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Abstract Increasing evidence suggests that spinal micro-
glia regulate pathological pain in males. In this study, we
investigated the effects of several microglial and astroglial
modulators on inflammatory and neuropathic pain follow-
ing intrathecal injection in male and female mice. These
modulators were the microglial inhibitors minocycline and
ZVEID (a caspase-6 inhibitor) and the astroglial inhibitors
L-o-aminoadipate (L-AA, an astroglial toxin) and car-
benoxolone (a connexin 43 inhibitor), as well as U0126 (an
ERK kinase inhibitor) and D-JNKI-1 (a c-Jun N-terminal
kinase inhibitor). We found that spinal administration of
minocycline or ZVEID, or Caspase6 deletion, reduced
formalin-induced inflammatory and nerve injury-induced
neuropathic pain primarily in male mice. In contrast,
intrathecal L-AA reduced neuropathic pain but not inflam-
matory pain in both sexes. Intrathecal U0126 and D-JNKI-
1 reduced neuropathic pain in both sexes. Nerve injury
caused spinal upregulation of the astroglial markers GFAP
and Connexin 43 in both sexes. Collectively, our data
confirmed male-dominant microglial signaling but also
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revealed sex-independent astroglial signaling in the spinal
cord in inflammatory and neuropathic pain.

Keywords Astrocytes - Microglia - Sex difference - Spinal
cord

Introduction

Numerous studies suggest that spinal glial cells, such as
microglia and astrocytes, play a critical role in the
development and maintenance of inflammatory and neuro-
pathic pain via neuronal-glial and glial-glial interactions
[1-4]. Upon activation by painful stimuli or injury,
microglia release pro-inflammatory and pro-nociceptive
factors, such as tumor necrosis factor (TNF), interleukin-1-
beta and interleukin-18 (IL-1B and IL-18), and brain-
derived growth factor (BDNF), via activation of p38 MAP
kinase, to directly modulate synaptic transmission by
interacting with nociceptive neurons [5-9]. Astrocytes are
the most abundant cells in the spinal cord and contact
synapses very closely [10, 11]. Compared to the rapid
reaction of microglia, especially after nerve injury, astro-
cytic activation has been found in a variety of pain-related
injury states, usually occurring several days after the injury
and much longer-lasting [2, 12]. Activated astrocytes can
also release multiple inflammatory mediators and neuro-
modulators such as cytokines (IL-1f) [13] and chemokines
(CCL2 and CXCL1), via upregulation of the hemichannel
and gap junction protein connexin43 (Cx43) and activation
of c-Jun N-terminal kinase (JNK), to enhance and extend
persistent pain states [10, 14, 15]. Activation of extracel-
lular signal-regulated kinases (ERK) in astrocytes has also
been implicated in the maintenance of neuropathic pain
[16, 17]. Since it was not expected that these cellular and


http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0145-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-017-0145-y&amp;domain=pdf
https://doi.org/10.1007/s12264-017-0145-y
www.springer.com/12264

G. Chen et al.: Sex-Dependent and -Independent Glial Signaling in Pain

99

molecular signaling pathways would differ between the
sexes, previous animal studies primarily focused on males
to avoid confounding sex-hormone fluctuations in females
(but see [18, 19]).

However, it is apparent that for most pathologic states,
females suffer at a higher rate [20-22]. The 2009 U.S.
National Health Interview Survey found that women report
greater amounts of low back pain, neck pain, and orofacial
pain, with an almost 2-fold increase in women reporting
migraines or severe headaches, or pain in the face or jaw
[23]. A review of experimentally-induced pain in humans
also provided support for the observation that females are
more sensitive to pressure and thermal pain than males,
which suggests differences in nociception between the
sexes [21]. Several mechanisms have been proposed to
explain these differences, including psychosocial factors,
familial factors, and sex hormones [21, 24-26]. Intrigu-
ingly, recent studies have demonstrated a male-dominance
of microglial signaling in neuropathic pain, although both
sexes show identical morphological reactivity of microglia
(i.e. microgliosis) after nerve injury [27, 28]. Previous
results from our group suggest that secreted protease
caspase-6 (CASP6) released from axonal terminals induces
microglial activation and releases TNF via activation of
p38 MAP kinase [29]. Our recent results also suggested
that sex-dependent p38 activation and signaling occur in
spinal microglia in some inflammatory and neuropathic
pain conditions [30]. Although microglial signaling pre-
sents a clear sex dichotomy in pain, whether astrocyte
signaling is also sex-dependent in the modulation of pain is
still unknown.

Thus, in this study, we used an approach involving
intrathecal (i.t.) administration of microglial and astroglial
modulators to investigate the signaling of microglia and
astrocytes in inflammatory pain and neuropathic pain in
both male and female mice.

Materials and Methods
Reagents and Administration

Formaldehyde solution, carbenoxolone (CBX, a gap-junc-
tion inhibitor), L-o-aminoadipate (L-AA, an astroglial
toxin) [31], and minocycline (a microglial inhibitor) [32]
were from Sigma (St. Louis, MO). Recombinant full-length
active human caspase-6 protein (CASP6) was from Abcam
(Cambridge, MA), the CASP6 inhibitor Z-V-E(OMe)-I-
D(OMe)-FMK (ZVEID) and TNF were from R&D Sys-
tems (Minneapolis, MN). SB 225002 (a CXCR2 antago-
nist) was from Tocris (Ellisville, MO), and U0126 (an
MEK inhibitor) was from Calbiochem (Darmstadt, Ger-
many). D-JNKI-1 (a JNK inhibitor) was kindly provided by

Dr. Christopher Bonny, University of Lausanne, Switzer-
land. For i.t. injection, spinal cord puncture was made with
a 30G needle between the L5 and L6 levels to deliver
reagents (10 pL) into the cerebrospinal fluid [33]. The
doses of inhibitors/antagonists/recombinant proteins used
in this study were from our previous reports [14, 34-36].

Animals and Surgery

Adult CD1 mice (8-10 weeks old, 25-30 g) of both sexes
were from Charles River Laboratories (Wilmington, MA)
and used for the majority of experiments. In selected
experiments, adult knockout mice lacking Casp6
(Caspé_/_), from The Jackson Laboratory (Bar Harbor,
ME), were used. All animals were housed under a 12-h
light/dark cycle with food and water available ad libitum.
To induce inflammatory pain, diluted formalin (5%, 20 pL)
was injected into the plantar surface of a hindpaw.
Neuropathic pain was produced by chronic constriction
injury (CCI) of the sciatic nerve [14]. In brief, animals
were anesthetized with isoflurane, then the left sciatic
nerve was exposed and three ligatures (LOOK® 6-0 Silk,
#SP102, Surgical Specialities Co., Reading, PA) were
placed around the nerve proximal to the trifurcation with 1
mm between ligatures. The ligatures were gently tightened
until a short flick of the ipsilateral hind limb was observed.
All animal procedures performed in this study were
approved by the Animal Care Committee of Duke Univer-
sity Medical Center.

Behavioral Testing

Animals were habituated to the testing environment for at
least 2 days before testing. All behaviors were assessed in a
blinded manner. The time course of formalin-induced
licking and flinching behavior was monitored and recorded
for 45 min and analyzed every 5 min. For assessing
mechanical sensitivity after formalin injection and CCI, the
hindpaw was stimulated with a series of von Frey hairs of
logarithmically increasing stiffness (0.02-2.56 g, Stoelting,
Wood Dale, IL), presented perpendicularly to the central
plantar surface. Based on Dixon’s up-down method [37], 6
von Frey tests were performed in each animal and the 50%
paw-withdrawal threshold was determined.

Immunohistochemistry

As we reported previously [14], mice were deeply anes-
thetized with isoflurane and perfused through the ascending
aorta with PBS, followed by 4% paraformaldehyde. After
perfusion, the L4-L5 spinal segments were removed and
postfixed in the same fixative overnight. Spinal cord
sections (30 pm, free-floating) were cut in a cryostat,
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blocked with 2% goat serum for 1 h at room temperature,
and then incubated overnight at 4 °C with anti-GFAP
(mouse, 1:1000, Millipore, Colorado, MA) and anti-
Connexin 43 (rabbit, 1:1000, Sigma, St. Louis, MO)
primary antibodies, followed by cyanine 3(Cy3)- and/or
FITC-conjugated secondary antibodies (1:400; Jackson
ImmunoResearch, West Grove, PA) for 2 h at room
temperature. The stained sections were examined under a
Nikon fluorescence microscope, and images were captured
with a CCD Spot camera. We collected 5 sections from
each mouse for quantification of immunofluorescence. The
intensity of fluorescence in the superficial dorsal horn was
analyzed using Image] software (NIH, Bethesda, MD).

Statistical Analyses

All data are expressed as mean = SEM. Behavioral data
were analyzed using Student’s t-test (two groups) or one-
way and two-way ANOVA followed by the Bonferroni
post-hoc test. The criterion for statistical significance was
P < 0.05.

Results

Minocycline Inhibits Inflammatory Pain in Males
while L-AA Has no Effect on Inflammatory Pain
in Mice of Both Sexes

To assess sex-dependent glial signaling in inflammatory
pain, male and female mice were administered the
microglial inhibitor minocycline (10 and 50 pg, ~20 and
100 nmol) and the astroglial toxin L-AA (50 nmol) via the
i.t. route 30 min prior to intraplantar injection of 5%
formalin. The time course of formalin-induced licking and
flinching behavior are shown in Fig. 1A. Data are also
presented as phase I (0-10 min after formalin injection,
related to peripheral nerve activity) and phase II (1045
min after formalin injection, related to central sensitiza-
tion) (Fig. 1B). We found no difference in phase I or phase
II behavior between vehicle- and L-AA-treated males and
females, showing no effect of L-AA on formalin-induced
spontaneous pain (phase I, P = 0.3090 in males and
P = 0.1892 in females; phase II, P > 0.9999 in males and
females, one-way ANOVA). The results suggest that
astrocyte signaling does not play a role in this model.
Intrathecal minocycline at a low dose of 10 pg reduced
both phase I and phase II behavior in males but not in
females, while a higher dose of 50 ng reduced both phase I
and phase II behavior in males and females (P < 0.05, one-
way ANOVA, Fig. 1A, B). Regardless of the dose, the
analgesic effect was much stronger in males than in
females. There were also no significant differences in phase
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I and phase II behavior in males with either 10 or 50 pg
minocycline (phase I, P = 0.9561; phase II, P > 0.9999,
one-way ANOVA,). Although this suggests a role of
microglial signaling in males and females, the effect
appeared more pronounced in males. Furthermore, as
minocycline also has other unrelated actions at higher
doses, such as antibacterial [38], neuroprotective [39], and
anti-inflammatory effects [40], this may be a reason why
only a high dose of minocycline reduced formalin-induced
spontaneous pain behavior in females. Above all, these
results show a sex-dependence of the role of microglial
signaling in formalin-induced spontaneous pain.

Mechanical Hypersensitivity is Induced in Both
Naive Male and Female Mice by Intrathecal TNF
but only in Naive Male Mice by Intrathecal CASP6

Previous results from our lab had shown that CASP6, a
cysteine protease released from spinal axonal terminals,
modulates synaptic plasticity and inflammatory pain [29].
Lt. injection of recombinant human CASP6 protein induces
mechanical hypersensitivity via releasing TNF from
microglia in naive male mice [29, 35]. To test whether
the CASP6 signaling pathway in naive mice is sex-
dependent, males and females were given human active
CASP6 (5 U, i.t.)[29], which shares ~84% of its sequence
with mouse CASP6 (checked by protein blast). Compared
with the vehicle group, CASP6 elicited rapid (<2 h) and
persistent (>24 h) mechanical hypersensitivity only in
naive males (Fig. 2A) but not in females (Fig. 2B). Since
TNF is mainly produced by spinal microglia and acts as a
main trigger for the pathogenesis of pain [15, 29, 41, 42]
via modulation of spinal synaptic plasticity [43—45] and
astrocyte activation [15], we tested the effect of i.t.
injection of TNF in males and females, and found that it
induced similar levels of rapid and persistent mechanical
hypersensitivity in both (Fig. 2A, B). These results imply
that the spinal neuronal and astrocytic responses to TNF
are similar in males and females and that the sex-dependent
CASP6 signaling in naive mice is due to the sex-dependent
release of TNF from microglia.

CASP6 Inhibition or Casp6 Deletion in the Formalin
Model Reduces Inflammatory Pain and Delays
Neuropathic Pain in Male but not in Female Mice

To test the sex-dependent CASP6 signaling in inflamma-
tory pain, males and females were given the CASP6
inhibitor ZVEID [29] (30 pg, it) 30 min prior to
intraplantar injection of 5% formalin. ZVEID reduced
both formalin-induced phase I and phase II behavior in
males but only phase I in females (P < 0.05, one-way
ANOVA; Fig. 3A, B). No sex difference was found in
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Fig. 1 Effects of spinal injection of microglial inhibitor and
astroglial toxin on formalin-induced pain in male and female mice.
A Time-course of licking and flinching behavior following intraplan-
tar injection of 5% formalin. B Formalin-induced Phase I (1-10 min)
and Phase II (10-45 min) responses. Intrathecal injection of vehicle

Fig. 2 Effects of spinal injec-
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phase I pain behavior with ZVEID treatment (P = 0.837,
two-tailed Student’s #-test), but phase II in males with
ZVEID was reduced (P = 0.039, two-tailed Student’s ¢-
test). We have previously shown that after vehicle injec-
tion, formalin-induced pain is comparable in males and
females [30]. We have also shown that the baseline
thresholds in WT and CASP6-knockout mice are compa-
rable in both sexes [35]. Here, we further compared the
formalin-induced pain and mechanical hypersensitivity in
Casp6™~ males and females. Compared with Casp6™~
females, formalin-induced phase II pain in males was also
reduced (P = 0.002, two-tailed Student’s z-test Fig. 3C,
D). Formalin induces not only acute inflammatory pain but
also delayed neuropathic pain, due to nerve injury. As a
result, intraplantar formalin injection causes marked

Time after injection

morphological activation of microglia (microgliosis) in
the spinal dorsal horn after 24 h [46]. Interestingly,
formalin-induced persistent mechanical hypersensitivity
on days 5 and 7 was also reduced in Casp6”~ males
(Fig. 3E). These results indicate sex-dependent CASP6
signaling in formalin-induced acute inflammatory pain and
persistent neuropathic pain.

Microglial Inhibition Reduces CCI-Induced
Mechanical Hypersensitivity in Male but not Female
Mice While Astroglial Inhibition Shows No Sexual
Dimorphism

Microglia and astrocytes play distinct roles in the induction
and maintenance of neuropathic pain. After nerve injury,
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Fig. 3 CASP6 contributes to
formalin-induced pain and late-
phase mechanical hypersensi-
tivity in male mice. A Time
course of formalin-induced pain
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the time course of spinal glial activation depends upon the
cell type. The microglial reaction (microgliosis) peaks in
the first week [12, 47], but astrogliosis is more prominent at
a later stage (10-21 days) [14, 48]. To test sex-dependent
glial signaling in neuropathic pain, males and females were
given the microglial inhibitor minocycline (50 pg, i.t.) 7
days after CCI, and the results showed that mechanical
hypersensitivity was not significantly different between
males and females at 7 days after surgery (Fig. 4A).
Consistent with previous reports, minocycline rapidly (<1
h) and completely reversed the mechanical hypersensitivity
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for 3 h in males. This inhibitory effect faded after 5 h. In
contrast, minocycline only partially reversed the mechan-
ical hypersensitivity in females (Fig. 4A). The effects of
minocycline at 7 days after CCI also differed in males and
females (P < 0.0001, two-way ANOVA; Fig. 4A). Next,
males and females were given the astroglial toxin L-AA
(50 nmol, i.t.) 12 days after CCI, and this had comparable
effects in males and females (P > 0.05, two-way ANOVA,;
Fig. 4B). These results indicate sex-dependent microglial
but not astroglial signaling in the spinal cord in CCI-
induced neuropathic pain.
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Fig. 4 In the CCI model, microglial inhibition reduces mechanical
hypersensitivity in male but not female mice, while astroglial
inhibition shows no sexual dimorphism. A CCI-induced mechanical
hypersensitivity at 7 days was fully reversed by spinal injection of
minocycline (50 pg = 100 nmol) in males and it was only partially
reversed in females. B CCI-induced mechanical hypersensitivity at 12

Sex-Independent Astrocytic Signaling in the Spinal
Cord in Neuropathic Pain

The mitogen-activated protein kinase (MAPK) family,
which consists of three major members (p38, ERK, and
JNK) is activated in spinal glial cells after nerve injury and
contributes to pain sensitization [49]. After nerve injury,
p38 is activated in microglia, ERK is activated sequentially
in microglia and astrocytes, and JNK is activated persis-
tently in astrocytes [50]. Our recent paper demonstrated
sex-dependent p38 signaling in spinal microglia under
inflammatory and neuropathic pain conditions [30, 35].
Here, we investigated the roles of JNK and ERK in male
and female mice in the CCI model. Intrathecal injection of
the JNK inhibitor D-JNKI-1 (4 nmol) or the ERK kinase
inhibitor U0126 (10 pg = 25 nmol) at 15 or 14 days both
reversed the CCl-induced mechanical hypersensitivity in
males and females equally (P > 0.05, two-way ANOVA;
Fig. 5A, B).

Our previous experiments on male mice had shown that
Connexin-43-mediated hemichannels control the astrocytic
release of CXCL1 in the spinal cord, and that CXCLI1
maintains spinal synaptic plasticity via activation of
neuronal CXCR2 [14]. To further assess the sex-indepen-
dence of astrocytic signaling in neuropathic pain, male and
female mice were given the non-selective gap-junction
inhibitor CBX [51] (5 pg = 8 nmol) and the CXCR2
antagonist SB225002 [52] (20 pg = 56 nmol) via the i.t.
route at 13 or 17 days after CCI. Injection of CBX rapidly
(<1 h) and completely reversed the mechanical hypersen-
sitivity for >5 h in both males and females equally
(P > 0.05, two-way ANOVA). This reversal faded after 24
h (Fig. 5C). SB225002 partially reversed the mechanical

B L-AA, 50 nmol

O Male (n=8)
B Female (7=8)

-—
=N

0.8 1
0.6 1
0.4 1
0.2 1

o

Paw withdrawal threshold (g)

BL CCl 1h 3h 5h
12 days

Time after injection

days was partially reversed by L-AA (50 nmol), but there was no
difference between males and females. Mean += SEM; *P < 0.05 vs
corresponding CCI 7, one-way ANOVA; #p < 0.05, n.s., not
significant vs opposite sex, two-way ANOVA; n = 8 mice per group;
BL, baseline. Arrows indicate drug injection.

hypersensitivity in both males and females equally
(P > 0.05, two-way ANOVA; Fig. 5D). As a control,
vehicle injection in the CCI model did not change the paw-
withdrawal threshold in males and females (Fig. SE).

We have previously demonstrated that the microglial
reaction (morphological activation, IBA-1 staining inten-
sity, and proliferation) is identical in male and female mice
after CCI [30]. Here, to determine whether nerve injury
differentially activates spinal astrocytes in males and
females, we examined the expression of astrocyte markers
GFAP and the hemichannel Cx43 on lumbar cord sections
from both sexes 14 days after CCI using double immuno-
histochemistry. We found that both males and females
displayed increases in GFAP- and Cx43-immunoreactivity
(IR) in the dorsal horn ipsilateral to the injury (Fig. 6A, B).
Quantification of IR in the dorsal horn confirmed the
upregulation of GFAP and Cx43 14 days after CCI on the
ipsilateral side versus the contralateral side (Fig. 6C, D).
However, no differences between males and females were
found in the intensity and co-localization of GFAP and
Cx43 in the ipsilateral dorsal horn (Fig. 6C-E). Collec-
tively, these data suggest that spinal astrocytic signaling is
sex-independent in CCl-induced neuropathic pain.

Discussion

The overall goal of this study was to determine the sex
differences in spinal microglial and astroglial signaling in
inflammatory pain and neuropathic pain by testing several
glial modulators. Our results showed that spinal microglial
signaling is sex-dependent in the formalin-induced model
of acute inflammatory pain and the CCI model of
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neuropathic pain. First, spinal injection of the microglial
inhibitor minocycline reduced both the formalin-induced
pain behavior and CCI-induced mechanical hypersensitiv-
ity in males with less or no response in females. Second,
mechanical hypersensitivity was induced only in naive
males but not in females using the microglial activator
CASP6. Third, spinal injection of the CASP6 inhibitor
ZVEID reduced formalin-induced pain behavior only in
males. Finally, in addition to formalin-induced early-phase
inflammatory pain, we also examined the formalin-induced
late-phase neuropathic pain in WT and Casp6-knockout
mice. The latter showed a decrease in both pain behavior
and subsequent mechanical hypersensitivity in males but
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not in females. Here, although the effects of glial
modulators were compared between sexes and only one
dose was tested in most conditions, we cannot exclude the
possibility that the potency is different and a higher dose
would also produce an effect in females, as for the data
shown in Fig. 1. However, these results clearly demon-
strated that male-specific and CASP6-mediated microglial
signaling is involved in formalin-induced inflammatory
pain and formalin- and CCI-induced neuropathic pain.
Conversely, our results showed that spinal astrocyte
signaling plays a less important role in acute inflammatory
pain, and spinal astrocytic and/or neuronal signaling is sex-
independent in the CCI model of neuropathic pain. The
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Fig. 6 CCI increases GFAP A
and Cx43 expression in the
spinal dorsal horn equally in
mice of both sexes. A, B Low-
magnification images of double
immunofluorescent staining
with GFAP (red) and connexin
43 (Cx43, green) in lumbar
dorsal horn sections showing
both ipsilateral (Ipsi.) and con-
tralateral (Contra.) sides in a
male (A) and a female (B) 14
days after CCI (scale bars, 100
pm). A’, B’ High-magnification
images (from boxes in A, B) of
the double staining in the ipsi-
lateral dorsal horn (scale bars,
50 um). C, D Quantification of
GFAP (C) and Cx43 (D) im-
munofluorescence from lumbar
sections showing a significant
increase in fluorescence inten-
sity in the ipsilateral dorsal horn
in both males and females.

E Co-localization ratios of
GFAP and Cx43 IR staining in
the ipsilateral dorsal horn in
males and females 14 days after
CCI. Mean £+ SEM; *P < 0.05
between ipsilateral and con-
tralateral dorsal horn of same
sex, n.s. not significant, two-
tailed Student’s t-test, n = 4
mice per sex per group, 5 sec-
tions per mouse. C
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evidence was obtained by multiple experimental
approaches. First, there was no effect of spinal injection
of the astroglial toxin L-AA on formalin-induced pain
behavior in either male or female mice. Second, i.t.
injection of TNF, which is released by activated microglia
and acts on astrocytes and neurons, induced similar levels
of mechanical hypersensitivity in both naive males and
females. Third, i.t. injection of the astroglial toxin L-AA
reduced the nerve injury-induced mechanical hypersensi-
tivity in both males and females equally. Fourth, inhibition
of JNK and ERK, two MAP kinases important for
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astrocytic signaling, reduced the mechanical hypersensi-
tivity in both males and females equally. Previous reports
from our lab have shown that on day 10 after spinal nerve
ligation (SNL), pERK is present in microglia in the deep
dorsal horn (laminae III-V) and in astrocytes in the
superficial dorsal horn (laminae I-II). However, in the late
phase at 21 days after SNL, pERK is predominantly
expressed in astrocytes. This may explain why the
analgesic effect of the ERK kinase inhibitor U0126 showed
no sex difference 14 days after CCI. Fifth, inhibition of
astrocytic hemichannel function or CXCR2 activity

@ Springer



106

Neurosci. Bull. February, 2018, 34(1):98-108

reduced the mechanical hypersensitivity in both males and
females equally. Finally, no difference between males and
females was found in the staining intensity of GFAP and
Cx43 in the dorsal horn ipsilateral to the injury14 days after
CCIL

These results are critical, as clinical and human
experimental data have identified sex differences in pain,
including sensitivity to various painful stimuli and the
response to some methods of pain treatment [20, 21, 23].
Recent data have shown that this sex difference is apparent
in the different mechanisms underlying pain processing
[27, 28, 30, 35]. For example, Sorge et al. found that Toll-
like receptor 4 (TLR4) signaling in the spinal cord
mediates inflammatory and neuropathic pain in male mice
but not in females [28]. Their study suggested a possible
sex-dependence of microglial signaling in the spinal cord,
as TLR4 is known to regulate microglial activation and
pain [53]. In a follow-up study, they showed that male and
female mice process spinal nerve injury-induced neuro-
pathic pain and complete Freund’s adjuvant-induced
inflammatory pain through completely different immune
cells — microglia in males and T cells in females — and
described a sex-dependent response to microglia-targeted
pain treatments [27]. Previous data from our lab also
showed that there is sex-specific p38 activation and
signaling in spinal microglia under inflammatory and
neuropathic pain conditions, but no sex differences in the
microglial reaction (morphological activation, IBA-1 stain-
ing intensity, and proliferation) after CCI [30]. However, it
is noteworthy that sex-dependent microglial signaling may
not occur in all pain conditions and in all phases of pain
development. For example, Yang et al. demonstrated that
spinal microglia play an important role in the maintenance
of bone cancer pain in female rats [19].

In sharp contrast, astrocyte signaling appears to be
independent of sex. A close association between synapses
and astrocytic processes makes it possible for astrocytes to
regulate synaptic transmission by releasing astrocytic
mediators (e.g. ATP, cytokines, and growth factors)
[2, 5, 54]. Under various pathological conditions, reactive
astrocytes have been found to be associated with enhanced
pain states [14, 15]. In most cases, the astrocytic reaction
occurs after the microglial reaction and is thought to be led
by the microglial reaction. Compared to the microglial
reaction, the spinal astrocyte reaction is more widespread,
evident, and longer-lasting after a painful injury [1, 55].
Mounting evidence has suggested that spinal astrocytes
play an important role in the induction and maintenance of
inflammatory and neuropathic pain as well as spinal
microglia [2, 10]. For example, i.t. injection of astrocyte
inhibitors, such as fluorocitrate, fluoroacetate, and L-AA,
has been shown to reduce pain behaviors in male rodents
with inflammatory pain and neuropathic pain [14, 56-58].
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The expression of Cx43 is increased markedly in spinal
astrocytes under various pain conditions, and inhibition of
gap junction function by CBX or Cx43 blockers produces
analgesia in different pain models [14, 59, 60]. In addition,
astrocytes also express phosphorylated ERK, JNK, and
JNK-1, as well as secreting IL-1B, TNF-a, CCL2, and
CXCLI in response to nerve injury or inflammation
[1, 2, 10]. However, all these studies were experiments
carried out on male rodents. We still do not know about the
generalizability of these results across sexes, as the
conclusions have not been tested in females. Our data do
suggest though that JNK-, gap junction-, and CXCR2-
mediated signaling in the spinal cord is independent of sex.

A limitation of our work is that we used relatively non-
specific inhibitors/modulators of microglia and astrocytes.
For example, the microglial inhibitor minocycline may
have nonselective effects on neuronal activity and synaptic
transmission at high concentrations (20-100 pmol/L)
[29, 61]. This may explain why an effect of minocycline
was noted in phase I of the formalin-induced inflammatory
pain model but no effect of CASP6 inhibition or Casp6-
knockout on phase I behavior was found. Interestingly, this
effect of minocycline on phase I behavior was not found by
two other groups who applied the drug via the systemic
route in male mice and rats [62]. As we noted earlier,
minocycline has many other mechanisms of action, includ-
ing antimicrobial activity, strong metal chelation, and
inhibition of matrix metalloprotease-9 [63]. Notably,
neuronal modulation of central sensitization in the spinal
cord appears to be sex-independent. Intrathecal delivery of
an NMDA receptor antagonist is effective in suppressing
the mechanical hypersensitivity after nerve injury in both
male and female mice [27]. Consistently, i.t. TNF induced
mechanical hypersensitivity in both sexes (Fig. 2A) by
modulating synaptic plasticity and central sensitization
[43] and astrocyte activation [15]. Activation of CXCR2 by
the astrocyte-derived chemokine CXCL1 also plays an
active role in facilitating synaptic transmission and central
sensitization [14]. Consistently, i.t. administration of the
CXCR?2 antagonist SB22502 attenuated the CCl-induced
mechanical hypersensitivity in both sexes (Fig. 5C). Thus,
although the glial modulators are not very selective, the
sex-dependent effects they produce may indicate whether
these effects involve microglial signaling.

In addition to pain research, sex differences have been
recognized in many other fields. To facilitate translational
research, preclinical studies and therapeutic development
are required to consider the biological differences between
males and females according to the guidelines of the U.S.
Food and Drug Administration (1993), the National
Institutes of Health (1999, 2014), and the Institute of
Medicine (2001). However, this pressure for applicability
is at odds with the resource constraints of funding and the
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need to reduce animal usage. This was the major reason for
designing this study, to help understand which aspects of
pain-processing are sex-dependent. Although it is well-
known that spinal microglia and astrocytes play important
roles in the induction, development, and maintenance of
pain, we were still not sure of the exact role of glia in pain
conditions in females, since the majority of these exper-
iments were performed in male animals. As a negative
example [64], the results from nearly 100 animal studies
showed that Dextromethorphan, an NMDA receptor antag-
onist, nonselective serotonin reuptake inhibitor, and sigma-
1 receptor agonist, potentiates morphine analgesia at low
doses, and attenuates it at high doses. However, a Phase 11
clinical trial failed because this effect is not apparent in
females. This had not been realized, as all previous studies
were performed only in male animals. To avoid such errors
and save time and money in the future, researchers should
pay attention to sex differences in pain studies.
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