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Abstract

Glia have emerged as key contributors to pathological and chronic pain mechanisms. On activation,
both astrocytes and microglia respond to and release a number of signalling molecules, which have
protective and/or pathological functions. Here we review the current understanding of the
contribution of glia to pathological pain and neuroprotection, and how the protective, anti-
inflammatory actions of glia are being harnessed to develop new drug targets for neuropathic pain
control. Given the prevalence of chronic pain and the partial efficacy of current drugs, which
exclusively target neuronal mechanisms, new strategies to manipulate neuron—glia interactions in
pain processing hold considerable promise.

Under normal conditions, in otherwise healthy subjects, acute-pain processing consists of a
chain of events that begins with stimuli that activate specialized receptive endings on peripheral
sensory nerve fibres. Following such activation, excitatory impulses carried by the sensory
afferent axons induce excitatory postsynaptic potentials in pain-transmission neurons located
in the dorsal horn of the spinal cord, with the final synaptic relay occurring in the cortex.
However, pain processing is not simply a relay of signals from the body to the brain, it is a
redundant, multi-pathway and dynamic system in which profound pain suppression or
enhancement can occur at any level of synaptic communication. When dysfunctional pain
signalling (for example, pain signalling in the absence of tissue damage) occurs, pathological
pain ensues. Lesions of the nervous system can produce a form of pathological pain,
neuropathic pain, which is characterized by unexplainable widespread pain, a sensory deficit,
a burning sensation, pain caused by light touch (allodynia), or acute pain in the absence of a
noxious stimulus®. Furthermore, chronic neuropathic pain can persist for months, without the
underlying cause being treatable or identifiable.

Our understanding of pathological pain has primarily revolved around neuronal mechanisms.
However, neighbouring astrocytes and microglia have recently been recognized as powerful
modulators of pain and are emerging as a new target for drug development. Although glia are
well known for having a number of housekeeping functions that are necessary for healthy
neuronal communication, on strong activation they act as immunoresponsive cells or exert a
neuroprotective effect. Glia can contribute to neuropathic-pain processing by releasing a
number of glial and neuronal signalling molecules. These include, among others, the classic
immune signals: cytokines and chemokines. There is substantial evidence that both astrocyte
and microglia activation lead to pro-inflammatory responses with pathological effects, such as
neuronal hyperexcitability, neurotoxicity and chronic inflammation. However, the notion that
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activation of glia in the CNS may also lead to beneficial outcomes has recently been gaining
attention. Evidence that both astrocytes and microglia respond to and contribute to a local
immune environment that is beneficial for nearby healthy glia and neurons is emerging. These
beneficial roles of glia include the release and maintenance of anti-inflammatory factors, and
processes that serve to restore normal pain signalling and protect against neurotoxicity. This
Review first examines the evidence for glial roles in the regulation of pain, and then discusses
how glia activation could be exploited to provide new research avenues for therapeutic pain
control. Taking into account both the protective and the pathological effects of activated glia
will be key to the development of effective therapeutics.

Pain processing

Pain is a sensory system that under normal conditions is protective and adaptive. It serves as
a warning signal for the body (of tissue inflammation and damage) and induces behavioural
changes that facilitate wound healing and recuperation. Acute pain signalling is produced when
stimuli that signal potential or actual tissue damage are detected in the body by the peripheral
nerve terminals of nociceptive neurons (FIG. 1a). Specific stimuli (for example, high heat,
pressure or chemicals) that evoke a response activate specialized areas on nociceptive nerve
terminals and induce electrical impulses that are then conducted from the nociceptive fibre
terminal along the fibre’s axon to the spinal cord dorsal horn?. Acute pain is transient and lasts
several weeks at most, whereas persistent pain associated with clearly identifiable causes, such
as infection or inflammation, can last for up to 6 months3. Both acute and persistent pain arise
from tissue damage and/ or inflammation, and so the nociceptive transmission in these cases
is not necessarily dysfunctional. These pain conditions are mediated by well-known,
multisynaptic pathways, which are triggered in the periphery and are processed at multiple
sites in the CNS. The peripheral component of the pain pathway is referred to as the nociceptor
and consists of a specialized ending at the peripheral nerve terminal (containing transient
receptor potential (TRP) channels, tetrodotoxin channels and ion channels) that transduces
energy from noxious (potential or actual tissue-damaging stimuli), temperature and mechanical
signals, or information from chemical signals, into action potentials; an axon that conducts
action potentials; a sensory nociceptive neuron located in the dorsal root ganglia (DRG) (FIG.
1 inset); and a central nerve terminal, which is the presynaptic portion of the synaptic relay to
pain-projection neurons in the dorsal horn of the spinal cord*.

Primary sensory neurons convey information about non-noxious and noxious stimuli, and their
axons are classified into four major groups on the basis of their conduction velocity. Large,
myelinated fibres (Aa and AP fibres) conduct the fastest; A & fibres, which are lightly
myelinated, and unmyelinated C fibres conduct more slowly (FIG. 1 inset). Whereas
mechanical, chemical and thermal ‘threats’ to tissue integrity induce high-threshold
nociceptors to respond, low-threshold sensory receptors at the nerve terminals of Ap fibres
respond to non-noxious stimuli, such as vibration or light touch. Information conveyed by
Ap fibres can be greatly altered during disease conditions or after tissue damage has resolved,
leading to abnormal pain signalling (as the Ap fibres begin to signal pain in response to non-
noxious stimuli (see below)).

The central projections of Ad and C fibres synapse onto nociceptive interneurons and pain-
responsive second-order pain-projection neurons in the dorsal horn of the spinal cord (FIG. 1
inset) or in the hindbrain in the case of trigeminal ganglia. The axons of these second-order
neurons decussate (cross to the contralateral side) at the spinal cord level, where they join
ascending fibres of the anterolateral system and project to supra-spinal pain-processing centres
(FIG. 1a). These higher-order areas include the brainstem and thalamic nuclei, including the
ventral posterior nucleus, the intralaminar nucleus and the parafascicular nucleus. In turn,
axons from the thalamus project to and synapse on to several cortical areas, such as the primary
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and secondary somatosensory cortex and the association cortex of the posterior parietal lobe
(see REF. 7 for a review). All these components of the pain pathway have to work in concert
to produce a protective, adaptive response in the host organism.

Several well-characterized chemical signals trigger pain transmission in response to incoming
noxious stimuli (FIG. 2a). For example, presynaptic afferent neurons release substance P (also
known as tachykinin, precursor 1), which binds to the neurokinin 1 receptor (also known as
tachykinin receptor 1) located on post-synaptic pain-projection neurons®. The co-expression
of receptors for the excitatory amino acid glutamate, AmPA (a-amino-3-hydroxy-5-methyl-4-
isoxazole proprionic acid) and NMDA (N-methyl-o-aspartate) receptors, helps to regulate
neurotransmitter release and the release of substance P. Although glutamate binds to both
AMPA and NMDA receptors on the pre- and postsynaptic neurons, glutamate binding to
NMDA receptors under normal, non-pathological conditions does not lead to changes in
membrane potential and subsequent pain-projection neuron excitation, as the NMDA receptor-
associated ion channel is plugged by Mg2*. The highest concentration of the neurokinin 1
receptor is located on postsynaptic terminals in lamina | of the dorsal spinal cord. Many
neurokinin 1 receptor-expressing neurons internalize the receptor following activation by
substance P®. Other neuromodulators, such as calcitonin gene-related peptide (CGRP), galanin,
vasoactive intestinal polypeptide and somatostatin, also have crucial roles at the first synapse
in the dorsal spinal cord and have been thoroughly reviewed elsewhere’. The activity of these
pain-projection neurons is also influenced by local inhibitory interneurons in the spinal cord
and by supra-spinal and brainstem-to-spinal-cord mechanisms (for reviews see REFS &:9).

Pathological pain processing

Although acute pain from an identifiable trauma is considered a symptom of tissue injury or
disease, chronic and recurrent pain that persists for more than 3 months is itself a disease
condition1®. Normally the pain pathway is activated to induce an adaptive and protective
response that facilitates recuperation and helps to prevent further tissue damage. Treating
clearly identifiable causes of pain normally leads to a resolution of such pain. When injury or
inflammation is prolonged, ongoing excitation of primary nociceptive neurons causes chronic
pain. Injured or inflamed tissue in the CNS can also sensitize neurons in the spinal cord, leading
to chronic pain”:11. These chemical and neural changes occur at the site of tissue injury in the
body, either at the nerve endings of pain fibres or along their axons, and at first-order synapses,
both pre- and postsynaptically in the dorsal horn of the spinal cord and/or in supra-spinal pain-
processing areas. These well-characterized changes in neuronal and biochemical processing,
from normal conditions to a pain-facilitatory state in the dorsal horn of the spinal cord, are
collectively known as ‘central sensitization” (REF. 12) (BOX 1). Altered activity of spinal and/
or brain neurons that is relevant to the pain pathway, as well as of primary sensory nociceptors,
leads to chronic neuropathic painl:13. Neuropathic pain is often associated with direct trauma
and/or inflammation of peripheral nerves4. There are various peripheral neuropathies, in
which damage to the PNS leads to allodynia and to increased sensitivity to noxious stimulation
(hyperalgesia).

The first pain-relevant chemical signals to be identified at first-order synapses included
glutamate and substance P (FIG. 2). Many additional factors in the periphery are now known
to create an ‘inflammatory soup’ that sensitizes sensory nerve endings (for a review see REF.
15) (FIG. 2b).

Role of glia in pathological pain processing

It is now thought that solely considering neuronal activity provides an incomplete
understanding of the creation and maintenance of chronic neuropathic painl. Spinal cord glial
activation seems to be a common underlying mechanism that leads to pathological pain in a

Nat Rev Neurosci. Author manuscript; available in PMC 2009 September 25.


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6863&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6869&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milligan and Watkins

Page 4

number of pain syndromes with widely different aetiologies (for example, diabetic neuropathy,
chemotherapy-induced neuropathy, peripheral nerve inflammation and trauma, and spinal cord
inflammation)’. Astrocytes and microglia (collectively referred to as glia) have well-
documented roles in pain facilitation: they can modulate neuronal synaptic function and
neuronal excitability by various mechanisms18:19. Although astrocytes and microglia in the
CNS each have unique roles in the modulation of neuronal function?%:21, they do have some
overlapping actions. Both cell types are key mediators of the CNS innate immune response,
which resembles many aspects of the classical immune response?2.

Collectively, glia greatly outnumber neurons in the CNS. There are various cellular subtypes,
such as astrocytes, resident microglia, perivascular microglia and oligodendrocytes, that have
distinct functions in the regulation of pain processing. Oligodendrocytes, best known for their
role in myelinating axons in the CNS, are now emerging as modulators of neuronal
function23:24, The modulating functions of astrocytes, resident microglia and perivascular
microglia are well established; their role in pain processing will be the focus of this Review.

Astrocytes, developmentally derived from the neuroectoderm, are the most abundant glial cell
type in the CNS. In addition to their neuron-supportive functions, astrocytes also directly alter
neuronal communication because they completely encapsulate synapses and are in close
contact with neuronal somas2°. The close astrocyte-neuron contact allows for astrocyte
activation by neurotransmission as astrocytes express various functional neurotransmitter
receptors25. These include ionotropic non-NMDA and NMDA receptors as well as
metabotropic glutamate (MGIuR3 and mGIuRS5), purinergic and substance P receptors. On
astrocyte activation, the extracellular signal-regulated kinase (ERK; also known as mitogen-
activated protein kinase 1 (MAPK1)) and c-Jun N-terminal kinase (JNK; also known as
MAPKS) signalling pathways (among others) are activated (for a review see REF. 26). These
lead to an increase in the synthesis of inflammatory factors (for example, interleukin 1
(IL-1 B), IL-6, tumour-necrosis factor-o (TNF a), prostaglandin E; (PGE,) and nitric oxide
(NO)), which ultimately alter glial glutamate transporter function2”:28 and gap-junction
proteins, which are known to facilitate astrocyte—astrocyte activation through Ca?*
cascades?’. Although similar pathways are activated in microglia after nerve injury??, the
temporal patterns of enzyme activation and pro-inflammatory cytokine release are distinct for
microglia and astrocytes. For example, distinct releases of matrix metalloproteinases (MMPs),
which facilitate pro-inflammatory IL-1f activity, contribute to the development and
maintenance of pathological pain after nerve injury. Furthermore, chronic astrocyte activation
after nerve injury has been shown to involve ERK activation and subsequent down-regulation
of excitatory amino acid transporters (glutamate transporter 1 (GLT1; also known as SLC1A2)
and glutamate—aspartate transporter (GLAST; also known as SLC1A3))30; discussed in more
detail below), leading to a decrease in glutamate uptake and an increase in excitatory synaptic
transmission32. During chronic neuropathic conditions, astrocytes remain activated in response
to the initial microglia-derived inflammatory factors31:32; this is likely to account for their
ongoing responses during these conditions.

Resident microglia, which are classically known as the macrophages of the CNS, are bone
marrow-derived haematopoietic cells that invade the CNS during embryonic development and
are never replenished. Conversely, perivascular microglia are continuously replenished in
adulthood by bone marrow-derived haematopoietic precursors33, and this replenishment
increases during CNS inflammation34 and after peripheral nerve damage3. The exact role of
each subpopulation of microglia in the healthy and the injured CNS remains unknown, but
perivascular microglia have been shown to alter the blood-brain barrier and exert an anti-
inflammatory effect in response to inflammatory conditions. Resident microglia are known to
survey the CNS and to rapidly proliferate on activation, and exert both inflammatory and anti-
inflammatory effects36. Generally, microglia act as a first line of defence against pathogen
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invasion, by recognizing, sequestering and processing antigens. However, microglia (both the
resident and the perivascular subtypes) express many of the neurotransmitter receptors that are
found in astrocytes and neurons!®. Once microglia become activated, they produce and release
many substances that activate nearby astrocytes, microglia and neurons.

Glia as CNS immunocompetent cells

Factors that are released as a result of tissue injury and that induce glial activation include
reactive oxygen species, NO, aggregated or misfolded proteins, and nuclear factors that are
often detected in apoptotic cells (for a review see REF. 37). In addition, glia, in their role as
immunocompetent cells, are activated on pathogen invasion. Similar to the classical innate
immune cells, including macrophages and dendritic cells, both astrocytes and microglia
become activated by pathogens by recognizing specific molecular patterns on the pathogenic
proteins and toxic cell debris during infection or tissue injury?2:38, Both astrocytes and
microglia express a wide range of pattern-recognition receptors, including toll-like receptors
(TLRs)3%40 (FIG. 3a). Upon activation, TLRs initiate immune-like processes, such as the
release of pro-inflammatory cytokines and phagocytosis®1:42. To date, 13 TLRs have been
identified*0:43, Some, like TLR2 and TLR4, are predominantly expressed by microglia but can
under some circumstances be expressed by astrocytes. The activation of TLR2 and TLR4
induces the release of IL-1p, TNFo and IL-6 (REFS #4746), TLR activation in the CNS
modulates glial-neuronal communication, creating an excitatory positive-feedback loop in the
pain pathway. Congruent with typical macrophage and dendritic cell activity, astrocytes and
microglia can not only phagocytose?’8, but also clear both pathogens and tissue debris®?.
These processes are known to further stimulate IL-1p, TNFo and IL-6 release from glia®,
thereby maintaining glial activation (FIG. 3a).

Box 1 central sensitization

Several mechanisms that bring about central sensitization have been described’:11,88,91,
118,119 The best characterized involves a change in the function of neuronal NMDA (N-
methyl-o-aspartate) receptors in the spinal cord dorsal horn®8. Activation of sensory neurons
by painful stimuli leads to the release of transmitters (for example, substance P and
excitatory amino acids) that bind to and activate pain-projection neurons in the spinal cord.
During conditions that produce strong and/ or persistent nociceptive stimulation, sufficient
amounts of substance P and glutamate are released to sustain the depolarization of the spinal
cord neurons. When this happens, Mg?* that is normally present in the NMDA channel is
removed, allowing Ca2* to flow into the cell and facilitating signal transmission. The influx
of Ca2* causes the production and release of nitric oxide by Ca?*-activated neuronal nitric
oxide synthase and of prostaglandins by cyclooxygenase enzymes!20, These molecules both
enhance the excitability of spinal cord neurons in response to incoming pain signals and
cause an exaggerated release of neurotransmitters from sensory neuron presynaptic
terminals to the spinal cord. Together, these downstream effects of NMDA activation result
in the amplification of pain messages being relayed to higher brain centres®8.

Gliain neuropathic pain

Neuropathic pain is typically associated with either peripheral nerve or CNS damage caused
by compression, transection, inflammation and/or altered metabolism®1. Once central
sensitization begins, pain signalling is no longer the adaptive, protective mechanism that
normal pain is, and no longer serves for recuperation and wound healing.
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Glia activation

Several reports now demonstrate that TLRs have crucial roles in chronic neuropathic pain after
peripheral nerve injury. Studies show that TLRs can be activated not only by well-known “non-
self > molecular signals but also by endogenous signals (IL-1B, TNFa, IL-6 and NO) produced
during chronic neuropathic pain states. TLR2 activation in astrocytes and microglia and
TLR3 activation in microglia mediate neuropathic pain processing®%=52, TLR4 is also key for
microglial activation and the development of pathological pain after peripheral nerve
trauma®3. Fibronectin, an endogenous TLR4 ligand that is produced in response to tissue injury,
leads to an upregulation of the purinoceptor P2X4, which is expressed exclusively on
microglia®*, and TLR4 antagonism in the spinal cord has been reported to reverse neuropathic
pain resulting from sciatic nerve damage®®:°6. Opioids have recently been shown to activate
glia through a receptor that is distinct from the classical opioid receptor on neurons®®. This
opioid-induced activation of glia induces them to release neuroexcitatory pro-inflammatory
cytokines, suppressing or counter-regulating opioid analgesia. Repeated exposure to opioids
leads to enhanced pro-inflammatory cytokine release from glia®’. Blocking such opioid-
induced glial activation enhances acute opioid analgesia and suppresses the development of
opioid tolerance®:%7, Furthermore, suppressing glial activation suppresses the development
of opioid dependence and withdrawal, suppresses opioid reward linked to drug abuse and
suppresses other negative side effects, such as respiratory depression®6:58:59, Thus, preventing
glial activation in response to opioids represents a promising way to enhance the clinical
efficacy of opioid drugs.

The glial receptor that recognizes opioids is TLR4 (REFS 25:96), the very same receptor that
is activated under conditions of neuropathic pain. These studies show, using endotoxin-free
reagents to avoid contamination by the classical TLR4 agonist lipopolysaccharide (LPS), that
morphine activates TLR4 signalling in human embryonic kidney cells stably transfected to
express TLR4 and its associated signalling components (HEK-TLR4 cells). This morphine-
induced TLR4 receptor signalling was blocked by TLR4 competitive antagonists (forms of
LPS that bind to TLR4 but fail to activate its signalling), which is suggestive of opioid
interactions at or near the TLR4 receptor complex®. Intriguingly, endotoxin-free opioid
agonists non-stereoselectively activate TLR4, and endotoxin-free naloxone (an opioid
antagonist) non-stereoselectively inhibits TLR4 signalling by either LPS or opioids®>:%6.
Indeed, intrathecally injected naloxone, mutant LPS and LPS-R/S (two forms of LPS that are
competitive TLR4 antagonists) each potentiate spinal morphine analgesia and suppress
neuropathic pain, supporting a role for TLR4 in activating spinal cord glia and neuropathic
pain.

In addition, heat shock proteins (HSPs) have been implicated in glia activation and neuropathic
pain®. In vitro studies revealed that HSPs can activate TLRs in glia®1:62 (FIG. 3a). HSPs are
constitutively expressed intracellular chaperones that bind to proteins and facilitate their
folding into their native and active conformations. In response to cellular stress and
inflammation, HSPs are upregulated and protect cells from protein misfolding and
aggregation®. When cells are damaged, dying or dead, HSPs are released and activate nearby
glia directly, by binding to their TLRs or by promoting the release of glial activators from
stressed glia or neurons®3. HSP60, HSP70 and HSP96 can induce TNFa release from activated
glia and innate immune cells through TLR2 and TLR4 signalling®3, and a striking upregulation
of HSP27 has been reported in damaged sensory fibres in the spinal cord dorsal horn and
surrounding white matter months after peripheral nerve injury®. Although HSP27 has not yet
been shown to bind directly to TLRs, these findings support the suggestion that HSPs trigger,
through TLRs, glial activation and pro-inflammatory processes that contribute to neuropathic
pain® (FIG. 3a).
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Finally, astrocytes and microglia express various functional neurotransmitter receptors and are
activated by classic neurotransmitters and neuromodulators; thus, they can receive and respond
to signals during synaptic transmission. Astrocytes are best known for their active, integrative
role during synaptic signalling, and both microglia and astrocytes are ideally situated in close
physical contact with neurons, as well as with other astrocytes and microglia, to carry out
modulatory functions!®:20, When neurons release ATP, glutamate and substance P, they are
acting as sources of stimuli for astrocytes and microglia. In turn, astrocytes and microglia
release glutamate and/or ATP, leading to further neuronal and nearby glial activation (FIG.
3a).

Neuron-to-glia signals in neuropathic pain

As described above, neuromodulators and neurotransmitters released upon peripheral nerve
injuries activate astrocytes and microglia®. Under such conditions, subsequent glial responses
to classic neurotransmitters and glial-neuronal interactions are altered. During neuropathic
conditions, activated glia release the same neuroexcitatory signals that are released under
immunogenic conditions. For instance, the initiation and maintenance of neuropathic pain in
animal models involves neuro excitatory signals including IL-1p, TNFo and IL-6 (REFS %6
67). In addition, all of the neuroexcitatory or neuromodulatory signals that glia release (such
as substance P, excitatory amino acids, NO and ATP) and/or for which glia express receptors
are key players in neuropathic pain states®. The pioneering work of Coull and colleagues®®
showed that ATP-stimulated microglia signal to pain-projection neurons in the dorsal horn of
the spinal cord. It is now understood that neuron-derived ATP activates purinergic ionotropic
receptors (P2X4) on microglia, which in turn leads to the release of microglial ATP and brain-
derived neurotrophic factor (BDNF), causing a depolarization shift that inverts the polarity of
currents activated by the inhibitory neurotransmitter GABA (y-aminobutyric acid) in spinal
lamina neurons®8,

Other studies have shown that neuropathic pain signalling also requires the activation of
microglial p38 MAPK (also known as MAPK14). p38 MAPK is involved in Ca%*-sensitive
intracellular signalling cascades that lead to the production of pro-inflammatory cytokines. It
has been speculated that activation of P2X, increases intracellular Ca?* and activates p38
MAPK® (FIG. 3a). It has also been shown that TNFa and MMPs trigger p38 MAPK activation
in microglia in the spinal cord dorsal horn during peripheral neuropathic pain®9. MMP9-
induced pro-1L-1f cleavage leads to p38 MAPK activation in microglia during the onset and
early stages of neuropathic pain, whereas MMP2-induced pro- IL-1f cleavage leads to
astrocyte activation during the ongoing and later stages of neuropathic pain’?. These studies
indicate that, rather than glial activation being limited to pathological pain produced from
purely inflammatory conditions, glia can be activated by neuron-to-glia signalling initiated by
neurotransmitters and neuromodulators.

A role for chemokines as neuron-to-glia signals during ongoing neuropathic pain states is also
emerging. Chemokines were initially recognized as having a role in the maturation and
trafficking of leukocytes during inflammatory diseases’:”2. Chemokines and their receptors
are expressed not only in peripheral immune cells (leukocytes) and diverse populations of glia,
but also in neurons’3. Several reports have shown that the chemokine CCL2 (also known as
monocyte chemoattractant protein 1 (MCP1)) and its receptor, CCR2, are not normally
expressed in healthy conditions but are dramatically upregulated in DRG and spinal cord
neurons after peripheral nerve injury374:75 CCL2 and CCR2 expression are upregulated in
TRPv1-expressing sensory neurons after sciatic nerve injury, and CCL2 has been shown to be
secreted from neurons upon capsaicin- or K*-dependent depolarization in a Ca2*-dependent
and an activity-dependent manner’:77. CCR?2 activation enhanced the responses of both
TRPv1- and TRPA1- expressing neurons to capsaicin treatment’’. Spinal cord expression of
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CCR2 and downstream signalling, identified in both bone marrow-derived microglia and
resident microglia, results in the infiltration of macrophages into the spinal meninges that
differentiate into microglia on further parenchyma penetration32. Expression of CCL2 in the
superficial lamina of the spinal cord dorsal horns is thought to trigger spinal astrocyte and
microglia activation’> 78, Whereas the activation of microglia surrounding CCL2-expressing
spinal cord neurons peaked by day 14 after peripheral nerve injury, astrocytes surrounding
CCL2-expressing spinal cord neurons remained robustly activated throughout the entire testing
period of 150 days after nerve injury’®. This sustained astrocyte activation may be important
during the persistent phase of chronic neuropathic pain.

The chemokine fractalkine (also known as CX3CL1) has also been documented to mediate
pathological pain’9—83, Fractalkine binds to only one receptor, CX3CR1 (which binds only
fractalkine)®4, and is expressed by spinal cord neurons. CX3CR1 is expressed mostly on
microglia, and exogenous fractalkine has been shown to produce IL-1B- and IL-6-mediated
pain responses through the activation of microglia81:82 (FIG. 3a). Peripheral nerve injury or
neuronal excitation in the spinal cord triggers MMP-induced cleavage of fractalkine and an
increase in the expression of CX3CR1 in microglia in pain-relevant areas®®. Activated
microglia in the dorsal horn also express the lysosomal cysteine protease cathepsin S, an
enzyme that may induce fractalkine cleavage during neuropathic pain states’. Fractalkine and
CX3CR1 expression in astrocytes have also been found to increase during ongoing pathological
pain, suggesting that CX3CR1 activation might be important for the chronic stages of
neuropathic pain, as astrocyte activation is strongly implicated in ongoing pain changes. Other
chemokines, such as RANTES (also known as CCL5), IP-10 (also known as CXCL10) and
SDF1 (also known as CXCL12) are also implicated in neuropathic pain conditions®4,
supporting the suggestion that chemokines are important neuron-to-glia signals that lead to
pro-inflammatory processes and pathological pain.

Activated glia produce pathological pain

One way in which pro-inflammatory cytokines released from glia lead to pathological pain is
by acting on their receptors expressed on neurons in the pain-responsive regions of the spinal
cord. For example, TNFo and IL-1 from astrocytes increase neuronal excitability and synaptic
strength by increasing the conductivity of AMPA and NMDA receptors, as well as by
increasing the number of these receptors on the surface of neurons8:87. Other neuroexcitatory
substances that are released by activated glia include o-serine, which potently enhances NMDA
channel function®8. Intriguingly, 1L-1p has been shown to increase the inward Ca2*
conductance of NMDA receptors in pain-responsive neurons in the spinal cord®9. A recent
report demonstrated that IL-1p induced the phosphorylation of a specific NMDA receptor
subunit, leading to its activation®. Furthermore, IL-1p, TNFa and IL-6 mediate DRG and
spinal cord dorsal horn central sensitization and exaggerated pain, either independently or in
combination®1:92, NMDA receptor channel opening leads to the influx of Ca2* (REF. 11) and
to increased production of NO and PGE,, which are involved in amplifying the excitability of
pain-projection neurons®3. The excitability of pain-responsive neurons is rapidly increased on
exposure to these glial products, which suggests that they exert a direct effect on neurons. As
discussed above, one of the initial events that occurs following peripheral nerve injury is
elevation of intracellular CaZ*, leading to p38 MAPK and ERK activation in microglia. These
MAPKSs can also be activated by IL-1  and TNFa, leading to the activation of various
transcription factors (including nuclear factor kB (NF-xB)) and to further secretion of IL-18,
TNFa, IL-6, PGE; and BDNF. All of these factors contribute to infiltration and phagocytosis
and thereby to the pathological effects of glia in neuropathic pain states. Although the
mechanism(s) by which glial pro-inflammatory products enhance neuronal excitability is still
under investigation, these data support the suggestion that traditional immune signals such as
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IL-1B, TNFa and IL-6 mediate glial-neuronal communication resulting in pathological
painl6 (BOX 2).

Protective roles of activated glia

A growing number of studies aimed at understanding the mechanisms involved in
neurodegenerative disease provide evidence that microglia and astrocytes can also be
neuroprotective?2:94 through some of the same factors that have been demonstrated to exert
sensitizing and/or toxic effects in the CNS (FIG. 3b).

Signals produced by peripheral nerve injury or spinal cord injury that initiate astrocyte and
microglia activation are likely to be different from the signals that are induced during other
circumstances, such as by pathogen invasion or neurodegenerative diseases. Thus, the resulting
downstream signalling cascades may also be different. However, all of these events involve
the activation of the local innate immune response, which is mediated by microglia and
astrocytes.

Both of these cell types can recognize ‘danger signals’, which include cellular debris produced
from apoptotic or necrotic cells and signals from pathogens38, and can clear the pathogen or
cellular debris by phagocytosis. The ongoing, daily processes that are involved in phagocytosis
occur during healthy conditions and often go unnoticed. The therapeutic potential of
manipulating these functions has led to intense research of neuroimmune regulatory proteins
(for a review see REF. 37). Neuroimmune regulatory proteins include various cell-surface
proteins referred to as ‘self-associated molecular patterns’, which are expressed on viable cells
and are thought to function as “self * signals to prevent phagocytosis of healthy cells37, and
‘altered self molecular patterns’ that trigger an immune response3’. Astrocytes and microglia
express pattern-recognition receptors that recognize these surface proteins, resulting in the
phagocytosis of ‘altered’ cells. This process is accompanied by a downregulation of pro-
inflammatory cytokines to limit damage to nearby healthy tissue%>:%. In neurodegenerative
disease states, in which damaged neurons release HSPs that bind TLRs, these immune-
regulatory processes often become dysfunctional. Thus, it seems that without appropriate
clearance of dying cells and cellular debris by activated phagocytic glia, toxicity and cellular
damage readily spread in the CNSY’.

‘Self ' versus ‘non-self ’ recognition

Recognition and phagocytosis of apoptotic cells, such as those that are observed after spinal
cord injury, are thought to result in responses that are different from those that are elicited after
microbial ligands or misfolded proteins are recognized®’, as often occurs during
neurodegenerative diseases. Astrocytes and microglia recognize pathogen-associated
molecular patterns (PAMPS), resulting in the activation of intracellular signalling cascades that
are distinct from those that are elicited during the clearance of apoptotic “self * cells%:%, For
example, on pathogen stimulation with LPS, MAPK cascades, such as those involving ERK,
p38 MAPK and jNK, become activated in glia, leading to the activation of the NF-xB family
of transcription factors2®. Activation of the NF-xB pathway in both astrocytes and microglia
leads to the activation of a wide array of inflammatory genes (including those that encode
TNFa, IL-1p and IL-6) and chemokines (such as CCL2)%, in addition to NO and PGE.
Furthermore, enzymes that cleave complement C3 are assembled and membrane attack
complexes are formed. However, apoptotic cells, which are readily phagocytosed in the
absence of TLR activation, induce the expression of a family of cytokine regulatory proteins,
suppressors of cytokine signalling (SOCS)%. Consequently, apoptotic cells exert suppressive
effects on pro-inflammatory signal transduction that result in continued tissue homeostasis.
Given that pathogens lack self-associated molecular pattern surface proteins, which can act as

Nat Rev Neurosci. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milligan and Watkins

Page 10

complement inhibitors, full activation of the complement cascade can proceed, resulting in cell
lysis and phagocytosis®’.

The expression of self-associated molecular pattern proteins in the spinal cord after peripheral
nerve injury may be crucial for the activation of astrocytes and microglia and the activation of
the innate immune response. This response leads to neuropathic pain, but can also have a
neuroprotective effect. Proteins that signal ‘self * to astrocytes and microglia in the spinal cord
may dampen and control local immune events that result from signals released by damaged
afferent nerve terminals. For example, chemokines (such as CX3CL1 and CCL2) are released
from sensory nerve terminals in the spinal cord after peripheral nerve damage and activate both
astrocytes and microglia, with consequential neuropathic pain changes. Interestingly, cell-
surface CX3CL1 has been proposed to act as a ‘self’ signal to glia3’. On its enzymatic cleavage
by TNFa cleaving enzyme (TACE; also known as ADAM17), CX3CL1 binds to its receptor
(CX3CR1), which is expressed on astrocytes and microglia. Could the cleavage of CX3CL1
signal “altered self * and trigger the clearance of excitatory signals like chemokines by glia? It
is noteworthy that phagocytosis of apoptotic cells occurs with a downregulation of pro-
inflammatory cytokines3”:%, suggesting that phagocytosis and clearance are protective
mechanisms that control inflammatory processes and promote survival. Thus, one can
speculate that the fine balance between pro- and anti-inflammatory events in the spinal cord
after peripheral nerve damage could be controlled by varying the expression of ‘self-associated
molecular pattern” and ‘altered self’ proteins in astrocytes and microglia.

Although astrocytes are similar to microglia in some aspects of local immune signalling, the
functions of the two cell types probably differ with respect to the local immune response when
peripheral nerve injuries progress from acute to more chronic stages. For example, although
intracellular MAPK cascades followed by NF-kB activation are observed in both cell types,
only activated microglia respond to MMP9. By contrast, prolonged astrocyte activation leads
to pro-IL-1pB cleavage and activation in an MMP2-dependent manner, and also causes p38
MAPK activation. In addition, GLT1 and GLAST are disrupted in astrocytes on neuronal
damage, whereas microglia do not express these glutamate transporters (FIG. 2b). Thus,
microglia seem to respond to injury-induced factors that are released by damaged neurons by
promoting the initial production and release of pro-inflammatory cytokines and other pain-
relevant substances, whereas astrocytes become activated later (and for longer), when
alterations in normal glutamate transporter activity occur?’, reflecting the early-onset and long-
duration neuropathic pain responses.

Both astrocytes and microglia can release anti-inflammatory factors that facilitate the clearance
of apoptotic cells and tissue debris and that increase the expression of self-associated proteins
to dampen and halt continued pro-inflammatory actions. For example, despite the finding that
exogenous TNFa application worsened NO-induced neurotoxicity in mouse brains'9, studies
with transgenic TNFa-knockout animals demonstrated that endogenous microglial TNFa was
important for the resolution of an inflammatory response and excitotoxic cell death100,
Furthermore, although the lack of TNFa decreased microglial activation early on (within 6
hours), an exaggerated microglial activation was measured 4 days later. The authors suggested
that the timing of TNFa action is crucial for neuroprotection, and that the lack of TNFa.
produced a late, uncontrolled activation of microglia after neuroexcitotoxic events. In a
separate study, the purinergic receptor P2RX7, activated by ATP on microglial cells, decreased
glutamate-induced cell death in neuron—-microglia co-cultures through the actions of
TNFal0%, Although microglial P2X, receptor activation by ATP unequivocally mediates
neuropathic pain, microglial P2ZRX7 may exert neuroprotective effects through the same
signalling molecule, TNFa192, This study supports the possibility that the manner in which
microglia are activated is paramount to the net outcome on surrounding cells.
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Several microglial factors have protective roles that are dependent on the timing of the factors’
release and possibly on the severity of the CNS injury. Inan in vitro neuronal model of differing
levels of hypoxic injury due to glutamate and ATP, microglia that were activated with media
from moderately damaged neurons and co-cultured with hypoxic neurons were found to be
neuro-protective. Neither media from mildly hypoxia-damaged neurons nor media from
severely hypoxia-damaged neurons resulted in microglial neuroprotection103, In a separate
study of CNS damage produced by LPS in combination with a surfactant compound that leads
to cell lysis, TLR4 was shown to mediate microglial neuroprotection®* and lead to increased
production of anti-inflammatory cytokine mRNA levels1®. Notably, in these studies both I1L-6
and IL-10 were strongly upregulated following immune stimulation3®. 1L-10 is a well-
described anti-inflammatory cytokinel0® that has been shown to prevent and reverse
pathological painl, whereas IL-6 is a cytokine that has been shown to have both
nociceptive®! and anti-nociceptive effects%’. However, the preponderance of evidence
indicates that IL-6 stimulates nociceptive transmission®.

The balance between the protective and harmful effects of activated CNS glia is suspected to
involve several anti-inflammatory molecules as well as adaptive immune responses to “self ’,
‘altered self ” and ‘non-self * cues that favour the clearance of tissue debris and allow repair to
occur?2, Thus, providing anti-inflammatory cytokines, such as IL-10, could be a more
beneficial approach than administering antagonists of the pro-inflammatory cytokines
themselves or blocking the normal function of glia by globally preventing glial activation.

Box 2 Techniques to identify glia-derived pain neuromodulators

Neither astrocytes nor microglia can synaptically relay information about pain from the
spinal cord to the brain, because they do not have axons. Rather, glia exert their influence
on pain processing through the substances they release, which amplify neuronal excitation
and pain signalling!11, Several methods have been used to examine glial neuromodulators,
including electrophysiological studies8”:121,122 pharmacological blockade of glial
activation®:67 and mRNA-based techniques coupled with immunohistochemical
expression of neuropeptides, neurotransmitter receptors and pro-inflammatory cytokines in
microglia and astrocytes!®: 46:91,123-125 For example, in pharmacological glial blockade
studies, a broad array of compounds has been used to disrupt glial function that, in turn,
disrupts hyperalgesia and allodynia in animal models of neuropathic pain. The best-
characterized compounds in neuropathic animal models include fluorocitrate, a glial
metabolic inhibitor of the citric acid cyclel26; minocycline, a tetracycline derivative that
specifically inhibits microglial23:127: and propentophyline, a methylxanthine
derivative30. Electrophysiological recordings of neurons treated with minocycline revealed
the specific role of microglia in the early and chronic phases of neuropathic pain in rodent
models?1, verifying prior work using protein analysis, mMRNA analysis and
immunohistochemical techniques that demonstrated a strong role for activated microglia in
neuropathic pain processing!23. More recently, phosphorylated p38 mitogen-activated
protein kinase (p38 MAPK) in the spinal cord dorsal horn was found to be robustly increased
after the onset of peripheral neuropathic pain32. Pharmacological blockade of p38 MAPK
activation reversed ongoing allodynia and blocked increases in the levels of dorsal spinal
cord interleukin 1B (IL-1B). IL-1p, IL-6 and tumour-necrosis factor-a (which are released
by glia) enhanced neuroexcitatory synaptic transmission and potentiated AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid)- and NMDA (N-methyl-o-
aspartate)-induced currents in spinal slices’®. These examples illustrate that the
identification of glial-derived factors and their actions on the spinal cord and DRG neurons
that contribute to the development and maintenance of neuropathic pain in animal models
requires a combination of techniques, ranging from behavioural assessment to sensitivity
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to noxious and non-noxious stimuli, pharmacological manipulations, immunohistological
procedures, protein and mRNA analysis and electrophysiological recordings.

Targeting glia for pain control

Therapeutic strategies to control neuropathic pain states by targeting glial functionl%8 have
attracted a lot of attention and are beginning to yield promising results36. Although the animal
studies discussed above have described a broad array of compounds that inactivate or disrupt
glial function, most of them are not appropriate for human application. For example,
fluorocitrate, although highly effective at blocking the onset of neuropathic pain, blocks glial
uptake of excitatory amino acids and has a narrow dose range, with higher doses becoming
neurotoxic36. However, given that many animal models of neuropathic pain lead to the
activation of microglia and astrocytes in the spinal cord, and given that IL-1f3 and TNFa are
crucially important for the initiation and maintenance of neuropathic pain, several compounds
that specifically target microglia or the production of glial IL-1  and TNFa continue to be
explored.

The compounds being examined (for a review see REF. 109) fall into three major categories:
compounds that attenuate microglia and/or astrocyte activation, compounds that inhibit pro-
inflammatory cytokine production, and anti-inflammatory compounds. Minocycline, a second-
generation tetracycline antibiotic, selectively targets microglia and can cross the blood-brain
barrier. In addition, minocycline prevents the production of pro-inflammatory cytokines and
NO, and was recently shown to reduce microglial trafficking to injured neurons, supporting
clinical utility3®. Propentofylline, a methylxanthine derivative, suppresses astrocyte activation
and is known to control pain behaviour in rodent models of enhanced pain states'1C. Other
compounds, such as pentoxifylline and AV411 (ibudilast) are generally nonspecific cytokine
and phosphodiesterase inhibitors that stimulate IL-10 productioni9. Both are therapeutically
effective in animal models of neuropathic pain. Antagonists of IL-1B, such as anakinra
(Kineret; Amgen), and of TNFa, such as etanercept (Enbrel; Amgen/Wyeth), have
demonstrated beneficial effects in neuropathic animal models!!. As these drugs do not cross
the blood-brain barrier, chronic, indwelling intrathecal catheterization would be required for
ongoing drug adminstration to the spinal cord, potentially limiting further clinical development.

Recent reports show that endogenous IL-1B, TNFa and IL-6 oppose systemic and intrathecal
opioid analgesia within 5 minutes, leading to reduced pain suppression®8. The same study
showed that p38 MAPK and NO have critical roles in endogenous pro-inflammatory cytokine-
induced abrogation of opioid analgesia. In a separate study, suppressing microglial activation
with minocycline enhanced morphine-induced analgesia®. Thus, co-administration of pro-
inflammatory cytokine inhibitors with morphine may not only enhance the morphine’s efficacy
but also decrease morphine tolerance. Further supporting the role of glia in suppressing opioid
analgesia, the opioid antagonists (+)-naloxone and (—)-naloxone were shown to antagonize
TLRA4 activation®. As noted above, TLR4 is a crucial glial receptor in neuropathic pain
conditions36. Thus, by blocking TLR4 signalling in microglia, both (+)-naloxone and (-)-
naloxone reversed fully developed neuropathic pain and suppressed neuropathic chronic
constriction-induced microglial activation®6. Taken together, these reports have important
implications for future drug development.

Although small molecules offer promising approaches to treat neuropathic pain, recent studies
using gene-transfer techniques offer a unique advantage: targeted drug delivery to discrete
areas of the pain pathway. Targeted and chronic spinal cord transgene expression may be an
important mechanism by which to achieve long-term neuropathic pain control. Gene therapy
has been gaining momentum as a tool by which to target neurons or glia for pain control12
(BOX 3). Intrathecal delivery of IL-10 or IL-2 genes reversed peripheral nerve injury-induced
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thermal hyperalgesia and mechanical allodynia for up to 4 weeks12 while leaving normal pain
thresholds intact. In these studies, viral vectors were administered by direct spinal or intrathecal
injection into the cerebrospinal fluid for gene transfer to the CNS. Intramuscular or intrathecal
gene transfer using viral vectors encoding IL-4 or IL-10, respectively, reversed neuropathic
pain for 4 months112,

Box 3 Gene therapy in the CNS

Multiple methods have been developed to transfer genes to the CNS for therapeutic
purposes, including the transplantation of engineered cells expressing the therapeutic gene
into the CNS, referred to as ‘ex-vivo’ gene transfer; transgene injection by intramuscular or
intraneural injection, referred to as ‘remote’ gene transfer; vector injection directly into the
brain or spinal cord, leading to therapeutic gene expression by the recipient’s own cells,
referred to as ‘direct’ gene transfer; and silencing endogenous gene expression through
nucleotide-based (DNA or RNA) methods, such as using antisense oligonucleotides or RNA
interferencel?8, which involves delivering the RNA without a delivery vehicle (‘naked’,
using vectors).

Methods used to optimize gene delivery include engineering elements in the plasmid vector
(exogenous DNA expression cassettes), electroporation and gene-gun delivery of chemical
modifiers in liposomes or synthetic polymers106:112,129,130 v/jra| vectors for therapeutic
gene transfer include recombinant adenovirus, adeno-associated virus, herpes simplex virus
and lentivirus!3L. Plasmid-based gene delivery is attractive because it lacks the dangers
associated with some viral vectors, such as insertional mutagenesis that can result in
tumours. Therapeutic gene transfer to the CNS for the treatment of chronic neuropathic pain
and other pathological pain syndromes has only been examined in the past 10 years, and a
preferred treatment strategy has not yet been determined. Both viral and non-viral methods
have successfully been used to treat chronic neuropathic pain in rodent models112:132,133,
The advantage of non-viral methods is the ease and low cost of manufacturing vectors, as
well as the lack of risk of insertional mutagenesis. Direct spinal gene delivery of anti-
inflammatory cytokines, such as interleukin-10 (IL-10), leads to a robust and sustained
reversal of neuropathic pain in rodent models. Ongoing studies show further improvement
of targeted spinal cord IL-10 gene delivery using synthetic polymers that are engineered to
encapsulate the transgene and release it on intrathecal injection130, Other anti-inflammatory
transgenes delivered by viral methods include ones encoding IL-4 and the soluble tumour-
necrosis factor (TNF) receptor that binds TNFao, thereby terminating its action32, These
approaches are highly promising, as they all produce prolonged pain control in rodent
models of neuropathic pain. Results from these and other experiments suggest that anti-
inflammatory cytokine gene transfer may be an effective method of treating refractory pain
in humans. Future research should aim to optimize gene delivery while maximizing
safety112,

Conclusions and future directions

Although little is understood about the response repertoire and receptor expression of astrocytes
and microglia in the pain-modulatory regions of the spinal cord, we are beginning to appreciate
that “glial activation’ per se is not always bad. The question of whether activated microglia in
the CNS are conditioned to display a particular phenotype (for example, pro-inflammatory and/
or destructive) is being examined during neuropathic and neurodegenerative conditions.
Schwartz and colleagues have proposed that a well-controlled glial response induced by signals
from injured neurons, T cells and other microglia determines whether glia will be
neuroprotective or excitotoxicl13. Furthermore, depending on the context in which they are
stimulated, distinct patterns of microglial activation occur. For example, whereas LPS induces
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pro-inflammatory cytokine release, which kills infected cells as well as non-infected bystander
cells, glia activated by growth factors or anti-inflammatory cytokines, such as IL-4, promote
neuronal survivalll4, Thus, in some cases preventing glial activation in the CNS is not desirable
as it could amplify or create pathological pain®®. Research into targeting specific types of glial
activation to promote anti-inflammatory processes (such as cytokine production and/or
regulation) for therapeutic purposes is beginning to yield some interesting results. For example,
cannabinoid receptors, both type 1 (CB1) and type 2 (CB2), are being explored as therapeutic
targets for inflammatory neurodegenerative diseases and neuropathic pain36:115 Whereas CB1
receptors are expressed on neurons, CB2 receptors are expressed on microglia and
astrocytes16. Activation of CB, receptors has been shown to have beneficial effects in animal
models of neuropathic pain!16. However, one study identified CB2 expression mainly on
neurons after chronic neuropathic conditions!1”. The discrepancies between studies may reflect
differences in the specificities of the antibodies used for immunohisto-chemical detection.
Despite these differences, a number of studies have reported that activation of the cannabinoid
system leads to anti-inflammatory processing, such as increased expression of anti-
inflammatory markers (for example, ED2 (also known as CD163)) (see REF. 36 for a review).
These results suggest that facilitating anti-inflammatory aspects of glial activation is a more
powerful approach to controlling pain signalling than simply preventing glial activation.

Further understanding of the molecular mechanisms that underlie the effects of glia on pain
processing should lead to the development of new and more efficient approaches for the
treatment of pain. It is important to consider that both astrocytes and microglia are necessary
for the homeostasis of the environment surrounding neurons, and also for the regulated
clearance of apoptotic cells. The anti-inflammatory contribution from activated astrocytes and
microglia is crucial during such processes. A major challenge that new drug-development
strategies for the treatment of neuropathic pain face is targeting the pathological actions of pro-
inflammatory cytokines and chemokines from astrocytes and microglia in the spinal cord while
not altering their protective and recuperative roles.

DATABASES

Entrez Gene: http://www.ncbi.nIm.nih.gov/entrez/query.fcgi?db=geneCCL2 | CCR2 |
CX3CL1 | CX3CR1 | ERK | GLAST | GLT1 | IL-1B | IL-6 | INK | mGIuR3 | mGIuR5 |
MMP2 | MMP | neurokinin 1 receptor | P2X4 | P2RX7 | p38 MAPK | substance P |
TLR2 | TLR3 | TLR4 | TNFa | TRPAL | TRPV1

Glossary

Abbreviations

Acute pain
A sensation that results from a transient, high-intensity stimulation that exceeds
a threshold for the activation of specialized nerve endings located on nociceptive
sensory fibres; it often leads to tissue damage.

Pathological pain
Pain that is associated with inflammation and/or trauma of peripheral tissue or
nerves after injury.

Neuropathic pain
Pathological pain that is often persistent and is produced by damage to peripheral
nerves or by lesions of the CNS.

Cytokine
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http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6863&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7097&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7098&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7124&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8989&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7442&ordinalpos=3&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
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A chemical signal released by immune cells that significantly alters many cell
types, including other immune cells.

Chemokine
A class of cytokine that was originally identified as having chemotactic
properties. To date, ~50 chemokines have been identified. Chemokines are
classified according to the number and spacing of conserved cysteine residues in
their amino termini.

Nociceptive neuron
A sensory neuron that specifically responds to noxious stimuli and contains a
bifurcating axon, with one branch projecting to the periphery and the other to the
CNS.

Dorsal root ganglia
(DRG). Clusters of primary sensory neurons of the peripheral somatosensory
system. These ganglia are adjacent to the spinal cord and send axons to the dorsal
horn of the spinal cord.

Spinal cord laminae
Laminae (also known as layers) of the spinal cord that are organized by the type
of information that they receive from the body. Laminae | and Il, located in the
superficial portion of the dorsal spinal cord, receive information from peripheral
afferent nociceptive fibres. Laminae I11-VI receive information about non-
noxious stimuli and proprioceptive information. Lamina V plays an important
part in the transmission of noxious information to supra-spinal pain centres.

Chronic pain
Persistent pain with an indefinite duration. It can originate from tissue and/or
nerve damage and becomes chronic pain when it is prolonged and no longer has
a clearly defined underlying cause.

Blood-brain barrier
A unique, selective barrier that makes blood vessels in the CNS highly
impermeable to substances carried in the blood stream. Drugs must be able to
cross the blood-brain barrier in order to achieve therapeutic levels in the CNS.

Toll-like receptors
(TLRs). Pattern-recognition receptors expressed on cells of the innate immune
system that recognize microbial particles, leading to clearance, cell death and
inflammation.

Meninges
Three membranous layers (the dura mater, arachnoid mater and pia mater) that
surround the spinal cord and cerebrospinal fluid space.
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Figure 1. Nociception

Normal pain signalling in the body is transmitted to the spinal cord dorsal horn through
nociceptors. Nociceptive pain, such as a pin prick to the foot, leads to the release of pain
transmitters from primary afferent terminals that project onto pain-projection neurons
primarily to laminae I, IV and V in the spinal cord dorsal horns. It is notable that Ap, Ad and
C fibres additionally project to laminae 11-V1 to a much lesser extent, but can alter pain-
projection neuron activity. However, when tissue injury and skin inflammation ensue, chronic
inflammatory signals are released from surrounding cells at the peripheral nerve terminal and
lead to the sensitization of the nociceptors. Such factors include, but are not limited to,
adenosine and its related mono- or polyphosphorylated compounds (AMP, ADP and ATP),
bradykinin, glutamate, histamine, interleukin 1, interleukin 6, nerve growth factor, platelet-
activating factor, prostaglandin E,, protons, serotonin, substance P and tumour-necrosis factor-
a. Nociceptive signalling from the dorsal root ganglia (DRG) is then relayed to the dorsal spinal
cord, brain stem and brain, where the experience of pain occurs. The inset shows a cross section
of spinal cord including the spinal cord dorsal horn and the DRG. The DRG contain
pseudounipolar sensory neurons — so called because they give rise to a single axon that
bifurcates, with one part projecting to the periphery and the other projecting to the dorsal horn
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of the spinal cord. The cell bodies of nociceptive neurons in the DRG are broadly classified
into large and small types. Immunohistochemical staining studies have shown that slowly
conducting C and Aé fibres have small cell bodies, whereas faster-conducting Ap fibres tend
to have larger cell bodies.
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Figure 2. Molecules involved in pain processing

a | Under healthy circumstances, low-frequency activation of Ad and C fibre nociceptors by
mild noxious stimuli leads to glutamate (Glu) release from the central presynaptic afferent
nerve terminals in the spinal cord dorsal horn. Short-term activation of AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazole proprionic acid) and kainate subtypes of ionotropic glutamate
receptors ensues. Although also present, the NMDA (N-methy-I-0-aspartate) ionotropic
glutamate receptor subtype (NMDAR) remains silent because it is plugged by Mg?*. This
signalling to dorsal horn pain-projection neurons provides information about the time of onset,
duration and intensity of noxious stimuli from the periphery. Both astrocytes and microglia
remain unchanged by these synaptic events. b | After repetitive synaptic communication, which
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can occur after a short barrage of nociceptive afferent input, there is an increase in the
responsiveness of dorsal horn pain-projection neurons to subsequent stimuli (known as central
sensitization) (see BOX 1). A co-release of glutamate and neurotransmitters such as substance
P (sub P) and calcitonin gene-related peptide (CGRP) mediates NMDAR activation, leading
to voltage-gated Ca2* currents (VGCCs). In addition, inositol-1,4,5-trisphosphate (Ins(1,4,5)
P3) signalling and mitogen-activated protein kinases, such as extracellular signal-regulated
kinase (ERK), p38 and c-Jun N-terminal kinase (JNK), are activated. In neurons, ERK can
further sensitize excited AMPA receptors (AMPARSs) and NMDARs. Activation of
purinoreceptors (P2X3) by ATP, activation of sub P receptors (the neurokinin 1 receptor
(NK1RY)), activation of metabotropic glutamate receptors (mGIuR), and release of brain-
derived neurotrophic factor (BDNF) all contribute to enhanced nociceptive transmission.
Astrocytes and microglia express various neurotransmitter receptors and are activated by
glutamate, ATP and sub P. At synapses the glutamate transporters, glutamate transporter 1
(GLT1) and glutamate—aspartate transporter (GLAST), which are crucial for clearing synaptic
glutamate, become dysregulated after prolonged exposure to high levels of synaptic glutamate.
Ongoing excitation can induce ERK, p38 and JNK activation in microglia and astrocytes. Each
of these kinases can activate the transcription factor nuclear factor-«B (NF-kB), which induces
the synthesis of inflammatory factors. Upregulation of the V1 transient receptor potential
channel (TRPV1) after inflammation further contributes to the sensitization to noxious signals.
During this time, normally non-nociceptive A fibres can also activate pain-projection neurons.
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Figure 3. Glia activation: from pro-inflammatory to anti-inflammatory states

a |Pro-inflammatory roles for glia. If a noxious input persists, such as during chronic
inflammation or nerve damage, sustained central sensitization leads to transcriptional changes
in dorsal horn neurons that alter these neurons’ function for prolonged periods. Astrocytes
respond to this ongoing synaptic activity by mobilizing internal Ca2*, leading to the release of
glutamate (Glu), ATP that binds to P2X4, tumour-necrosis factor-a (TNFa), interleukin 1p
(IL-1 B), IL-6, nitric oxide (NO) and prostaglandin E, (PGE,). Activated microglia are also a
source of all of these pro-inflammatory factors. Matrix metalloproteinase 9 (MMP9) induces
pro-1L-1p cleavage and microglial activation, whereas MMP2 induces pro-1L-1f cleavage and
maintains astrocyte activation. The activation of p38 mitogen-activated protein kinase (p38
MAPK) is induced in both microglia and astrocytes on IL-1f signalling. Astrocytes and
microglia express the chemokine receptors CX3CR1 (not shown) and CCR2 and become
activated when the respective chemokines bind. After nerve damage, heat shock proteins

Nat Rev Neurosci. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Milligan and Watkins

Page 27

(HSPs) are released and can bind to Toll-like receptors (TLRs) expressed on both astrocytes
and microglia, leading to the further activation of these cell types. b | Activated glia can also
be neuroprotective, as they release anti-inflammatory cytokines such as IL-10 and IL-4 and
express cannabinoid receptors (CB1 and CB,) that have been shown to exert anti-inflammatory
functions and to inhibit microglial toxicity by suppressing chemotactic responses and MAPK
signal transduction, with consequent pro-inflammatory cytokine inhibition134:135, The
glutamate transporters, glutamate transporter 1 (GLT1) and glutamate— aspartate transporter
(GLAST), can resume normal glutamate clearance. Activation of microglial P2RX;
purinoreceptors by ATP leads to TNFa release that protects neurons from glutamate-induced
toxicity. Activated astrocytes reduce the spread of tissue degeneration after direct injury
through the controlled removal of dying neurons and tissue debris, another neuroprotective
effect. In quiescent cells (not shown), nuclear factor-xB (NF-x«B) is sequestered in the cytosol
by inhibitor of «b (I1xB), which binds to specific regions on NF-kB and thereby prevents
exposure of the nuclear-localization signal. On stimulation with pro-inflammatory cytokines,
IxB proteins are phosphorylated, leading to their ubiquitin-dependent degradation. As a
consequence, NF-kB translocates to the nucleus and binds to elements in the promoters of
target genes, leading to activation of pro-inflammatory cytokine genesZ®
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