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Fig. 1. Oral administration of fingolimod ameliorates oAB-induced memory impairment.

(A) Experimental scheme of behavioral assessments. (B, C) Effect of fingolimod treatment on object recognition memory of 0Af1-42-injected mice in the novel object
recognition test. Retention session was carried out 24 h after training. Values are means =+ SE (n=9-10). *, p<0.05 vs. 0AB42-1/vehicle. t, p<0.05 vs. 0AR1-42/vehicle. (D,
E) Effect of treatment with fingolimod on associative learning of 0AR 1-42-injected mice in the conditioned-fear learning test. Retention session was carried out 24 h after
training. Context-dependent (D) and tone-dependent (E) freezing times were measured. Values are means=+SE (n=9-10). *, p<0.05 vs. 0AB42-1/vehicle. {, p<0.05 vs.
0AB1-42/vehicle.

14 for group 2). For the contextual test, mice were placed back into 2.5. Quantitative analysis of BDNF protein

the conditioning cage, and the freezing response was measured for

2 min in the absence of the conditioned stimulus. For the cued test, Mice were euthanized after the behavioral experiments (days 14
mice were placed in the neutral cage and the freezing response was and 15). Contralateral left-brain hemispheres, including the cere-
measured for 1 min in the presence of the conditioned stimulus. bral cortices and hippocampi but excluding the striatum, were
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immediately dissected after perfusion of PBS to rule out direct
effects of injury induced by the injection needle. Collected sam-
ples were immediately frozen and stored at —80 °C until the assay.
All dissections were performed using brain matrix (BrainScience
Idea, Osaka, Japan) and based on an anatomic atlas {31}

Samples were homogenized in 10 volumes of lysis buffer
(137 mM NaCl, 20 mM Tris-HCl [pH 8.0}, 1% NP-40, 10% glycerol)
with protease inhibitor mixture (Complete, Mini, EDTA-free, Roche)
using ultrasonication. After centrifugation at 10,000 x g for 15 min
at4°C, supernatants were assessed using the BDNF ELISA kit (Emax
ImmunoAssay Systems; Promega, Madison, W1, USA) as described
previously [24]. Assays were carried out in nine or ten independent
trials.

2.6. Statistical analysis

All data are expressed as means =+ SE. Statistical significance was
determined using one-way analysis of variance (ANOVA) for multi-
group comparisons. Fisher's LSD was used for post hoc comparison
when the F-value was significant (p <0.05).

3. Results

3.1. Oral administration of fingolimod ameliorates oAB-induced
memory impairment

Firstly, we investigated the efficacy of fingolimod on oAR1-
42-induced impairment of recognition memory in the NORT. As
shown in Fig. 1C, i.cv. injection of 0AP1-42 significantly reduced
exploratory preference for the novel object in the retention session
(F(335)=5.43, p<0.05), without affecting total exploration time in
the training and retention sessions (Fig. 1B, training: F(335y=0.52,
p>0.05; retention: F33s)=1.26, p>0.05), indicating that recog-
nition memory was impaired in oAR1-42-injected mice. Oral
administration of fingolimod (1 mg/kg) in 0AB1-42-injected mice
significantly improved exploratory preference in the retention ses-
sion (Fig. 1C, F(335)=5.43, p<0.05), without affecting exploratory
preference in the training session (Fig. 1C, F335y=0.20, p>0.05) or
total exploration time in the training or retention session (Fig. 1B,
training: F3 35y=0.52, p>0.05; retention: K3 35,=1.26, p> 0.05).

Fingolimod treatment per se had no effect on exploratory pref-
erence or total exploration time in 0AB42-1-injected control mice
(Fig. 1B and C).

Next, we evaluated associative learning in a conditioned-fear
learning test. In the preconditioning phase (training), all groups
of mice exhibited very little freezing (data not shown). 0AB1-
42-injected mice exhibited less freezing than control mice in
both contextual and cued tests (Fig. 1D, context: F33s)=14.92,
p<0.05; Fig. 1E, tone: F335=16.79, p<0.05), indicating that
associative learning was impaired in oA 1-42-injected mice. Fin-
golimod treatment ameliorated the 0Ap1-42-induced decrease in
the context-dependent freezing response (Fig. 1D: F335)=14.92,
p<0.05), but not in the tone-dependent freezing response (Fig. 1E:
p>0.05). No alterations of the nociceptive response were found in
any group: there was no significant difference between the groups
in the minimal current required to elicit flinching/running, jump-
ing, or vocalization (data not shown).

Fingolimod treatment per se had no effect on associative learn-
ing in 0AB42-t-injected control mice (Fig. 1D and E).

3.2. Fingolimod restored BDNF production in the brain. of
0ApB1-42-injected mice.

Finally, we investigated whether fingolimod exerts its neuro-
protective effects by up-regulating neuronal BDNF [24].
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Fig. 2. Fingolimod treatment increased BDNF production in the cerebrum of 0AB1-
42-injected mice. Mice were euthanized after behavioral assessments, and BDNF
levels in homogenates of cerebral cortices and hippocampi were measured by ELISA.
Values are means + SE (n=9-10). *, p<0.05 vs. 0Ap42-1/vehicle. {, p<0.05 vs. 0AB1-
42[vehicle.

BDNF levels were reduced in the cerebrum of 0AR1-42-injected
mice relative to those in 0AB42-1-injected control mice (Fig. 2,
Fi335)=3.91, p<0.05). Fingolimod treatment restored normal lev-
els of BDNF production in the cerebrum of 0AB1-42-injected mice
(p<0.05).

4. Discussion

In this study, we demonstrated that treatment with fingolimod
protects against 0ARB1-42-induced cognitive impairment, and that
this neuroprotection is accompanied by BDNF production.

0AB injection induced impairment of object-recognition mem-
ory (Fiz. 1B and C) and associated learning (Fig. 1D and E) in mice.
These results are consistent with our previous study revealing the
mechanism of AR neurotoxicity in this animal model [6]. Oral treat-
ment with fingolimod ameliorated oA 1-42-induced impairment
of recognition memory, and also restored the oAP1-42-induced
decrease in the context-dependent freezing response (Fig. 1D),
but did not affect the tone-dependent freezing response (Fig. 1E).
In general, context-dependent learning depends on hippocampus
function, whereas tone-dependent learning mainly depends on
amygdala function. In this animal model, we have shown that cor-
tical and hippocampal extracellular macromolecules are involved
in AB-induced cognitive impairment and neurotoxicity [6,7,321].
Moreover, it is possible that the expression levels of BDNF and
its receptor TrkB are much higher in the hippocampus than in
the amygdala [33,34]. Thus, fingolimod may exert its protective
effects via inhibition of extracellular macromolecules that induce
apoptotic and/or necrotic cell death, or via up-regulation of fac-
tors that promote the cell survival and synaptic plasticity in the
cortico-hippocampus. Consistent with these findings, fingolimod
treatment inhibited neuronal damage in the CA1 or dentate gyrus
inrats that received intrahippocampal or intracortical AR injection,
respectively [35.36].

BDNF/TrkB signaling impacts neuronal survival, axon growth,
neuronal transmission, and synaptic plasticity [37-39]. Reduction
in the BDNF level leads to disruption of memory formation and
maintenance {40,471}, whereas overexpression of full-length TrkB
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can facilitate spatial memory and associative learning {42 ]. More-
over, in Alzheimer’s disease, the BDNF expression level is severely
reduced in the hippocampus and some cortical areas |43 44}, and
plasma BDNF level might be useful as a behavioral state marker
in Alzheimer’s disease patients [45,4G{. We have also demon-
strated that BDNF expression is reduced in the hippocampus in an
animal model of mild cognitive impairment [8]. Thus, BDNF sig-
naling is a pivotal modulator of memory formation, and may be
involved in the pathology of Alzheimer's disease, which is associ-
ated with AR production, accumulation, and aggregation [411. In
this study, we showed that repeated treatment with fingolimod
restored normal levels of BDNF protein in the cortico-hippocampus
of 0AB1-42-injected mice (Figz. 2). Taken together with the results of
our previous study showing that BDNF/TrkB signaling is critical for
the neuroprotective effects of phosphorylated fingolimod against
oAP-induced neurotoxicity {24}, these findings demonstrate that
therapeutic effect of fingolimod in Alzheimer's disease is mediated
by an increase in neuronal BDNF. Two recent reports have corrobo-
rated the potential therapeutic utility of our approach: in one study,
fingolimod improved functional recovery after spinal cord injury
via nonimmunologic mechanisms [47]; in the other, fingolimod
counteracted NMDA-induced neuronal death in a BDNF-dependent
manner in a mouse mode] of Rett syndrome {481, In addition, S1P
itself exerts neuroprotective effects against soluble oAB-induced
cell death, via inactivation of acid sphingomyelinase {49}, and
fingolimod also reduces neuronal Af production via signaling path-
ways independent of S1PR, although the details remain to be
elucidated [501. Thus, fingolimod may exert neuroprotective effects
against 0AB-induced neurotoxicity via multiple pathways.

5. Conclusions

This study demonstrates that fingolimod exerts a striking ther-
apeutic effect in oAB-induced memory impairment. Thus, S1P
receptors and associated signaling pathways are a potential tar-
get for the treatment of Alzheimer’s disease via up-regulation of
BDNF production.
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Sirtuin 1 (SIRT1) exerts a neuroprotective effect on various neurologic diseases. Here we investigated the protec-
tive functions of SIRT1 in astrocytes, which are the most abundant cells in the central nervous system. Upregula-
tion of SIRT1 suppressed the expression levels of pro-inflammatory cytokines and increased the expression levels
of superoxide dismutase 2 and catalase. Inversely, inhibition of SIRT1 significantly increased the acetylation of
forkhead box protein 04, decreased the expression levels of superoxide dismutase 2 and catalase, and increased
the production of reactive oxygen species. OQur data suggest that astrocytic SIRT1 may elicit neuroprotective
effects through its anti-oxidative and anti-inflammatory functions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Sirtuin 1 (SIRT1) is a NAD-dependent histone deacetylase involved
in induction of lifespan extension by calorie restriction (CR) in many
organisms, including yeast, worms, flies, and mice (Kaeberlein et al.,
1999; Tissenbaum and Guarente, 2001; Rogina and Helfand, 2004;
Morselli et al., 2010). SIRTT suppresses pro-apoptotic factors and pro-
inflammatory factors by downregulating p53 (Vaziri et al., 2001;
Solomon et al.,, 2006) and nuclear factor-kappa B (NF-<B) (Yeung
et al., 2004; Chen et al., 2005), whereas it upregulates a select set of pro-
teins related to energy metabolism and pro-survival signals, such as
peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
(PGC-1at) (Amat et al., 2009; Wareski et al., 2009) and forkhead

box class O transcription factors (FOXOs) (van der Horst et al., 2004)..

PGC-1w, which plays a pivotal role in metabolic regulation, coactivates
the peroxisome proliferator-activated receptor transcription factor
family and estrogen-related receptors to increase expression of en-
zymes involved in fatty acid oxidation and oxidative phosphorylation
while inhibiting glucose oxidation (Finck & Kelly, 2007). FOXOs
play important roles in regulating metabolism, the cell cycle, stress tol-
erance, and longevity. These transcription factors activate antioxidant
enzymes such as superoxide dismutase 2 (SOD2), catalase, or Sestrins
to reduce levels of reactive oxygen species (ROS) (Hagenbuchner &
Ausserlechner, 2013).

* Corresponding author. Tel.: 481 52 789 3883; fax: +81 52 789 5047.
E-mail address: htake@riem.nagoya-u.ac,jp (H. Takeuchi).

http://dx.doi.org/10.1016/j.jneuroim.2014.02.001
0165-5728/© 2014 Elsevier B.V. All rights reserved.

Astrocytes are the most abundant cells in the central nervous system
(CNS) and play a crucial role in the maintenance of CNS homeostasis.
They cooperate metabolically with neurons in several ways: by supply-
ing metabolites involved in energy production, by aiding in neurotrans-
mitter recycling functions, and by providing antioxidant support (Pastor
et al., 2009; Allaman et al., 2011). Astrocytes exert neuroprotective
functions during CNS trauma, stroke and cerebrovascular disease,
infection, seizure disorders, multiple sclerosis, autoimmune inflammato-
ry disorders, and neurodegenerative disease (Koistinaho et al., 2004;
Stevens, 2008; Sofroniew and Vinters, 2010; Ha et al., 2013). Expression
of SIRT1 in neurons contributes to neuroprotective functions (Hasegawa
& Yoshikawa, 2008; Pizarro et al,, 2011; Torres et al., 2011), but the
precise roles of astrocytic SIRT1 are still unclear.

In this study, we investigated the roles of astrocytic SIRT1 in anti-
inflammatory and anti-oxidant functions. Our findings suggest that
astrocytic SIRTT may be a potential therapeutic target for treatment of
neurologic diseases such as multiple sclerosis and Alzheimer's disease.

2. Materials and methods
2.1. Astrocyte culture

The protocols for animal experiments were approved by the Animal
Experiment Committee of Nagoya University. Mouse primary astrocytes
were prepared from primary mixed glial-cell cultures of newborn C57BL/
6] mice (SLC, Shizuoka, Japan), as described previously (Suzumura
et al,, 1987). The purity of astrocytes was >95%, as determined by immu-
nostaining with anti-GFAP antibody. Cells were cultured in maintenance
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medium (Dulbecco's Modified Eagle Medium supplemented with 10%
fetal bovine serum, 5 pg/ml bovine insulin, and 0.6% glucose). Astrocytes
were plated at a density of 1 x 10* cells/well in 96-well multidishes,
1 x 10° cells/well in 24-well multidishes, or 5 x 10> cells/well in 6-cm
culture dishes.

To assess astrocytic expression of SIRT1, confluent astrocytes were
treated with glucose-free medium (Dulbecco's Modified Eagle Medium
supplemented with 10% fetal bovine serum and 5 pg/ml bovine insulin)
or maintenance medium for 0, 24, 48, or 72 h.

To assess the production of pro-inflammatory cytokines, confluent
astrocytes were treated with glucose-free medium containing 1 pg/ml li-
popolysaccharide (LPS) and/or 100 nM SIRT1 inhibitor I1I (Calbiochem)
for 72 h.

To measure ROS levels, confluent astrocytes were treated with
glucose-free medium containing 1-100 nM SIRT1 inhibitor I for 72 h.

2.2. Quantitative RT-PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen) and
reverse transcribed with SuperScript I (Invitrogen). Expression levels of
mRNAs encoding SIRT1, tumor necrosis factor oo (TNF-av), interleukin-
1B (IL-1P), SOD2, and catalase were evaluated by quantitative PCR
(gPCR) using TagMan Gene Expression Master Mix (Applied Biosystems)
on a Rotor-Gene Q real-time PCR cycler (Qiagen). The following
mouse gene-specific primers and probes were obtained from Applied
Biosystems: SIRT1, Mm00490758_m1; TNF-o, Mm00443258_m1; IL-13,
MmO00434228_m1; SOD2, Mm01313000_m1; catalase, Mm00437992_
m1; B-actin, Mm00607939_s1; and GAPDH. Gene expression values
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Fig. 1. Glucose deprivation activates the NAD-SIRT1 pathway in astrocytes. Astrocytes were
treated with glucose-free medium or maintenance medium for O, 24, 48, or 72 h.
(A) NAD+/NADH ratios (n = 5).*,p< 0.05; ,p< 0.01; f, p < 0.001. (B) SIRT1 mRNA levels
(n=23).%p< 001;,p< 0.001. (C) SIRT protein levels (n = 4). Left, representative image of
immunoblots; right, quantitations of immunoblots. *, p < 0.01. White column, control; black
column, glucose deprivation. All quantitative data are given as means = SEM, normalized to
the corresponding values from cells in glucose-free medium at 0 h.

were determined by the AAC; method. The genes of interest were stan-
dardized to the geometric mean of 3-actin and GAPDH. At least three
independent trials were carried out for each assay.

2.3. Immunoprecipitation and immunoblotting

To assess the protein expression levels of SIRT1, SOD2, and catalase,
cells were lysed in TNES buffer (50 mM Tris-HCl [pH 7.5], 150 mM Nacl,
1% Nonidet P-40, 2 mM EDTA, and 0.1% SDS) with protease inhibitor
mixture (Complete Mini EDTA-free; Roche). Cell lysate proteins
dissolved in Laemmli sample buffer (30 pg/well) were separated on
4-20% SDS-polyacrylamide gels (Mini-Protean TGX™, Bio-Rad) and
transferred to Hybond-P polyvinylidene difluoride membranes
(GE Healthcare). The membranes were blocked with 5% skim milk in
Tris-buffered saline containing 0.05% Tween-20 (TBS-T) for 1 h at
room temperature, and then incubated overnight at 4 °C with rabbit
anti-SIRT1 polyclonal antibody (1:1000, #2028; Cell Signaling Technol-
ogy), rabbit anti-SOD2 polyclonal antibody (1:200, sc-30080; Santa
Cruz Biotechnology), goat anti-catalase polyclonal antibody (1:200,
sc-34285; Santa Cruz Biotechnology), goat anti-FOX04 polyclonal anti-
body (1:200, sc-5221; Santa Cruz Biotechnology), or mouse anti-B-
actin monoclonal antibody (1:5000, AC-15; Sigma), followed by incuba-
tion with horseradish peroxidase-conjugated secondary antibodies
(1:5000, GE Healthcare) for 1 h at room temperature. To assess
FOX04 acetylation, cells were lysed in TNE buffer (50 mM Tris-HCl
[pH 7.5], 150 mM Nadcl, 1% Nonidet P-40, 2 mM EDTA) with protease
inhibitor mixture, and 500 pg of cell lysate protein was incubated over-
night at 4 °C with Dynabeads Protein G (Life Technologies) bound to
goat anti-FOXO04 polyclonal antibody. Next, samples were washed
three times with TNE buffer and lysed in Laemmli sample buffer. SDS-
PAGE and transfer were performed as described above, The membranes
were blocked with 5% skim milk in TBS-T for 1 h at room temperature,
and then incubated overnight at 4 °C with rabbit anti-acetylated lysine
polyclonal antibody (1:1000, #9441; Cell Signaling Technology) or goat
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Fig. 2. SIRT1 activation significantly suppresses expression of pro-inflammatory cytokines
in astrocytes. Astrocytes were treated with glucose-free medium containing LPS and SIRT1
inhibitor for 72 h. (A) TNF-a mRNA levels. (B) IL-13 mRNA levels. *, p < 0.05; f,p < 0.01;
I, p < 0.001. Values are means 4 SEM (n = 3).
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anti-FOX04 polyclonal antibody (1:200), followed by incubation with
horseradish peroxidase-conjugated secondary antibodies (1:5000) for
1 h at room temperature. The signals were visualized using SuperSignal
West Dura chemiluminescent substrate (Thermo Fisher Scientific) and
quantitated using a CS Analyzer 3.0 system (Atto). Assays were carried
out in three independent trials.

2.4. NAD +/NADH quantification

The ratio of NAD + to NADH in astrocytes was determined using the
NAD -+/NADH Quantification Kit (BioVision).

2.5. Measurement of superoxide and ROS

MitoSOX™ Red mitochondrial superoxide indicator (Invitrogen) was
used to detect astrocytic production of superoxide. Live astrocytes were
treated with glucose-free medium containing 100 nM SIRT1 inhibitor
III (Calbiochem) for 72 h. Cells were incubated with 5 uM MitoSOX™
reagent at 37 °C for 10 min in the dark. After gentle washing and
counterstaining with Hoechst 33342, samples were observed using a
BZ-8000 deconvolution fluorescence microscope system (Keyence).

To measure ROS, confluent astrocytes on a 96-well plate were treat-
ed with glucose-free medium containing 1-100 nM SIRT1 inhibitor 111
(Calbiochem) for 72 h, and then cells were incubated with 5 pM
CellROX™ Deep Red reagent (Invitrogen) at 37 °C for 30 min in the
dark. After three gentle washes, the fluorescence at 630/665 nm was
measured using a Wallac 1420 ARVOyx (PerkinElmer).

2.6. Statistical analysis

Statistical significance was analyzed with Student's t-test or one-
way analysis of variance followed by post-hoc Tukey's test, using
GraphPad Prism version 5.0 (GraphPad Software).

A

Control

Glucose deprivation

3. Results

3.1. Glucose deprivation increases the NAD +/NADH ratio and upregulates
SIRT1 expression in astrocytes

Calorie restriction strongly induces SIRT1 expression in vivo, and
glucose deprivation has been widely used to mimic calorie restriction
in vitro. SIRT1 is a NAD-dependent deacetylase, and an increase in the
NAD +/NADH ratio upregulates SIRT1 expression (Vaziri et al,, 2001).
We first sought to determine whether glucose deprivation activates
the NAD-SIRT1 pathway in astrocytes. As shown in Fig. 1A, the
NAD +/NADH ratio in astrocytes increased significantly, in a time-
dependent manner, upon glucose deprivation.

gRT-PCR assessments confirmed that glucose deprivation signifi-
cantly upregulated SIRTT mRNA expression in a time-dependent man-
ner (Fig. 1B). The protein level of SIRT1 was also increased by glucose
deprivation (Fig. 1C).

3.2. SIRT1 inhibition significantly upregulates astrocytic production of pro-
inflammatory cytokines and ROS

We next investigated whether SIRT1 upregulation affects the pro-
inflammatory function of astrocytes under pathologic conditions.
Whereas LPS stimulation increased the expression levels of pro-
inflammatory cytokines such as TNF-a and IL-1p, glucose deprivation
dramatically downregulated these cytokines (Fig. 2A and B). The effects
of glucose deprivation were partially reversed by the addition of SIRT1
inhibitor (Fig. 2A and B). These data are consistent with those of previ-
ous studies (Yeung et al., 2004; Chen et al., 2005).

Next, we investigated whether SIRT1 activation affects ROS
production in astrocytes. When astrocytes were deprived of glucose,
ROS production did not detectably change (Fig. 3A and B). However,
the addition of SIRT1 inhibitor significantly increased ROS production
(Fig. 3A and B), whereas treatment with SIRT1 inhibitor did not induce
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Fig. 3. SIRT1 inhibition significantly upregulates ROS production. ROS production was induced by incubation of astrocytes with SIRT1 inhibitor for 72 h. (A) Representative image of su-
peroxide production in astrocytes. Red, superoxide (MitoSOX™ Red); blue, Hoechst 33342. Scale bar, 30 um. (B) ROS production in astrocytes, All data were normalized to the control value

(white column). ¥, p < 0.05. Values are means £ SEM (n = 7).
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ROS production under normal glucose condition (data not shown). Pre-
vious studies have shown that glucose deprivation also enhances ROS
production by mitochondria (Lee et al,, 1998; Ouyang & Giffard, 2004).
Therefore, glucose deprivation itself induced dual and opposing effects
on ROS production, and SIRT1 inhibition revealed the effect of SIRT1
under glucose deprivation. Taken together, these results indicated that
SIRT1 is an important negative regulator of inflammation and oxidative
stress in astrocytes.

3.3. SIRT1 activation upregulates antioxidant enzymes in astrocytes

SODs and catalase are the main scavengers of ROS. SODs catalyze the
conversion of superoxide into oxygen and hydrogen peroxide, which is
then converted to oxygen and water by catalase. Mammalian cells
express three isoforms of SOD: SOD1, SOD2, and SOD3. Among these
three isoforms, SOD1 and SOD2 exert a crucial role in controlling the
levels of ROS (Miao & St Clair, 2009).

In order to determine how SIRT1 activation reduced ROS in astrocytes,
we examined the expression levels of SOD1, SOD2, and catalase. Glucose
deprivation significantly increased the expression levels of SOD2 and
catalase; the addition of SIRT1 inhibitor significantly downregulated
these proteins (Fig. 4), whereas SOD1 was not affected (data not
shown). These data indicated that SOD2 and catalase are the main down-
stream effectors by which SIRT1 activity suppresses ROS production in
astrocytes. :
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Fig. 5. SIRT1 inhibition increases FOX04 acetylation. Cell lysates from astrocytes treated
with SIRT1 inhibitor for 72 h were immunoprecipitated with anti-FOX04 antibody and
immunoblotted with anti-Ac-lysine antibody and anti-FOX04 antibody. (A) Representa-
tive image of immunoblots. (B) Quantitations of immunoblots. All data were normalized
to the control value (white column). *, p < 0.05. Values are means + SEM (n = 3).
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Fig. 4. Glucose deprivation increases SOD2 and catalase expression. Astrocytes were treated with glucose-free medium containing SIRT1 inhibitor for 72 h. (A) SOD2 and catalase mRNA
levels. (B) SOD2 and catalase protein levels. Upper panel, representative image of immunoblots; lower panels, quantitations of immunoblots. All data were normalized to the correspond-

ing control values (white column). *, p < 0.05; f, p < 0.01. Values are means + SEM (n = 3).
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3.4. SIRT1 deacetylates the transcription factor FOX04

SIRT1 deacetylates histone and non-histone substrates, including
PGC-1ar, FOXOT1, FOX03a, and FOX04. Therefore, we examined the acet-
ylation of these proteins under glucose deprivation and SIRT1 inhibition.
Glucose deprivation did not obviously influence FOX04 acetylation, but
the addition of SIRT1 inhibitor significantly increased FOX04 acetylation
(Fig. 5). By contrast, SIRT1 did not affect deacetylation of PGC-1cx, FOXOT,
or FOX03a (data not shown). Therefore, our data suggested that FOX04
deacetylation is downstream of SIRT1 in astrocytes.

4. Discussion

In this study, we showed that SIRT1 attenuates oxidative stress and
inflammation in astrocytes via upregulation of the antioxidant enzymes
SOD2 and catalase. As shown in Fig. 6, signals from calorie restriction in-
crease the NAD +/NADH ratio, leading to upregulation of SIRT1. SIRT1
deacetylates FOX04, which upregulates SOD2 and catalase activities,
leading ultimately to suppression of ROS production.

Stimuli (e.g. calorie restriction)

|

NAD+/NADH 1

SOD2 I
Catalase

o

Fig. 6. Proposed mechanism of SIRT1 signaling in astrocytes. Signals from calorie restric-
tion increase the intracellular NAD +/NADH ratio, which subsequently upregulates
SIRT1 expression in astrocytes, leading to deacetylation of FOXO4 by SIRT1. Deacetylated
FOXO04 binds to the promoter sites of SOD2 and catalase and increases the expression of
these antioxidant enzymes, ultimately suppressing ROS production.

SIRT1 can deacetylate a variety of substrates, including PGC-1a
(Fernandez-Marcos & Auwerx, 2011), FOXO1 (Potente et al., 2007),
FOX03a (Brunet et al., 2004), and FOX04 (A van der Horst et al., 2004;
Tang, 2010; Armando van der Horst et al., 2004). In glucose-deprived as-
trocytes, only acetylation of FOXO4 was significantly upregulated by
SIRTT inhibition. Previous studies demonstrated that FOX04 upregulates
the expression levels of SOD2 and catalase by binding to their promoters
(Kwon et al,, 2010; Araujo et al., 2011). Taken together, our data suggest
that SIRT1 plays an important role in the antioxidant defense system via
deacetylation of FOX04, leading to upregulation of SOD2 and catalase.

Elevated ROS levels due to environmental factors can cause signifi-
cant damage to cells, a situation known as oxidative stress. SIRT1, a cru-
cial cellular survival protein, is also involved in resisting oxidative stress
(Salminen etal.,, 2013): it has been shown to exert an anti-oxidant func-
tion in the cardiovascular system (Yang et al., 2013) and kidney (Kitada
et al,, 2013}, but has not yet been demonstrated to do so in the CNS. Ex-
cessive ROS production has been implicated in a variety of neurologic
disorders such as Alzheimer's disease, Parkinson's disease, and other
neurodegenerative diseases, as well as in aging itself. Antioxidant ther-
apies have been proven effective against neuronal damage in these
diseases (Uttara et al.,, 2009). Therefore, our results underscore the po-
tential therapeutic value of astrocytic SIRT1 in protecting against oxida-
tive stress in the CNS.

5. Conclusion

This study demonstrated that SIRT1 suppresses ROS production in
astrocytes via deacetylation of FOX04, leading to upregulation of
SOD2 and catalase, suggesting that astrocytic SIRT1 may play a role in
neuroprotection by exerting anti-oxidative and anti-inflammatory
effects.
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CCL-1 in the spinal cord contributes to neuropathic
pain induced by nerve injury

N Akimoto™?®, K Honda?, D Uta®, K Beppu', Y Ushijima® Y Matsuzaki?, S Nakashima®, MA Kido®, K Imoto®, Y Takano® and M Noda*"

Cytokines such as interleukins are known to be involved in the development of neuropathic pain through activation of neuroglia.
However, the role of chemokine (C-C motif) ligand 1 (CCL-1), a well-characterized chemokine secreted by activated T cells, in the
nociceptive transmission remains unclear. We found that CCL-1 was upregulated in the spinal dorsal horn after partial sciatic
nerve ligation. Therefore, we examined actions of recombinant CCL-1 on behavioural pain score, synaptic transmission, glial cell
function and cytokine production in the spinal dorsal horn. Here we show that CCL-1 is one of the key mediators involved in the
development of neuropathic pain. Expression of CCL-1 mRNA was mainly detected in the ipsilateral dorsal root ganglion, and the
expression of specific CCL-1 receptor CCR-8 was upregulated in the superficial dorsal horn. Increased expression of CCR-8 was
observed not only in neurons but also in microglia and astrocytes in the ipsilateral side. Recombinant CCL-1 injected
intrathecally (i.t.) to naive mice induced allodynia, which was prevented by the supplemental addition of N-methyl-p-aspartate
(NMDA) receptor antagonist, MK-801. Patch-clamp recordings from spinal cord slices revealed that application of CCL-1
transiently enhanced excitatory synaptic transmission in the substantia gelatinosa (lamina lI). In the long term, i.t. injection of
CCL-1 induced phosphorylation of NMDA receptor subunit, NR1 and NR2B, in the spinal cord. Injection of CCL-1 also
upregulated mRNA level of glial cell markers and proinflammatory cytokines (IL-1, TNF-« and IL-6). The tactile allodynia induced
by nerve ligation was attenuated by prophylactic and chronic administration of neutralizing antibody against CCL-1 and by
knocking down of CCR-8. Our results indicate that CCL-1 is one of the key molecules in pathogenesis, and CCL-1/CCR-8
signaling system can be a potential target for drug development in the treatment for neuropathic pain.
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Neuropathic pain (also classified as chronic or malignant pain)
is associated with nerve injury of multiple aetiology
that includes acute trauma, diabetes, cancer, infection and
autoimmune pathology.” Pathogenesis of neuropathic pain
reflects complex remodelling of the spinal cord, with primary
role attributed to change of synaptic transmission and
activation of neuroglial cells, astrocytes and microglia.>™
Glutamate, the major excitatory neurotransmitter in the
brain and spinal cord, exerts its postsynaptic effects via a
diverse set of ionotropic and metabotropic membrane

receptors. The glutamate ionotropic N-methyl-p-aspartate
receptors (NMDARSs), specifically those localized in the dorsal
horn of the spinal cord, are critically involved in nociceptive
transmission and synaptic plasticity and have long been
considered a target for the treatment of neuropathic pain.®®
The native neuronal NMDAR is a tetramer that consists of two
NR1 and two NR2 subunits.” Phosphorylation of multiple sites
in the cytoplasmic C termini of the NR1 and NR2 subunits is
known to modulate NMDAR activity and affect synaptic
transmission.®'°
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There are many reports that nerve injury triggers reactive
changes in peripheral immune system and in neuroglial cells
in both peripheral and central nervous systems.*'"'2 |n the
periphery, activation of Schwann cells and resident macro-
phages recruit hematogenous immune cells, which subse-
quently invade the injured nerves.’*™'* In the spinal dorsal
horn receiving the injured sensory afferents, activation of
microglia is commonly associated with early establishment
stages of neuropathic pain.2'>'® Cytokines such as inter-
leukin-18 (IL-1p), tumour necrosis factor-« (TNF-«) and IL-6,
which originate from the peripheral injured area or from
activated neuroglial cells in the spinal cord, are known to alter
synaptic transmission in the dorsal horn. %4

Chemokines and their receptors are widely expressed in
immune cells and in the nervous system.'”"'® Recent studies
have shown that chemokines C-C motif ligand 2 (CCL-2) and
CX3CL-1 induce tactile allodynia (when non-painful innoxious
stimuli become painful) through activation of spinal cord
microglia.’"'® These reactive changes mediated through cyto-
kines and chemokines develop in parallel with tactile allodynia,
the latter being the main symptom of neuropathic pain.?°

CCL-1 (also known as thymus-derived chemotactic
agent 3) is one of the well-characterized chemokines and is
classified into the same CC chemokine group as CCL-2. CCL-
1 is secreted by activated T cell, mast cells and endothelial

cells and has important role as the chemoattractant for
neutrophils and monocytes.?! Although effects of CCL-1 on
the immune cells are well characterized, the roles of CCL-1 in
the central nervous system, and especially in the develop-
ment of neuropathic pain, remain unclear. In this report, we
found that CCL-1 is involved in the development of tactile
allodynia following peripheral nerve injury through enhance-
ment of spinal nociceptive transmission and activation of glial
cells with subsequent release of cytokines.

Results

Expression of CCL-1 in the spinal cord in neuropathic
mice. We first examined the development of allodynia in a
partial sciatic nerve ligation (PSNL) model. Mice showed a
significant increase in withdrawal response to mechanical
stimulus in the ipsilateral hind-paw (tactile allodynia) at
7 days after PSNL. The pain score in the ipsilateral hind-paw
was 7.5+0.8 (n=8), while contralateral hind-paw was
1.9+£0.6 (n=8) (Figure 1a). In parallel, the protein level
of CCL-1 significantly increased 7 days after PSNL in the
ipsilateral spinal cord (relative protein level, 0.14+0.01;
n=4) compared with the contralateral spinal cord (relative
protein level, 0.10+0.01; n=4) (Figure 1b). On the other
hand, levels of other cytokines, TNF-«, interferon-y and IL-18
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Increase in CCL-1 in the spinal cord after nerve ligation. (a) Mice showed tactile allodynia in the ipsilateral hind-paw at 7 days after PSNL. Data represent

mean + S.E. (n=8). **P<0.01: versus before ligation contralateral (two-way analysis of variance (ANOVA) followed by Tukey-Kramer test). (b) Cytokine arrays on spinal
cord samples at 7 days after nerve ligation. The relative values of cytokine and chemokine proteins were normalized to positive control values in the array Kit. Data represent
mean = S.E. (n=4). *P<0.01: versus contralateral (two-tailed Student's paired t+est). (c) Comparing CCL-1 mRNA between spinal cord and DRG. Data represent
mean £ S.E. (n=4). *P<0.05: versus spinal cord (two-tailed Student's paired ttest). (d) Time course of CCL-1 mRNA levels in the DRG after nerve ligation was evaluated by
quantitative reverse transcriptase (RT)-PCR. (e) Time course of CCL-1 mRNA levels in the spinal cord after nerve ligation was evaluated by quantitative RT-PCR.
Data represent mean + S.E. (d, n=4; e, n=86). **P<0.01, *P<0.05: versus before ligation (one-way ANOVA followed by Bonferroni test)
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were not significantly changed 7 days after nerve ligation
(Figure 1b).

Time course of CCL-1 mRNA expression in the spinal
cord and dorsal root ganglion (DRG) after nerve ligation.
First, we compared CCL-1 mRNA between the spinal cord
and DRG before nerve ligation. CCL-1 mRNA was expressed
in DRG (12428 +3606.7%; n=4) more than the spinal
cord (Figure 1c). Next, we examined the expression of
CCL-1 mRNA in a PSNL model. CCL-1 mRNA level
significantly increased at 3h, 1 and 3 days (194.4 £ 19.9%,
147.3 £ 17.3%, 142.0 + 2.0%, respectively; n=4) after nerve
ligation in the DRG (Figure 1d). In the spinal cord, CCL-1
mRNA level significantly increased at 3 h after nerve ligation
(361.1+74.5%; n=6; Figure 1e).

Time course of CCR-8 protein expression in the spinal
cord. CCR-8 is a specific receptor for CCL~1.22 Nerve ligation
increased protein levels of CCR-8 in the ipsilateral dorsal
spinal cord 6h after surgery (Figures 2a and c). The relative
protein level of CCR-8 compared with f-actin also showed
significant increase at 6h after ligation (relative protein level,
0.9+0.1; n=29; Figure 2b). We performed co-staining of CCR-
8 with neuronal or glial markers 6 h after nerve ligation in the
spinal cord. Increased expression of CCR-8 was observed not
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only in neurons but also in microglia and astrocytes in the
ipsilateral side (Figure 3). In addition, we showed that CCR-8
was expressed not only on glutamatergic neurons but also on
GABAergic neuronal fibers in primary cultured neurons
(Supplementary Figure S1).

Injection of a neutralizing antibody against CCL-1
inhibited nerve ligation-induced allodynia. To examine
the prophylactic effect of blocking CCL-1 against tactile
allodynia, a neutralizing antibody against CCL-1 (anti-CCL-1,
2.5, 25 and 50 ng) was injected i.t. 10 min before nerve ligation
and for 6 consecutive days after nerve ligation. The injection of
50 ng anti-CCL-1 antibody significantly reduced tactile allodynia
in 3, 5 and 7 days after nerve ligation (pain score at each time
point, 5.2+0.8, 6.0£0.8 and 6.0+0.9; n=15, respectively;
Figure 4a). The inhibition by prophylactic administration of anti-
CCL-1 antibody was concentration-dependent (Figure 4b). In
order to test the effects of post-chronic administration, daily
injection of anti-CCL-1 antibody was started 3 days after nerve
ligation and continued for 7 days. Unlike prophylactic admin-
istration, the tactile allodynia was not blocked once it was
induced by nerve ligation (Figure 4c).

Injection of CCL-1 induced allodynia, which was
attenuated by NMDAR inhibitor. We next examined the
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Figure 2 Expression of CCR-8 in the spinal cord following nerve ligation. (a and b) Protein levels of CCR-8, a selective receptor for CCL-1, in the spinal cord at different
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and CCR-8 (green) 6 h after nerve ligation in the spinal cord. Bars = 10 um

Cell Death and Disease



Prophylactic and chronic administration
-10mInP 1 2 3 4 b6 6 7]d
I

} | 1 Il § }
I ] T i T T t T 1

1 | I SR A N N |
Ipsi- Contra-
Q=== 0--~ vehicle
12 —¢— ---%--- Anti-CCL-1 (2.5 ng)
o A
10} —=—
8
o
3%
4!
2
0123456738 91011121314
Time after ligation (days)
b 120
o 110t
of—\
(c,a) o 100} ™
o
o= 90} (
S 80
= i
g2 70} .
5
2 60}
50¢,

0 10 20 30 40

Concentration of anti-CCL-1 (ng)

Figure 4

CCL-1 contributes to neuropathic pain
N Akimoto et al

5
[
Post-chronic administration
0 3 4 5 6 7 8 9 14d
ettt |
Tttt ottt
127
10}
o O
(})0, 6
4
2
oL E==

0 12345678 91011121314
Time after ligation (days)
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by nerve ligation. CCL-1 neutralizing antibody (anti-CCL-1) or vehicle (control serum) was first injected 10 min before nerve ligation (a) or 3 days after nerve ligation
(c), followed by daily administration (shown by arrows). Scores were measured using a von Frey filament (vehicle, n=17; each concentration of anti-CCL-1, n=15).
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effect of an intrathecal (i.t.) injection of CCL-1 on nociceptive
behaviour. The effect of CCL-1 was dose- and time-dependent;
25ng CCL-1 significantly increased the pain score after 10, 20,
30, 40 and 80min (pain score at each time point, 8.6+ 1.2,
11.3+1,11.4+£1.7,11.6£0.9,9.2+ 1.4 and 7.4 £ 0.9, respec-
tively; n= 8; Figure 5a). The pain score 20 min after i.t. injection
of different concentration of CCL-1 is presented in Figure 5b.
NMDARSs are critical in pathogenesis of allodynia.>® In our
model, the allodynia induced by i.t. injection of CCL-1 (25 ng)
was dose-dependently blocked by co-injection of MK-801, a
non-competitive use-dependent NMDAR antagonist, at con-
centration of 125, 250 and 500pM (Figure 5c). MK-801
showed dose-dependent inhibition of allodynia induced by
CCL-1 at 10, 20, 30, 40 and 50 min after injection (pain score at
each time point, 3.0+0.7, 4.6+0.7, 64+1.0, 431038,
4.0+ 0.7, respectively; n=8; Figure 5¢). The I1C5, for MK-801
effects was 354 pM (n= 8) when determined in 20 min after i.t.
injection of CCL-1 (Figure 5d), suggesting the role of NMDA-
mediated transmission in allodynia.

CCL-1 increased glutamate release in the superficial
dorsal horn of the spinal cord. We examined the action of
CCL-1 on excitatory synaptic transmission in the superficial
spinal dorsal horn, in the substantia gelatinosa (lamina Il), by
using whole-cell patch-clamp recordings from mouse spinal
cord slices. When holding the cell at —70mV, substantia
gelatinosa neurons exhibited spontaneous excitatory

postsynaptic currents (sEPSCs) with average frequency
of 7.1 +1.0Hz and amplitude of 11.4£ 0.9 pA (n=9). In four
of the nine cells examined, bath application of CCL-1
(50ng/ml) for 60-90s enhanced the excitatory synaptic
transmission as shown in Figure 5e; this action lasted for
more than 3-5min. In the CCL-1-sensitive cells, the
frequency and amplitude of sEPSCs in the presence of
CCL-1 were 174 + 11% and 110+ 6.3% of controls, respec-
tively (Figure 5e). In the presence of TTX (1uM), such
excitatory effect of CCL-1 was also detected in two out of the
six cells tested (data not shown).

NMDAR phosphorylation after injection of CCL-1 in the
spinal cord. We examined whether CCL-1 induced phos-
phorylation of NR1 and NR2B subunits of NMDAR in the
spinal cord using western blotting (Figures 6a and b). CCL-1
affected phosphorylation levels of NR1 subunit at Ser896
(p-NR1) in the spinal cord at 3h, 1 and 3 days after injection
of CCL-1 (25ng, it.) (relative protein levels, 2.7 +0.75,
45+1.16, 3.5+0.88, respectively; n=3; Figure 6c). After
immunoblotting, the membrane was stripped and reprobed
with anti-NR1 antibody (Figure 6a). However, CCL-1 had no
effect on the increase of NR1 protein level (Figure 6d). The
protein level of p-NR1/NR1 was increased at 1, 3h, 1 and 3
days after injection of CCL-1 (25ng, it.) (relative protein
levels, 5.5+0.69, 5.5+ 1.32, 9.8+ 1.84, 7.3+ 1.46, respec-
tively; n=3; Figure 6e). CCL-1 induced phosphorylation of
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NR2B subunit at Tyr1472 (p-NR2B) in the spinal cord at 1 and
3 h after injection of CCL-1 (25 ng, i.t.) (relative protein levels,
2.4+0.24, 4.7+0.18, respectively; n=3; Figure 6f). After
immunoblotting, the membrane was stripped and reprobed
with anti-NR2B antibody (Figure 6b). CCL-1 increased level of
NR2B protein at 1, 3 and 7 days after injection of CCL-1
(25ng, it.; relative protein levels, 2.9+0.33, 2.9+0.35,
3.2+ 0.65, respectively; n=3; Figure 6g). The protein level
of p-NR2B/NR2B was increased at 1 and 3 h after injection of
CCL-1 (25ng, it.; relative protein levels, 0.90+0.34,
0.97 £ 0.34, respectively; n=3; Figure 6h).

Effects of CCL-1 injection on glial cells and cytokines in
the spinal cord. Activation of glial cells contributes to the
development and maintenance of tactile allodynia.'™'® We
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examined microglia and astrocytes in the spinal cord after
injection of CCL-1 (25 ng, i.t.). Ibal mRNA levels significantly
increased in the spinal cord at 1, 3h and 1 day after
injection of CCL-1 (25ng, it; 179.8+12.0, 168.4+20.0,
149.5+20.0%, respectively; n=4; Figure 7a). And
we showed that CCL-1 (25ng, i.t.) induced increase and
morphological change of Iba1-positive microglia 1 day after
injection (Supplementary Figure S3). CD11b mRNA levels
also significantly increased in the spinal cord at 1 day after
injection of CCL-1 (25ng, it; 249.5+51.2%; n=4;
Figure 7b). It was reported that P2X,R on microglia are
important for the development of neuropathic pain.>® We
examined the expression of P2X,R mRNA after injection of
CCL-1 (25 ng, i.t.). However, P2X4R mRNA had not changed
after injection of CCL-1 (Figure 7c). Glial fibrillary acid protein
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(GFAP) mRNA level significantly increased in the spinal cord
at 1, 3h and 1 day after injection of CCL-1 (25ng, i.t;
199.1+19.0, 163.5+ 16.6, 169.7 + 20.8%, respectively; n=4;
Figure 7d). In addition, we observed that CCL-1 (25ng, i.t.)
induced morphological change and the number of GFAP-
positive astrocytes 1 day after injection (Supplementary Figure
S8). Furthermore, we examined activation of microglia and
astrocytes after injection of CCL-1 (25ng, i.t.) using phosphor-
p38 MAPK antibody (p-p38). CCL-1 induced phosphorylation of
p38 MAPK on microglia and astrocytes (Supplementary Figure
S2). Cytokines and growth factors are important mediators of
neuronal—glial interactions.'®?® We examined cytokine (IL-18,

TNF-¢, IL-6) and brain-derived neutrophic factor (BDNF) in the
spinal cord after injection of CCL-1 (25 ng, i.t.). Though protein
levels of IL-18, TNF-« and IL-6 were not changed after 7 days
of nerve ligation (Figure 1b), IL-18 mRNA significantly
increased in the spinal cord at 1 and 3h after injection of
CCL-1 (25ng, i.t.; 688.0 £ 150.8, 609.2 £ 148.1%, respectively;
n=4; Figure 7e), as well as TNF-¢ mRNA at 30 min, 1 and 3h
(25ng, i.t.; 368.1 +150.1, 485.8 + 94.4, 408.1 + 97.4%, respec-
tively; n=4; Figure 7f), and IL-6 mRNA at 1 and 3h (25ng, i.t,;
248.7+40.8, 318.0+68.8%, respectively; n=4; Figure 7q)
after injection of CCL-1. On the other hand, BDNF mRNA did
not change after injection of CCL-1 (Figure 7h).
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Figure 7 CCL-1 increased the expression of glial cells and cytokines in the spinal cord. Expression of mRNA of (a) Ibat, (b) CD11b, (c) P2X,R, (d) GFAP, (e) IL-18,
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Effects of i.t. CCR-8 siRNA treatment on allodynia. We
next examined the effects of CCR-8 downregulation on
tactile allodynia. We made CCR-8 knockdown model
using transfection of siRNA against CCR-8. We confirmed
that protein level of CCR-8 was reduced in the spinal
cord 5 days after injection of CCR-8 siRNA (Figure 8a). The
CCR-8 knockdown mice were subjected to PSNL 5 days
after injection of CCR-8 siRNA. We examined the
effect of CCR-8 knockdown on allodynia and coordinated
motion using von Frey filament test and rota-rod test.
Downregulation of CCR-8 reduced PSNL-induced tactile
allodynia for 2 weeks (n=5; Figure 8c). By contrast,
downregulation of CCR-8 had no effect on coordinated
motion (n=>5; Figure 8d).
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Discussion

The present study, for the first time, demonstrates that
expression of CCL-1 in the spinal cord and DRG at the mRNA
and protein levels is increased after nerve ligation, and
the nerve ligation-induced tactile allodynia is attenuated by
treatment with neutralizing antibody against CCL-1 and in
CCR-8 knockdown mice. We further show that CCL-1 has an
excitatory action on the glutamatergic synaptic transmission
and phosphorylation of NMDAR subunits, NR1 and NR2B, in
the spinal dorsal horn and increase expression of glial cells
activation markers (lbat, CD11b and GFAP) and cytokines
(IL-18, TNF-o. and IL-6). Our results therefore indicate that
CCL-1 may be one of the key mediators of chronic tactile
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Figure 8 Intrathecal sIRNA against CCR-8 treatment inhibited allodynia-induced nerve ligation. (a) Protein level of CCR-8 in the spinal cord after transfection of CCR-8
siRNA. (b) Schedule for making model mice and behavioural analysis. (¢) CCR-8 siRNA inhibited allodynia-induced nerve ligation. (d) There was no change in coordinated
motion after sIRNA treatment. Data represent mean = S.E. (n=5). **P<0.01 versus contralateral; *P<0.01, #P<0.05: versus scramble siRNA (two-way analysis of

variance followed by Tukey-Kramer tests)

allodynia acting through an acute modulation of nociceptive
synaptic transmission, phosphorylation of NR1 and NR2B,
glial activation and increase of cytokines in the spinal cord.
In this study, we showed that CCL-1-specific receptor,
CCR-8, was expressed in not only neurons but also glial cells
6 h after nerve ligation in the ipsilateral side (see Figure 3). We
suggested that increase of total CCR-8 protein after nerve
ligation in the spinal cord by increase of CCR-8 expression on
gdlial cells. CCL-1 mRNA showed only a transient increase in
the spinal cord (see Figure 1e) and at 3h, 1 and 3 days after
nerve ligation in DRG (see Figure 1d). This indicates that
CCL-1 may be mainly produced in DRG after nerve ligation. In
the case of CCL-21 and CCL-2, they were produced in DRG
after nerve ligation and were transported to neuronal terminals
in the dorsal horn.?*?® CCL-2 was released from neuronal
synaptic vesicles in the spinal cord.?® Similarly, we assume
that CCL-1, which is produced in DRG neurons after nerve
ligation, is subsequently transported to the spinal cord and
then released. CCL-1 mRNA in the spinal cord at 3h after
nerve ligation was also produced in glial cells albeit only
transiently; this however, requires further investigation.
Immune cells and glial cells interact with neurons to alter
pain sensitivity and to mediate the transition from acute to
chronic pain.''"'*1° |t is generally believed that microglia are
involved in the development and astrocytes in the main-
tenance of neuropathic pain.2’2° Cytokines are important
messengers for the communication between neurons and
glia.”"33° |njection of CCL-1 into the spinal cord increased
the mRNA level of microglial (CD11b or lba1) and astroglial
(GFAP) markers, as well as that of cytokines (IL-18, TNF-«
and IL-6) (see Figure 7). We also observed double staining of
GFAP or CD11b with p-P38 after i.t. injection of CCL-1,
suggesting that microglia and astrocytes were in reactive
states (see Supplementary Figure S2). Activation of microglia
in the spinal dorsal horn following peripheral nerve injury is

well characterized.?®' The mechanisms of nerve injury-
induced microglial activation are complex and involve several
signaling systems.®? Purinergic signaling mediated through
P2X,, P2X; and P2Y,, receptors seems to contribute to the
initial activation of microglia following acute nerve
injury. 2316313334 \we nhowever, failed to identify changes in
P2X, receptor mRNA in the spinal cord after injection of CCL-
1. This suggests that CCL-1-mediated activation of microglia
does not involve the upregulation of P2X, receptors but
engages distinct signaling cascade(s). Several reports have
previously demonstrated that cytokines and chemokines
activate microglia and astrocytes, inducing secretion of
proinflammatory factors (e.g., IL-1, TNF-«, BDNF, IL-6, IL-
17, CCL-2).2'227 Several proinflammatory cytokines and
chemokines have been implicated in altered nociceptive
processing.'2 TNF-« enhanced synaptic efficacy by increas-
ing surface expression of AMPA receptors.®® |L-1f modulates
sensory neuron transmission via increased release of the
nociceptive neuropeptides substance P and calcitonin gene-
related peptide.®28 |L-1p also induced the phosphorylation
of NR1.%° |L-6 was reported to be involved in the development
of neuropathic pain.*° By contrast, there are some reports that
IL-6 has neuroprotective effect in the central nerve system.*’
IL-18 and TNF-« induced IL-6 expression in cultured neurons
and astrocytes.*? According to these reports, it might be
reasonable that a peak expression of IL-6 in the spinal cord
occurred later compared with that of TNF-¢ and IL-1§ after
injection of CCL-1 (see Figure 7g). These results indicate that
CCL-1 is involved in the development of allodynia through glial
activation and expression of cytokines. However, other
signaling molecules can be also involved in the pathogenesis
of neuropathic pain. Effects of CCL-1 on glial function need to
be investigated in more detail in the future.

We showed that allodynia induced by injection of
CCL-1 was blocked by co-injection of NMDAR antagonist.
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We assumed that CCL-1 enhanced glutamate release from
presynaptic terminal or affected postsynaptic NMDARs. We
confirmed that CCL-1 affected both, increasing glutamate
release transiently and inducing phosphorylation of NR1 and
NR2B gradually. As for the presynaptic effect, we showed that
CCL-1 increased glutamate release only in some but not all
neurons (see Figure 5e). Similarly, double immunostaining
with anti-CCR-8 and anti-NeuN showed that CCR-8 expres-
sion was only in sub-population of neurons (see Figure 3),
the reason of which requires further investigation. As for the
postsynaptic effect, it is already reported that activation of
NMDAR is important for initiating long-lasting changes in
synapses and has been implicated in persistent pain by
strengthening glutamatergic sensory transmission.® Though
we did not directly check whether postsynaptic NMDA
currents were enhanced by CCL-1 or not, we observed that
both phosphorylation of NMDAR and increase in the number
of NMDARs take place in response to CCL-1. Phosphoryla-
tion of NMDAR is known to modulate NMDAR activity and
facilitate transmission of nociceptive inputs in inflammatory
and neuropathic pain models.*® Partial ligation of sciatic nerve
significantly increased the phosphorylated proportion of NR1
and NR2B subunits in the dorsal horn.*3#* The phosphoryla-
tion of NR1 subunit is related to enhancement of synaptic
efficacy and the development of central sensitization 7 days
after nerve injury.** On the other hand, NR2B selective
antagonist attenuated neuropathic pain.*® Tyrosine phos-
phorylation of NR2B, but not NR2A, is associated with
the development of persistent pain.*’ In our experiments,
CCL-1 induced phosphorylation of NR1 and NR2B albeit with
different time course: Phosphorylation of NR2B was transient,
whereas phosphorylation of NR1 continued for 3 days. In our
behavioural experiments on pain score, injection of CCL-1
induced allodynia transiently, as phosphorylation of NR2B. As
there is a report that NR2B is particularly important for
pain perception,”® we speculate that phosphorylation of
NR2B would be more important than phosphorylation of
NR1 together with upregulation of NR2B. As for the
phosphorylation of NR1, IL-1f was reported to induce
phosphorylation of NR1.%3*8 As IL-18 mRNA was increased
in the spinal cord after injection of CCL-1 at 1 and 3h
(Figure 7e), we speculate that NR1 would be phosphorylated
not only by CCL-1 but also by IL-18.

In conclusion, our study provides evidence that CCL-1 is
produced mainly in DRG after nerve ligation, supposed to be
transported to the spinal cord, where it increases glutamate
release together with local upregulated CCL-1, and then
activates glial cells and cytokine release. CCL-1 also induced
phosphorylation of NMDAR subunits, NR1 and NR2B. Treat-
ment with neutralizing antibody against CCL-1 and CCR-8
siRNA blocked nerve ligation-induced tactile allodynia. There-
fore CCL-1 is one of the key molecules in pathogenesis of
allodynia, and CCL-1/CCR-8 signaling system can be a
potential target for drug development in the treatment for
neuropathic pain.

Materials and Methods

Animals. Male ddY mice (20-30g, Kyudo Co. Ltd., Tosu, Saga, Japan) were
used. Mice were housed at 23 + 2 °C with 12 h light: 12 h dark cycle (light on from
0700 to 1900 hours) and were given free access to commercial food and tap
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water. Experimental procedures were based on the Guidelines of the Committee
for Animal Care and Use of Kyushu University, Fukuoka University and National
Institute for Physiological Sciences.

Drugs. Recombinant mouse CCL-1 and neutralizing antibody CCL-1 were
purchased from R&D Systems (Minneapolis, MN, USA). MK801 was purchased
from Sigma Aldrich (St. Louis, MO, USA).

PSNL. The mice were anesthetized with an intraperitoneal (ip.) injection of
pentobarbital (65 mg/kg). A PSNL was produced by tying a tight ligature with a No. 8
nylon thread around approximately 1/3-1/2 the diameter of the sciatic nerve located
on the left side (ipsilateral side) based on the Seltzer method.*® On the right side
(contralateral side), the nerve was exposed without ligation.

Behavioural analysis. Behavioural analysis was performed to assess
the development of tactile allodynia in mice. Tactile allodynia was measured using
a von Frey filament (North Coast Medical, Gilroy, CA, USA). Mice were placed in
glass cages with a wire mesh bottom and allowed to habituate for at least 1h. A
von Frey filament with bending forces of 0.16g (innocuous stimulation) was
pressed perpendicularly against the plantar skin of a hind-paw. The paw
withdrawal responses to the mechanical stimulus were evaluated by scoring as
follows: 0, no response; 1, lifting the hind-paw within 3s; 2, lifting the hind-paw
over 3s; and 3, immediate flinching or licking of the hind-paw. The stimulation of
the same intensity was applied seven times to each hind-paw at several seconds
intervals and the total served as the pain-related score (score) in the SNL model.
The behavioural data were analyzed using Origin (Microcal software Inc.,
Sunnyvale, MA, USA) software to determine the [Csq values.

We performed a rota-rod (KN-75 Rota-rod, Natume, Japan) test to measure
motor balance and coordination. Mice were pre-trained on rota-tod apparatus for 3
days and then tested on the accelerating rod in which the speed of the spindle was
10r.p.m. Latency until fall was automatically recorded. To eliminate stress and
fatigue, mice were given a maximum cutoff latency of 120s.

Intrathecal injection. Intrathecal (i.t.) injection was performed using a 25-ul
Hamilton syringe with a 28-gauge needle (Muranaka Medical Instruments co.
LTD., Osaka, Japan), as described previously.>**' The needle was inserted into
the intervertebral space of a conscious mouse between the lumbar 5 (L5) and 6
(L6) regions of the spinal cord. A reflexive flick of the tail was considered to be an
indicator of the accuracy of each injection. A volume of 5 il was used for the i.t.
injections.

Immunohistochemical analyses. Mice were anesthetized by pentobar-
bital sodium (50 mg/kg, i.p.) and perfused transcardially with saline followed by 4%
paraformaldehyde in 0.1M phosphate-buffered saline (PBS; 80 mM NayHPOy,,
20 mM KH,PO,, 150 mM NaCl, pH 7.4). The L4-L6 segment of the lumbar spinal
cord was removed, postfixed in the same fixative and placed in 20% sucrose
solution for 24 h at 4 °C. Transverse L4-L6 spinal cord section (20 um) were sliced
by a HM 550 cryostat (Micro-edge Instruments Co., Tokyo, Japan) and incubated
for 1h at room temperature in 5% donkey serum (Jackson Immuno Research,
West Grove, PA, USA). Then, the sections were incubated with the following:
NeuN (1:200, Millipore, Bilerica, MA, USA), CCR-8 (1: 500, Enzo, New York, NY,
USA), Ibai (ionized calcium-binding adapter molecule-1, 1:2000, Wako, Osaka,
Japan), CD11b (1:500, Serotec, Oxford, UK), GFAP (1:800, Millipore) or p-p38
(phosphor-p38 MAPK, 1:100, Cell Signaling Technology, Danvers, MA, USA) for
24h at 4°C. The sections were incubated for 4h at room temperature in the
secondary antibody (lgG-conjugated Alexa Fluor 488 or 594, 1:1000, Molecular
Probes, Eugene, OR, USA). Sections were mounted on coverslips with permafiuor
aqueous mounting medium (Thermo Scientific, Yokohama, Japan). The sections
were analyzed using a fluorescence microscope (BZ9000, Keyence, Japan) and a
confocal laser scanning microscope (LSM510META, Carl Zeiss, Hallbergmoos,
Germany). In confocal imaging, we used a series of Z-stack images (images taken
at multiple focal points of an objective lens through the z -axis) for 3D analysis of
each slice.

Cytokine array. Mouse cytokine array kit was purchased from R & D Systems
and was assessed as described previously.*? The L4-L6 segment of the lumbar
spinal cord was isolated and homogenized in the lysis buffer (10mM Tris-HCl,
0.5mM EDTA, 0.5mM EGTA, 1% Triton X-100, pH 7.4) containing protease
inhibitor cocktail (Sigma) and centrifuged at 15000 r.p.m. for 20 min at 4 °C. Each



