one-way ANOVA followed by
Newman-Keuls)

regulation of anti-inflammatory cytokines, we measured
the IL-4 and IL-10 levels in the spleen and spinal cord
after EAE induction. Importantly, pronounced increase in
IL-4 and down-regulation of IL-10 levels was observed in
the spinal cord and spleen, respectively, after EAE-
immunization (Fig. 4b, f). Inosine markedly inhibited the
up-regulation of IL-4 in the CNS (Fig. 4b) and spleen
(Fig. 4e), after EAE induction; however, IL-10 production
was not significantly affected by treatment with inosine in
the spinal cord (Fig. 4c). Together, our data suggest that
inosine inhibits EAE development and progression, as well
as neuroinflammation and demyelination through a reduc-
tion in the expansion, activation and/or proliferation of
encephalitogenic lymphocytes, especially Th17 cells,
which are the main producers of IL-17 in peripheral lym-
phoid tissues during autoimmune neuroinflammatory
disease.
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Fig. 4 Preventive treatment with

Spinal cord

inosine reduces 1L-17 level in the
peripheral lymphoid tissue after
EAE-induction. Mice were
immunized on days 0 and 7 with
MOGj3;5_55/CFA and spinal cord
(a—c), lymph nodes (d), and
spleen (e and f) were collected on
day 40 p.i. Level of IL-17 (a and
d), IL-4 (b and e), and IL-10 (¢
and f) were determined by ELISA
assay and expressed in pg/mg of
protein. /NO [ inosine 1 mg/kg.
Data are presented as mean

+ SEM of 4-6 mice/group.
*p<0.05 and **p <0.01 versus
naive group, *» <0.01 and
###p< 0.001 versus EAE group
(one-way ANOVA followed by
Newmann—Keuls)
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Immunomodulatory Effect of Inosine During EAE
Correlates with the Adenosine A2A Receptor

Several previous studies have shown that AIR and A2AR
expression is involved in EAE severity [49, 50]. In addition,
immunomodulatory effects of inosine may depend at least in
part on adenosinergic receptors signaling [25]. Herein, a new
set of experiments were conducted to explore whether or not
inosine could interfere with adenosinergic receptors Al and
A2A expression in the spinal cord after EAE immunization.
Indeed, as can be seen in Fig. 5, pronounced up-regulation of
A2AR mRNA and protein levels were observed in the EAE
group (Fig. Sb—e), while AIR mRNA and protein significant-
ly down-regulated in white-matter of the untreated EAE group
compared to the naive group (Fig. 5Sa—d). Importantly, inosine
(1 mg/kg) administration resulted in strikingly reduced A2AR
mRNA and protein levels (Fig. 5Sb—e), and up-regulated A1R
mRNA expression in the CNS 40 days after EAE induction
(Fig. 5a). However, inosine treatment failed to increase A1R
protein levels in the spinal cord when compared to the untreat-
ed EAE group (Fig. 5¢, d).

Pre-treatment with Inosine Does Not Suppress
the Increase of p-ERK Expression Following EAE

It was previously reported that p-ERK-1 is increased in the
spinal cord after established EAE and is related to the inci-
dence and severity of disease [51]. The results demonstrate
higher expression of p-ERK in the spinal cord of the untreated
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EAE group 40 days after immunization compared to the naive
group (Fig. 5f, h). However, p-ERK and total ERK levels were
not significantly altered by inosine (1 mg/kg) treatment when
compared to the untreated EAE group (Fig. 5t-h). Thus, our
data suggest that the immunomodulatory and analgesic effects
of inosine during EAE model depend, at least in part, on
adenosine A2A receptor modulation by ERK1-independent
pathways.

Inosine Does Not Reverse EAE-Induced Fatigue
and Anxiety-Like Behavior

In addition to motor and sensory symptoms, fatigue is another
disability associated with MS progression [52]. Therefore, to
evaluate fatigue-like behavior in the course of EAE, mice
were submitted to a weight load swimming test (WLST) on
the 14th day post-induction. Figure 6a shows that EAE induc-
tion led to a shorter swimming time in mice. Compared with
the untreated EAE group, inosine treatment (1 mg/kg) provid-
ed no significant reversal in EAE-induced fatigue behavior
during the pre-motor stage of the disease (Fig. 6a). Another
common symptom in MS patients is anxiety, and it has been
reported that anxious-like behavior sometimes overlaps with
the manifestation of EAE motor signs [53, 54]. In this study,
we submitted mice to the elevated plus maze test (EPM) to
evaluate the effect of inosine on EAE-induced anxiety-like
behavior on day 12 during the pre-motor phase. As shown
in Fig. 6b, there was no significant difference in the number
of entries into the closed arms among the experimental
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Fig. 5 Inosine modulates adenosinergic receptors expression/levels
without affecting phosphorylation of ERK1 in spinal cord during EAE
pathology. Total mRNA and protein levels were extracted from the
lumbar spinal cord (L4-L6) of mice in the naive group, untreated EAE
group, and mice pre-treated with inosine (1 mg/kg) on day 40 post-im-
munization. The mRNA levels of AIR (a) and A2AR (b) were measured
by RT-PCR. The housekeeping gene GAPDH mRNA was used to nor-
malize the relative amounts of mRNA. The protein expression levels of

groups, which confirms no locomotor debility during the EAE
pre-motor phase. Importantly, the untreated EAE mice dem-
onstrated a decrease in the percentage of entries into the open
arms and spent significantly less time in the open arms when
compared to naive mice (Fig. 6¢, d). However, mice treated
with inosine (1 mg/kg) did not show a higher percentage of
entries nor did they spend more time in the open arms than the
untreated EAE group (Fig. 6¢, d).

Discussion

MS is an autoimmune CNS disease for which no cure is pres-
ently known [7]. New medicines for MS have emerged, but
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AIR (c and d), A2AR (c and e), ERK1 (f and g), and p-ERK1 (f and h)
were determined by Western blotting analysis. The levels of protein were
expressed as ratio of signal intensity for the target proteins relative to that
for (3-actin. N naive group, Veh untreated EAE group, INO I inosine
1 mg/kg. Data are presented as mean+ SEM of 4—6 mice/group.
#p<0.05, *¥p<0.01, and ***p <0.001 versus naive group, *p <0.05
and ™p<0.01 versus EAE group (one-way ANOVA followed by
Newmann—Keuls)

the most widely used therapies have limitations associated
with side effects and, most importantly, do not effectively
change the course of the disease [44, 55]. So, additional ther-
apeutic options are urgently needed. A less detrimental com-
pound is required that provides effective and early immuno-
suppression to stabilize the cascade of events that culminates
in neurodegeneration and irreversible disability; this may limit
disease progression [8]. In this study, we focused on investi-
gating the effects of inosine in EAE progression and its impact
on the severity of clinical scores. We also aimed to understand
the mechanisms involved and sought to improve the pre-
motor signs of the disease, such as hyperalgesia, anxiety,
and fatigue.

The results of the present study show the effectiveness of
inosine (1 and 10 mg/kg) in blocking the development of EAE
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Fig. 6 Inosine treatment fails to reduce fatigue and anxiogenic-like be-
havior induced by EAE. Mice were immunized on days 0 and 7 with
MOGj3;5_55/CFA. Animals were tested during the induction phase of EAE
(0 to 14 days p.i.). The weight-loaded swimming test (WLST) performed
on day 14 p.i. The EAE group showed reduced endurance performance;
however, preventive treatment with inosine (1 mg/kg, i.p.) did not im-
prove symptoms when compared with the EAE group (a). The elevated

in C57BL/6 mice, a validated experimental model to study
MS. In agreement with previous reports in which inosine treat-
ment improved clinical scores in MS patients [36, 37], the
treatment of EAE mice with inosine had beneficial actions in
modulating the onset of disease and preventing its progression
by reducing the severity of clinical signs. Moreover, adminis-
tration of inosine induced pronounced and long-lasting effects
against mechanical and thermal hyperalgesia after EAE im-
munization. The protective role of inosine was mediated by its
anti-inflammatory effects through the inhibition of inflamma-
tory cell infiltration into the CNS and a reduction in peripheral
lymphoid tissue IL-17 levels, as well as by preventing demy-
elination lesions and suppressing astrogliosis in the spinal
cord after treatment (see proposed scheme in Fig. 7).

The pathogenesis of MS and the EAE model is a complex
process, involving increased migration of encephalitogenic
lymphocytes across the BBB, successively inducing inflamma-
tory and demyelination lesions with oligodendrocyte and axon
depletion throughout the CNS [9]. The results reported here
indicate, for the first time to our knowledge, that inosine pre-
ventive treatment leads to a marked reduction in inflammatory
cell recruitment into the spinal cord and effectively prevents
demyelination areas in EAE mice after the established phase
of disease. Therefore, these results suggest a neuroprotective
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plus maze (EPM) test was performed on day 12 p.i. The EAE group
showed no change in entries in the closed arm (b), but exhibited a reduc-
tion in time spent in the open arm (c). The inosine treatment group
displayed a reduction in the number of entries into the open arm (d).
INO 1 inosine 1 mg/kg. Data are presented as mean+ SEM of 811
mice/group. *p <0.05 and ***p <0.001 and versus the naive group
(one-way ANOVA followed by Newman-Keuls)

effect of inosine, which can be observed in reduced EAE de-
velopment and decreased severity of clinical scores.

Fig. 7 Preventive treatment with inosine inhibits the development and
progression of EAE in C57Bl/6 mice. Furthermore, neuroinflammation,
and demyelinating processes were blocked by inosine treatment.
Additionally, inosine consistently inhibited IL-17 levels in peripheral
lymphoid tissue, as well as IL-4 levels and A2AR up-regulation in the
spinal cord, likely, through an ERK1-independent pathway. EAE
experimental autoimmune encephalomyelitis, MS multiple sclerosis,
A2AR adenosine A2A receptor, /L-17 interleukin-17, /L-4 interleukin-4
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Several findings have demonstrated a relationship be-
tween adenosine receptors and MS [56, 57]. In EAE
model, AIR protein expression has been shown neces-
sary to prevent neuroinflammation and demyelination
[49] since A1AR expression was concomitantly reduced
in brains of MS patients relative to non-MS brains [57].
Moreover, previous studies have shown A2AR protein
up-regulation in brain [56] and lymphocytes from MS
patients [50], as well as throughout the choroid plexus
in EAE model [38]. The A2AR protein up-regulation
may occur, per example, on microglial cells due to in-
flammatory stimuli, to the high inflammatory cells infil-
tration into the CNS and to inflammatory cytokines [45].
Importantly, Mills et al. [38] have reported that lack of
A2AR in CNS from EAE mice can block lymphocyte
infiltration. Earlier study also have demonstrated a role
of inosine in prevent cell migration during animal model
of inflammatory disease [26]. On the other side, extra-
cellular inosine can access the intracellular space through
nucleoside transporters and it can be degraded to uric
acid (UA). Kean et al. [58] demonstrated in EAE model
that UA acts protecting the BBB integrity through sup-
pression of inflammatory cells into CNS. Furthermore,
inosine was used to increase UA levels in MS patients,
thereby blocking neuronal lesion and improving clinical
scores [36]. Herein, inosine treatment down-regulates
both A2AR mRNA and protein levels in spinal, as well
as recovered A1IR mRNA levels, although the same re-
sults was not observed for AIR protein level. Therefore,
our data confirm and largely extend these previous data,
by demonstrating that inosine showed immunomodulato-
ry effects during EAE progression, and that this is asso-
ciated with A2AR down-regulation in the spinal cord.
However, to date, we are not able to confirm whether:
(i) inosine acts by directly activating A2A receptors, or
(i) the mouse diet is deficient in purines and inosine is
converted to inosine monophosphate (IMP) and then to
AMP to produce ATP and/or adenosine, or (iii) inosine is
metabolized to hypoxanthine which is then metabolized
to AMP and then to ATP and/or adenosine. For this
reason, future studies are needed to clarify this
hypothesis.

Accumulated evidence has suggested a potential pathogen-
icrole of IL-17 in MS development, with higher expression of
this cytokine found in T cells from MS lesions; Th17 cells are
associated with active plaques and increased clinical severity
of disease [11, 48]. These data are correlated to the involve-
ment of IL-17 in Th17 infiltration across the BBB, thereby
facilitating neuroinflammation and consequent CNS injury
[59]. It has been shown that high levels of pro-inflammatory
cytokines like IL-17 are expressed in peripheral lymphoid
tissues of EAE-induced mice [46, 60], corroborating our re-
sults in the untreated EAE group 40 days after immunization.
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Herein, we demonstrate that inosine treatment pronouncedly
reduced IL-17 levels in the inguinal lymph nodes of EAE
mice, as well as inhibited the up-regulation of IL-4 in the
CNS and spleen after EAE induction, albeit IL-10 levels did
not differ between the two groups in the spinal cord. Taken
together, we suggest that the protective effects of inosine on
neuroinflammation are associated, in part, with IL-17 suppres-
sion. This may be due to a decrease in the differentiation and/
or proliferation of Th17 cells, i.e., IL-17 producers, in second-
ary lymphoid tissues. Therefore, future studies will need to
investigate whether inosine could inhibit these cells in CNS
after EAE induction, as well as examine whether or not ino-
sine directly modulates the Th2 (CD3*CD4*1L-4"GATA3")
and/or Treg (CD3"CD4"IL-10*TGF-B*FoxP3") during de-
velopment of EAE.

In established EAE, after the migration of pro-
inflammatory T cells across the BBB, disease progression is
also affect by astroglial activation [46, 61], which contributes
to the secretion of soluble pro-inflammatory mediators [11];
this exacerbates neuroinflammation and the death of oligoden-
drocytes and, consequently, drives demyelination [1]. Our re-
sults show that EAE induced significant astroglial activation
in the spinal cord after immunization, which was markedly
reduced by inosine treatment. As previously demonstrated,
IL-17 induces astroglial activation [62]. Since inosine reduced
IL-17 levels in peripheral lymphoid tissue, associated with the
inhibition of neuroinflammation, this could be the pathway by
which inosine reduces astroglial activation.

It has been demonstrated that ERK1 modulates autoim-
mune disorders like EAE, which suggests that a deficiency
in ERKI1 in vivo increases susceptibility to EAE [35].
Previous studies have shown that elevated p-ERK following
EAE occurs due to the neuroinflammatory process, and ERK
inhibition suppresses the clinical signs of disease [63]. Our
results show significant ERK phosphorylation in the untreated
EAE group 40 days after immunization; while inosine treat-
ment did not significantly modulate ERK phosphorylation.

Several patients with MS suffer chronic pain, which is of-
ten a major symptom of the disease [64]. Prior to the motor
phase and associated with inflammatory and neuropathic pro-
cesses, a previous study revealed that the EAE model is char-
acterized by marked mechanical and thermal hyperalgesia
[19], in agreement with our results. Here, there were no sig-
nificant differences between the 0.4 and 0.6 g von Frey fila-
ment response, a measure of moderate mechanical
hyperalgesia [40]. Inosine has been considered an A1R ago-
nist [31] and the involvement of A1 and A2A receptors on its
analgesic effects have been reported [28, 29]. Herein, our data
show that preventive treatment with inosine produced signif-
icant inhibition of mechanical and thermal (cold and hot)
hyperalgesia during EAE progression. In addition,
hyperalgesia can be modulated by increased IL-17 levels
due to astrocytes reactivity in the spinal cord after EAE
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induction [19, 65]. Therefore, it is also possible that the anal-
gesic effect of inosine is related to the inhibition of peripheral
IL-17 levels and astroglial activity.

These results demonstrate the protective effect of inosine in
the EAE model. Based on these findings, we further investi-
gated the effect of inosine on anxiety and fatigue-like signs in
EAE mice. Anxiety-like behavior reported in EAE mice may
overlap or not with the manifestation of the motor signs of
disease [53, 54]. In this study, we demonstrated significant
anxiety-like behavior in untreated EAE mice during the pre-
symptomatic phase of disease compared to the naive group.
Recently, an anxiolytic-like effect of inosine has been reported
in a depression model by Muto et al. [66]; however, our find-
ings did not show any prevention of anxiety-like behavior by
inosine treatment after EAE induction. Corroborating our da-
ta, the involvement of adenosinergic receptors in the modula-
tion of anxiety is controversial and the central mechanisms
involved remain to be established [67, 68]. Finally, the fatigue
symptoms of MS could reflect varying combinations of fac-
tors following disease [69] and may be present regardless the
amount of exertion and even with no exertion at all [16].
Supporting previous MS human studies [70], our data dem-
onstrate fatigue-like behavior in mice after EAE induction
during the pre-motor phase. However, inosine was not effec-
tive in reversing fatigue-like behavior following EAE induc-
tion Rather, inosine treatment improved factors that could be
determinants of a fatigue state, such as the inhibition of
hyperalgesia and the prevention of corporal mass loss.

Nowadays, it is not known if inosine is safe or what the
possible side effects might be, although kidney stone forma-
tion was observed in 4/16 subjects with relapsing—remitting
MS (RRMS), after oral administration of inosine during a 1-
year randomized, double-blind trial [36]. In addition, unused
inosine is converted by the body to UA, which may be haz-
ardous to people at risk for chronic asymptomatic hyperurice-
mia and, consequently, gout, coronary heart diseases, and ure-
thral and kidney stones. Therefore, further studies are neces-
sary to prove the treatment’s efficacy and safety.

Conclusion

In summary, the data presented here demonstrate that inosine
preventive treatment inhibited the development of neurologi-
cal signs of EAE and disease progression, which was associ-
ated with the blockade of immune cell migration and demye-
linating processes in the CNS. It should be noted that inosine
showed a relevant effectiveness in EAE-induced inflamma-
tion, since it also inhibited astroglial activity in the spinal cord
and down-regulated IL-17 levels in peripheral lymphoid tis-
sues, which may be related to its effect on thermal and me-
chanical hyperalgesia. In addition, our data also indicate that
the effect of inosine on EAE, possibly, occurs through the

down-regulation of A2AR in the spinal cord via an ERK1-
independent pathway. Altogether, our findings support previ-
ous studies and provide new evidence that inosine, an endog-
enous purine nucleoside, represents an attractive molecule for
the development of a new disease-modifying therapy for MS
(Fig. 7). However, additional studies will need to assess the
effect of inosine in different signaling pathways related to
A2A adenosine receptors.
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