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Abstract

Although pain is regarded traditionally as neuronally mediated, recent progress shows an important
role of spinal glial cells in persistent pain sensitization. Mounting evidence has implicated spinal
microglia in the development of chronic pain (e.g. neuropathic pain after peripheral nerve injury).
Less is known about the role of astrocytes in pain regulation. However, astrocytes have very close
contact with synapses and maintain homeostasis in the extracellular environment. In this review, we
provide evidence to support a role of spinal astrocytes in maintaining chronic pain. In particular, c-
Jun N-terminal kinase (JNK) is activated persistently in spinal astrocytes in a neuropathic pain
condition produced by spinal nerve ligation. This activation is required for the maintenance of
neuropathic pain because spinal infusion of JNK inhibitors can reverse mechanical allodynia, a major
symptom of neuropathic pain. Further study reveals that INK is activated strongly in astrocytes by
basic fibroblast growth factor (bFGF), an astroglial activator. Intrathecal infusion of bFGF also
produces persistent mechanical allodynia. After peripheral nerve injury, bFGF might be produced
by primary sensory neurons and spinal astrocytes because nerve injury produces robust bFGF
upregulation in both cell types. Therefore, the bFGF/INK pathway is an important signalling pathway
in spinal astrocytes for chronic pain sensitization. Investigation of signaling mechanisms in spinal
astrocytes will identify new molecular targets for the management of chronic pain.

Keywords
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INTRODUCTION

Chronic pain, caused by disease and injury, is a major health problem worldwide. Chronic pain
includes, but is not limited to, neural damage associated neuropathic pain (Woolf and Mannion,
1999), arthritis associated inflammatory pain (Dubner and Ruda, 1992), and tumor growth

associated cancer pain (Mantyh et al., 2002). These chronic conditions can outlive the initial
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injuries and damage, and are considered disorders in their own right. Analgesic drugs that are
useful for treating acute pain are only partially effective for chronic pain. The reasons for this
lack of success in pain treatment include a complex etiology of pain and an incomplete
understanding of the mechanisms underlying the induction and maintenance of chronic pain.
However, it is generally believed that chronic pain results from neural plasticity in the pain
pathway (Dubner and Ruda, 1992; Ji and Woolf, 2001).

Previously, it was thought that only neurons and neural circuits mediated pain, and glial cells
served only as a structural support for neurons. However, recent evidence indicates that glial
cells are active and that they respond to environmental changes and interact with neurons. This
neural—glial interaction is bidirectional. On the one hand, glia express different types of
neurotransmitter receptors, which enables them to respond to neural signals. On the other hand,
glial cells produce numerous mediators (e.g. proinflammatory cytokines and growth factors)
that are neuroactive. There are three types of glial cells in the CNS: microglia, astrocytes and
oligodendrocytes. The microglia are derived from bone marrow precursors and were believed
to be quiescent under normal conditions. However, a recent study shows that resting microglia
are highly dynamic surveillants of brain function (Nimmerjahn et al., 2005). Oligodendrocytes
and astrocytes are derived from ectodermal precursors and occur in close apposition to neurons.
The oligodendrocytes produce myelin, which ensheathes neuronal axons and allows fast nerve
conduction. The astrocytes form networks with themselves and are closely associated with
neurons and blood vessels. Their activity is generally thought to mirror the metabolic activity
of neurons (Haydon and Carmignoto, 2006). In contrast to the rapid propagation of nerve
impulses on the order of m sec™1, glial cell signaling is much slower with rates of propagation
measured in um second 1,

Early evidence for the involvement of spinal glial cells in pain regulation came from studies
using metabolic inhibitors specific to glial cells such as fluorocitrate (Meller et al., 1994;
Watkins et al., 1997). Also, it was believed that proinflammatory cytokines such as interleukin
1B (IL-1pB), IL-6 and tumor necrosis factor o (TNF-a) are produced in glial cells. These
cytokines are upregulated in the spinal cord in chronic pain conditions. Functional inhibition
of these cytokines can attenuate persistent pain and enhance opioid analgesia (Sweitzer et al.,
2001; Watkins et al., 2001; Milligan et al., 2003; Watkins et al., 2005). However, the distinct
roles of specific glial subtypes in pain sensitization were not assessed in these studies.

Recently, evidence has accumulated that supports a role of spinal microglia in chronic pain,
especially the facilitation of neuropathic pain. Nerve injury induces the expression of
microglial markers (e.g. CD11b, TLR4 and CD14) within several hours (DeLeo et al., 2004).
Initially, microglia appear to be activated, which activates astrocytes (Aldskogius and Kozlova,
1998; DeLeo et al., 2004). Specifically, nerve injury upregulates several receptors, such as the
chemokine receptor CX3CR1 and ATP receptor P2X4 in spinal microglia. Either blocking or
deleting these receptors results in decreased neuropathic pain (Tsuda et al., 2003; Milligan et
al., 2004; Verge et al., 2004; Zhuang et al., 2006b). Intrathecal injection of ATP-activated
microglia induces mechanical allodynia (a nociceptive response to normally innocuous
mechanical stimulation) that requires microglial production of BDNF (Tsudaetal., 2003; Coull
et al., 2005). A non-specific microglial inhibitor minocycline prevents/delays pain
development (Raghavendra et al., 2003; Ledeboer et al., 2005; Hua et al., 2005). Notably,
studies from different laboratories have demonstrated that p38 mitogen-activated protein
kinase (MAPK) is activated in spinal microglia under different chronic pain conditions, and
that blocking this kinase attenuates pain hypersensitivity (Table 1 (Jin et al., 2003; Schafers
et al., 2003; Tsuda et al., 2004; Boyle et al., 2006; Hains and Waxman, 2006). A recent study
shows that nerve injury-induced cleavage of the chemokine fractalkine results in activation of
p38 in spinal microglia via CX3CR1 receptors (Zhuang et al., 2006b).
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Compared with the ample evidence for microglial regulation of pain, less is known about the
importance of spinal astrocytes in chronic pain, largely because of the lack of specific
pharmacological tools. However, there are more astrocytes in the CNS than other cells, and
they and have strong structural inter-relationship with neurons by enwrapping synaptic
terminals, enabling signaling between glia and neurons. It is becoming evident that astrocytes
are involved intimately in neuronal signaling by releasing glutamate and ATP (Haydon,
2001). Astrocytes are thought to signal each other through gap junctions in waves of Ca2*
release (Haydon, 2001). Evidence is accumulating that spinal astrocytes have a role in
maintaining chronic pain sensitization.

Involvement of spinal astrocytes in chronic pain

Persistent changes in spinal astrocytes in chronic pain states—Glial fibrillary
acidic protein (GFAP), vimentin and S-100 are the markers that are used most often to identify
astrocytes (Ridet et al., 1997). Although astrocytes are not as homogenous as previously
thought, GFAP appears to label most astrocytes in the spinal cord. The change in staining
density of GFAP was analyzed initially in the chronic constriction injury model of neuropathic
pain. In this study, increased density of GFAP staining was attributed primarily to hypertrophy
of astrocytes rather than either their proliferation or their migration. The magnitude of the
increase in GFAP staining appears to correlate with the degree of hyperalgesia (Garrison et
al., 1991). A subsequent study shows that the NMDA receptor is, in part, responsible for GFAP
expression (Garrison et al., 1994). A correlation between GFAP expression and chronic pain
has also been identified in other studies (Colburn et al., 1997; Colburn et al., 1999). However,
chronic pain can also been suppressed without inhibition of GFAP expression (Zhuang et al.,
2006a). It is unclear whether upregulation of GFAP is required or/and sufficient for chronic
pain sensitization, but mounting evidence indicates that persistent activation (e.g. GFAP
upregulation) of spinal astrocytes is a unique feature of chronic pain in different animal models
following bone cancer (Honore et al., 2000; Mantyh et al., 2002), spinal nerve ligation (SNL)
(Tanga et al., 2004; Zhuang et al., 2006a), partial sciatic-nerve ligation (Zhang et al., 2006),
spinal cord injury (Nesic et al., 2006) and adjuvant-induced inflammation (Raghavendra et
al., 2004). In addition, S1008 is also upregulated in the spinal cord after nerve injury. Whereas
S100B-deficient mice have reduced mechanical allodynia after nerve injury, allodynia is
enhanced in mice that overexpress S1008, supporting a role of this astroglial protein in the
pathophysiology of neuropathic pain (Tanga et al., 2006).

Are astrocytes sufficient and required for chronic pain sensitization?—Spinal
astrocytes appear to be sufficient to produce persistent pain. Implantation of neural stem cells
into the injured spinal cord improves motor recovery and causes allodynia-like hypersensitivity
of the forepaws (Hofstetter et al., 2005; Macias et al., 2006). Because most of the stem cells
that are implanted in the spinal cord become astrocytes, implantation-induced allodynia is
likely to be attributed to the action of astrocytes. This allodynia is associated with aberrant
sprouting of pain-mediating calcitonin gene-related peptide (CGRP)-positive fibers in the
dorsal horn due to the release of growth factors (e.g. nerve growth factor) from astrocytes
(Hofstetter et al., 2005). In contrast, sprouting and allodynia are prevented if neural stem cells
are transfected with neurogenin-2 before transplantation to suppress the generation of
astrocytes (Hofstetter et al., 2005).

Spinal astrocytes might also be required for the maintenance of chronic pain. L-alpha-
aminoadipate (L-a-AA) is a cytotoxin that is relatively specific for astrocytes. Ultrastructural
studies indicate that cell degeneration is confined to astrocytes following the injection of this
toxin into the striatum (Huck et al., 1984; Khurgel et al., 1996; Rodriguez et al., 2004).
Intrathecal injection of L-a-AA to spinal nerve-ligated rats produces a dose-dependent
attenuation of mechanical allodynia, which is a major symptom of chronic pain (Fig. 1). In
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agreement with previous studies (Khurgel et al., 1996; Rodriguez et al., 2004), L-a-AA
produces a marked reduction of GFAP-positive astrocytes in the dorsal horn but has no effect
on NeuN-positive spinal neurons (Zhuang et al., 2006a). The anti-allodynic effect of the toxin
is reversible, recovering after 3 days (Fig. 1). This reversible effect might be attributed to
migration of neighboring astrocytes. Furthermore, intrathecal injection of this astroglial toxin
does not alter the basal sensitivity to pain, which indicates that astrocytes might not be essential
for mediating basal pain sensitivity (Zhuang et al., 2006a).

Gap junctions and astroglial networks—Astrocytes are characterized by the formation
of astroglial networks (gap junctions) (Giaume and McCarthy, 1996; Giaume and Venance,
1998; Nagy et al., 2004). Gap junctions exist at apposing plasma membranes of many cell
types, and contribute to local metabolic homeostasis and synchronization of cellular activities
by allowing direct intercellular movements of ions, metabolites and second messenger
molecules up to 1000 Daltons. These junctions are composed of hemi-channels called
connexons. Each connexon is composed of six gap-junction proteins, termed connexins
(Giaume and Venance, 1998; Nagy et al., 2004). In the adult dorsal horn, gap junctions form
predominantly between astrocytes. Connexin-43 (Cx43) is regarded as the main functional
connexin in astrocytes (Giaume and Venance, 1998; Nagy et al., 2004). Facial nerve lesion
induces a rapid upregulation of Cx43 in the facial nucleus (Rohlmann et al., 1993). Cx43 is
also upregulated in the spinal cord after spinal cord injury (Lee et al., 2005). It is noteworthy
that the gap-junction blocker carbenoxolone suppresses the spread of pain (Spataro et al.,
2004). In a model of nerve inflammation, high concentrations of zymosan delivered to the
sciatic nerve produces a ‘mirror pain’ in the contralateral paw (mechanical allodynia), which
is suppressed by intrathecal carbenoxolone (Spataro et al., 2004).

Signaling molecules in spinal astrocytes and their roles in pain regulation—
Astrocytes express the glutamate transporters GLT-1 and GLAST. These transporters are
believed to provide principal route for glutamate removal from synaptic clefts and the
extracellular space (Huang and Bergles, 2004; Tawfik et al. 2006). Nerve injury produces a
persistent downregulation of the transporters, after an initial rise. Downregulation might result
inadecrease in glutamate uptake and a subsequent increase in excitatory synaptic transmission.
Thus, neuropathic pain is attenuated by riluzole, a glutamate-transporter activator given
intrathecally (Sung et al. 2003). However, GLT-1 appears to have an opposite role in acute
pain conditions. For example, intrathecal injection of a GLT-1 inhibitor inhibits rather than
enhance long-term potentiation (LTP) of spinal neurons following tetanic stimulation of the
sciatic nerve (Wang et al., 2006). Spinal LTP has been implicated in pain sensitization
(Sandkuhler, 2000). Also GLT-1 is upregulated transiently in the spinal cord after injection of
formalin into the hindpaw, and either inhibition or knockdown of GLT-1 suppresses formalin-
induced pain behavior (Niederberger et al., 2003). These studies indicate that glutamate
transporters might have different roles in acute and chronic pain conditions.

Spinal cord injury induces an immediate increase in plasma endothelin (ET) levels and a
sustained increase in tissue ET levels. ET-1 also induces hypertrophy of astrocytes (Rogers et
al., 2003). Interestingly, ET receptor-B (ETB) is induced in spinal astrocytes after spinal cord
injury (Table 2) (Peters et al., 2003). Thus, strategies that block ET receptors following spinal
cord injury might reduce ischemia and also suppress astrogliosis and chronic pain.

Although cells normally produce L-type amino acids, astrocytes can produce D-serine.
Astrocytes also contain the major enzyme for the biosynthesis of D-serine, serine racemase.
D-serine increases the sensitivity of NMDA receptors in hippocampal neurons by binding to
the glycine site of the receptor and facilitating the induction of LTP (Wolosker et al., 2006).
Intrathecal injection of D-serine facilitates pain via NMDA receptors (Kolhekar et al., 1994).
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Conversely, injection of an inhibitor of the enzyme that degrades D-serine into the anterior
cingulated cortex attenuates affective pain (Ren et al. 2006).

MAPKSs are a family of protein kinases that play important role in intracellular signal
transduction. This family includes three major members: extracellular signal-regulated kinase
(ERK), p38 and c-Jun-N-terminal kinase (JNK). As mentioned above, p38 is activated in spinal
microglia (Jin et al., 2003), and therefore is not the focus of this review. ERK is the most
studied member of the MAPK family. In acute and inflammatory pain conditions, ERK is
activated in dorsal horn neurons, which contributes to the induction and maintenance of dorsal
horn neuron sensitization and pain hypersensitivity (Ji et al., 1999; Ji et al., 2002). Notably,
ERK is activated in spinal glial cells after nerve injury. Phosphorylated ERK (pERK), which
is the active form, is induced in spinal astrocytes at late times after SNL (Zhuang et al. 2005).
pERK was found in microglia on day 2, in both microglia and astrocytes on day 10, but in
astrocytes only on day 21 (Table 1) (Zhuang et al., 2005). pERK is also present in spinal
astrocytes 3 weeks after partial sciatic nerve injury (Ma and Quirion, 2002). Spinal inhibition
of this late-phase activation of ERK by intrathecal MEK inhibitor reverses mechanical
allodynia, supporting a role of astrocytic ERK in the maintenance of neuropathic pain (Zhuang
et al., 2005).

Zerari etal. show that the neurokinin-2 receptor, which is activated by extrasynaptic neurokinin
A, is expressed exclusively in spinal astrocytes (Zerari et al., 1998). An NK2 receptor agonist
activates ERK and causes behavioral sensitization of pain that is prevented by a MEK inhibitor.
Conversely, an NK2 receptor antagonist suppresses ERK activation and neuropathic pain
following nerve injury (Garry et al., 2005).

IL-1p is upregulated in the spinal cord in different chronic pain conditions and plays an
important role in pain facilitation (Sweitzer et al., 2001; Milligan et al., 2003). In a recent
model of bone cancer pain in rats, which results from inoculation of the tibia with prostate
cancer cells, IL-1p is induced in spinal astrocytes at certain times (Zhang et al., 2005).
However, IL-1p is also found in neurons in the spinal cord (DelLeo et al., 1997; Fu et al.,
2006). Itis likely that IL-1f is induced in different types of spinal cells either at different times
of pain development or in different chronic pain models.

Activation of the JNK cascade in spinal astrocytes and neuropathic pain

JNK is the signaling molecule that is the focus of this review. JNK is the least studied member
of the MAPK family. Although all three MAPKSs are activated in spinal glial cells after nerve
injury, they have different patterns: ERK is activated sequentially in microglia and astrocytes,
p38 is activated in microglia, whereas JNK is activated persistently in astrocytes (Table 1)
(Jin et al., 2003;Zhuang et al., 2005;Zhuang et al., 2006a). Thus, SNL induces a marked
increase in pJNK-immunoreactive (IR) cells in the dorsal horn of the injured side (Fig. 2a,b).
Furthermore, although pJNK colocalizes with the astroglial marker GFAP (Fig. 2c,d), pJNK
is only expressed in a portion of spinal astrocytes (Zhuang et al., 2006a). JNK activation also
occurs in spinal astrocytes 3 weeks after partial sciatic nerve injury (Ma and Quirion, 2002)
and in amyotrophic lateral sclerosis (Migheli et al., 1997). JNK is also activated in spinal
astrocytes in another chronic pain condition following adjuvant-induced inflammation
(Zhuang and Ji, unpublished observation). However, it is noteworthy that pJNK occurs in spinal
neurons after traumatic spinal cord injury, a condition that produces robust neuronal apoptosis
in the spinal cord. It is known that JNK has a role in stress-induced apoptosis in the nervous
system (Borsello et al., 2003). However, following peripheral nerve injury, neuronal apoptosis
in the spinal cord is not prominent (Polgar et al., 2005;Scholz et al., 2005). There is no evidence
to indicate that the pJNK-positive spinal astrocytes undergo apoptosis after nerve injury.
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The transcription factor c-Jun is the best-known substrate of JINK. JNK activates c-Jun by
phosphorylation to form p-c-Jun. SNL also upregulates p-c-Jun in the ipsilateral spinal cord.
P-c-Jun also localizes to GFAP-expressing astrocytes, predominantly in the nucleus (Zhuang
et al., 2006a). Of the three isoforms of INK (JNK1, JNK2 and JNK3), INK3 is expressed in
neurons and JNK1 is expressed in non-neuronal cells (e.g. immune cells) (Ip and Davis
1998; Borsello et al., 2003; Kuan et al., 2003). JNK1 is also expressed in spinal astrocytes and
only this isoform is hyperphosphorylated in the spinal cord after SNL (Zhuang et al., 2006a).
Thus, the whole JNK cascade is localized preferentially in spinal astrocytes after nerve injury
(Table 2).

Is activation of JNK in spinal astrocytes after nerve injury essential for chronic pain
sensitization? Answering this question requires a potent, specific inhibition of JINK. Recently,
a peptide inhibitor of INK, which is derived from the INK-binding domain of INK-interacting
protein-1 (JIP-1), was designed to block selectively the access of JNK to c-Jun and other
substrates by a competitive mechanism (Borsello and Bonny, 2004). A TAT sequence
(transporter sequence) is linked to the peptide to render it membrane permeable. A convert to
D-form amino acids further makes the peptide proteinase-resistant. This highly-specific
peptide inhibitor, called D-JNKI-1 is a potent neuroprotectant against excitotoxicity of cortical
neurons (Borsello et al., 2003; Borsello and Bonny, 2004). Spinal infusion of this inhibitor
intrathecally does not change basal pain thresholds, but it prevents mechanical allodynia, a
major neuropathic pain symptom, for >10 days (Zhuang et al., 2006a). Because JNK is also
activated transiently (<3 days) in primary sensory neurons, the preventive effect of D-JNKI-1
in the first several days might be mediated by JNK in dorsal root ganglia (DRG). However,
the maintenance of neuropathic pain (reversal) is predominantly, if not exclusively, mediated
by spinal INK (Zhuang et al., 2006a).

It is important to investigate whether inhibition of JNK also reverses established neuropathic
pain, a treatment mode that is more relevant to clinical situation. Infusing D-JNKI-1
intrathecally via osmotic pump effectively reverses SNL-induced allodynia for several days
(Fig. 3a). A single bolus injection of D-JNKI-1 inhibitors also effectively reverses mechanical
allodynia for >12 hours (Fig. 3b). D-JNKI-1 is more potent than the small molecule inhibitor
SP600125, which is used currently, with an ED50 that is 50-times less (Zhuang et al.,
2006a). D-JNKI-1 also suppresses nerve injury-induced activation of ¢-Jun in astrocytes, which
is a major downstream target of INK (Zhuang et al., 2006a).

bFGF/JNK pathway in astrocytes and persistent pain

bFGF (OR FGF-2) is a well-known activator of astrocytes. bFGF is produced by astrocytes
and strongly induces their mitosis, growth, differentiation and gliosis (Ferrara et al., 1988;
Eclancher et al., 1990). bFGF is induced in the CNS in many injury conditions. For example,
bFGF is induced in injured brain regions (mainly in astrocytes) after trauma and in disease
pathology such as Alzheimer's where astrogliosis is very active (Gomez-Pinilla, et al., 1990).
After spinal cord injury, bFGF is upregulated in the spinal cord, which promotes functional
recovery (Koshinaga et al., 1993; Lee et al., 1999; Rabchevsky et al., 2000). bFGF is also
upregulated in the spinal cord after sciatic cryoneurolysis but not after chronic constriction
injury (DeLeo et al., 1997), which indicates that upregulation might be associated with the
severity of the injury. In particular, after SNL, Madiai et al. show that bFGF immunoreactivity
increases in reactive astrocytes in the ipsilateral dorsal horn at either 1 week or 3 weeks after
nerve ligation (Table 2) (Madiai et al., 2003). The release of bFGF from astrocytes might act
in an autocrine manner to further augment astroglial activation (e.g. astrogliosis and
proliferation).

As a pleiotropic cytokine, bFGF is synthesized and secreted by both astrocytes and neurons.
bFGF is expressed in primary sensory neurons in the DRG. Normally, mRNA that encodes
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bFGF is expressed in 5% of small neurons in DRG. Nerve injury (e.g. transection of the sciatic
nerve and axotomy) induces a dramatic, rapid upregulation of bFGF mRNA,; almost all injured
DRG neurons contain bFGF mRNA 3 days after axotomy (Fig. 4). An increase in bFGF protein
is also evident in DRG neurons after nerve injury (Ji et al., 1995). Although release of bFGF
from central terminals of primary sensory neurons after nerve injury has not been shown, bFGF
immunoreactivity is present in vesicle-like structures in the cytoplasm, which indicates the
possibility that bFGF is released after nerve injury (Ji et al., 1995). bFGF upregulation in the
DRG has also been shown in the SNL model (Madiai et al., 2003).

As discussed above, after peripheral nerve injury, bFGF is produced both in spinal astrocytes
and DRG primary sensory neurons. Is endogenous bFGF in the spinal cord important for
producing chronic pain? An antagonist of the bFGF receptor is not available, so Madiai et al.
tested the role of bFGF in neuropathic pain using a neutralizing antibody to bFGF, delivered
intrathecally after SNL. This antibody reduces SNL-induced expression of GFAP in the spinal
cord and reverses SNL-induced tactile allodynia, which indicates that endogenous bFGF
contributes to maintaining neuropathic tactile allodynia (Madiai et al., 2005).

To examine whether exogenous bFGF is sufficient to induce pain hypersensitivity, we infused
bFGF into spinal cord for 1 week through an osmotic pump. Mechanical allodynia develops

slowly after infusion of bFGF: mechanical thresholds to VVon Frey hair stimuli do not decrease
until 4 days after the infusion. Interestingly, allodynia is maintained even after the termination
of the infusion (Fig. 5). This slow, persistent development of allodynia is indicative of a role
of spinal astrocytes. Infusion of bFGF also increases expression of GFAP in the spinal cord.

Notably, spinal injection of adenaovirus that encodes bFGF causes overexpression of bFGF in
dorsal horn astrocytes and produces persistent hyperalgesia (Romero et al., 2000). Together,
these results indicate that bFGF is both sufficient and required for producing chronic pain.

bFGF is a primary “activator’ of astrocytes and JNK is an important signaling molecule in
spinal astrocytes, so it is reasonable to ask whether bFGF activates JNK in spinal astrocytes.
Intrathecal infusion of bFGF induces a marked activation of JNK in the spinal cord (Fig. 6a,b).
JNK activation has also been also examined in astroglial cultures. bFGF is a powerful activator
of JNK in these cultures (Fig. 6b). However, two additional potential activators of astrocytes,
plasminogen (Liu et al., 2000) and ciliary neurotrophic factor (CNTF) (Escartin et al., 2006)
do not cause obvious activation of INK (Fig. 6b). bFGF also induces marked activation of
ERK/MAPK in astrocytes, which is evident in the spinal cord at late times of nerve injury
(Zhuang et al., 2005). However, activation of p38 MAPK is not evident in astroglial cultures
(Fig. 6b), in support of the observation in vivo that p38 is activated in spinal microglia (Jin et
al., 2003).

It is noteworthy that bFGF induces the release of NGF from astrocytes (Fukumoto et al.,
1991; Yoshida and Gage, 1991). NGF is a crucial signalling molecule for regulating the
phenotype of nociceptive primary sensory neurons. NGF released from spinal astrocytes can
be taken up by spinal axonal terminals, causing sprouting of substance P- and CGRP-positive
axons and hyperalgesia (Romero et al., 2000). The NGF that is taken up might also be
transported retrogradely to DRG neurons, where it induces the expression of pronociceptive
genes encoding, for example, the capsaicin receptor transient receptor potential V1 subtype
(TRPV1), and the neuropeptides substance P and CGRP.

How doe activation of JNK in spinal astroglia regulate chronic pain? Because inhibition of
JNK suppresses SNL-induced phosphorylation of c-Jun in spinal astrocytes (Zhuang et al.,
2006a), JNK activation is likely to regulate gene transcription in spinal astrocytes via activation
of the transcription factor c-Jun and other transcription factors such as ATF-2. After nerve
injury, there is increased synthesis in the spinal cord of inflammatory mediators such as
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cytokines (IL-1B, TNF-a and IL-6), nitric oxide (NO), which is produced by inducible NO
synthase (iNOS), and prostaglandin E2 (PGE2) (produced by either COX-1 or COX-2); all
these mediators and enzymes are implicated in pain sensitization (Samad et al., 2001; Watkins
et al., 2001; DeLeo et al., 2004; Ji and Strichartz, 2004). Mixed lineage kinases (MLK) are
specific JNK kinases. Falsig et al. have shown that MLK inhibitors such as CEP-1347 are
potent astrocyte immune modulators (Falsig et al., 2004). In astrocytes in culture, CEP-1347
blocks activation of INK, expression of COX-2 and iNOS, and release of nitric oxide, PGE2
and IL-6 following challenge with a mixture of cytokines (Falsig et al., 2004). JINK might also
regulate chronic pain by modulating the activity of gap junctions that form mainly between
astrocytes (Petrich et al., 2004).

Concluding remarks and future directions

Accumulating evidence shows that persistent changes in spinal astrocytes in different chronic
pain conditions often outlast microglial changes. This feature of spinal astrocytes implies a
role of these cells in the maintenance of chronic pain. Consistent with this, several drugs that
affect astroglial function (e.g. JNK inhibitors, MEK inhibitors and propentofylline) reverse
persistent, chronic pain. Spinal astrocytes appear to be both sufficient and required for chronic
pain sensitization. Although GFAP upregulation and gliosis are generally regarded as the
markers of “astroglial activation’, studies reviewed here indicate that additional markers are
needed that go beyond the vaguely defined state of ‘activation’ and are associated with cellular
function related to pain regulation. Signaling molecules such as JNK are not only activated in
spinal astrocytes, but also contribute to chronic pain. The bFGF/JNK cascade is an important
signaling pathway in spinal astrocytes that promotes chronic pain, especially after nerve and
spinal cord injury.

Although current evidence supports a pronociceptive role of spinal astrocytes, presumably by
enhancing spinal synaptic transmission via the release of neuroactive substances and
inflammatory mediators (e.g. cytokines, NGF and PGE?2), studies that establish a causative
link between inhibiting spinal cord astrocytic activation and physiological function of spinal
neurons are lacking and should be considered in future. Studies in the hippocampus have shown
that astroglial activation might have the dual role of enhancing synaptic transmission by
releasing glutamate and suppressing synaptic transmission by releasing ATP, which is
hydrolyzed to adenosine (Haydon and Carmingnoto, 2006). This discrepancy might be
attributable to different roles of astrocytes in physiological and pathological conditions.
Recently, 2-photon laser scanning microscopy has been used to image astrocytes in intact brains
(Tian et al., 2006). This imaging method will be helpful in demonstrating the activation of
astroglial circuits in the intact spinal cord following peripheral noxious and innocuous stimuli.
Functional understanding of the cellular and molecular alterations of astroglia-dependent
synaptic transmission will help to clarify the role of astrocytes in pain regulation and lead to
the identification of novel therapeutic targets for chronic pain.
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Fig. 1. Spinal infusion of astroglial toxin alpha-aminoadipate (L-a-AA) blocks neuropathic pain
L-a-AA (10,50, 150 nmol) was injected intrathecally 10 days after SNL. Mechanical allodynia,
a major feature of chronic pain, is dose-dependently suppressed by the toxin. *, P<0.05; **,
P<0.01, compared to vehicle (saline) control; ANOVA; n=6. Mechanical allodynia was tested
using von Frey hairs. Reproduced, with permission, from (Zhuang et al., 2006a).

Neuron Glia Biol. Author manuscript; available in PMC 2007 August 15.



1dudsnuely Joyiny vd-HIN 1dudsnuely Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jletal.

Page 15

Ipsilateral Contralateral

Ipsilateral Contralateral

NK/GFAP
- {‘

Fig. 2. SNL induces persistent JNK activation in spinal astroglia

(a,b) Immunohistochemistry reveals an increase in pJNK in the ipsilateral spinal dorsal horn
(L5) 10 days after SNL. White lines indicate the border of the dorsal horn. Scale, 50 um.
(c,d) High-magnification images of (a) and (b), respectively, showing pJNK staining in the
medial superficial dorsal horn. Scale, 50 um. () Double immunofluorescence shows that pJNK
(red) colocalizes with the astroglial marker GFAP (green) in the medial superficial dorsal horn.
Two single-stained images are merged. c, d, e have the same magnification. (f) High-
magnification image of (e) demonstrates colocalization of pJNK and GFAP. Note that some
fine processes of astrocytes are labeled by pJNK but not by GFAP antibody. Scale bar, 25
um. Reproduced, with permission, from (Zhuang et al., 2006a).
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Fig. 3. Spinal infusion of the INK inhibitors reverses neuropathic pain after SNL

(a) Reversal of SNL-induced mechanical allodynia by intrathecal infusion of the peptide
inhibitor of JINK D-JNKI-1 (50 uM) via an osmotic pump (0.5 pl hr1 for 3 days) starting 10
days after SNL. *, P<0.05, compared to corresponding saline controls; t-test; n=5. (b) Reversal
of SNL-induced mechanical allodynia by a bolus intrathecal injection of D-JNKI-1 (4 nmol)
and SP600125 (50 nmol) 10 days after SNL. *, P<0.05; **, P<0.01, compared to corresponding
pre-injection baseline; ANOVA,; n=6. Note that the peptide inhibitor D-JNKI-1 is more potent
than the small molecule inhibitor SP600125 in reversing allodynia. Reproduced, with
permission, from (Zhuang et al., 2006a).
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Fig. 4. Nerve injury induces expression of bFGF mRNA in the dorsal root ganglion (DRG)

(a,b) Dark-field images following in situ hybridization show expression of bFGF mRNA in
the control, noninjured DRG (a) and 3-day axotomized DRG (b). There are much fewer bFGF-
positive cells in the control DRG than in the DRG after nerve injury. Scale bar, 100 um. (c)
Bright-field image folowing in situ hybridization shows expression of bFGF mRNA in the
injured DRG neurons. The section is counterstained with toluidine blue. Small, medium and
large arrowheads indicate small, medium and large neurons, respectively. bFGF-positive cells
are labeled with silver grains. The oligodeoxynucleotide probe for bFGF mRNA is labeled
with 3°S-dATP. Scale bar, 25 um. Reproduced, with permission, from (Ji et al., 1995).
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Fig. 5. Spinal infusion of bFGF induces delayed but persistent mechanical allodynia

Either bFGF or saline was infused intrathecally via an osmotic pump (10 ng ul™1 h™1) for one
week. **, P<0.01 compared to saline control; unpaired t-test; n=6. Mechanical allodynia does
not develop until day 4 and is maintained on day 8.
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Fig. 6. Activation of INK by bFGF in astrocytes

(a) Upper panel: Western blotting in the upper panel reveals an increase in pJNK1 levels in
the spinal dorsal horn after bFGF infusion intrathecally via an osmotic pump (10 ng ul~th™1)
for one week. The spinal tissues were collected on day 8 after final behavioral testing (see Fig.
5). Note that only pJNK1 is expressed in the spinal cord. Lower panel: total concentration of
JNK does not change after bFGF infusion. (b) Density of pJNK1 bands in (a), normalized to
JNK?1 loading control. **, P<0.01 compared to saline control. (c) Western blotting shows that
bFGF induces pJNK1, pERK1 and pERK?2 in astrocytic cultures. By contrast, plasminogen
(PMG) and ciliary neurotrophic factor (CNTF) do not activate JNK. p-p38 levels are barely
detected in astroglial cultures following all the reagents. Astroglial cultures were prepared from
brains of neonatal rats and maintained for 2-3 weeks. Cultures were stimulated with bFGF,
PMG and CNTF (each at 100 ng mlI~1) for 2 hours.
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Table |
Activation of MAPKSs in spinal glial cells after SNL2

Page 20

MAPKSs Early phase (3 days) Mid phase (10 days)
ERK Microglia Microglia/Astrocytes
p38 Microglia Microglia
INK Astrocytes Astrocytes

Late phase (21 days)
Astrocytes
Microglia
Astrocytes

aNeuropathic pain is induced within 3 days (early phase), fully established at 10 days (mid phase) and maintained at 21 days (late phase).
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Table 2

Signaling molecules in spinal astrocytes

Most of them are regulated in chronic pain conditions and have a role in modulating chronic pain.

Signaling molecule

PERK
pINK

p-c-Jun

JNK1

Neurokinin-2 receptor
Interlukin-1p
Glutamate transporter-1
Endothelin receptor-B
Connexin-43

bFGF

Change in expression in

chronic pain
Upregulation
Upregulation
Upregulation
Not tested

Not tested
Upregulation
Downregulation
Upregulation
Upregulation

Upregulation

Role in chronic pain

Maintains neuropathic pain
Maintains neuropathic pain
Not tested

Not tested

Maintains neuropathic pain
Maintains neuropathic pain
Suppresses neuropathic pain
Not tested

Not tested

Maintains neuropathic pain

Refs

Zhuang et al., 2005
Zhuang et al., 2006a
Zhuang et al., 2006a
Zhuang et al., 2006a
Garry et al., 2005
Zhang et al., 2005
Sung et al., 2003
Peters et al., 2003
Lee et al., 2005
Madiai et al., 2005
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