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Microglia in the spinal cord and neuropathic
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ABSTRACT

In contrast to physiological pain, pathological pain is not dependent on the presence of
tissue-damaging stimuli. One type of pathological pain — neuropathic pain — is often a
consequence of nerve injury or of diseases such as diabetes. Neuropathic pain can be
agonizing, can persist over long periods and is often resistant to known painkillers. A
growing body of evidence shows that many pathological processes within the central
nervous system are mediated by complex interactions between neurons and glial cells. In
the case of painful peripheral neuropathy, spinal microglia react and undergo a series of
changes that directly influence the establishment of neuropathic pain states. After nerve
damage, purinergic P2X4 receptors (non-selective cation channels activated by extracellular
adenosine triphosphate) are upregulated in spinal microglia in a manner that depends on
the transcription factors interferon regulatory factor 8 and 5, both of which are expressed
in microglia after peripheral nerve injury. P2X4 receptor expression on the cell surface of
microglia is also regulated at the post-translational level by signaling from CC chemokine
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receptor chemotactic cytokine receptor 2. Furthermore, spinal microglia in response to
extracellular stimuli results in signal transduction through intracellular signaling cascades,
such as mitogen-activated protein kinases, p38 and extracellular signal-regulated protein
kinase. Importantly, inhibiting the function or expression of these microglial molecules
suppresses the aberrant excitability of dorsal hormn neurons and neuropathic pain. These
findings show that spinal microglia are a central player in mechanisms for neuropathic
pain, and might be a potential target for treating the chronic pain state.

INTRODUCTION

Neuropathic pain is a chronic pain condition that occurs after
nerve damage, such as that induced by bone compression in
cancer, infection, autoimmune disease, trauma and diabetes'. In
addition to spontaneous pain and hyperalgesia (the increased
pain perception of noxious stimuli), a troublesome symptom of
neuropathic pain is pain hypersensitivity to normally innocuous
stimuli, called tactile allodynia. A considerable proportion of
diabetic patients describe abnormal hypersensitivity to normally
innocuous stimuli>. Allodynia is often resistant to the currently
available drugs when administered at doses that do not produce
significant side-effects* ®. We are now beginning to understand
that neuropathic pain is not just a symptom of disease, but is a
consequence of disordered functioning of the nervous system””.
Unraveling the mechanisms of pain hypersensitivity caused by
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nerve damage is therefore essential for the development of new
therapeutic drugs for neuropathic pain.

The spinal dorsal horn receives sensory information from
primary afferent AS and C fibers after nociceptive stimuli (Fig-
ure 1)>'. A fibers have medium diameter myelinated affer-
ents and mediate acute, localized sharp pain sensation. C fibers
have small diameter unmyelinated afferents and convey the
poorly localized delayed pain. The largest-diameter, myelinated
primary afferent AP fibers transmit innocuous mechanical
information (i.e., light touch). The terminals of C and A fibers
are concentrated in the superficial dorsal horn, and these fibers
activate projection neurons and excitatory interneurons (Fig-
ure 1). In contrast, the terminals of A fibers are concentrated
in the deeper dorsal horn, and mainly target excitatory and
inhibitory interneurons (Figure 1) and projection neurons
located in the deeper dorsal horn (not shown). Although
AP fibers polysynaptically link to projection neurons in the
superficial dorsal horn, the link is considered to be normally
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Figure 1 | Schematic illustration of primary afferent sensory fibers and neuronal circuits in the dorsal homn. The dorsal root ganglion contains cell
bodies of primary afferent neurons that transmit sensory information from the periphery to the spinal dorsal horn. Nociceptive information is
mainly mediated by Ad and C fibers, and innocuous mechanical information is mediated by AB fibers. C and Ad fibers terminate in the superficial
dorsal horn, and activate projection neurons and excitatory interneurons. The terminals of A fibers are concentrated in the deeper dorsal horn,

and connect to excitatory and inhibitory interneurons.

strongly repressed by inhibitory interneurons. Therefore, under
normal conditions, AP fibers do not activate nociceptive projec-
tion neurons and do not cause pain. However, the neuronal
networks in the dorsal horn are modulated and modified under
pathological conditions, such as peripheral tissue inflammation
and peripheral nerve injury (PNI)*'. Accumulating evidence
from diverse animal models of neuropathic pain suggests that
neuropathic pain might involve aberrant excitability in the dor-
sal horn, resulting from multiple functional alterations after
PNI including loss of function of inhibitory interneurons (e.g.,
diminished activity of these cells or reduced effectiveness of the
inhibitory neurotransmitters y-aminobutyric acid and gly-
cine)®'?. Furthermore, a growing body of evidence has shown
that PNI-induced hyperexcitability might not be a consequence
merely of changes in neurons, but rather of multiple alterations
in glial cells, such as microglia, the immune cells of the CNS'*"7.
In the present article, we highlight recent advances that further
increase our understanding of the mechanisms underlying neu-
ropathic pain caused by PNI and diabetes, with a specific focus
on microglia in the spinal cord.

MICROGLIA IN THE SPINAL CORD IN PNI AND
DIABETIC ANIMALS

Glial cells make up over 70% of the total cell population in the
central nervous system (CNS), and are classified into astrocytes,

oligodendrocytes and microglia. Microglial cells are known as
resident macrophages in the CNS, which derive from primitive
macrophages in the yolk sac'®. In the adult, microglia are ubiq-
uitously distributed throughout CNS and have small cell bodies
bearing branched and motile processes, which might monitor
the local environment in the CNS'?°. Microglia rapidly
respond to a wide range of stimuli that threaten physiological
homeostasis, including PNI. In a growing body of literature, it
is evident that PNI leads to a dramatic activation of microglia
in the spinal dorsal horn (Figure 2). This response is com-
monly observed among various models of neuropathic pain
including diabetic neuropathy. The morphological features of
microglial activation are a cell body hypertrophy with thickened
and retracted processes, an increase in cell number and an
increase in the staining level of microglial markers, such as
CD11b and ionized calcium-binding adapter molecule-1 (Fig-
ure 2). Using a model of painful diabetic neuropathy caused by
streptozotocin (STZ), we found that microglia in the dorsal
horn showed hypertrophic morphology, an increase in cell
number and in expression of microglial markers. These changes
were also consistently observed in other studies” 2°, and also
found in a model of type 2 diabetes, db/db mice”’. An interest-
ing observation in STZ-induced diabetic rats was that microglia
activation was more pronounced in the fourth lumbar (14) seg-
ment of the dorsal horn than in the L5 or L6 segments. Similar
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Figure 2 | Activation of microglia in the dorsal homn of the spinal cord after peripheral nerve injury. (a) Immunofluorescence of the microglia
marker ionized calcium-binding adapter molecule-1 in the spinal dorsal horn 7 days after nerve injury. High-magnified images of (b) normal and
(c) activated states of microglia in the contralateral and ipsilateral side, respectively, of the spinal dorsal horn.

segmental difference has been observed in the dorsal horn in
response to injury to tibial and common peroneal nerves*®*.
Furthermore, activated microglia were observed mainly in the
medial side of the dorsal horn, an area that has been shown to
receive inputs from these nerves™®, and also to be innervated by
myelinated fibers®>*°. These lines of evidence lead to the possi-
bility that microglia activation might be related to diabetes-
induced damage and/or aberrant activity of a subpopulation of
primary afferent sensory neurons projecting to the L4 dorsal
horn rather than to a direct action of glucose on microglia. 14
dorsal root ganglion neurons, whose central fibers project to
the L4 dorsal horn, are the principal sensory neurons projecting
to the hindpaw’'. Because tactile allodynia is consistently
observed in the hindpaw of diabetic models, activated spinal
microglia could be a mechanistic link to diabetes-induced tactile
allodynia. Clinical evidence also indicates that tactile allodynia
in patients with diabetes is observed mainly in distal regions of
the body, such as feet and ankles’>. Mechanisms underlying the
spatial-specific activation of microglia in the dorsal horn remain
to be determined. However, the area in the spinal dorsal horn
receiving damaged primary afferent sensory neurons matches
that having markedly activated microglia, therefore, microglial
activation requires a signal(s) related to ‘nerve injury. Indeed,

blocking peripheral input from primary afferent fibers by bupi-
vacaine inhibits microglial activation in the dorsal horn after
PNI”. In STZ-treated diabetic mice, Suzuki et al.*> showed that
continuous  systemic administration of lidocaine inhibited
microglial activation in the dorsal horn (although they have
proposed a direct action of lidocaine on microglia).

A neuronally derived signaling molecule that might be
important for microglial activation remains to be determined,
but several candidates have been reported. Those include
monocyte chemoattractant protein-1 (MCP-1 or CCL2) and
metalloproteinase-9 (MMP-9), whose expressions are markedly
increased in dorsal root ganglion neurons after PNI**>®, Mice
lacking chemotactic cytokine receptor 2, which is a receptor for
MCP-1, or MMP-9-deficient mice showed a reduction of mi-
croglia activation caused by PNI*®*. Conversely, intrathecal
administration of MCP-1 or MMP-9 into normal rats produced
microglial activation, as well as allodynia®®. Substrates of
MMP-9 for microglial activation are unclear, but fractalkine,
interleukin-1f (IL-1P) and tumor necrosis factor-o. could be
potential candidates'”.

The role of CCL2 in neuropathic pain might also be associ-
ated with its ability to attract and activate monocytes. Zhang
et al® have shown that bone marrow-derived cells injected
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intravenously into lethally irradiated recipient mice were
observed in the spinal cord parenchyma ipsilateral to the PNI
in a manner that depended on the level of spinal CCL2 expres-
sion. Interestingly, bone marrow cells that had migrated into
the dorsal horn underwent proliferation, expressed ionized cal-
cium-binding adapter molecule-1 and showed microglia-like
morphology. However, the ability of bone marrow-derived cells
to migrate into the parenchyma of the CNS, including the
spinal cord remains controversial, as a result of experimental
manipulations, such as irradiation (which could influence the
blood—spinal cord barrier) and exogenously injected donor
cells®. Thus, the extent to which bone marrow-derived cells
contribute to spinal microglia activation after PNI remains
unresolved.

It was found that spinal microglia express a receptor for the
cytokine interferon-y (IFN-yR), and that stimulating IFN-yRs
in naive animals by means of intrathecal administration of
IFN-y produces a hypertrophic morphology and an increase in
the microglial number*'. Furthermore, IFN-yR-knockout mice
showed the reduction of morphological and numerical changes
of microglia after PNI. Although the source of IFN-y remains
to be identified, the IFN-y/IFN-yR system is critical in trans-
forming resident spinal microglia into the activated state.
Whether IEN-y signaling also contributes to microglial activa-
tion in diabetic animals remains unknown.

The role of toll-like receptors, a family of type I transmem-
brane signaling proteins that recognize pathogen-associated
molecular patterns, has also been reported in PNI models of
neuropathic pain. Mice lacking either toll-like receptor 2, 3 or
4 show impaired microglial activation in the dorsal horn after
PNI** ™,

SPINAL MICROGLIA ARE CRUCIAL FOR NEUROPATHIC
PAIN

Activated microglia show dramatic changes in the expression of
various genes, including cell-surface receptors for neurotrans-
mission (e.g., purinergic receptors) and intracellular signaling
molecules (e.g., mitogen-activated protein kinases [MAPKs])
and bioactive diffusible factors (e.g., pro-inflammatory cytokines
and neurotrophic factors).

Purinergic Receptors

In 1972, Burnstock*® proposed new roles of nucleotides as neu-
rotransmitters, even though it was primarily recognized that
intracellular adenosine triphosphate (ATP) is the source of free
energy to maintain life, and nucleotides are key molecules
within cells. In 1993, the first receptors for nucleotides, called
P2 purinoceptors, were cloned*®*. Afterwards, numerous sub-
types of these receptors were also cloned, and subsequently sci-
entists began to gradually accept the ‘purinergic system.” Now
purinergic P2 receptors are divided into two families, ionotropic
receptors (P2X) and metabotropic receptors (P2Y). P2X recep-
tors (of which there are seven types, P2X1-P2X7) contain
intrinsic pores that open on binding of extracellular ATP*,

http://onlinelibrary.wiley.com/journal/jdi

P2Y receptors (of which there are eight types, P2Y1, 2, 4, 6, 11,
12, 13 and 14) are coupled to heteromeric G-proteins®’. Nucle-
otides are considered to be released or leaked from glial cells as
well as neurons, and thus purinergic signaling plays an impor-
tant role in cell-to-cell communications under physiological and
pathophysiological conditions™.

It was found that expression of P2X4Rs was upregulated
exclusively in microglia after PNI, and that PNI-induced tactile
allodynia was reversed by pharmacological blockade of P2X4Rs
in the spinal cord’’. It was shown that PNI-induced pain
hypersensitivity depends on ongoing purinergic signaling
through microglial P2X4Rs. A marked reduction in neuropathic
pain in both mice knocked down and knocked out of P2X4R
further demonstrated the necessity of P2X4Rs>' . Intrathecal
delivery of P2X4R-stimulated microglia caused normal rats to
produce allodynia, indicating the sufficiency of P2X4R'*”',
These findings on the necessity and sufficiency of microglial
P2X4Rs provided the first definitive evidence for a causal role
of spinal microglia in neuropathic pain. This was supported by
the findings in studies using minocycline, a tetracycline antibi-
otic that has an inhibitory effect on microglial activation. These
studies consistently showed that minocycline attenuates both
microglial activation and mechanical allodynia in models of
neuropathic pain caused by PNI and diabetes®*>* .

The mechanisms by which microglia are crucial for produc-
ing neuropathic pain must involve signaling from activated mi-
croglia to dorsal horn neurons. It was shown that activation of
microglial P2X4Rs stimulates the synthesis and release of brain-
derived neurotrophic factor (BDNF)*>”, and that BDNF then
causes an alteration of transmembrane anion gradient in a sub-
population of dorsal horn lamina I neurons presumably
through the downregulation of the neuronal chloride trans-
porter, KCC2, which in turn renders y-aminobutyric acid and
glycine effects depolarizing, rather than hyperpolarizing, in
these neurons (Figure 3). Furthermore, Keller et al®® have
shown that local spinal administration of ATP-stimulated mi-
croglia changes the phenotype of in vivo spinal lamina I output
neurons, such that they relay innocuous mechanical input,
which could account for allodynia. Thus, P2X4R-stimulated mi-
croglia release BDNF as a crucial factor to signal to lamina I
neurons, causing aberrant nociceptive output that contributes
to neuropathic pain (Figure 3)®. Interestingly, a decrease in
KCC2 expression in the spinal cord has also been reported in
STZ-induced diabetic rats**. The decrease was suppressed by
treatment with minocycline. Furthermore, blocking the BDNF
action in STZ-injected rats by tropomyosin-related kinase B/
fragment, crystallizable domain was found to induce moderate
effects on mechanical hyperalgesia, although BDNF levels were
not increased in STZ-diabetic rats**. Although P2X4R expres-
sion in spinal microglia under diabetic conditions remains
unknown, microglial regulation of KCC2 could be a mecha-
nism of diabetes-induced neuropathic pain.

The upregulation of P2X4R expression in microglia is there-
fore a key process in neuropathic pain. Several studies have
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Figure 3 | Schematic illustration for shifting spinal microglia toward a
P2X4 receptor (P2XR4)-expressing reactive state through an interferon
regulatory factor 8 (IRF8)-IRF5 transcriptional axis after nerve injury, and
a potential mechanism by which P2X4* microglia cause
hyperexcitability in dorsal horn neurons and neuropathic pain. After
nerve injury, activated microglia show increased expression of IRF8,
which in turn leads to induction of IRF5 expression. IRF5 then induces
P2X4R expression by directly binding to the promoter region of the
P2rx4 gene. P2X4R is activated by extracellular adenosine triphosphate
(ATP; which could be presumably released from neurons or glial cells)
and, in turn, release bioactive diffusible factors, such as brain-derived
neurotrophic factor (BDNF). BDNF downregulates the potassium-
chloride transporter, KCC2, through tropomyosin-related kinase B,
causes an increase in intracellular [CI7], and leads to the collapse of the
transmembrane anion gradient in dorsal horn neurons, which in turn
induces depolarization of these neurons after stimulation by y-
aminobutyric acid and glycine (which might be released in response to
stimulation of AB fiber). The resultant hyperexcitability in the dorsal
horn pain network induced by microglial factors could be responsible
for neuropathic pain. GABA, y-aminobutyric acid.
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upregulation®. IRF8 is a member of the IRF family (IRF1-9),
and is expressed in immune cells, such as lymphocytes and
dendritic cells”. The role of IRFs in the CNS was entirely
unknown, but Masuda et al.%* recently showed that within the
spinal cord, IRF8 expression is selectively upregulated in micro-
glia after PNL It was also found that IRF8-deficient mice show
a reduction of PNI-induced tactile allodynia. Furthermore, sup-
pressing upregulated expression of spinal IRF8 caused a signifi-
cant recovery of the PNI-induced allodynia. These results show
that microglial IRF8 is necessary for the development and
maintenance of tactile allodynia after PNL In in vitro studies, it
was shown that IRF8 promotes the expression of genes associ-
ated with reactive states of microglia including P2X4R. Further-
more, the PNI-induced P2X4R upregulation was prevented in
IRF8-deficient mice. More recently, we identified IRF5 as a tar-
get of IRF8*. IRF5 expression was also induced selectively in
spinal microglia after PNI. IRF5-deficient mice showed substan-
tial resistance to pain hypersensitivity. Interestingly, IRF5
expression in activated microglia led to an induction of P2X4R
expression by directly binding to the promoter region of the
P2rx4 gene. Consistent with this, IRF5-deficient mice did not
upregulate spinal P2X4R after PNIL. Thus, an IRF8-IRF5 tran-
scriptional axis could contribute to shifting spinal microglia
toward a P2X4R-expressing reactive state after PNI
(Figure 3)%>%.

Other transcription factors regulating the states of microglia
have also been reported. For example, the E26-transformation-
specific family transcription factor and master regulator of mye-
loid development, PU.1, is expressed in the microglia of adult
CNS tissue”. PU.1 has been shown to control function and
phenotype of human brain microglia®. Furthermore, expression
of spinal cord PU.1 is markedly increased after PNI®. Likewise,
Runt-related transcription factor 1 has been reported to regu-
late the activity state of microglia”, and its expression in the
spinal microglia is also upregulated after PNI”. These microgli-
al transcription factors might play a part in altering microglial
phenotype and modulating pain signaling. However, their roles
in the pathogenesis of neuropathic pain remain unknown and
thus require further investigation, which could provide new
insights into the molecular mechanisms underlying microglial
activation and neuropathic pain.

To detect extracellular ATP, P2X4Rs are necessary to be
expressed on the cell surface of microglia. Surprisingly, a large
amount of P2X4R protein within microglia (and macrophages)
localizes predominantly to intracellular lysosomal compart-
ments”’, and P2X4R protein remains stable within the proteo-
Iytic environment of lysosomes. How P2X4R protein is
recruited to the cell surface of microglia remains elusive, but
recent studies have shown that trafficking of P2X4R protein to
the cell surface occurs when microglia are stimulated by a
toll-like receptor 4 agonist, lipopolysaccharide’”, or the Ca**
ionophore, ionomycin”'. Furthermore, the chemokine CCL2

croglia®°'. We have recently identified interferon regulatory —increased P2X4R protein levels on the cell surface (without
factor-8 (IRF8) as a crucial transcription factor for P2X4R  changing total cellular expression) through chemotactic
© 2015 The Author. Journal of Diabetes Investigation published by AASD and Wiley Publishing Asia Pty Ltd J Diabetes Investig Vol. 7 No. 1 January 2016 21
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cytokine receptor 2”*, Notably, CCL2 changed the distribution
of lysosomes with P2X4R protein within microglial cells and
induced the release of a lysosomal enzyme™. Thus, CCL2
might promote the expression of P2X4R protein on the cell
surface of microglia through exocytosis of P2X4R-containing
lysosomes. A recent study using single-molecule imaging to
track P2X4Rs in the processes of microglia showed that lateral
mobility of P2X4Rs is enhanced in activated microglia by the
p38, a member of the MAPKSs, pathway that selectively regu-
lates slowly mobile P2X4Rs”. These results showed that mi-
croglial P2X4Rs are dynamically regulated on the cell surface.
Thus, post-translational regulation to enhance P2X4R expres-
sion and mobility on the cell surfaces of microglia might render
cells hyperresponsive to extracellular ATP, which might be
important in neuropathic pain.

MAPKs
In response to activation of cell-surface receptors on spinal mi-
croglia by extracellular ligands, a variety of cellular responses
occur through activation of intracellular signaling cascades. p38
was activated in spinal microglia after PNI, and contributes to
neuropathic pain’®’’. p38 activation in spinal microglia has
been shown in different animal models of neuropathic pain™*',
including diabetic models*?®. Furthermore, pharmacological
inhibition of p38 activity by repeated injection or by infusion
of p38 inhibitors attenuated tactile allodynia caused by
PNI"®"7%2% and by diabetes®*". Thus, activation of this kinase
is necessary for the pathogenesis of neuropathic pain. It
remains unclear how nerve damage activates p38 in spinal mi-
croglia. A blockade of the sciatic nerve using bupivacaine before
PNI prevented p38 activation in spinal microglia®, raising the
possibility that activity in the peripheral nerve is required for
microglial p38 activation. It was found that cathepsin S rapidly
induces p38 phosphorylation in spinal microglia after intrathe-
cal injection, an effect that is dependent on fractalkine and its
receptor signaling®¥. In addition, the purinergic P2Y12R
might also be involved in p38 activation in spinal microglia®.
In contrast, the other member of MAPKs extracellular signal-
regulated protein kinase (ERK) in the spinal cord was found in
dorsal horn neurons soon after nerve damage, then predomi-
nantly in microglia for the next several days and in astrocytes
after 3 weeks™. In contrast, the sequential activation of spinal
ERK was not observed in the spinal cord of a model of diabetic
neuropathic pain®, in which ERK activation consistently
occurred in microglia at least for 4 weeks. Furthermore, inhibi-
tion of ERK phosphorylation in the dorsal horn produced a
striking alleviation of existing, long-term tactile allodynia of dia-
betic rats. Thus, activated microglia could be a crucial compo-
nent of PNI- and diabetes-induced tactile allodynia, mediated, in
part, by the ERK signaling pathway. However, Xu et al*” have
shown in db/db mice that ERK activation occurs in neurons and
astrocytes in the spinal cord, and that inhibition of ERK also
attenuated mechanical allodynia. Thus, the type of cells that ERK
is activated in might be different among models of diabetes.

http://onlinelibrary.wiley.com/journal/jdi

Potential candidates for intermediary molecules involved in
MAPK-dependent pain modulation are thought to be pro-inflam-
matory cytokines, such as IL-1p, IL-6 and tumor necrosis factor-
o> 12122 Inhibiting spinal p38 suppresses IL-1B upregulation in
the spinal cord of PNI animals®. C-Fiber-evoked responses,
N-methyl-D-aspartate receptor-mediated responses, and wind-up
in wide-dynamic-range dorsal horn neurons are enhanced by
IL-1B°*%°. IL-1B has also been reported to decrease y-aminobutyr-
ic acid » receptor-mediated currents™. A powerful role of these
cytokines in excitatory or inhibitory synaptic transmission and on
neuronal activity in the superficial dorsal horn neurons has been
shown””*®, Also, the inhibition of microglial ERK decreases the
hyperresponsiveness of dorsal horn neurons in spinal cord-injured
rats through a reduction of prostaglandin E, production™.

CONCLUSION

We have primarily focused on the role of microglia in neuro-
pathic pain caused by PNI and diabetes. A model of mecha-
nisms underlying microglia-mediated neuropathic  pain
modulation in the dorsal horn is presented in Figure 3. Impor-
tantly, pharmacological, molecular and genetic manipulations of
the function or expression of these microglial molecules have
substantially influenced pain behaviors and hyperexcitability of
the dorsal horn pain pathway. Therefore, spinal microglia criti-
cally contribute to pathologically enhanced pain processing in
the dorsal horn, and microglial molecules might be promising
targets for treating neuropathic pain. In addition to microglia,
recent studies have also identified astrocyte-specific molecules,
and have shown a critical role of spinal astrocytes in neuropath-
ic pain®?®1%1% Interestingly, it was found that oral adminis-
tration of gabapentin attenuated activation of microglia and
astrocytes in STZ-induced diabetic rats®, raising the possibility
that gabapentin could exert its anti-allodynic actions partially
through alterations of activation of glial cells in the spinal cord.
It is expected that increased understanding of the functions of
microglial molecules will provide us with exciting insights into
pain mechanisms and clues to develop new therapeutic agents
for the management of neuropathic pain.
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