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Abstract

During neuropathic pain, glial cells (mainly astrocytes and microglia) become activated and
initiate a series of signaling cascades that modulate pain processing at both spinal and supraspinal
levels. It has been generally accepted that glial cell activation contributes to neuropathic pain
because glia release proinflammatory cytokines, chemokines, and factors such as calcitonin gene-
related peptide, substance P, and glutamate, which are known to facilitate pain signaling.
However, recent research has shown that activation of glia also leads to some beneficial outcomes.
Glia release anti-inflammatory factors that protect against neurotoxicity and restore normal pain.
Accordingly, use of glial inhibitors might compromise the protective functions of glia in addition
to suppressing their detrimental effects. With a better understanding of how different conditions
affect glial cell activation, we may be able to promote the protective function of glia and pave the
way for future development of novel, safe, and effective treatments of neuropathic pain.
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1. Introduction

Injury to the somatosensory nervous system can produce chronic neuropathic pain
characterized by abnormal sensations such as allodynia (pain produced by normally non-
painful stimuli) and hyperalgesia (excessive pain from noxious stimuli) (Sorge et al., 2012).
Chronic pain can persist for several months and can be very difficult to manage or treat. In
fact, only 40% to 60% of patients achieve even partial relief (Dworkin et al., 2007; Finnerup
et al., 2010). Pain processing is a dynamic system that can be modulated at multiple levels of
the nervous system (Milligan and Watkins, 2009). For many decades, most research on
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neuropathic pain has revolved around neuronal mechanisms. However, recent studies have
demonstrated that neighboring astrocytes and microglia also act as powerful modulators of
pain (Milligan and Watkins, 2009; Ji et al., 2013).

Glia are non-neuronal cells that maintain homeostasis, form myelin, and provide support and
protection to neurons in both central and peripheral nervous systems (Jessen and Mirsky,
1980; Clarke et al., 2013). They also play an important role in the synthesis, release, and
uptake of various neurotransmitters (Watkins et al., 2007). Glia account for 70% of central
nervous system (CNS) cells (Nakajima and Kohsaka, 2001; Watkins et al., 2007) and consist
mainly of two types, the microglia and the macroglia. Macroglia include astrocytes,
oligodendrocytes, and radial cells.

For over a century, it was believed that the glial cells did not play a role in
neurotransmission. However, it is now known that they indeed play important roles in
physiological processes and in assisting neurons to form synaptic connections (Gourine et
al., 2010). The involvement of glia in neuropathic pain was first suggested in the mid-1990s
(Colburn et al., 1997; Colburn et al., 1999). It is now well established that nerve damage
leads to activation of glial cells, particularly astrocytes and microglia, and that this activation
can cause neuroanatomical and neurochemical transformations in the CNS that result in
neuropathic pain (Colburn et al., 1999; Woolf and Mannion, 1999).

Both astrocytes and microglia play important roles in mediating neuropathic pain by
releasing proinflammatory cytokines and chemokines and other factors known to facilitate
pain signaling, such as calcitonin gene-related peptide (CGRP), substance P, and glutamate
(Wieseler-Frank et al., 2005; Milligan and Watkins, 2009; Ji et al., 2013). In preclinical
studies, mechanical allodynia and hyperalgesia have been associated with early increased
levels of proinflammatory cytokines such as tumor necrosis factor (TNF)-a, interleukin
(IL)-1p, and IL-6, and delayed expression of IL-10 (Chiang et al., 2007; Vallejo et al.,
2010). Cytokines are very potent small proteins produced by immune (macrophages or
helper T cells) and non-immune cells (endothelial cells or Schwann cells). They function as
cellular communicators. Under normal conditions, the production of both pro- and anti-
inflammatory cytokines aids the immune system in destroying pathogens and healing
damaged tissue. However, release of proinflammatory cytokines for prolonged periods may
lead to pathological conditions such as chronic pain (Kawasaki et al., 2008).

Recent studies suggest that activation of glia can also have beneficial effects, including
release and maintenance of anti-inflammatory factors that protect against neurotoxicity and
restore normal pain signaling (Milligan and Watkins, 2009). Despite the extensive research
in this field, preclinical findings have not translated into improved therapeutic strategies for
patients with chronic pain. Thus, an understanding of the mechanisms involved in both
beneficial and pathological roles of activated glia is necessary for the development of novel,
safe, and effective pain therapies.

2. Neuron-glia interactions in neuropathic pain

Neuron-glia interactions play critical roles in the development and maintenance of
neuropathic pain (Scholz and Woolf, 2007; Watkins et al., 2007, Ji et al., 2013). Some
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fundamental questions about neuron-glia interactions in pain have been addressed, such as
the signals that lead to glial activation after injury and how glial cells affect neuronal activity
and promote hyperalgesia (Ren and Dubner, 2008). For example, Coull and colleagues
(Coull et al., 2005) proposed that ATP-stimulated microglia send signals to pain-projection
neurons in the dorsal horn of the spinal cord. Neuron-derived ATP then activates purinergic
ionotropic receptors (P2X4) on microglia, causing further release of microglial ATP and
brain-derived neurotrophic factor in spinal lamina neurons (Fig. 1). Another factor that
contributes to neuropathic pain is the activation of microglial p38 mAPK (mitogen-activated
protein kinase), which enhances Ca2*-sensitive intracellular signaling and thereby leads to
production of proinflammatory cytokines. TNFa and matrix metalloproteinases (MMPS)
also trigger p38 mAPK activation of microglia in the dorsal horn of spinal cord during
neuropathic pain (Svensson et al., 2005). During the onset and early stages of neuropathic
pain, MMP-9—induced pro-IL-1p cleavage leads to p38 mAPK activation in microglia,
whereas during the ongoing and later stages of neuropathic pain, MMP-2 induces pro-1L-15
cleavage that leads to astrocyte activation (Kawasaki et al., 2008) (Fig. 2). These findings
suggest that glial activation can be initiated by neurotransmitters and neuromodulators
through neuron-to-glia signaling (Fig. 3).

Chemokines play important roles in neuron-glia signaling during neuropathic pain.
Expression of chemokines and their receptors is not limited to peripheral immune cells and
glia; neurons can also express these factors (Tran and Miller, 2003). Studies have suggested
that CCL2 (i.e., monocyte chemoattractant protein 1 [MCP1]) and its receptor, CCR2, are
significantly upregulated in dorsal root ganglia and spinal cord after peripheral nerve injury
(Zhang and De Koninck, 2006). CCL2 was reported to modulate thalamic nociceptive
processing after spinal cord injury through remote activation of thalamic microglia (Zhao et
al., 2007). Further, injection of CCL2 into the thalamus induced pain-related behavior in rats
(Zhao et al., 2007). Spinal cord dorsal horn also expresses the lysosomal cysteine protease
cathepsin S, an enzyme that may activate and induce fractalkine cleavage during neuropathic
pain states (Clark et al., 2007) (Fig. 3). Thus, chemokines act as important neuron—glia
signaling modulators during neuropathic pain.

Proinflammatory cytokines also have the ability to increase neural activity and
mechanosensitivity of dorsal root ganglion neurons (Fig. 2). Cytokines can permeate the
blood-brain barrier to reach the spinal cord, where they can activate microglia and astrocytes
that facilitate pain transmission (Vallejo et al., 2010). Another mechanism by which
cytokines contribute to chronic pain is by activating and increasing the number of AMPA
and NMDA receptors on the surface of neurons (Stellwagen and Malenka, 2006). I1L-1§
induces the phosphorylation of a specific NMDA receptor subunit that allows for influx of
Ca?*. In turn, the increased Ca2* concentration leads to increased release of nitric oxide
(NO) and prostaglandin E2, mediators involved in development and maintenance of
neuropathic pain (Besson, 1999; Milligan and Watkins, 2009) (Fig. 1).

3. Another side of the coin: Protective role of glia

Historically, glial activation was thought to be undesirable, as it enhances the inflammatory
response and leads to neurodegeneration. But recent evidence suggests that glial activation
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can also be beneficial, depending upon the type and stage of activation (Glezer et al., 2007;
Milligan and Watkins, 2009; Kallendrusch et al., 2013). For example, immune responses in
the CNS may benefit patients with Alzheimer’s disease (AD) by reducing the amount of
amyloid deposition (Malm et al., 2005). The lipopolysaccharide (LPS) receptor CD14 seems
to play an important role in the recognition of B-amyloid and the induction of phagocytosis
by microglial cells (Liu et al., 2005). These data formed the basis for the first clinical trial to
use active immunization in patients with mild to moderate AD. The treatment seemed quite
effective in clearing the senile plaques, and postmortem analysis revealed strong microglial
reactivity to f-amyloid and infiltration of T cells (Orgogozo et al., 2003). It is possible that
vaccination caused a phenotype switch of brain microglia to dendritic-like (CD11c) cells.
These findings are interesting as they suggest that activation of the systemic immune system
can be a powerful approach to treat disease pathologies. Yet, nerve injury-induced signal
that initiates glial activation is likely to differ from that induced during other disease
pathologies such as AD, and the downstream signaling events may also be different.

4. Different microglial phenotypes and their roles

It turns out that microglia exist in three different phenotypic states. The classically activated
state is responsible for the proinflammatory response and neurotoxic effects of microglia (El
Khoury et al., 2007); alternatively activated microglia produce anti-inflammatory cytokines;
and the acquired deactivation state is associated with the anti-inflammatory and functional
repair (Gordon et al., 2003; Gordon and Taylor, 2005). These phenotypes can coexist in
certain chronic inflammatory conditions and neurodegenerative disorders (Wynn et al.,
2004). Thus, many questions arise. What dictates which microglia acquire a particular
phenotype, and can these phenotypic states convert from one to another? If microglia can
convert between states, what factors regulate their conversion from protective to destructive
and back? Moreover, is it possible to regulate or at least stop the conversion to a destructive
phenotype? If both pro- and anti-inflammatory cytokines exist at the same site
simultaneously, the outcome will be determined by the balance among the various cytokines
(Battista et al., 2006). It is also possible that the activated microglia are not pro- or anti-
inflammatory but rather the balance of secretion between pro- and anti-inflammatory
mediators influences the final outcome. However, it is difficult to predict under which
conditions microglia will release pro- or anti-inflammatory cytokines, as the type of
cytokine may be affected by multiple factors (e.g., type of stimulus/injury, stage of disease,
and interaction with neighboring cells). Additional research is required to understand the
functions of different activation states of microglia. However, it is clear that inhibiting all
microglia without differentiating their state would not be an optimal strategy.

5. Factors that influence whether glial activation is neurotoxic or

neuroprotective

Both in vitro and in vivo studies have shown that neuronal injury and degeneration are
associated with glial activation. Microglia with an inflammatory phenotype release
proinflammatory cytokines, neurotoxic factors, and reactive oxygen/nitrogen species that
exacerbate neuronal injury (Watkins et al., 2007, Ji et al., 2013). Other studies have shown
that microglia and astrocytes can mediate neuronal regeneration, repair, and neurogenesis
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through anti-inflammatory actions (Milligan and Watkins, 2009; Kallendrusch et al., 2013).
However, these studies are difficult to compare directly, as they used different experimental
setups that vary in terms of the stimulus used, timing of glial activation, and animal species
and age (Luo and Chen, 2012). Thus, whether glial activation has positive or negative
effects on neuronal function is controversial.

The nature of stimulation is an important factor that determines the pathological or
protective role of glia. Microglia are very sensitive to even minor stimuli, and different
stimuli may have different effects on their function; thus the result may be either benefit or
harm to the neurons. In a neonatal mouse model in which striatal ethanol injection was used
to induce brain injury, LPS-activated microglia were found to be neurotoxic. Systemic LPS
administration in the ethanol-injury model also caused a marked increase in both the volume
and number of lesions and degenerating neurons in the striatum (Sawada et al., 2010). In
contrast, microglia activated by systemic administration of LPS were shown to be
neuroprotective in an MPTP-induced brain injury model. Similarly, different types of pain
may differentially activate microglia (Hald et al., 2009), and the load/intensity of stimuli
may also determine whether microglia will release damaging or protective factors (Lai and
Todd, 2008).

Another governing factor for determining glial function is the timing of glial activation. The
communication between glia, neurons, and immune cells is very diversified and complex.
Therefore, the timing of glial activation may lead to different outcomes related to the entire
inflammatory episode. Inhibition of microglial activation during the induction of
experimental allergic encephalomyelitis (EAE) markedly decreased EAE progression,
whereas microglial activation before the onset of EAE promoted lower-level EAE and an
earlier recovery from symptoms (Bhasin et al., 2007). Other evidence suggesting that the
timing of glial activation is an influential factor comes from a multiple sclerosis model.
Inhibition of microglial activation by knockout of tissue plasminogen activator led to
delayed onset of the disease. However, microglial inhibition also increased the severity and
delayed recovery from the neurological dysfunction, suggesting that microglial activation is
harmful during the onset of the disease but beneficial in the recovery phase (Lu et al., 2002).

Although little is known about how astrocytes and microglia interact, some studies suggest
that astrocytes play neuroprotective roles by modulating microglial activity and attenuating
their cytotoxicity (von Bernhardi and Eugenin, 2004; Ramirez et al., 2005). Astrocytes also
suppress expression of IL-12 and inducible NO synthase in activated microglia (Vincent et
al., 1996). The communication between these two types of glial cells is bidirectional, as
microglia both receive signals from and send signals to astrocytes. Proinflammatory
cytokines released from microglia are known to inhibit gap junctions and downregulate
connexin 43 expression in astrocytes (Meme et al., 2006). In many pathological conditions,
including neuropathic pain, microglia are activated before astrocytes and then promote
astrocytic activation through IL-1B. However, activated astrocytes not only facilitate
activation of distant microglia via calcium signaling but also attenuate microglial activities.

Taken together, these findings suggest that whether glia are neuroprotective or neurotoxic
depends upon several factors, including type and load of stimuli and timing of microglial
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activation. Additional studies are required to validate the effect of these and other potential
factors on glia-related pain modulation.

6. Astrocytes as potential targets for pain therapy

Targeting specific types of glial activation to promote anti-inflammatory processes for
therapeutic purposes is beginning to yield encouraging results. Anti-inflammatory factors
released by astrocytes and microglia can increase the expression of self-associated proteins
that facilitate the clearance of apoptotic cells and tissue debris and halt continued
proinflammatory response. Type 1 and type 2 cannabinoid receptors (CBR1 and CBR2,
respectively) are being explored as therapeutic targets for neuropathic pain. In particular,
activation of CBR2 receptors, which are expressed on microglia and astrocytes, yields
beneficial effects in animal models of neuropathic pain (Manzanares et al., 2006; Ashton
and Glass, 2007). Activation of the cannabinoid system enhances anti-inflammatory
processing by increasing expression of anti-inflammatory markers such as ED2 (Romero-
Sandoval et al., 2008) (Fig. 4). Recently, Luongo et al. (2013) also suggested that
palmitoylethanolamide (PEA), an endogenous cannabinoid-like compound, reduces
formalin-induced pain behavior in mice by enhancing the anti-inflammatory (i.e., IL-10)
potential of spinal glia cells. A randomized, double-blind, placebo-controlled clinical trial on
nabilone, an oral cannabinoid, for the treatment of patients with diabetic peripheral
neuropathic pain (DPN) suggested that the oral cannabinoid nabilone (1-4 mg/day) was
effective in relieving DPN symptoms and improving disturbed sleep, quality of life, and
overall patient status (Toth et al., 2012).

Activation of P2X4 receptor on microglia by ATP mediates neuropathic pain whereas
activation of microglial P2RX7 may exert neuroprotective effects through the same
signaling pathway (Inoue, 2006). Such findings suggest that the manners by which microglia
are activated dictates the net outcome. IL-10 is a well-described anti-inflammatory cytokine
that has been shown to prevent and reverse pathological pain, whereas IL-6 is a cytokine
that has been shown to have both nociceptive and anti-nociceptive effects (Fig. 4). In rats
with chronic constriction injury, one intrathecal injection of poly(lactic-co-glycolic) acid
(PLGA) microparticles containing plasmid DNA encoding for IL-10 relieved neuropathic
pain for more than 74 days (Soderquist et al., 2010). Recently, Lee et al. (2013) also
reported the involvement of IL-10 signaling in the beneficial effect of gabapentin in
attenuating neuropathic pain in rats. These results indicate that enhancing the anti-
inflammatory actions of glial cells is a more powerful way to inhibit pain than is blocking
the proinflammatory cytokines and preventing glial activation globally.

7. Novel therapies under development for the treatment of chronic pain

7.1. Cannabinoid receptor (CBR) type 2 agonist

Recently CBR2 has emerged as an attractive target for the treatment of chronic pain because
it is associated with few side effects (Romero-Sandoval et al., 2008). CBR2 is expressed in
immune cells (Klein et al. 2003) and keratinocytes (Ibrahim et al. 2005). It was originally
believed to be present only in the periphery, but now it has been found in peripheral sensory
neurons (Anand et al. 2008) and in the CNS (Van Sickle et al. 2005). CBR2 is expressed in
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microglia and perivascular cells in human and rat brain under normal conditions (Nunez et
al. 2004) and in microglia and astrocytes during inflammation (Ramirez et al. 2005).
Peripheral nerve injury induces CBR2 expression in peripheral nerve fibers and spinal cord
(Beltramo et al. 2006; Anand et al. 2008). Activation of peripheral CBR2 induces anti-
nociception by increasing keratinocytic release of beta-endorphin, which then acts at local
neuronal mu-opioid receptors (Ibrahim et al. 2005). Prolonged administration of NESS400,
a CBR2 agonist, was shown to prevent thermal hyperalgesia, alleviate mechanical allodynia,
and facilitate the proliferation of anti-inflammatory microglial phenotype in the ipsilateral
dorsal horn of the spinal cord in mice with spared nerve injury (Luongo et al., 2010).
Microglial CBR2 activation is known to induce neuroprotection by modulating the
microglial extracellular signal-regulated kinase (ERK) pathway and reducing NO production
(Eljaschewitsch et al. 2006), halting TNF-a production (Ehrhart et al. 2005), decreasing
microglial migration (Walter et al. 2003; Miller and Stella, 2008), and inducing production
of anti-inflammatory factors from neurons and glia (Molina-Holgado et al. 2003). In vivo,
spinal microglial CBR2 activation induces anti-nociception while reducing spinal Iba-1,
CD11b (microglial marker), and glial fibrillary acidic protein (GFAP; astrocytic marker)
expression in postoperative and neuropathic pain models (Romero-Sandoval et al. 2008). In
addition, spinal microglial CBR2 activation increases anti-inflammatory factor ED2/CD163
in spinal perivascular microglia (Romero-Sandoval et al., 2008).

Racz et al. (2008a) found that when CBR2 knock-out mice and wild-type littermates
underwent sciatic nerve injury, they developed similar hyperalgesia and allodynia in the
ipsilateral hind paw. Surprisingly, however, CBR2 knock-out mice developed a contralateral
mirror pain behavior that was associated with increases in microglial and astrocytic activity
in the contralateral spinal cord. Sciatic nerve injury-induced hyperalgesia, allodynia, and
microglial and astrocytic activity were attenuated in transgenic mice that overexpressed
CBR2 receptors. These findings suggest that the CBR2 receptor has a crucial role in
modulating glial activation in response to nerve injury (Racz et al., 2008a). In another study,
Racz et al. (2008b) observed enhanced interferon-gamma (IFN-y) response in the spinal cord
of CBR2-deficient mice after nerve injury. However, nerve injury-induced neuropathic pain
was completely abolished in mice that were deficient in both CBR2 and IFN-v, indicating
that CBR2 receptor-mediated control of neuropathic pain is IFN-y dependent. Most
interestingly, spinal CBR2 activation does not induce anti-nociceptive tolerance or
cannabinoid-related neurologic side effects (Romero-Sandoval et al. 2008). Thus, microglial
CBR2 activation is promising as a potential future treatment for chronic pain. However,
currently available CBR2 agonists have some limitations that restrict their therapeutic
potential, including short half-lives, poor selectivity over CBR1, and poor oral
bioavailability. More selective CBR2 agonists with improved oral bioavailability and longer
half-lives (Cheng et al. 2008; Ohta et al. 2008; Yao et al. 2009) are under development.

7.2. Phosphodiesterase (PDE) inhibitors

Ibudilast is a nonselective PDE inhibitor that shows potential for its anti-neuroinflammatory
and neuroprotective effects (Rolan et al., 2009). Preclinical studies suggest that ibudilast can
attenuate microglial activation and proinflammatory cytokines, inhibit toll-like receptor 4
(TLR4) signaling, and stimulate neurotrophic and anti-inflammatory factors (Suzumura et
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al., 1999). Very recently, Ellis et al. (2014) found that ibudilast, along with two other glial
modulators [propentofylline and (+)-naltrexone], reversed below-level allodynia and spinal
neuropathic avulsion pain in an animal model of central neuropathic pain. Ledeboer et al.
(2006) found that in rats subjected to neuropathic pain from chronic constriction injury and
spinal nerve ligation, ibudilast penetrates into the CNS, inhibits glial cell activation in brain
and spinal cord, and attenuates pain hypersensitivity after intraperitoneal and oral
administration (Ledeboer et al., 2006). Ibudilast was also found to act synergistically with
morphine analgesia and to prevent the development of morphine tolerance and withdrawal
symptoms (Ledeboer et al., 2006). In a clinical study of patients with DPN, patients who
took ibudilast reported reduced pain and required less opioid than did those who took
placebo (Rolan, 2007). In another clinical study, patients with multiple sclerosis who took
ibudilast showed significant reduction in brain atrophy and reduction in persistent black
holes seen on MRI (Barkhof et al., 2010; Fox, 2010). Overall, ibudilast seems to be a
relatively long-acting, well-tolerated, and non-addictive drug, but additional research is
warranted to elucidate its exact mechanism(s) of action. Based on encouraging preclinical
data and its clinical safety, ibudilast has considerable potential for further clinical
development as a therapy for neuropathic pain and opioid tolerance.

7.3. Anti-inflammatory cytokines

Subarachnoid (intrathecal) delivery of IL-10 leads to a robust and sustained reversal of
neuropathic pain in rodent models (Ledeboer et al., 2007). Improving IL-10 gene delivery
by using nonviral DNA encapsulated in the biologically safe copolymer PLGA leads to
significantly improved therapeutic gene transfer in animal models and significantly extends
pain relief (Milligan et al., 2012). Intrathecal administration of either IL-10 neutralizing
antibody or the inflammatory HIV coat protein gp120 induces a rapid failure of the gene
therapy (Sloane et al., 2008). These findings suggest that the IL-10 gene or other genes of
regulatory cytokines that have the desired therapeutic efficacy may be harnessed to provide
long-term pain relief.

7.4. Other strategies

Alternatively, glial proinflammatory responses can be regulated by targeting specific
receptors that are already well defined, such as the adenosine receptor and TLR4. ATL313 is
an adenosine 2A agonist that suppresses proinflammatory cytokines while enhancing the
anti-inflammatory cytokine 1L-10. One intrathecal injection has been shown to reverse
neuropathic pain for 4 to 6 weeks in animal models of chronic constriction nerve injury,
peripheral neuropathy, spinal cord injury, and central neuropathic pain (Loram et al., 2009,
2013). Orr et al. (2009) suggested that microglial motility can switch between
chemoattraction and repulsion based on changes in cell surface receptor signaling. Very
recently, Luongo et al. (2014) reported that selective stimulation of adenosine 1A receptor
(A1AR) inhibits the morphological activation of microglia, possibly by suppressing the Ca*
influx induced by ATP treatment. Pretreatment of cells with the A1AR agonist lowered their
ability to facilitate the nociceptive neurons, as compared to cells treated with ATP alone
(Luongo et al., 2014). TLR4 antagonists, such as naloxone, also offer a prominent target for
the treatment of neuropathic pain and for increasing the efficacy of opioids (Hutchinson et
al., 2008). Studies have shown that morphine and (+) naloxone administered together
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produce an increase in analgesia, and repeated dosing prevents the dependence and
withdrawal effects that commonly occur with morphine. Studies have also shown that the
TLR4 antagonist action of (+) naloxone also blocks the dose-limiting effects of morphine,
such as constipation and respiratory depression (Sloan and Hamann 2006). In a case report,
a patient with chronic refractory pain after laminectomy was treated with an intrathecal
combination of morphine (2 mg) and ultralow-dose naloxone (20 ng). The patient reported
dramatic pain relief within 20 minutes; the effect peaked at 1 hour and persisted with
repeated infusions. Over a 3-year period of receiving this drug regimen daily, the patient
reported 80% improvement in his pain (Hamann et al. 2008).

8. Potential caveats and challenges in translating glia-related pain research

Despite the many unanswered questions, glia-modulating agents have started moving into
clinical trials for the treatment of neuropathic pain. The first such trial was conducted for
propentofylline, a xanthine derivative that showed very good potential for the treatment of
chronic pain in preclinical models. Propentofylline had previously progressed to a phase I11b
trial for AD, but was stopped in 2000 when patients on the drug failed to show improvement
over placebo (Frampton et al., 2003). Although it is a PDE inhibitor, its precise mechanism
of action is still unclear. Whether it acts on neurons, microglia, astrocytes, or another cell
type is not known, but propentofylline is commonly accepted to attenuate glial activation
(Sweitzer and De Leo, 2011). Based on the preclinical data for propentofylline, Solace
Pharmaceuticals conducted a phase 11 clinical trial in 2009 to evaluate the efficacy of the
drug in approximately 180 patients with postherpetic neuralgia. The drug failed to decrease
self-reported pain in patients compared to placebo. Several reasons could account for the
failure of the propentofylline trial, including drug dose, treatment duration, and even the
disease pathology itself. Moreover, postherpetic neuralgia may not be a good candidate for
treatment with this drug, as the role of glial responses in the pathophysiology of this disease
is unknown. Consequently, the failure of propentofylline presents the scientific community
with a major unanswered question: Is modulating glial activity a good strategy for pain
therapy? According to DeLeo (Pain Research Forum, June 9, 2011), glia researchers need to
think carefully about what they are doing rather than using propentofylline or any of the
other “glial modulators” in an animal model, showing a decrease in expression of cell
markers, and then concluding that obviously this drug is going to work in patients with
neuropathic pain. There are too many disconnects between the laboratory and the patient in
glial pain research.

Recent multicenter, randomized clinical trials on etanercept, a TNF-a inhibitor, for the
treatment of pain in patients with subacute sciatica and postsurgical pain after inguinal
hernia repair did not yield encouraging results (Cohen et al., 2012, 2013). Another recent
double-blind, randomized, parallel-group, multicenter clinical trial with a CCR2 antagonist,
AZD2423, failed to show significant effects in 133 patients with post-traumatic neuralgia
compared to placebo (Kalliomaki et al., 2013). The failures may again result from multiple
causes, including different pain conditions tested in rodents and humans (nerve injury-
induced pain hypersensitivity vs. post-herpetic/traumatic neuralgia), different phase of
disease (few weeks after nerve injury vs. many years of post-herpetic neuralgia), different
methods of pain measurement in rodents and humans (evoked pain vs. spontaneous pain),
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and finally lack of translation from rodents to humans. Compared to the complete lack of
effect of propentofylline, AZD2423 (150 mg) showed at least some trend toward reduction
in paresthesia/dysesthesia and paroxysmal pain, indicating that the CCR2 antagonist may
have some protective effects for some sensory components of pain (Kallioméki et al., 2013).
Notably, inhibition of glial responses in the CNS cannot be validated in this trial, because of
the lack of effective imaging technique for detecting glial responses.

These recent clinical failures raise concerns about the current strategy of inhibiting all glial
function without fully understanding its physiological or pathological roles. It is currently
unknown how these glial mediators interact with glia-neuron machinery in vivo. Hence,
more extensive research is needed in this area to uncover the beneficial effects of glia before
additional clinical trials are conducted. With this approach, we might be able to improve
clinical outcomes by promoting the protective function of glia rather than nonspecifically
attenuating all glial activity.

9. Future scope of glia-related pain research

To date, modulation of glial activity has failed to prevent or treat neuropathic pain of
patients in clinical trials. Because glial behavior is highly complex, it may be difficult to
determine how to attenuate the proinflammatory activity of glia without altering their anti-
inflammatory effects. Depending on the stimuli and associated factors, distinct patterns of
microglial activation may occur. For example, glial activation by LPS leads to the release of
proinflammatory cytokines that kill infected cells, whereas glia activated by growth factors
or anti-inflammatory cytokines release protective factors that promote neuronal survival
(Butovsky, 2001). Hence, suppressing glial functions nonspecifically could have adverse
effects by silencing cells involved in pain resolution. Moreover, it is still unclear whether the
effects of glial modulators are due to their actions on astrocytes, microglia, or neurons.
Thus, specific inhibitors are needed that can selectively block some glial cells without
affecting beneficial glia and neurons.

One challenge of translating promising preclinical findings to clinical trials is identifying a
valid biological marker that can predict efficacy in human subjects. One possibility is the
use of neuroimaging techniques, such as positron emission tomography (PET), to study pain
processing and/or assess drug efficacy (Stephenson and Arneric, 2008). Numerous studies
have suggested successful use of PET in both animal models and humans (Ji et al. 2008;
Yasuno et al. 2008). It is difficult to predict the extent, time course, and presence/absence of
spinal and/or supraspinal glial changes in patients with acute or chronic pain. By using
neuroimaging and PET radiotracers, it may be possible to target drug therapy specifically to
the patient and hence improve clinical efficacy (Imamoto et al., 2013). Thus, use of in vivo
microglial imaging as a diagnostic tool to predict efficacy with novel glial modulating
agents can open new avenues for pain research.

Although numerous studies have shown spinal and supraspinal glial changes in animal
models of neuropathic pain, clinical evidence for such glial changes is almost nonexistent. In
one published case study, levels of spinal GFAP- and CD68-positive microglia were
elevated in autopsy tissue from a patient diagnosed with complex regional pain syndrome
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compared to those in healthy controls (Del Valle et al., 2009), suggesting that spinal glial
reactivity observed in several animal models may also be present in patients with chronic
pain syndrome. However, more needs to be known about human glia biology.

Furthermore, limited information is available on the role of human glia in pain control.
Astrocytes from mice, monkeys, and humans are quite different in size, and the human brain
contains subtypes of GFAP-positive astrocytes that are completely absent in rodents.
Astrocytes in human cortex are more than twofold larger in diameter than those in rodents
and extend 10-fold more GFAP-positive primary processes (Oberheim et al., 2009).
Moreover, human glial progenitor cells implanted into neonatal immunodeficient mice
propagate CaZ* signals threefold faster than do their endogenous counterparts, and mice that
receive these implants exhibit enhanced long-term potentiation and learning capability (Han
et al., 2013). Hence, human astrocytes seem to be more sensitive and play a more
sophisticated role than rodent astrocytes.

10. Conclusions

A major challenge of developing glia-dependent drug strategies for the treatment of
neuropathic pain is blocking only glial cells that produce proinflammatory cytokines and
chemokines while enhancing (or at least not inhibiting) their protective/anti-inflammatory
potential. Understanding the molecular mechanisms that underlie both the positive and
negative effects of glia on pain processing is very important for the development of novel,
safe, and effective therapeutic modalities for the treatment of pain. Future research should
also focus on imaging real-time glial activation in patients with acute and chronic pain,
investigating the phenotypic changes of glia in postmortem tissues from patients with
painful diseases, comparing the responses of human and rodent glia in cultures, and
examining the effects of human glia transplantation in rodents. With a better understanding
of the role of glia in pain, we can begin to develop novel therapeutic modalities that target
the stage-dependent activation of glial cells during neuropathic pain.
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Peripheral Nerve Injury

\Z

Release of substance P, CGRP, NO, ATP and glutamate

\Z

Glial activation leading to morphological and functional changes in glia cells

\Z

Activation of microglial p38 mAPK signaling pathway

\Z

Enhance Ca?*-sensitive intracellular signaling

\Z

Production of proinflammatory cytokines, chemokines and growth factors

\Z

Neuron-Glia interactions leads to peripheral and central sensitization

\Z

CHRONIC PAIN

Fig. 1.
Flow chart depicting how peripheral nerve injury leads to chronic pain. ATP: adenosine

triphosphate; CGRP: calcitonin gene-related peptide; NO: nitric oxide; mAPK: mitogen-
activated protein kinase.
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Fig. 2.
Astrocyte-neuron cross talk. After nerve injury, proinflammatory cytokines such as tumor

necrosis factor-a (TNF-a), interleukin (IL)-1f, and IL-6 are released from microglia and
activate JNK in astrocytes. JNK activation induces astrocytes to produce CCL2. Binding of
CCL2 to its receptor, CCR2, in spinal cord neurons produces central sensitization via ERK-
mediated activation of NMDA receptors, leading to an enhanced neuropathic pain state.
CCL2: chemokine (C-C motif) ligand 2; DRG: dorsal root ganglion; ERK: extracellular
signal-regulated kinases; JNK: c-Jun N-terminal kinases; NMDA: N-methyl-D-aspartate.
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Fig. 3.

M?croglia-neuron cross talk. Nerve injury leads to activation of chemokine receptors present
on microglia, causing phosphorylation in microglia and leading to further production of
proinflammatory cytokines and subsequent sensitization of dorsal horn neurons and
neuropathic pain facilitation. Nerve injury also produces the protease cathepsin S (CatS)
from microglia, which can cleave CX3CL1 from the cell surface of neurons (primary
sensory and dorsal horn neurons) and astrocytes, leading to further activation of microglia.
CX3CL1: chemokine (C-X3-C motif) ligand 1; IL-1: interleukin-18; IL-6: interleukin-6;
TNF-a: tumor necrosis factor-a.
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Fig. 4.
Pro- and anti-inflammatory states of glia. AMPAR: a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; BDNF: brain-derived neurotropic factor; CB1:
cannabinoid receptor-1; CB2: cannabinoid receptor-2; CGRP: calcitonin gene-related
peptide; CCR2: chemokine receptor-2; ERK: extracellular signal-regulated kinases; IL-10:
interleukin-10; 1L-14: interleukin-14; NF-xB: nuclear factor kappa-light-chain-enhancer of
activated B cells; NO: nitric oxide; PGE2: prostaglandin E2; P2RX7: P2X purinoceptor 7;
NMDAR: N-methyl-D-aspartate receptor; TLR-4: toll-like receptor 4; TNF-a: tumor
necrosis factor-alpha.
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