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Despite growing evidence suggesting that spinal microglia play an important role in the
molecular mechanism underlying experimental neuropathic pain (NP) in male rodents,
evidence regarding the sex-dependent role of these microglia in NP is insufficient. In this
study, we evaluated the effects of microglial regulation on NP using Gi-designer receptors
exclusively activated by designer drugs (Gi-DREADD) driven by the microglia-specific
Cx3cr1 promoter. For the Cre-dependent expression of human Gi-coupled M4
muscarinic receptors (hM4Di) in CX3C chemokine receptor 1-expressing (CX3CR17)
cells, R26-LSL-hM4Di-DREADD mice were crossed with CX3CR1-Cre mice. Mouse
models of NP were generated by partial sciatic nerve ligation (PSL) and treatment with
anti-cancer agent paclitaxel (PTX) or oxaliplatin (OXA), and mechanical allodynia was
evaluated using the von Frey test. Immunohistochemistry revealed that hM4Di was
specifically expressed on Ibal™ microglia, but not on astrocytes or neurons in the spinal
dorsal horn of CX3CR1-hM4Di mice. PSL-induced mechanical allodynia was significantly
attenuated by systemic (intraperitoneal, i.p.) administration of 10 mg/kg of clozapine N-
oxide (CNO), a hM4Di-selective ligand, in male CX3CR1-hM4Di mice. The mechanical
threshold in naive CX3CR1-hM4Di mice was not altered by i.p. administration of CNO.
Consistently, local (intrathecal, i.t.) administration of CNO (20 nmol) significantly relieved
PSL-induced mechanical allodynia in male CX3CR1-hM4Di mice. However, neither i.p.
nor i.t. administration of CNO affected PSL-induced mechanical allodynia in female
CXBCR1-hM4Di mice. Both i.p. and i.t. administration of CNO relieved PTX-induced
mechanical allodynia in male CX3CR1-hM4Di mice, and a limited effect of i.p. CNO was
observed in female CX3CR1-hM4Di mice. Unlike PTX-induced allodynia, OXA-induced
mechanical allodynia was slightly improved, but not significantly relieved, by i.p.
administration of CNO in both male and female CX3CR1-hM4Di mice. These results
suggest that spinal microglia can be regulated by Gi-DREADD and support the notion that
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CX3CR1* spinal microglia play sex-dependent roles in nerve injury-induced NP; however,
their roles may vary among different models of NP.

Keywords: allodynia, chronic pain, oxaliplatin, paclitaxel, spinal cord

INTRODUCTION

Chronic pain is a serious problem that not only afflicts patients but
also represents a substantial economic burden to the international
community (Smith and Torrance, 2012). Neuropathic pain (NP),
resulting from a lesion in the peripheral or central nervous system
(PNS or CNS), is characterized by pain sensation in response to
innoxious stimuli (allodynia) and increased sensitivity to pain
(hyperalgesia) (Jensen and Finnerup, 2014). Moreover, treatment
with anti-cancer agents [such as paclitaxel (PTX) and oxaliplatin
(OXA)] has also been shown to induce NP (Colvin, 2019).
Chemotherapy-induced neuropathic pain (CINP) markedly
worsens the quality of life of cancer patients and often leads to
chemotherapy discontinuation (Hershman et al, 2014). It is
estimated that 7%-8% of the general population suffers from NP
(van Hecke et al., 2014); however, the molecular and cellular
mechanisms underlying this condition are poorly understood.
Hence, there is a strong need for better insights into such
mechanisms and the development of effective therapeutics based
on these mechanisms.

Accumulating evidence suggests that an interaction between
the immune system and the nervous system, including the brain,
spinal cord, dorsal root ganglia, and peripheral nerves, largely
contributes to the pathogenesis of NP (Ji et al., 2016). In the PNS,
bone marrow-derived macrophages clearly accumulated in the
damaged nerves and drive long-lasting inflammation underlying
NP (Scholz and Woolf, 2007; Ji et al., 2016; Kiguchi et al., 2017).
On the other hand, among the variety of spinal glial cells,
microglia, the resident macrophages of the CNS responsible for
its innate immunity, play a critical role in the development and
maintenance of NP (Chen et al., 2018; Inoue and Tsuda, 2018).
Several researchers have shown that spinal microglia become
activated and secrete various inflammatory mediators, such as
cytokines and chemokines, that sensitize pain-processing neurons
in the spinal dorsal horn (SDH) (Milligan and Watkins, 2009; Ji
et al, 2016). However, recent reports have demonstrated that
spinal microglia are important in NP in male, but not in female,
mice, suggesting sex-dependent roles for microglia in NP (Sorge
etal,, 2015; Rosen et al., 2017). Further investigations focusing on
sex differences in NP pathogenesis are warranted to uncover the
underlying mechanisms and develop effective therapeutics.

Designer receptors exclusively activated by designer drugs
(DREADD) are genetically modified G-protein-coupled
receptors (GPCRs). This technology represents a useful
chemogenetic strategy, allowing researchers to gain control of
Gi- or Gg-signaling pathways, remotely and noninvasively
(Urban and Roth, 2015). The DREADD technology has been
frequently used to regulate the activity of various types of
neurons. Through application of selective ligands, clozapine-N-
oxide (CNO) can stimulate or inhibit certain populations of

glutamatergic, GABAergic or dopaminergic neurons (Dell’Anno
etal, 2014; Koga et al., 2017; Zhang et al., 2020). In addition, the
DREADD system has been used to regulate cellular activities of
myeloid cells, breast cancer cells, and glial cells (Urban and Roth,
2015). Furthermore, Grace et al. have demonstrated that
chemogenetic inhibition of spinal microglia via human Gi-
coupled M4 muscarinic receptors (hM4Di) attenuates
mechanical allodynia following peripheral nerve injury, while
chemogenetic activation of spinal microglia via human
Gq-coupled M3 muscarinic receptors (hM3Dq) induces
mechanical allodynia in naive rats using viral gene transfer
(Grace et al,, 2018). Nevertheless, state-dependent effects of Gi-
or Gq-DREADD on intracellular signaling in microglia are still
unclear, and evidence regarding the sex-dependent role of
microglia in NP is insufficient because of the diversity of the
experimental models used to study the condition.

In this study, we evaluated the sex-dependent effects of
microglial regulation on NP caused by partial sciatic nerve
ligation (PSL) and CINP, using Gi-DREADD driven by the
microglia-specific Cx3crl promoter (CX3CR1-hM4Di), in mice.

MATERIALS AND METHODS

Mice

All animal experiments were approved by the Animal Research
Committee of Wakayama Medical University and were carried
out in accordance with the in-house guidelines for care and use
of laboratory animals of Wakayama Medical University and the
Ethical Guidelines of the International Association for the Study
of Pain. R26-LSL-hM4Di-DREADD mice [B6N.129-Gt(ROSA)
26Sortm! (CAG-CHRMA®, mCitrine)Ute 1. g4k #026219] (Zhu et al.,
2016) and CX3CR1-Cre transgenic (Tg) mice [Tg(Cx3crl-cre)
MW126Gsat/Mmucd; stock #036395] were purchased from the
Jackson Laboratory and Mutant Mouse Resource & Research
Centers (MMRRC), respectively. R26-LSL-hM4Di-DREADD
mice were maintained as heterozygous or homozygous
genotype. For the Cre-dependent expression of the Gi-
DREADD system in the Rosa26 locus in CX3CRI-expressing
(CX3CR17) cells, R26-LSL-hM4Di-DREADD mice were crossed
with CX3CR1-Cre mice. Subsequently, 6-12-week-old mice
heterozygous for ROSA26 and CX3CR1-Cre were used for the
experiments. All mice were housed in groups of 5-6 in plastic
cages at controlled temperature (23°C-24°C) and humidity
(60%-70%), and the environment was maintained on a 12-h
dark/light cycle, with free access to standard food and water.

Drug Administration
Paclitaxel (TAXOL® Injection; Bristol-Myers Squibb Company,
New York, NY, USA) and oxaliplatin (ELPLAT® i.v. infusion
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solution; Yakult Honsha Co., Ltd, Tokyo, Japan) were diluted in
5% glucose solution. Clozapine N-oxide (CNO: Enzo Life
Sciences, Farmingdale, NY, USA) was dissolved in sterile water
and diluted as needed. CNO was administered intraperitoneally
(i.p.) at a volume of 0.1 ml/10 g body weight to awake mice or
intrathecally (i.t.) at a volume of 5 ul to isoflurane-anesthetized
mice, as previously described (Kiguchi et al., 2020). Under
isoflurane anesthesia, mice were secured by a firm grip on the
pelvic girdle, and drugs were injected by lumbar puncture
between the L5 and L6 vertebrae using a 30-gauge needle fitted
with Hamilton microsyringe.

Neuropathic Pain Models

Partial Sciatic Nerve Ligation (PSL) Model

The mice were subjected to PSL as previously described (Seltzer
et al,, 1990; Kiguchi et al., 2018). Briefly, under isoflurane
anesthesia, the left common sciatic nerve (SCN) of each mouse
was exposed at the mid-thigh level through a small skin incision
on one side, hereafter indicated as ipsilateral. Approximately
one-third of the SCN thickness was tightly ligated with a silk
suture (No. 1; Natsume Seisakusho, Tokyo, Japan); then, the
muscle and skin layers were closed with sutures and the surgical
area was sterilized with povidone-iodine. The untreated right
limb is indicated as contralateral.

Chemotherapy-Induced Neuropathic Pain (CINP)
Models

Paclitaxel (4 mg/kg/day), oxaliplatin (5 mg/kg/day), or vehicle
(Veh; 5% glucose solution) was administered i.p. to the mice at a
volume of 0.1 ml/10 g body weight four times every second day
(on days 0, 2, 4, and 6).

Immunohistochemistry

The mice were deeply anesthetized with pentobarbital (100 mg/
kg, i.p.) and transcardially perfused with ice-cold phosphate-
buffered saline (PBS), followed by 4% (w/v) paraformaldehyde/
phosphate buffer solution. Then, the lumbar spinal cord (L4-5)
or the SCN was dissected, post-fixed in 4% paraformaldehyde/
phosphate buffer solution, and put overnight in a 30% (w/v)
sucrose/PBS solution at 4°C for cryoprotection. The tissue was
then embedded in freezing optimal cutting temperature
compound (Sakura, Tokyo, Japan). Subsequently, the
specimens were longitudinally cut into 30 um (spinal cord)- or
15 um (SCN)-thick sections with a cryostat (Leica Microsystems,
Wetzlar, Germany). The sections were treated with PBS
containing 0.1% Triton X-100 (PBST) for 1 h and then
blocked with Blocking One Histo (Nacalai Tesque, Inc., Kyoto,
Japan) at 15°C-25°C for 5-10 min. They were then incubated
with primary antibodies against hemagglutinin (HA) epitope-tag
(mouse monoclonal, 1:250; BioLegend, San Diego, CA, USA),
Ibal (for microglia; rabbit polyclonal, 1:500; Wako, Japan),
GFAP (for astrocytes; rabbit polyclonal, 1:500; Proteintech,
Rosemont, IL, USA), NeuN (for neurons; rabbit monoclonal,
1:500; Millipore, Billerica, MA, USA), and F4/80 (for
macrophages; rat monoclonal, 1:200; Cederlane, Burlington,
Canada) in Blocking One Histo/PBST at 4°C overnight.
Subsequently, the sections were rinsed in PBST and incubated

with fluorescence-conjugated secondary antibodies (1:200;
Abcam, Cambridge, UK) at 15°C-25°C for 2 h. They were
then rinsed in PBS and incubated with Hoechst 33342 (1:1000;
Invitrogen, Carlsbad, CA, USA) for 10 min at room temperature
in the dark. Finally, the sections were washed with PBS (10 min),
mounted on glass slides, and covered with a cover slip with
PermaFluor (Thermo Fisher Scientific, Waltham, MA, USA).
Fluorescence images were detected using a confocal laser
scanning microscope (Carl Zeiss, Oberkochen, Germany).

Behavioral Testing

von Frey test: To evaluate mechanical allodynia, the 50% paw
withdrawal threshold was determined through the von Frey test,
in accordance with a previously described method (Chaplan
etal., 1994; Saika et al., 2019). Briefly, the mice were individually
placed on a metal mesh (5 x 5 mm) grid floor and covered with
an opaque acrylic box. Before the test, the mice were habituated
to the experimental environment for at least 3-4 h. On the test
day, after adaptation for 2-3 h, calibrated von Frey filaments
(North Coast Medical, Inc., Gilroy, CA, USA) were applied to the
middle of the plantar surface of the hind paw through the bottom
of the mesh floor. The filament set used in this study consisted of
nine calibrated von Frey filaments—0.02, 0.04, 0.07, 0.16, 0.4, 0.6,
1.0, 1.4, and 2.0 g. In the paradigm of the up-down method, the
test always started with the application of 0.4 g filaments. Quick
withdrawal, shaking, biting or licking of the stimulated paw were
regarded as positive paw withdrawal response. In the absence of a
paw withdrawal response to the selected force, the next stronger
stimulus was applied. In the presence of paw withdrawal, the next
weaker stimulus was chosen. In accordance with Chaplan et al.’s
procedure, after the response threshold was first crossed (the two
responses straddling the threshold), four additional stimuli were
applied. Based on the responses to the von Frey filaments series,
the 50% paw withdrawal threshold was calculated according to
the method described by Dixon (Dixon, 1980).

Rotarod test: To assess motor function, the Rotarod apparatus
(Panlab, Barcelona, Spain) was used. A few days before the test,
the mice were pre-trained in order to habituate them to the rod,
rotating at various speeds (5, 10, and 15 rpm). The mice were
placed on the rod facing the opposite direction to the rotation
and ambulated until they fell from the rod or the maximum
observation time had elapsed. The maximum observation time
was 180 s. For all experiments, the latency and rotational velocity
at which the animal fell from the Rotarod were recorded.
Following training for a few days, the mice rested for 1 day
and were then tested (three trials per day) on the rod rotating at
various speeds (10, 15, 20 rpm), with 10-15 min interval between
each trial. The mean time spent on the Rotarod apparatus was
measured on each velocity (Pre-test). After the Pre-test phase,
the mice received a single i.p. administration of CNO (10 mg/kg).
The test was repeated 24 h after administration (Post-test).

Statistical Analysis

Data are presented as mean * standard error of the mean
(S.E.M.). Statistical analyses were performed using Student’s t-
test, one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test, or two-way ANOVA followed by
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Bonferroni’s multiple comparison test, as appropriate. P-values
less than 0.05 were considered statistically significant.

RESULTS

hM4Di Expression in Spinal Microglia of
CX3CR1-hM4Di Mice

First, we evaluated the effects of chemogenetic modulation of
CX3C chemokine receptor 1-expressing (CX3CR1") cells on PSL-
induced NP using Cre-dependent Gi-DREADD. For the Cre-
dependent expression of hM4Di in CX3CR1" cells, R26-LSL-

A BAC-Tg CX3CR1
promoter Cre

>

hM4Di-DREADD (Control-hM4Di) mice were crossed with
CX3CRI1-Cre mice (Figure 1A). Following Cre-mediated
removal of an upstream floxed-STOP cassette, the expression of
HA-tagged hM4Di was observed using an antibody against HA by
immunohistochemistry. Ibal™ microglia were markedly increased
in the ipsilateral compared to the contralateral side of the SDH in
both male Control-hM4Di and CX3CR1-Cre/R26-LSL-hM4Di-
DREADD (CX3CR1-hM4Di) mice on day 7 after PSL. HA-
hM4Di was highly expressed in the SDH of CX3CR1-hM4Di
mice, but not in the SDH of Control-hM4Di mice (Figure 1B). In
CX3CR1-hM4Di mice, HA-hM4Di overlapped with Ibal;
however, it was not localized in GFAP"' astrocytes or NeuN"

ROSA26 -
{500 ) o B i rois —
loxP loxP

CX3CR1-hM4Di

Control-nM4Di

contralateral

CX3CR1-hM4Di
ipsilateral

ipsilateral

ipsilateral

HA X GFAP

HA X NeuN

FIGURE 1 | hM4Di expression in spinal microglia of CX3CR1-hM4Di mice. (A) Scheme of Cre-dependent expression of hM4Di in CX3CR1* cells by crossing
CX3CR1-Cre (Tg) mice with R26-LSL-hM4Di-DREADD mice (Control-hM4Di). Following Cre-mediated removal of an upstream floxed-STOP cassette, the HA-tagged
hM4Di and mCitrine were expressed in CX3CR1* cells. (B, C) The mice were subjected to partial sciatic nerve ligation (PSL), and the lumbar spinal cord (L4-5) was
dissected on day 7 after PSL. Expression of HA-tagged hM4Di in the spinal dorsal horn (SDH) was visualized by immunohistochemistry. (B) Expression of HA-
tagged hM4Di in the SDH of CX3CR1-hM4Di mice. Scale bars = 100 um. (C) Localization of HA-hM4Di in Iba1* microglia, but not GFAP* astrocytes or NeuN*

neurons. Scale bars = 50 um.
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neurons (Figure 1C). Additionally, F4/80" macrophages were
clearly accumulated in the injured SCN in both male Control-
hM4Di and CX3CR1-hM4Di mice on day 7 after PSL. HA-hM4Di
was also expressed in macrophages of CX3CR1-hM4Di mice, but
not in macrophages of Control-hM4Di mice (Figure S1).

Relief of Mechanical Allodynia After PSL
by Systemic CNO in Male, but Not in
Female CX3CR1-hM4Di Mice

To determine whether induction of Gi-DREADD in CX3CR1"
cells affects PSL-induced mechanical allodynia in male mice,
different doses of CNO (0.1-10 mg/kg, i.p.) were administered

daily, from days 7 to 11 after PSL, and pain assessment was
performed the day after each administration. PSL-induced
mechanical allodynia was significantly attenuated by 10 mg/kg
of CNO (Figure 2A), but neither CNO (10 mg/kg, i.p.) nor Veh
altered the 50% withdrawal threshold in naive male CX3CR1-
hM4Di mice (Figure 2B). PSL-induced mechanical allodynia
was significantly prevented by single administration of CNO (10
mg/kg, i.p.) compared to administration of Veh in male
CX3CR1-hM4Di mice, but not in male Control-hM4Di mice
(Figure 2C). In both male CX3CR1-hM4Di and Control-hM4Di
mice, CNO (10 mg/kg, i.p.) did not affect the time on the Rotarod
at 10, 15, and 20 rpm on day 1 after administration, indicating no

A CX3CR1-hM4Di o B CX3CR1-hM4Di & c Control-  CX3CR1-
hM4Di hM4Di
1.0 1.0 O Veh 1oy———
@ CNO n=4-6 —
S 081 S 0.8 CNO S 0.8
kel CNO dose (mg/kg, i.p. o hed
3 (mg/kg, i.p.) S 06 S 06
N [73 [7]
o o [
= £ 04 £ 04
R R R
3 3 02 B 02
n=5
0.0 A=r——r—T—Tr—r— 0.0 d———r— 0.04
7 8 9 10 11 12 0 1 78 78 78 78 dayafter PSL
day after PSL day Veh T) E %
D ipsilateral & E contralateral F ipsilateral o
107 o2 =6 1.0 cNo 1.0 1
. —_ ] 3 — - ¥ Control-hM4Di
S 08 308 o08 -@ CX3CR1-hM4Di
e} ko) el
o o o o 4
< 0.6 * £ 06 < 0.6 CNO
e o o
£ o4 CcNO £ 04+ £ 041 9
BN 4 R X
8 02 vV B 021 B 021
n=5-8 n=8-11
0.0 T T T 0.0 *=r T T
Pre 7 8 10 14 7 8 10 14 28 29 30 36
day after PSL day after PSL day after PSL
G 1.09n=7-11 ipsilateral ¢ H 101 contralateral
S 084 089 “¥ Control-hM4Di
> > cNo @ CX3CR1-hM4Di
2 061 2061 3
g CNO g
£ 041 3 = 041
R =X
B 0.21 B 021
n=7-11
0.0 0.0 T T
Pre 7 8 7 8
day after PSL day after PSL
FIGURE 2 | Relief of mechanical allodynia after PSL by systemic CNO in male CX3CR1-hM4Di mice. The mice were subjected to PSL, and CNO was
intraperitoneally (i.p.) administered as follows: (A) Increasing doses of CNO (0.1-10 mg/kg, i.p.) were administered daily from days 7 to 11 after PSL, and pain
assessment was performed the next day after each administration. (B-H) CNO was i.p. administered after pain assessment as indicated by arrows. The 50% paw
withdrawal threshold was assessed by the up—down method using the von Frey test. (A) Effects of different doses of CNO (0.1-10 mg/kg) on mechanical allodynia
after PSL were evaluated 24 h after each CNO administration (before next doses) in male CX3CR1-hM4Di mice. (B) No effect of CNO (10 mg/kg) on 50% paw
withdrawal threshold in naive male CX3CR1-hM4Di mice. (C) Relieving effect of CNO (10 mg/kg) on PSL-induced mechanical allodynia in male CX3CR1-hM4Di mice.
(D, E) Effect of CNO (10 mg/kg) on the 50% paw withdrawal threshold in the ipsilateral and contralateral side of male CX3CR1-hM4Di and Control-hM4Di mice after
PSL. (F) Prolonged relieving effect of CNO (10 mg/kg) on mechanical allodynia in male CX3CR1-hM4Di and Control-hM4Di mice after PSL. (G, H) Effect of CNO (10
mg/kg) on the 50% paw withdrawal threshold in the ipsilateral and contralateral side of female CX3CR1-hM4Di and Control-hM4Di mice after PSL. Data are
presented as mean + S.E.M. n = 5-11. p**< 0.001, p** < 0.01, p* < 0.05 vs day 7 or day 29 before CNO, or Control-hM4Di.
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motor dysfunction due to CNO (10 mg/kg) (Figure S2). Single
administration of CNO (10 mg/kg, ip.) on day 7 after PSL
transiently relieved mechanical allodynia (days 8-10), but the
anti-allodynic effect disappeared within 7 days after CNO
administration (day 14) in the ipsilateral side of male
CX3CR1-hM4Di mice (Figure 2D). The 50% withdrawal
threshold showed no significant difference in the contralateral
side (Figure 2E). Moreover, even on day 28 after PSL, PSL-
induced mechanical allodynia in the ipsilateral paw was
significantly suppressed by CNO (10 mg/kg, i.p.) in male
CX3CR1-hM4Di, but not in male Control-hM4Di mice
(Figure 2F). However, CNO (10 mg/kg, i.p.) had no significant
effect on the 50% withdrawal threshold in the ipsilateral or
contralateral side of female CX3CR1-hM4Di mice (Figures
2G, H).

Relief of Mechanical Allodynia After PSL
by Intrathecal CNO in Male, but Not in
Female CX3CR1-hM4Di Mice

Next, to clarify the effects of Gi-DREADD in spinal CX3CR1"
microglia under PSL-induced mechanical allodynia, CNO (20
nmol) or Veh was i.t. administered in both CX3CR1-hM4Di and
Control-hM4Di mice. Single administration of CNO (20 nmol,
i.t.) on day 7 after PSL significantly relieved PSL-induced
mechanical allodynia compared to administration of Veh (days
8-10) in male CX3CR1-hM4Di but not Control-hM4Di mice;
however, the anti-allodynic effect of i.t. CNO disappeared 7 days
after CNO administration (day 14) in male CX3CR1-hM4Di
mice (Figures 3A, B). In contrast, i.t. administration of CNO had
no effect on PSL-induced mechanical allodynia in female
CX3CR1-hM4Di mice (Figure 3C).

Effects of CNO on PTX- or OXA-Induced
CINP in CX3CR1-hM4Di Mice

Finally, we investigated whether induction of Gi-DREADD in
CX3CRI1" cells can relieve CINP. Repetitive i.p. administration of
PTX in male CX3CR1-hM4Di and Control-hM4Di mice caused
mechanical allodynia on day 7 compared to administration of

Veh (5% glucose solution) (Figure 4A). Single administration of
CNO (10 mg/kg, i.p.) on day 7 relieved mechanical allodynia by
PTX on the following day (day 8), and the anti-allodynic effect
persisted for 7 days after CNO administration (until day 14) in
male CX3CR1-hM4Dij, but not in Control-hM4Di mice (Figures
4A, B). Moreover, single administration of CNO (20 nmol, i.t.)
on day 7 significantly relieved PTX-induced mechanical
allodynia as well (Figure 4C). In female CX3CR1-hM4Di mice
also, single administration of CNO (10 mg/kg, i.p.) on day 7
attenuated PTX-induced mechanical allodynia on the following
day (day 8), but this effect disappeared 7 days after CNO
administration (Figure 4D). Unlike the PTX-induced effect,
OXA-induced mechanical allodynia was slightly improved, but
not significantly relieved, by single administration of CNO (10
mg/kg, i.p.) in both male and female CX3CRI1-hM4Di mice
(Figures 4E, F).

DISCUSSION

In this study, we provided several novel findings. CX3CR1"
microglia could be regulated by Gi-DREADD in mice, and
PSL-induced mechanical allodynia was relieved by CX3CR1-
Gi-DREADD, regardless of time after injury, in male but not in
female mice. Moreover, the relieving effect of CX3CRI1-Gi-
DREADD on PTX-, but not OXA-induced allodynia, was
dominantly observed in male compared to female mice. These
lines of evidence illustrate model- and sex-dependent roles of
spinal microglia in the pathophysiology of NP.

Among different microglial promoters, the Cx3crl promoter
system is frequently used to implement microglia-specific gene
manipulation in mice. To date, different CX3CR1-Cre lines have
been developed and widely used in a number of studies, focusing
on the roles of microglia in the CNS (Parkhurst et al., 2013; Peng
etal., 2016). However, it is also reported that some CX3CR1-Cre
lines have a possibility for leakage of Cre expression into other
cells, such as neurons and astrocytes (Hwang et al., 2017; Zhang
et al., 2018). Zhao et al. demonstrated that CX3CR1 expression
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FIGURE 3 | Relief of mechanical allodynia after PSL by intrathecal CNO in male CX3CR1-hM4Di mice. The mice were subjected to PSL, and CNO (20 nmol) or Veh
was intrathecally (i.t.) administered after pain assessment as indicated by arrows. The 50% paw withdrawal threshold was assessed by the up—-down method using
the von Frey test. (A, B) Effect of CNO on the 50% paw withdrawal threshold in the ipsilateral side of male CX3CR1-hM4Di and Control-hM4Di mice after PSL. (C)
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FIGURE 4 | CNO effect on chemotherapy-induced neuropathic pain (CINP) caused by paclitaxel (PTX) and oxaliplatin (OXA) in CX3CR1-hM4Di mice. PTX (4 mg/kg)
or OXA (5 mg/kg) was i.p. administered to mice four times every second day (on days 0, 2, 4, and 6), and CNO or Veh was administered after pain assessment as
indicated by arrows. The 50% paw withdrawal threshold was assessed by the up—down method using the von Frey test. (A, B) Effect of CNO (10 mg/kg, i.p.) on the
50% paw withdrawal threshold in male CX3CR1-hM4Di and Control-hM4Di mice after PTX administration. (C) Dose-dependent effect of CNO (2 or 20 nmol, i.t.) on
PTX-induced mechanical allodynia in male CX3CR1-hM4Di mice. (D) Effect of CNO (10 mg/kg, i.p.) on PTX-induced mechanical allodynia in female CX3CR1-hM4Di
mice. (E, F) Effect of CNO (10 mg/kg, i.p.) on OXA-induced mechanical allodynia in male and female CX3CR1-hM4Di mice. Data are presented as mean + S.E.M.

was neither observed in neurons nor in astrocytes in CX3CRI-
Cre mice obtained from MMRRC (#036395) and concluded that
the line was microglia-specific (Zhao et al., 2019). In agreement
with this, our data also showed that hM4Di was expressed by
Ibal" microglia, but not GFAP" astrocytes and NeuN" neurons
in the SDH of CX3CR1-hM4Di mice. On the other hand, hM4Di
expression was also observed in F4/80" macrophages in the PNS
of CX3CR1-hM4Di mice. Given that macrophages and microglia
share several common systems and molecules including CX3CR1
(Greter et al., 2015), it is expected that hM4Di is also expressed in
not only spinal microglia but also peripheral macrophages.
CNO has been used as a selective ligand to induce Gi- and
Gq-DREADDs in neurons. When CNO binds to hM4Di, a
canonical Gi-protein-dependent pathway causes membrane
hyperpolarization (Armbruster et al., 2007). Even though the
molecular mechanisms of Gi-DREADD have been well
documented in neurons (Urban and Roth, 2015), the effects of
Gi-DREADD in non-neuronal cells are poorly understood.
Regarding microglia, only two groups of researchers
demonstrated that induction of Gi-DREADD may attenuate
the activation of microglia with inflammatory phenotypes
(Grace et al., 2018; Coleman et al., 2020). Nevertheless,
detailed mechanisms and state-dependent effects of Gi- or Gq-
DREADD on intracellular signaling in microglia are still unclear.

It is important that we also confirmed that hM4Di-signaling in
CX3CR1" microglia can exert an inhibitory regulation through
the Gi-DREADD system, resulting in NP relief in mice.
Molecular-based mechanisms of microglial regulation by Gi-
and Gq-DREADD need to be further investigated in the future.

Gomez et al. reported that systemically-administered CNO is
converted to clozapine, which produces non-specific suppressive
effects on locomotor activity in mice (Gomez et al., 2017); this
suggests that it is important to carefully investigate the effects of
CNO in vivo. Therefore, we compared the effect of CNO on
CX3CR1-hM4Di mice with that on Control-hM4Di mice in all
experiments. Unlike i.t. CNO administration (20 nmol), i.p.
CNO injection (1 mg/kg) slightly decreased the locomotor
activity of the mice, and higher doses of i.p. CNO (3-10 mg/
kg) caused sedation over several hours after administration in
both male and female CX3CR1-hM4Di mice. Given that CNO
(10 mg/kg, i.p.) did not cause such sedative effects in Control-
hM4Di mice, the induction of Gi-signaling in CX3CR1" cells
may elicit unfavorable behavioral effects during acute periods in
both sexes. Nevertheless, we did not observe motor dysfunction
24 h after CNO administration (Figure S2) in CX3CR1-hM4Di
mice, and the mechanical threshold of naive CX3CR1-hM4Di
mice was not altered by i.p. CNO injection. Therefore, to evaluate
the selective roles of Gi-DREADD on CX3CR1" cells on
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mechanical allodynia, behavioral testing was conducted 24 h
after CNO administration, regardless of the delivery route.

It is well known that microglial activation in the SDH is
linked to several types of NP in rodents (Chen et al., 2018; Inoue
and Tsuda, 2018). In case of peripheral nerve injury, the
damaged neurons send excitatory signals to the spinal
microglia via chemical substances, such as ATP and
chemokines; these, in turn, cause microglial proliferation and
upregulation of inflammatory cytokines, such as TNF-a, IL-1f,
and IL-6, resulting in NP (Milligan and Watkins, 2009; Zhao
et al., 2017). Given that activated microglia largely affect
neuronal and astrocytic activity under NP conditions, it is
pivotal to determine disease- and sex-specific roles of microglia
in NP. A large body of evidence indicates that inhibition of
microglial activation by small molecule compounds, such as
minocycline (Raghavendra et al., 2003; Ledeboer et al., 2005;
Mei et al,, 2011) and propentofylline (Tawfik et al., 2007), can
prevent inflammatory responses and NP. Furthermore, also
ablation of activated microglia by pharmacological or genetic
approaches demonstrated that these cells significantly contribute
to the NP condition (Sorge et al., 2015; Peng et al.,, 2016).
However, in terms of specificity or time dependency, the
current evidence is insufficient to uncover the complicated
roles of microglia in NP. Importantly, our results clearly
showed that both systemic (i.p.) and local (i.t.) administration
of CNO significantly relieved PSL-induced mechanical allodynia
in male CX3CR1-hM4Di mice, which is consistent with the
results of previous studies (Sorge et al., 2015).

Sex difference in pain is clinically often observed, and the
proportion of male patients suffering from chronic pain is lower
than that of female patients (Mogil, 2012). However, to date,
male animals have traditionally been used in the majority of
laboratory pain studies. Mechanical allodynia develops similarly
in both male and female mice after nerve injury, whereas there
are significant differences in NP mechanisms between male and
female (Boccella et al., 2019; Del Rivero et al., 2019; Inyang et al.,
2019). In particular, the neuro-immune interaction seems to be
one of the causes for sex difference in pathological pain (Rosen
et al.,, 2017). Sorge et al. demonstrated that i.t. administration of
glial inhibitors or microglia-targeting toxins exerted significant
inhibitory effects on mechanical allodynia following nerve injury
in male, but not in female mice, suggesting male-selective roles of
microglia in NP (Sorge et al, 2015). Moreover, inhibitors of
several microglia-related proteins, such as Toll-like receptor 4,
brain-derived neurotrophic factor (BDNF), and purinergic P2X4
receptor (P2X4R) also produced sex-dependent effects on NP
(Sorge et al., 2015). Notably, P2X4R is upregulated on microglia
after nerve injury in male, but not in female mice, and the
activation of P2X4R causes synthesis and release of BDNF
through p38-mitogen-activated protein kinase, suggesting that
P2X4R might be responsible for the sex differences in NP (Trang
et al,, 2009; Mapplebeck et al., 2016). In contrast to P2X4R,
expression levels of CX3CR1 in the SDH after nerve injury were
similar between in male and female mice (Taves et al., 2016),
suggesting that Gi-DREADD might be commonly induced in
both sexes. In consistent with these findings, we found that

induction of Gi-DREADD in CX3CR1" cells, by either i.p or i.t.
CNO administration, exerted relieving effects on PSL-induced
mechanical allodynia in male CX3CR1-hM4Di but not female
mice, supporting the notion that microglial activation plays a
pivotal role in the pathogenesis of NP only in male mice.

Since lumbar puncture i.t.-administered agents are known to
distribute in the dorsal root ganglion (DRG) region (Kawasaki
etal., 2008; Alessandri-Haber et al., 2009), it is difficult to rule out
the possibility that CNO also affected other cells at this level.
Based on the critical role of the macrophages infiltrating the
peripheral nerves in NP (Thacker et al., 2007; Kiguchi et al., 2017;
Saika et al., 2019), Gi-DREADD may also be induced in
CX3CR1" macrophages after i.p. or it. CNO administration.
Recently, Yu et al. demonstrated that the depletion of DRG
macrophages prevented nerve injury-induced mechanical
allodynia not only in male but also in female mice (Yu et al,
2020). Given the sex-independent role of DRG macrophages, we
hypothesized that the relieving effects of CX3CR1-Gi-DREADD
on NP in male mice were mainly exerted via inhibitory
regulation of CX3CR1" microglia. Nevertheless, as several
reports suggest sex-specific roles of peripheral immune cells
(Luo et al,, 2019), further studies are required to clarify
common molecular mechanisms involved in NP.

CINP is the dose-limiting side effect of anti-cancer agents,
such as PTX and OXA, and remains a challenging clinical
problem. Previous reports clarified that PTX treatment induced
microglial activation in the SDH, leading to NP that is attenuated
by minocycline (Burgos et al, 2012; Pevida et al., 2013).
Consistently, we found that i.p. or it. CNO administration
reversed PTX-induced mechanical allodynia in male CX3CR1-
hM4Di mice. Although CX3CR1-Gi-DREADD slightly
improved mechanical allodynia also in female mice, the degree
of improvement in this case was clearly lower than that in male
mice. These results indicate that CX3CR1" microglia play an
important role in PTX-induced mechanical allodynia as well, at
least in male mice. Unlike in the case of PTX, CX3CR1-Gi-
DREADD did not show any significant preventive effect on
OXA-induced mechanical allodynia in both sexes. Based on
several cases in the literature regarding the mechanisms of
OXA-induced NP (Di Cesare Mannelli et al., 2013; Robinson
et al,, 2014; Kerckhove et al,, 2017), spinal microglia may not
significantly contribute to OXA-induced mechanical allodynia.
Given that astrocytes widely contributed to different types of
CINP, common regulatory mechanisms in the CNS may also
exist between PTX- and OXA-induced NP (Sisignano et al,
2014). Although there are controversial reports regarding the
involvement of spinal microglia in PTX- or OXA-induced NP,
our results emphasize the model- and sex-specific contribution
of CX3CR1" microglia to this condition; this is also supported by
evidence obtained using microglial inhibitors, such as
minocycline and propentofylline.

Collectively, we clearly demonstrated that chemogenetic
regulation of CX3CR1" microglia using Gi-DREADD exerted
sex-dependent (i.e., male-selective) relieving effects on nerve
injury-induced NP in mice. In contrast, CX3CR1-Gi-DREADD
also prevented CINP caused by PTX, but not OXA, in male mice,
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suggesting that the contribution of spinal microglia to CINP
may be agent dependent. Given that several gaps in the
pathophysiology of NP exist because of the effect of sex and
the different models used to study the condition, pharmacology-
based comparative studies using microglia-specific tools are
warranted to uncover the comprehensive mechanisms of NP.
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