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Abstract

Microglia are the resident immune cells in the spinal cord and brain. Mounting evidence suggests that activation of microglia plays an
important role in the pathogenesis of chronic pain, including chronic orofacial pain. In particular, microglia contribute to the transition
from acute pain to chronic pain, as inhibition of microglial signaling reduces pathologic pain after inflammation, nerve injury, and
cancer but not baseline pain. As compared with inflammation, nerve injury induces much more robust morphologic activation of
microglia, termed microgliosis, as shown by increased expression of microglial markers, such as CDIIb and IBAI. However, microglial
signaling inhibitors effectively reduce inflammatory pain and neuropathic pain, arguing against the importance of morphologic activation
of microglia in chronic pain sensitization. Importantly, microglia enhance pain states via secretion of proinflammatory and pronociceptive
mediators, such as tumor necrosis factor a, interleukins 13 and 18, and brain-derived growth factor. Mechanistically, these mediators
have been shown to enhance excitatory synaptic transmission and suppress inhibitory synaptic transmission in the pain circuits. While
early studies suggested a predominant role of microglia in the induction of chronic pain, further studies have supported a role of
microglia in the maintenance of chronic pain. Intriguingly, recent studies show male-dominant microglial signaling in some neuropathic
pain and inflammatory pain states, although both sexes show identical morphologic activation of microglia after nerve injury. In this
critical review, we provide evidence to show that caspase 6—a secreted protease that is expressed in primary afferent axonal terminals
surrounding microglia—is a robust activator of microglia and induces profound release of tumor necrosis factor o from microglia via
activation of p38 MAP kinase. The authors also show that microglial caspase 6/p38 signaling is male dominant in some inflammatory and
neuropathic pain conditions. Finally, the authors discuss the relevance of microglial signaling in chronic trigeminal and orofacial pain.
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synaptic transmission and pain states (Coull et al. 2005;
Miyoshi et al. 2008; Berta et al. 2014). Peripheral or dental
nerve injury induces marked proliferation and morphologic
activation of microglia associated with upregulations of
microglial markers (e.g., IBA1, CD11b) in the central nervous
system (CNS). However, these morphologic changes are not
essential for pain sensitization (Colburn et al. 1997; Sorge et al.
2015; Taves et al. 2015). After nerve injury, the injured sensory
neurons produce colony-stimulating factor 1 (CSF1) to induce
microglial activation and neuropathic pain (Guan et al. 2016).
CSF1 upregulates microglial membrane adaptor protein DAP12,

Introduction

The mechanisms underlying chronic pain states, such as
inflammatory pain, neuropathic pain, and cancer pain, have
been extensively studied in last several decades. Chronic pain
is characterized by peripheral sensitization (sensitization of
primary sensory neurons) and central sensitization (sensitiza-
tion of spinal cord and brain neurons; Dubner and Ruda 1992;
Jietal. 2003; Hucho and Levine 2007). Loss of inhibitory syn-
aptic transmission in the pain pathway has been implicated in
the transition from acute pain to chronic pain (Moore et al.
2002; Coull et al. 2003). A major advance in the previous
decade in pain research is the demonstration of a critical role of
glial cells, such as microglial cells and astrocytes, in the patho-
genesis of chronic pain (Ren and Dubner 2010, 2016; Ji et al.
2013; Grace et al. 2014). A growing body of evidence indicates
that microglial cells play an important role in the development
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of central sensitization and neuropathic pain via neuron-glia
interactions (Tsuda et al. 2003; Tsuda et al. 2005; Ji et al. 2013).
Activated microglia can secrete proinflammatory and pronoci-
ceptive mediators, such as tumor necrosis factor (TNF), inter-
leukins 1 and 18 (IL-1p and IL-18), and brain-derived growth
factor (BDNF), to interact with neurons, thereby modulating
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which is required for nerve injury and CSF1-induced upregula-
tion of pain-related microglial genes, and it contributes to
mechanical allodynia but not microglial proliferation (Guan et
al. 2016). In some inflammatory pain conditions without obvi-
ous morphologic changes, spinal microglia can still drive
inflammatory pain by secreting the proinflammatory cytokine
TNF-a. Microglia have also been shown to be involved with
orofacial pain (Fan et al. 2010; Ma et al. 2015); activation of
the P2X7 receptor in microglia of trigeminal nucleus facilitates
extraterritorial facial pain via TNF-a secretion following tran-
section of the mental nerve, the third branch of the trigeminal
nerve (Murasaki et al. 2013). Recent studies have found that
the role of microglia in pain also depends on sex (Sorge et al.
2015; Taves et al. 2015).

Clinically, it is well established that chronic pain, such as
chronic orofacial pain and temporomandibular disorders, occurs
more frequently in women (Slade et al. 2013; Horst et al. 2015),
although acute dental pain is not significantly worse in women
(Law et al. 2015). However, despite the fact that 70% of pain
clinic patients are women and clinical trials must incorporate
women into their trial designs, the majority of animal pain stud-
ies, including those related to microglia, were exclusively done
in males (Mogil 2012). Surprisingly, basal mechanical and ther-
mal pain sensitivity is very similar in animals as function of sex
(Callahan et al. 2008). As an early effort to characterize pain
processing in both sexes, Mogil’s group found that hyperalgesia
resulting from inflammation or nerve injury depends on male
but not female Toll-like receptor 4 (TLR4) in the spinal cord
(Sorge et al. 2011). Since TLR4 is known to regulate spinal
microglial activation and neuropathic pain (Tanga et al. 2005),
this study indicated possible sex difference in spinal microglia.

In a follow-up study, Sorge et al. (2015) found equivalent
morphologic activation of microglia in the spinal cords of male
and female mice in response to peripheral nerve injury, accom-
panied by similar levels of allodynia. However, spinal inhibi-
tion of microglial function with minocycline, P2X4 blocker, or
microglial BDNF signaling or by elimination of spinal microg-
lia with a toxin reduced mechanical allodynia in male but not
female mice. Interestingly, the researchers also observed male-
specific upregulation of P2X4 receptors in the spinal cord after
nerve injury. This male-specific response requires testosterone,
as minocycline fails to inhibit allodynia in castrated males but
reduces allodynia in testosterone-treated females. In contrast,
female mice have higher basal numbers of T cells in the blood
and increased T-cell marker expression in the spinal cord after
injury. Apparently, female rodents switch from microglial cells
to T cells for neuropathic pain sensitization.

p38 MAPK Is Required for Pain
Sensitization in Males via Microglial
Signaling

Another line of evidence to support sex-dependent microglial
regulation of pain states came from a study on p38 mitogen-
activating kinase MAPK (Taves et al. 2015). Previous studies

have shown that activation of p38 MAPK in spinal microglia
participates in the generation of inflammatory and neuropathic

pain in various rodent models (Jin et al. 2003; Tsuda et al. 2004;
Jiand Suter 2007). However, these studies focused on male mice
to avoid confounding effects of the estrous cycle of females. We
investigated the sex-dependent role of spinal p38 in inflamma-
tory and neuropathic pain using a highly selective p38 inhibitor:
skepinone. We found that intrathecal injection of skepinone pre-
vented formalin-induced inflammatory pain in male but not
female mice (Taves et al. 2015). Notably, application of skepi-
none outside the CNS via intraperitoneal or local perineural
administration inhibited mechanical allodynia in both sexes of
mice in the chronic constriction injury (CCI) model of neuro-
pathic pain. Therefore, it is suggested that this sex dependence is
restricted to the spinal cord (Taves et al. 2015).

We also compared nerve injury—induced microglial prolif-
eration and microglial activation markers in both sexes. CCI
induced comparable microglial proliferation, microgliosis, and
expression of the microglial markers CX3CR1 and IBA-1 in
both sexes. However, nerve injury induced spinal p38 phos-
phorylation (p-p38), a marker of microglia activation in the spi-
nal cord (Ji and Suter 2007), predominantly in male mice. As
expected, p-p38 is coexpressed with the microglial marker
CX3CR1 in the spinal cord dorsal horn of male transgenic mice
expressing CX3CR1-GFP fluoresce protein (Taves et al. 2015).
Together, these data suggest that only some changes in microg-
lia (p-p38 but not IBA-1) are sex dependent. Upon activation,
microglia can induce spinal cord synaptic plasticity, a driving
force for central sensitization and chronic pain (Ji et al. 2003).
As expected, CCI induced comparable increases in the fre-
quency of spontaneous excitatory postsynaptic currents (SEP-
SCs) in lamina Ilo interneurons of the spinal cord pain circuit in
both sexes. Strikingly, skepinone suppressed CCl-induced
sEPSC increases in the nociceptive neurons of spinal cord slices
from only males (Taves et al. 2015). Therefore, the sex-specific
p38 activation and signaling appear to be confined to the spinal
cord in inflammatory and neuropathic pain conditions.

Caspase 6 Contributes to Pain
Sensitization in Males via Microglial
Signaling

Caspases are a family of intracellular cysteine proteases and
are well known for their roles in regulating apoptosis and neu-
rodegeneration. Among different caspases, caspase 6 (CASP6)
is of particular interest because it is localized in axons and
involved in axonal degeneration (Graham et al. 2011). CASP6
is highly expressed in the neuronal axons of primary sensory
neurons (Nikolaev et al. 2009), suggesting a potential role of
this caspase in pain control. We recently showed that CASP6
can modulate microglial activation and inflammatory pain
hypersensitivity in male mice (Berta et al. 2014).
Immunohistochemistry shows intense CASP6 immunore-
activity in nerve fibers but not neuronal cell bodies and glial
cells in the superficial dorsal horn (laminae I-IT) of the spinal
cord (Berta et al. 2014). Since CASP6 is also expressed in pri-
mary sensory neurons in dorsal root ganglia (DRG), it can be
transported to the spinal cord central terminal of primary affer-
ents. This notion was supported by an ablation experiment:
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Figure |. Caspase 6 (CASP6) induces mechanical allodynia via spinal microglial signaling in male mice. (a) Triple staining of CASP6, CGRP, and
CX3CRI (GFP) in the ipsilateral dorsal horn. Note close contacts between CASP6/CGRP-expressing axonal terminals and microglial cell body and
processes. Scale bar, 10 um. (b—d) Recombinant CASP6 (rCASP6) induces tumor necrosis factor a. (TNF-a.) release in primary microglial cultures

via p38 activation. (b) Release of TNF-a and interleukins I3 and 6 (IL-1f and IL-6; ELISA analysis) in microglial culture medium after stimulation of
rCASP6 (5 U/mL, 3 h). *P < 0.05, compared with control, n = 4 cultures. (c) Expression of p38 phosphorylation (p-p38) and TNF-a, revealed by
Western blot analysis, in microglial cultures after rCASP6 treatment (5 U/mL, 3 h). Note a robust increase in the secreted form of TNF-a (17 kDa).
(d) Effects of p38 inhibitor SB203580 (50 uM) on rCASPé-induced TNF-a release in microglial cultures. *P < 0.05, compared with vehicle (1% DMSO),
n = 4 cultures. (e-g) Intrathecal injection of rCASP6- or CASPé-activated microglia induces mechanical allodynia via TNF-a. secretion. BL, baseline. (e)
rCASP6-induced mechanical allodynia (intrathecal [i.t.], 5 U) is reduced by minocycline pretreatment (i.t., 50 pg). *P < 0.05, n = 5 mice. (f) rCASP6-
induced mechanical allodynia (i.t., 5 U) is abrogated in Tnfr double-knockout (Tnfr//2 DKO) mice. *P < 0.05, n = 7 mice. WT, wild type. (g) Spinal (i.t.)
injection of rCASP6-stimulated microglia, but not control microglia, induces mechanical allodynia. *P < 0.05, n = 5 to 7 mice. Modified from Berta et al.
(2014) with permission from the journal. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

ablation of the TRPV 1 (transient receptor potential subtype V1
ion channel) expressing primary afferents with resiniferatoxin
very effectively abolished CASP6 immunostaining in the spi-
nal cord. The result strongly suggests that CASP6 in the spinal
cord is derived from C-fiber nociceptive neurons in DRG. As
expected, the spinal cord primary afferent terminals coexpress
CASP6 and CGRP (calcitonin gene-related peptide), a

neuropeptide that is derived only from primary afferents in the
spinal cord. Notably, CASP6/CGRP-coexpressing primary
afferents exhibit close contacts with microglial cell bodies and
processes in the dorsal horn of CX3CR1-GFP mice (Fig. 1a).
Furthermore, we have shown the CASP6 levels in cerebrospi-
nal fluid significantly increase after inflammation, suggestive
of inflammation-evoked CASP6 secretion (Berta et al. 2014).
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Stimulation of primary cultures of
microglia with recombinant CASP6
(rCASP6) elicited a profound and
dose-dependent TNF-o release in
microglial culture medium. In contrast,
rCASP6 had mild effects on IL-6
release and no effects on IL-1p release
(Fig. 1b). Western blot analysis
revealed that rCASP6 increased the
expression of both the membrane- & oAb
bound TNF-a (precursor, 26 kDa) and & &
the secreted TNF-a (17 kDa), with a
much greater increase in secreted
TNF-o (Fig. 1c), suggesting an impor-
tant role of rCASP6 in eliciting TNF-a
secretion. Treatment of microglia with
inhibitor of p38 (SB203580) sup-
pressed the rCASP6-induced TNF-a
release (Fig. 1d). This result confirms
an important role of p38 in CASP6-
triggered TNF-a release.

Single-cell polymerase chain reac-
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tion analysis demonstrated predominant
TNF-a expression in spinal cord
microglia with limited expression in
astrocytes and no expression in neurons
in lamina II of spinal cord slices (Berta
et al. 2014). Intrathecal injection of
rCASP6 elicited rapid and persistent
mechanical allodynia in wild-type mice,
which was suppressed by intrathecal
injection of the microglial inhibitor
minocycline and abrogated in Tnfi1/2
double-knockout mice (Fig. le, f).
Furthermore, spinal injection of rCASP6-activated microglia is
sufficient to induce mechanical allodynia (Fig. 1g), which can be
transiently reduced by intrathecal injection of the TNF-a neutral-
izing antibody (Berta et al. 2014). Therefore, rCASP6-activated
microglia can cause pain hypersensitivity via TNF-o release.
Mechanistically, rTCASP6 is sufficient to enhance spinal cord syn-
aptic transmission via TNF-o signaling, and inflammation-
induced spinal cord synaptic plasticity can be reduced by CASP6
inhibitor. Minocycline blocked only the rCASP6-induced synap-
tic plasticity (i.e., increase in SEPSC frequency) but had no effect
on basal synaptic transmission (Berta et al. 2014).

The results mentioned above were obtained entirely from
male mice. To determine a sex-dependent role of microglia and
CASP6, we further compared different involvement of CASP6
in neuropathic pain in male and female mice using both a
genetic approach (CASP6 knockout [KO] mice) and a pharma-
cologic approach (CASP6 inhibitor). Notably, CCI induced
marked mechanical allodynia in male and female mice (Fig. 2a, b).
However, CCl-induced mechanical allodynia was reduced in
only male but not female CASP6-KO mice (Fig. 2a, b).
Similarly, intrathecal injections of the CASP6 inhibitor ZVEID,
1 wk after nerve injury, inhibited CCI-induced allodynia in only
male but not female mice (Fig. 2¢, d). Together, these genetic

Figure 2. Spinal caspase 6 (CASP6) contributes to mechanical allodynia in male mice after nerve
injury. (a, b) Chronic constriction injury (CCl)—induced mechanical allodynia in wild-type and
CASP6-knockout (CASP6-KO) mice of males (a) and females (b). *P < 0.05, 2-way analysis of
variance, followed by post hoc Bonferroni test, n = 5 mice/sex/group. BL, baseline. (c, d) CCI-
induced mechanical allodynia in wild-type mice of males (c) and females (b) before and after
intrathecal injections (arrows) of CASPé6 inhibitor ZVEID (10 or 30 pg). *P < 0.05, 2-way analysis
of variance, followed by post hoc Bonferroni test, n = 6 mice/sex/group. ZVEID was given 7 and
8 d after CCI. All the animal procedures were approved by the Institutional Animal Care and Use
Committee of Duke University. CCl was conducted as we previously demonstrated, and mechanical
allodynia was tested blindly with von Frey hairs analyzed with the up-down method (Chen et al.
2015). Mechanical allodynia was also tested by 10 stimuli with a low-threshold force (0.4 g) of von
Frey hair (a, b). The doses of ZVEID were based on our previous study (Berta et al. 2014).

and pharmacologic approaches suggest that spinal CASP6 pre-
dominantly regulates neuropathic pain in male mice.

To further explore how CASP6 controls microglial signal-
ing and neuropathic pain in both sexes, we compared CCI-
induced gene expression in DRG and spinal cord tissues of
male and female mice using quantitative real-time polymerase
chain reaction analysis. Nerve injury increased CASP6 expres-
sion in DRG, but this increase is identical between males and
females (Fig. 3a). CCI also induced comparable increases in
the DRG expression of ATF3 (a marker of axonal injury) and
the spinal cord dorsal horn expression of IBA1 (a microglial
marker) in both sexes (Fig. 3a). Since neuropathic pain is
reduced in only male mice, we further examined the expression
of several genes in DRG and spinal cord dorsal horn tissues of
wild-type and CASP6-KO male mice. We found that CCI-
induced ATF3 expression in DRG is partially reduced in KO
mice. Of great interest, CCI-induced spinal cord expression of
BDNF and TNF-a was also substantially reduced in KO mice
(Fig. 3b). These results suggest that, in addition to TNF-a
release, CASP6 may regulate the expression of BDNF and
TNF-a in the spinal microglia of male mice.

In summary, we have revealed here a previously unrecog-
nized extracellular role of CASP6 in modulating spinal cord
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Figure 3. Caspase 6 (CASP6) is required for nerve injury—induced
tumor necrosis factor (TNF) and brain-derived growth factor (BDNF)
expression in spinal cords of male mice. (a) Chronic constriction injury
(CCl) induces comparable expression of CASP6 and ATF3 in dorsal
root ganglia (DRG) and IBAI expression in the spinal cord dorsal horns
of male and female mice. Gene expression was revealed by real-time
quantitative polymerase chain reaction as fold change (ipsilateral side
[ipsi] vs. contralateral side [contra] of the same animals). *P < 0.05, ipsi
vs. contra, Student’s t test, n = 4 mice/group/sex. n.s., no significance.
(b) CCl-induced expression of ATF3 in DRG and BDNF and TNF-a

in dorsal horns is reduced in male mice with CASP6 deficiency. *P <
0.05, ipsi vs. contra; #P < 0.05, Student’s t test, n = 4 mice/group. DRG
and spinal cord dorsal horn tissues were collected | week after CClI,
and polymerase chain reaction analysis was conducted as previously
demonstrated (Chen et al. 2015; Sorge et al. 2015).

synaptic transmission and persistent pain, in sharp contrast to
the traditional roles of intracellular CASP6 in inducing axonal
degeneration and neuronal apoptosis (Nikolaev et al. 2009;
Graham et al. 2011). Given the unique distribution of CASP6 in
spinal cord axonal terminals of C-fibers, we now propose a
novel form of axon-microglia interaction in the spinal cord for
the induction of inflammatory and neuropathic pain (Fig. 4).
Tissue and nerve injury causes axonal release of CASP6, which
acts on microglia to trigger TNF-a release, leading to enhanced
synaptic transmission and pain states. Our data suggest that tar-
geting the CASP6/p38 MAPK/TNF-a pathway may offer a new
approach for the management of chronic pain by modulating
microglial signaling. Given the well-known role of CASP6 in
axonal degeneration (LeBlanc 2013), targeting CASP6 may
also alleviate neuropathic pain by protecting against neuropathy
after nerve trauma, diabetes, and chemotherapy. Additionally,
p38 is implicated in the synthesis and secretion of BDNF in
microglia, and BDNF plays a critical role in central sensitiza-
tion and disinhibition in chronic pain (Coull et al. 2005; Trang

et al. 2009). Finally, given the function of sex that we observed
in male mice (Taves et al. 2015), we also postulate that in some
persistent pain conditions, the CASP6/p38/TNF-a pathway or
the CASP6/p38/BDNF pathway can promote pain in males

(Fig. 4).

Limitations and Future Directions

While a PubMed search for the keywords “microglia and pain”
shows 1,185 publications, a search for “microglia in trigeminal
pain” shows only 41 publications. The limited data are likely
due to the difficulties inherent in studying orofacial pain, as
behavioral phenotyping in rodents is far simpler in the hind
limb than in the face. However, the data do suggest that microg-
lia are likely as important to chronic pain states in the trigeminal
nucleus as in the spinal cord (Chiang et al. 2011). Although
rodent hind paws are easier to study than teeth, in humans the
opposite holds true, as dental nerves are readily accessible to
the application of microglial inhibitors after dental procedures.

Although we have not examined the role of CASP6 in
microglia activation in the trigeminal system, somatic pain and
trigeminal pain may share similar mechanisms of microglial
regulation. For instance, injury or compression of particular
trigeminal nerve roots in an animal model of trigeminal neural-
gia also induces p38 activation in microglia of the medullary
dorsal horn, which is essential for the pathogenesis of trigemi-
nal neuropathic pain via regulation of TNF-a (Piao et al. 2006;
Ma et al. 2015). It was also shown that the chemokine fractal-
kine (CX3CL1) signaling in microglia contributes to ectopic
orofacial pain following muscle inflammation via IL-18
released from activated microglia (Kiyomoto et al. 2013).
Whether a sex difference based on these mechanisms exists in
orofacial pain is still an open question.

It is critical to appreciate that although there are differences
between human and rodent microglia (Smith and Dragunow
2014), human studies have found glial activation in chronic
pain states using functional magnetic resonance imaging
(Loggia et al. 2015) and in postmortem spinal cords (Shi et al.
2012). As a microglial inhibitor, minocycline (a tetracycline
antibiotic) is approved for use in humans; some clinical trials
have been performed showing limited promise for targeting the
microglial pathway in the management of orofacial pain
(Stavropoulos et al. 2006; Gelesko et al. 2011). However, pro-
pentofylline (a CNS glial modulator) does not decrease pain in
postherpetic neuralgia patients (Landry et al. 2012). This fail-
ure argues that it is critical to target specific proinflammatory
signaling pathways within microglia rather than block the
overall function of these cells. Notably, microglia have differ-
ent phenotypes, and M2-like microglia (anti-inflammatory)
can also be protective and play a role in the resolution of
inflammation and chronic pain (Milligan and Watkins 2009).

The sex difference in microglial effect also gives us reason
to pause to consider the ramifications for human trials and
clinical practice. As recently demonstrated (Sorge et al. 2015;
Taves et al. 2015), microglial proliferation occurs similarly in
male and female rodents, despite the differences in their
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induce central sensitization and transition from acute pain to chronic pain. TNF-o. and BDNF induce pain hypersensitivity (e.g., mechanical allodynia)
via regulating both excitatory and inhibitory synaptic transmission in spinal cord pain circuits (Coull et al. 2005; Kawasaki et al. 2008; Zhang et al.
2010). It remained to be tested whether this mechanism also applies to the trigeminal system and orofacial pain. Modified from Berta et al. (2014) with

permission from the journal. BDNF, brain-derived growth factor; CASP6, caspase 6; DRG, dorsal root ganglia; TNF-o, tumor necrosis factor a.

phenotypic response to inhibition of microglial signaling or
ablation of microglia. These results definitively highlight the
importance of using both sexes in basic science studies, as
mandated by the Food and Drug Administration for human
studies. To some, the microglia’s lack of a phenotypic role in
pain in female rodents may suggest that they are a poor target
for further study, as females are more likely to suffer from
chronic pain states. This would be shortsighted because
insights into this mechanism may help us understand why
females are more likely to be afflicted by chronic pain states. It
is also possible that microglia may play different roles in dif-
ferent chronic pain conditions as well as in different phases of
chronic pain development. For example, in a breast cancer pain
condition, spinal microglia were shown to play an important
role in the maintenance of bone cancer pain in female rats
(Yang et al. 2015). Of interest, naltrexone, an opioid receptor
antagonist, may inhibit the activity of microglia at low doses.
A pilot study showed that fibromyalgia symptoms were
reduced by low-dose naltrexone in female patients (Younger
and Mackey 2009). Future study is needed to monitor microg-
lial activity following the treatment.

One of the interesting predictors of orofacial pain is the role
of intrauterine hormonal exposure as measured by digit ratio.
Individuals exposed to more estrogen in utero were more likely
to develop temporomandibular disorders (Sanders et al. 2013).
This is critical to note, as gonadal hormones appear to

modulate the effect of microglia on the developing brain, with
a critical period where the effect of testosterone on microglia
can permanently alter adult behavior (Lenz et al. 2013).
Exposure of adult female mice to testosterone allows their
microglia to show a male-like sensitivity to microglial inhibi-
tors (Sorge et al. 2015). This effect of hormones on altering the
responsiveness of microglia may be clinically useful and also
highly relevant in the setting of aging and chronic opioid use,
which are both known to cause changes in the hypothalamic-
pituitary-gonadal axis (Bale and Epperson 2015; Gudin et al.
2015). It should be appreciated that difference in sex on
microglia is just a part of the broader differences found in the
immune system as a function of sex (Giefing-Kroll et al. 2015).
Better understanding and harnessing these differences in the
pain phenotype may help in the development of novel treat-
ments for preventing and resolving chronic pain states.
Finally, it is critical to appreciate that, in addition to microg-
lia, astrocytes—the most abundant type of glial cells in the
CNS—-play an important role in inflammatory and neuropathic
pain in somatic and trigeminal areas (Gao and Ji 2010; Chiang
et al. 2012). In particular, activation of astrocytic hemichannel
connexin 43 (Cx43), also known as a gap junction protein, in
persistent pain conditions results in increased secretion of che-
mokines and cytokines (e.g., CXCL1 and IL-1B) from astro-
cytes. CXCLI and IL-1f can interact with nociceptive neurons
in the spinal cord and trigeminal nucleus to induce central



1130

Journal of Dental Research 95(10)

sensitization and enhance pain states (Guo et al. 2007; Chen
et al. 2014). It is of great interest to study whether there is sex-
dependent astrocytic signaling in chronic pain and, further-
more, how microglia, astrocytes, and neurons interact in
chronic pain states in males and females. We should point out that
these interactions are much more complicated than we thought,
but mechanistic insights into these interactions will shed light on
future therapeutics for preventing the transition from acute pain
to chronic pain and for treating existing chronic pain.
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