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Abstract

Pain normally subserves a vital role in the survival of the organism, prompting the avoidance of
situations associated with tissue damage. However, the sensation of pain can become dissociated
from its normal physiological role. In conditions of neuropathic pain, spontaneous or hypersensitive
pain behavior occurs in the absence of the appropriate stimuli. Our incomplete understanding of the
mechanisms underlying chronic pain hypersensitivity accounts for the general ineffectiveness of
currently available options for the treatment of chronic pain syndromes. Despite its complex
pathophysiological nature, it is clear that neuropathic pain is associated with short- and long-term
changes in the excitability of sensory neurons in the dorsal root ganglia (DRG) as well as their central
connections. Recent evidence suggests that the upregulated expression of inflammatory cytokines in
association with tissue damage or infection triggers the observed hyperexcitability of pain sensory
neurons. The actions of inflammatory cytokines synthesized by DRG neurons and associated glial
cells, as well as by astrocytes and microglia in the spinal cord, can produce changes in the excitability
of nociceptive sensory neurons. These changes include rapid alterations in the properties of ion
channels expressed by these neurons, as well as longer-term changes resulting from new gene
transcription. In this chapter we review the diverse changes produced by inflammatory cytokines in
the behavior of sensory neurons in the context of chronic pain syndromes.
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1 Introduction

Primary afferent sensory neurons are responsible for processing important sensory information,
including temperature, touch, proprioception, and pain. The cell bodies of these pseudounipolar
neurons are found in the dorsal root ganglia (DRG), which are situated outside the central
nervous system. DRG neurons exhibit a wide range of sizes and degrees of myelination.
Neurons that transmit afferent information about potentially damaging stimuli that lead to the
perception of pain are known as “nociceptors” (noci- is derived from the Latin for “hurt”).
These nociceptive sensory neurons are subdivided into two groups on the basis of nerve fiber
types: (1) fast conducting myelinated Ad-fibers, which convey the initial stimulus of
nociception (mechanosensitive or mechanothermal), and (2) slowly conducting, unmyelinated
C-fibers, which transmit a less intense nociceptive sensation. Nociceptors have both a
peripheral connection innervating potentially diseased or traumatized nerves, muscles,
tendons, organs, and epithelia, and a centrally projecting axon that enters the central nervous
system. This central axon conveys “nociceptive” information to second-order neurons in the
dorsal horn of the spinal cord. Neural connections from the dorsal horn to the thalamus and
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from there to the cortex relay this noxious information to higher centers of conscious and
emotional experience. The central axons of primary afferent nociceptive neurons also provide
information to polysynaptic spinal cord interneurons, which are essential for the initiation of
the nociceptive withdrawal reflex. These neurons trigger motor reflexes that are important for
the avoidance of potentially harmful painful stimuli. Descending pathways originating in the
cortex and/or midbrain provide modulatory feedback signals at the level of the spinal cord that
also regulate the nociceptive experience, thereby providing a closed loop feedback control of
this behavior. Additionally, impulses can travel back along the peripheral axon of the
nociceptive sensory neuron toward the distal nerve endings, resulting in the local release of
neuropeptides in the injury environment. This neuropeptide release produces vasodilatation,
venule permeability, plasma extravasation, edema, and leukocyte influx — a process termed
“neurogenic inflammation” (Fig. 1).

Although pain clearly plays an important survival role in safeguarding the individual from
potential sources of tissue destruction, the perception of pain can also be the result of a
dysfunctional nervous system. Typically, the local response to various types of injury or
infection involves the release of peripheral chemical mediators. These injury-associated factors
produce two effects. One role is to attract leukocytes to the point of injury as part of the
inflammatory response (Charo and Ransohoff 2006), and the other is to sensitize nociceptors,
enhancing their responses to painful stimuli (Zimmermann 2001). The increased excitatory
activity of nociceptors produces increased transmitter release in the spinal cord, enhancing
neuronal activity in pain pathways in the central nervous system, a phenomenon known as
spinal sensitization (Woolf 1983). Under some circumstances, nociceptor-driven electrical
activity in the spinal cord becomes divorced from normal physiological function and
pathological condition, so pain is produced in the absence of any appropriate stimulus
(Campbell et al. 1988; Torebjork et al. 1992). This is now known as pathological, or
“neuropathic,” pain.

Neuropathic pain is experienced in association with many types of injury to the nervous system
or as a consequence of diabetes, cancer, infectious agents (e.g., HIV-1), or the toxic side effects
of diverse drug regimens. From the behavioral point of view, neuropathic pain is associated
with different types of painful responses to a mechanical stimulus, including allodynia (pain
evoked by a normally innocuous stimulus) and hyperalgesia (enhanced pain evoked by a
noxious stimulus).

From the therapeutic point of view, neuropathic pain is an extremely intractable problem. Once
established, pain of this type is not readily susceptible to treatment with nonsteroidal anti-
inflammatory drugs. Moreover, although opiates may be employed acutely or for chronic pain
states (e.g., terminal cancer), alleviation of neuropathic pain is more problematic as high doses
are often required, narrowing the therapeutic index (Hempenstall et al. 2005). The remaining
available drugs used to treat these syndromes (tricyclic antidepressants, antiepileptics) are not
particularly effective and are also associated with a number of negative side effects (Watson
2000). Hence, a complete understanding of the cellular and molecular processes involved in
the development of neuropathic pain is essential for the development of novel therapies.

In general, neuropathic pain is the result of abnormal activity of nociceptive neurons. This
activity is thought to initially result from the increased neuronal expression and activation of
ion channels and receptors that mediate the abnormal generation of action potentials and
synaptic transmission in primary afferent nociceptive neurons and/or other parts of the pain
pathway. But what causes these changes to occur? It is presumed that some peripheral event
provokes primary afferent nociceptive neurons to express different sets of genes, resulting in
a new and abnormal chronically hyperexcitable “pain” phenotype.
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It has been shown that peripheral nerve injury (trauma-, disease-, or drug-induced) can trigger
a wide variety of cellular changes in sensory neurons and, as we have discussed, neuropathic
pain following peripheral nerve injury is a consequence of enhanced excitability associated
with the chronic sensitization of nociceptive neurons in the peripheral and central nervous
systems. Interestingly, following a peripheral nerve injury, not only a subset of injured (Wall
and Devor 1983; Kajander et al. 1992; Kim et al. 1993; Amir et al. 1999), but also neighboring
noninjured peripheral sensory neurons exhibit spontaneous, ectopic discharges (Tal and Devor
1992; Sheth et al. 2002; Ma et al. 2003; Obata et al. 2003; Liu and Eisenach 2005; Xie et al.
2005). Abnormal excitability of pain neurons may even extend to the spinal cord dorsal horn
contralateral to the nerve injury (Sluka et al. 2001, 2007; Raghavendra et al. 2004; Tanaka et
al. 2004; Twining et al. 2004; Romero-Sandoval et al. 2005; Bhangoo et al. 2007a; Jung et al.
2007). Although it is clear that molecular changes in the sensory ganglia and spinal cord dorsal
horn are responsible for chronic pain, it remains a mystery as to what event(s) are critical for
its development and maintenance.

2 Peripheral Nerve Injury and Inflammation

One important development in our understanding of the cellular and molecular processes that
produce neuropathic pain concerns the role of the immune system. Immunity can be dissociated
into two different phases — innate and acquired. Acquired immunity involves the phenomenon
of immunological memory and includes the antibody and lymphocyte responses to specific
antigens. The forerunner to acquired immunity is the innate immune response. This more basic
type of immunity involves a generalized immune cell response to a variety of toxic or
pathological intrusions into physiological homeostasis. Molecules such as Toll-like receptors
(TLRs), Nod-like receptors, and RIG-like receptors expressed by numerous types of cells,
including leukocytes, Schwann cells, neurons, astrocytes, and microglia, can recognize shared
molecular patterns expressed by infectious agents, cell debris, or other cellular detritus
initiating a cascade of cytokine synthesis that orchestrates a general cellular response to these
potential problems (Tanga et al. 2005; Creagh and O'Neill 2006; Kim et al. 2007; Tawfik et
al. 2007; Watkins et al. 2007b). As noted before, this response is inflammatory in nature and
involves the recruitment of leukocytes to areas of tissue damage. The activation of innate
immune inflammatory responses is also frequently linked to the development of disease. In the
present context, it is believed that the innate immune response to injury plays a prominent role
in the establishment of chronic pain states, extending beyond its role in promoting the influx
and activation of leukocytes. Although inflammatory and neuropathic pain syndromes are often
considered distinct entities, emerging evidence suggests that proinflammatory cytokines
produced in association with the innate immune response are clearly implicated in the actual
development and maintenance of neuropathic pain, and are a necessary prelude to its
development. As such, both neuroinflammatory and associated immune responses following
nerve damage may contribute as much to the development and maintenance of neuropathic
pain as the initial nerve damage itself.

The traditional view of the post-nerve-trauma environment has been that the influx of
leukocytes associated with inflammation was responsible for secreting the chemical mediators
that produced pain. However, as we shall discuss, current evidence suggests that the role of
the inflammatory response in the generation of pain is not limited to effects produced by the
influx of leukocytes per se. Thus, it is currently believed that the proinflammatory cytokines
that drive chronic pain behavior may be derived from the cellular elements of the nervous
system itself, and that these molecules can act directly on receptors expressed by neurons and
other cells of the nervous system (White et al. 2005a). The effects produced by these factors
may lead to chronic hyperexcitability and alterations in gene expression by nociceptors,
abnormal processing of pain signals, and enhanced pain states. In this way, signaling pathways
designed to facilitate a protective response to tissue injury become sources of chronic
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pathological pain. Generally speaking, the development of chronic pain behavior seems to
require the participation of cells in both the peripheral nerve and the dorsal horn of the spinal
cord. For example, at various points in time following the initial nerve injury, cytokine
synthesis is upregulated in the peripheral nerve, including by DRG satellite cells and nerve-
associated Schwann cells, as well as in central elements in the dorsal horn, including microglia
and astrocytes (McMahon et al. 2005). Leukocyte influx may also be a participating event. It
is clear that complex interactive signaling occurs between various cell types that ultimately
results in long-term changes in the excitability of neurons in the pain pathway. Thus, activated
sensory neurons can signal to microglia, microglia can signal to neurons, Schwann cells and
satellite glial cells can signal to DRG neurons, and vice versa. Ultimately, nociceptive neurons
become hyperexcitable and their communication with neurons in the dorsal horn becomes
“sensitized.” The molecular signatures of this increased nerve activity involve changes in the
complement of receptors and ion channels expressed by neurons as well as the
neurotransmitters they use. The molecules that orchestrate these changes are inflammatory
cytokines.

The question therefore arises as to exactly which inflammatory cytokines are concerned with
the development and maintenance of pain states across time and what molecular signaling
processes underlie the development of pain hypersensitivity? Furthermore, which cellular
elements in the peripheral nerve or dorsal horn of the spinal cord are responsible for the
elaboration of cytokine synthesis and subsequently how do these molecules produce their
effects? The innate immune response is associated with the development of a complex cascade
of cytokine expression in which many inflammatory mediators are synthesized in a mutually
dependent manner. What is the precise order and cellular localization of the molecules involved
insuch cascades? Itis likely that several important cytokines are concerned in the establishment
of the phenotype that characterizes neuropathic pain. As we shall now discuss, considerable
progress has been made on the identification and mechanism of action of proalgesic cytokines.
Itis now clear that in response to injury or infection, cytokines can be produced by both neurons
and glia and this can occur both peripherally and centrally. Cytokines can also be produced by
immune cells that participate in the response to injury, infection, or toxicity. Once synthesized
by these different types of cells, cytokines produce both short-term and long-term effects on
the excitability of sensory neurons. Some of these effects are produced by the cytokines
themselves and some by the upregulated synthesis and release of downstream mediators under
their control. Thus, the cytokine response is a complex interlocking series of events that
ultimately results in long-term changes in nociceptor behavior.

3 Early Events in Sensory Nerve Cytokine Signaling

As we have discussed, it is clear that many of the events that ultimately give rise to chronic
pain hypersensitivity initiate a “cascade” of cytokine production, which in turn produces the
observed alterations in sensory neuron behavior. These cytokine cascades appear to start with
the production of certain key multifunctional cytokines that initiate and orchestrate the
subsequent production of further downstream cytokines and numerous other proalgesic
mediators. The first cytokines linked to inflammatory hypernociception have frequently been
shown to be interleukin-1p (IL-1pB) (Ferreira et al. 1988) and tumor necrosis factor o (TNF-a)
(Cunha et al. 1992). These cytokines may produce direct effects on sensory neurons and may
give rise to further downstream mediators, including other cytokines, chemokines, prostanoids,
neurotrophins, NO, kinins, lipids, ATP, and members of the complement pathway (Park and
Vasko 2005; Ma and Quirion 2006; Pezet and McMahon 2006; Levin et al. 2008; White et al.
2007b; Donnelly-Roberts et al. 2008; Ting et al. 2008). Upregulation of IL-1p and TNF-a
represents one of the earliest events observed in sensory nerves in response to trauma or
infection. For example, after chronic constriction injury to the sciatic nerve, levels of both
TNF-o and IL-1f in the injured nerve increased over tenfold within 1 h (Uceyler et al. 2007).
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Both of these cytokines are capable of upregulating the synthesis of numerous downstream
mediators and can produce pain hypersensitivity behaviors when administered locally to the
skin, systemically, or into the spinal cord (Opree and Kress 2000; Schafers et al. 20033, b;
McMabhon et al. 2005). Indeed, elaboration of local cytokine synthesis appears to be sufficient
to produce all of the subsequent molecular changes that underlie chronic pain (White et al.
2007a). On the other hand, inhibition of TNF-a or IL-1 action, using neutralizing antibodies
or similar strategies, inhibits the development of chronic pain behavior in a variety of models
(Schafers and Sommer 2007). For example, TNF-o antibodies attenuate the development of
thermal hyperalgesia and mechanical allodynia in several models of neuropathic pain (Cunha
et al. 2007; Sasaki et al. 2007; Zanella et al. 2008). Results such as these have encouraged the
view that manipulation of cytokine synthesis at an early point in the development of chronic
pain behavior with reagents of this type may have a therapeutic role to play in the treatment of
chronic pain syndromes.

Despite an enormous amount of work on inflammatory stimulus-induced cytokine cascades
and the development of pain hypersensitivity, very few groups have investigated the
mechanisms of maintenance of chronic pain. One recent investigation has provided evidence
that there are two distinct mechanisms contributing to the development of chronic pain states.
The early mechanistic state is dependent on calcium as the use of a calpain inhibitor can
diminish both IL-1f and TNF-a levels 1 h after injury, whereas inhibitors of excitatory synaptic
transmission (e.g., with the NMDA receptor blocker MK801) did not affect the cytokine levels.
In sharp contrast, MK801 successfully diminished IL-1p and TNF-a levels at 3 days, while
calpain inhibitors had no effect (Uceyler et al. 2007). Thus, it is possible that one element of
chronic pain maintenance is dependent on the activity of the sensory neurons.

Elucidating the exact sequence of cellular and molecular events that leads to the initiation of
pain-related cytokine cascades is clearly an important task. It is reasonable to ask what kinds
of molecular mechanisms are directly proximal to the original insult and serve as the initiators
of all of these subsequent events. Although the answer to this question in not completely clear,
there is good evidence that the earliest events are the same as those identified as upstream
initiating signals that trigger the innate immune response. For example, the activation of TLRs
is one possible entry point into the cytokine pathway that results in the upregulated synthesis
of master pleiotropic cytokines such as TNF-a, IL-1p, and frequently also interleukin-6 (I1L-6)
(Fig. 2). This makes sense because as we discussed earlier, TLRs are initiators of the innate
immune response in numerous other cases as well (Martin and Wesche 2002;Guo and
Schluesener 2007). The ligands that activate TLRs are pathogen-associated epitopes, or
“pathogen-associated molecular patterns.” These elements include molecular components of
viruses such as nucleic acids which can activate TLRs 7/8 (single-stranded RNA) or TLR3
(double-stranded RNA). Similarly, molecules from bacteria, including cell wall components
such as lipopolysaccharide from Gram-negative bacteria, can activate TLR4. TLR5 mediates
the immune response to bacterial flagellins. In addition, molecules released from cells
undergoing stress or degradation following injury may also act as signals (Dalpke and Heeg
2002). These include toxicity- or injury-induced release of the heat shock proteins HSP60,
HSP70 and/or GP96, which, in turn, activate TLR2 and TLR4 (Vabulas et al. 2002).

Thirteen functional TLRs are known to exist in mammals and several of these forms are
expressed by different types of cells known to be important in generating chronic pain behavior
(Martin and Wesche 2002; Guo and Schluesener 2007). These include DRG neurons,
microglia, astrocytes, Schwann cells, different types of leukocytes, and different peripheral
target tissues such as skin (keratinocytes). TLRs are single-pass transmembrane proteins that
exist as preassembled homodimers or heterodimers depending on the situation. In some cases,
further ancillary membrane proteins are also required for the binding of pathogen-associated
molecular patterns and resulting TLR activation. This includes the requirement for the proteins
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MD-2 and CD14 in binding of lipopolysaccharide by TLR4. Activation of TLR signaling
proceeds via a family of adaptor proteins that produce activation of protein kinases and
ultimately of transcription factors such as nuclear factor kB. These transcription factors can
then direct the synthesis of cytokines such as TNF-a at the gene transcriptional level.
Interestingly, elements of TLR “signalosome” are shared with signaling intermediates
produced by activation of the IL-1f receptor (IL-1R) (Boraschi and Tagliabue 2006). IL-1R
is also a dimer consisting of two chains, the IL-1R type 1 (IL-1R1) and the IL-1R accessory
protein (IL-1RacP). Both TLRs and receptors for IL-1p have similar structures and share a
cytoplasmic motif, the Toll/IL-r receptor (TIR) domain. Activation of both types of receptors
recruits a scaffolding complex that includes the protein MyD88, the interleukin-1 receptor
associated kinase (IRAK), the Toll interacting protein (Tollip) and the adapter protein TRAF6.
Recruitment and activation of this signaling complex then leads to activation of the kinase
TAKZ1 that produces phosphorylation and activation of regulatory kinases in different important
downstream signaling pathways such as those involved in nuclear factor «B or mitogen
activated protein kinase (MAPK) activity. Activation of such signaling pathways ultimately
leads to upregulation of the production of cytokines such as TNF-a or 1L-1f itself. The fact
that TLRs and IL-1Rs share downstream signaling motifs means that activation of TLRs
produces a great deal of amplification of their own signaling consequences. The involvement
of TLR function in the generation of neuropathic pain is highlighted by recent observations
demonstrating reduced pain behavior and inflammatory cytokine upregulation in the spinal
cords of TLR2 and four knockout mice (Tanga et al. 2005; Kim et al. 2007). These data imply
that damaged, infected, or poisoned neurons or glia release factors that activate TLRs, leading
to the synthesis and release of TNF-a and other important cytokines. TLR2 and TLR4, which
have been particularly implicated in these events, are expressed by microglia (Tanga et al.
2005; Kim et al. 2007). This interaction implies that cytokine production by these cells in
particular may be very early events in the pathway leading from injury to aberrant pain
behavior.

If the early production of cytokines is important in the generation of pain we must then ask
exactly how such molecules produce the observed phenotypic changes in peripheral nerves
and the central connections that underlie pain. It is clear that both sensory neurons and the
peripheral and central glial cells associated with them are capable of both elaborating and
responding to TNF-a, suggesting a complex network of interdependent signaling occurs
between these various cellular elements of sensory nerves (Schafers et al. 2003a, b; Ohtori et
al. 2004; Takeda et al. 2007). As we shall discuss further, cytokines such as TNF-a, clearly
produce changes in the behavior of sensory neurons at a variety of levels. Some of the long-
term changes in behavior require alterations in gene transcription and protein expression.
However, it is also clear that TNF-a and other upstream cytokines can produce very rapid
changes in neuronal excitability which do not seem to require alterations in gene transcription.
These changes in excitability probably arise from direct effects of cytokine signaling on the
properties of important ion channels, including voltage-dependent sodium channels and
transient receptor potential (TRP) channels expressed by sensory nerves (Fig. 3). Presumably,
these kinds of effects are the earliest influences on nociceptor excitability produced by
cytokines once they have been synthesized and released. For example, perfusion of DRG in
vitro with TNF-a produces a rapid increase in A- and C-fiber discharge and also a rapid increase
of calcitonin gene-related peptide (CGRP) release from the terminals of nociceptors in the
spinal cord (Opree and Kress 2000). How might such rapid effects on neuronal excitability be
produced? TNF-o produces its effects via the activation of two TNF-o, receptor subtypes,
TNFR1 and TNFR2 (MacEwan 2002). TNFRL1 is expressed exclusively on neuronal cells and
the TNFR2 is mostly expressed on macrophages and/or monocytes in the DRG under
inflammatory conditions (Li et al. 2004). Actions via TNFR1 r appear to be the most relevant
to the development of pain behavior because (1) mechanical hyperalgesia induced by
exogenous TNF-a or by inflammation is reduced in TNFR1 but not in TNFR2 knockout mice
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and (2) TNFR1 but not TNFR2 neutralizing antibodies as well as antisense RNA against
TNFR1 can reduce experimentally induced hyperalgesia (Sommer et al. 1998; Parada et al.
2003). How can the action of TNF-a. on sensory neurons produce rapid changes in excitability?
Interestingly, the ability of TNF-a to produce thermal, but not mechanical sensitization was
reduced in TRP vanilloid 1 (TRPV1) knockout mice, suggesting that another conductance was
the target underlying TNF-a induced mechanical pain hypersensitivity (Jin and Gereau
2006). Consistent with this idea, it was also observed that application of TNF-a to DRG neurons
in culture produced a rapid (within 1 min) enhancement of the amplitude of the tetrodotoxin
(TTX)-resistant sodium current in these cells (Jin and Gereau 2006). As with TLRs and IL-1R
discussed above, activation of TNF-a receptors produces a wide array of signaling options,
including activation of the MAPK pathway. In the present context, it was observed that
inhibitors of the p38 MAPK could selectively abolish TNF-o induced mechanical pain
hypersensitivity and enhancement of the DRG TTX-resistant sodium current. These data
suggest a model in which the rapid effects of TNF-a might involve activation of TNFR1
expressed by nociceptors leading to enhanced mechanical hypersensitivity mediated by p38-
induced phosphorylation of TTX-resistant sodium current subunits together with thermal
hypersensitivity produced by actions on TRPV1 (Jin and Gereau 2006).

In keeping with this hypothesis, it is clear that treatment of DRG neurons with TNF-a also
produces rapid upregulation of TRPV1 function and expression. While addition of TNF-a to
cultured DRG neurons alone did not directly lead to the release of CGRP, the addition of a
thermal stimulus enhanced the release of this neuropeptide, implying that rapid transactivation
of TRPV1 by TNF-a can also occur (Jin and Gereau 2006; Hensellek et al. 2007). In addition,
TNF-a was also able to produce subsequent upregulation of TRPV1 protein expression when
applied to cultured DRG neurons employing a pathway involving extracellular-signal-related
kinase rather than p38 signaling. However, this effect required chronic treatment of the cells
(more than 8 h) (Jin and Gereau 2006; Hensellek et al. 2007). Hence, it is clear that TNF-a can
produce both rapid and long-term excitatory effects on DRG neurons through a variety of
molecular mechanisms. The observation that TNF-o expression in DRG neurons, as well as
by microglia (Ohtori et al. 2004; Jin and Gereau 2006), is an early event following tissue injury
suggests that rapid autocrine excitation of DRG nociceptors by TNF-a. may be of importance
in the initiation of the cytokine-mediated cascade that eventually results in pain
hypersensitivity. The multiple cellular sources of TNF-a together with the multiple effects it
can produce on DRG excitability over a broad time course illustrate the complex nature of the
impact of inflammatory cytokines on the function of pain sensory neurons.

It is possible that other important upstream cytokines can also produce rapid excitatory
signaling in DRG neurons. For example, it is known that DRG neurons can express IL-1p and
IL-6 under some circumstances, as well as components of the IL-1R and IL-6 receptor
complexes, suggesting that both of these cytokines may also produce direct effects on DRG
neuron excitability (Gadient and Otten 1996; Inoue et al. 1999; Gardiner et al. 2002; Lee et al.
2004; Li et al. 2005; Nilsson et al. 2005) (Fig. 4). In the case of IL-6, DRG neurons have been
shown to express the glycoprotein 130 (gp130) cytokine receptor subunit, a common feature
of all cytokine receptors in the IL-6 family (Gadient and Otten 1996; Thompson et al. 1998;
Gardiner etal. 2002; Summer et al. 2008). DRG neurons also express the gp130 binding subunit
for the IL-6 related cytokine leukemia inhibitory factor, although the binding component for
IL-6 itself (glycoprotein 80) has not been detected (Opree and Kress 2000; Gardiner et al.
2002). Addition of IL-6 to cultured DRG neurons was not effective by itself, but was able to
rapidly (minutes) sensitize TRPV1 conductances to heat as well as to stimulate CGRP release,
provided that the IL-6 was first primed with a soluble fragment of its receptor (Obreja et al.
2005). Appropriately, for a gp130-linked receptor, Janus kinase and protein kinase C inhibitors
inhibited the enhancement of TRPV1 sensitivity. The fact that IL-6 only functions when added
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together with a soluble form of its binding subunit suggests that it may be activated in trans
by soluble IL-6 receptors secreted from other cell types in the vicinity.

IL-1B was also unable to increase DRG excitability by itself, but as with IL-6 and TNF-q,
produced rapid increases in the sensitivity of TRPV1 and heat-activated CGRP release,
implying that IL-1p can also transactivate TRPV1 expressed by DRG neurons (Obreja et al.
2002). It appears that DRG neurons express all the molecular components required for 1L-1p
signaling and these can be upregulated in inflammatory pain states (Inoue et al. 1999; L. et al.
2005). In the related trigeminal ganglia, it was observed that following the induction of
inflammation with complete Freund's adjuvant, IL-1f was highly expressed by satellite glial
cells, whereas IL-1R was expressed in the cell bodies of trigeminal neurons. Addition of
IL-1B produced rapid excitation of these neurons. Moreover, an IL-1p antagonist reduced
complete Freund's adjuvant induced neuronal hyperexcitability, again suggesting a role for
cytokine signaling in the development of hyperexcitability of pain sensory neurons (Takeda et
al. 2008). In summary, the major upstream cytokines that are rapidly induced in association
with the innate immune response can excite DRG neurons by a variety of mechanisms. Some
of these effects are too rapid to involve effects on gene transcription and are likely to involve
kinase regulation of important conductances such as sodium currents and TRP channels.
Molecules such as TNF-a, IL-1p, and IL-6 can be rapidly upregulated by microglia in the spinal
cord and frequently by peripheral elements such as the sensory neurons themselves or their
associated glial cells. Whatever the cellular source of the cytokines produced in response to
injury, increases in sensory neuron excitability are likely to be one of the first cytokine-induced
effects that lead to changes in neuronal phenotypes underlying chronic pain. Moreover, these
same cytokines may also have rapid electrophysiological effects on second-order neurons in
the dorsal horn, so effects on neuronal excitability induced by cytokines may be an early feature
of the cytokine response in pain at numerous points in the neuraxis (Kawasaki et al. 2008).

4 Chemokines, Glia, and Chronic Pain

The previous discussion focused on the role of upstream cytokines and their receptors
expressed by neurons in particular. It is clear that these molecules are expressed by other types
of cells in the DRG and central nervous system, which may also participate in the development
and maintenance of neuropathic pain. Some cytokine/receptor signaling events following
peripheral injury or infection appear to be primarily mediated by molecular and/or
morphological remodeling of glial cells that in turn become a source of inflammatory
mediators. It has been proposed that such “activated” Schwann cells, DRG satellite cells,
astrocytes, and microglia also play an essential role in the development of chronic pain
hypersensitivity (Watkins and Maier 2003). Indeed, drugs that inhibit the activation of these
cells have also been reported to interfere with the development of chronic pain behavior,
presumably by suppressing the release of inflammatory mediators such as cytokines associated
with their activation.

Avreal “paradigm shift” in pain research has been the recognition that reciprocal communication
between neurons and microglia is important in regulating the quiescent and reactive states of
glial cells. Glial receptors for inflammatory cytokines, ATP, neuropeptides, neurotransmitters,
neurotrophic factors, and chemokines appear to contribute to these events. A clear example of
signaling between DRG neurons and microglia in the spinal cord involves the chemokine
fractalkine/CX3CL1 and its receptor CX3CR1(Verge et al. 2004; Zhuang et al. 2007).
Fractalkine has an unusual structure for a chemokine in that it is tethered to the membrane by
means of a transmembrane mucin-like stalk. Normally fractalkine is expressed by neurons and
its receptor is particularly highly expressed by microglia (Verge et al. 2004). Fractalkine can
signal to its receptor on target microglia in a “tethered” state or it can be released following
proteolytic cleavage producing a soluble form of the chemokine that can act at a distance
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(Milligan et al. 2004). Injection of fractalkine into the spinal cord produces pain
hypersensitivity. Moreover, production of soluble fractalkine has been observed in some
chronic pain models (Milligan et al. 2004, 2005; Lindia et al. 2005; Zhuang et al. 2007). Recent
studies have revealed how fractalkine may act in vivo. It has been demonstrated that the enzyme
cathepsin S, which can cleave tethered membrane-bound fractalkine to its soluble form, can
itself be released from activated microglia (Clark et al. 2007). The released fractalkine can then
act upon microglia to upregulate the release of proallodynic inflammatory mediators such as
those discussed above. Thus, fractalkine may act as a neuron to a microglia messenger that
amplifies ongoing pain-producing mechanisms. This model also illustrates the fact that neurons
and glia can interact in a variety of complex ways to elaborate ongoing pain stimuli producing
the mediators that may then initiate transcriptional and other changes resulting in chronic
neuronal hyperexcitability and pain. In addition to the example of fractalkine, activated spinal
microglia also express C-C chemokine receptor 2 (CCR2) and C-X-C chemokine receptor 3
(CXCR3), making them potential targets for the chemokines monocyte chemotactic protein 1
(MCP-1) or interferon-g inducing protein 10 (IP-10) upregulated and released from DRG
neurons, (Abbadie et al. 2003; Flynn et al. 2003; Tanuma et al. 2006), as we shall now discuss.

5 Downstream Cytokine Signaling

A relatively novel family of cytokines that has now been linked to the induction and
maintenance of chronic pain are the chemotactic cytokines (chemokines). Chemokines are
small, secreted proteins that exert all of their known effects through the activation of G protein
coupled receptors. Chemokines were originally identified as migrational effectors for the
attraction of different classes of leukocytes in association with the development of
inflammation (Charo and Ransohoff 2006). Several subfamilies of chemokines and their
receptors are known to exist. Most chemokines are not constitutively expressed at high levels,
their production and secretion being normally associated with activation of the inflammatory
response. Thus, the synthesis of most chemokines is usually greatly stimulated through the
action of one of the major upstream inflammatory cytokines discussed earlier. An exception
to this rule is the chemokine stromal cell derived factor 1 (SDF-1/CXCL12). SDF-1 is the most
evolutionarily ancient member of the chemokine family and existed phylo-genetically prior to
the development of an immune system, indicating that chemokine signaling originally played
a role other than the regulation of leukocyte chemotaxis (Huising et al. 2003; Knaut et al.
2003). Still, chemotaxis appears to be one ancient function of this chemokine as well. In
mammals, SDF-1 signaling through its major receptor, C-X-C chemokine receptor 4 (CXCR4),
has been shown to be important for the development of the embryo where SDF-1 regulates the
migration of the stem/progenitor cells that form numerous tissues (Tachibana et al. 1998; Lu
et al. 2002). Postnatally, this signaling system is still used in this way to retain hematopoietic
stem cells in the bone marrow (Wright et al. 2002).

Although chemokines clearly have a central role in orchestrating the normal inflammatory
response, the pathogenesis of many chronic inflammatory conditions such as atherosclerosis,
arthritis, and inflammatory bowel disease has been shown to be mediated in large part by the
actions of chemokines (Charo and Ransohoff 2006). In addition, numerous neurological
conditions which are accompanied by activation of the innate immune response during their
onset or progression appear to involve the action of chemokines in their pathogenesis. These
include autoimmune disorders (e.g., multiple sclerosis), neurodegenerative disorders (e.g.,
cerebral ischemic injury, Parkinson's, Huntington's, and Alzheimer's diseases) as well as virus-
based diseases (e.g., HIVV-1 and herpes simplex) (Streit et al. 2001; Cartier et al. 2005; Ubogu
et al. 2006). This chemokine-mediated component is also likely to extend to the pathogenesis
and maintenance of chronic pain in both disease-related conditions (e.g., multiple sclerosis,
HIV-1, and herpes simplex) and following trauma, all of which are associated with innate
immune responses and prolonged expression of chemokines and their receptors by the cellular
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elements of the nervous system (White et al. 2005a). This being the case, interference with
chemokine function represents a promising approach for the development of both novel anti-
inflammatory medication and the treatment of chronic pain conditions.

6 Chemokines and Their Receptors in Acute and Chronic Pain

There is now a large amount of data indicating that chemokines and their receptors can
influence both the acute and chronic phases of pain. However, why is chemokine function of
particular interest in this regard? It has become apparent that the cellular elements of the
nervous system (e.g., neurons, glia, and microglia) are able to both synthesize and respond to
chemokines, something that is quite independent of their traditional role in the regulation of
leukocyte chemotaxis and function. Oh etal. (2001) first demonstrated that the simple injection
of the chemokines SDF-1, regulated upon activation, normal T cell expressed, and secreted
(RANTES/CCLS5), or macrophage inflammatory protein 1a (MIP-10/CCL3) into the adult rat
hind paw produced dose-dependent tactile allodynia. These authors also demonstrated that
cultured DRG neurons expressed numerous types of chemokine receptors, indicating that the
observed pain behavior might result from a direct action of chemokines on these neurons. In
support of this possibility, chemokines were found to strongly excite DRG neurons in culture
(White et al. 2005b; Sun et al. 2006) and chemokine-induced excitation was associated with
the release of pain related neurotransmitters such as substance P and CGRP (Qin et al. 2005;
Jungetal. 2008). The cellular mechanism underlying chemokine-induced excitation of sensory
neurons in culture has been shown to have at least two components. The first of these is the
transactivation of TRP cation channels, such as TRPV1 and TRP ankyrin 1 (TRPAL), which
are also expressed by populations of nociceptive neurons (Bandell et al. 2004; Ruparel et al.
2008; Jung et al. 2008), and the second of these is inhibition of K* conductances that normally
regulate neuronal excitability. MIP-1a, for example, can enhance the thermal sensitivity of
TRPV1 (Zhang et al. 2005). The receptor for MIP-1a, C-C chemokine receptor 1 (CCR1), is
expressed by more than 85% of cultured DRG neurons which also express TRPV1 (Zhang et
al. 2005). Activation of other chemokine receptors such as CCR2 expressed by cultured DRG
neurons (see below) also produces excitation through transactivation of both TRPV1 and
TRPAL (Jung et al. 2008). In the former instance, the mechanism of activation appears to be
due to phospholipase C induced removal of tonic phosphatidylinositol 4,5-bisphosphate
mediated channel block (Chuang et al. 2001), whereas in the second instance the transactivation
appears to involve a protein kinase C mediated event (Cesare and McNaughton 1996;
Premkumar and Ahern 2000; Sugiura et al. 2002). Importantly, TRPAL activation is central to
acute pain, neuropeptide release, and neurogenic inflammation (McNamara et al. 2007;
Trevisani et al. 2007). These data suggest that chemokine-induced excitation involving TRP
channel activation may be of key importance to driving increased excitation observed in
chronic pain states.

A significant question is whether such data, mostly obtained in cell culture studies, have
relevance to the situation prevailing in chronic pain states in vivo. A key role for chemokines
and their receptors in chronic pain has come from the results of experiments using several
accepted models of neuropathic pain in rodents. These models include sciatic nerve transaction
(Taskinen and Roytta 2000; Subang and Richardson 2001), partial ligation of the sciatic nerve
(Abbadie et al. 2003; Tanaka et al. 2004; Lindia et al. 2005), chronic constriction injury of the
sciatic nerve (Milligan et al. 2004; Kleinschnitz et al. 2005; Zhang and De Koninck 2006),
chronic compression of the LyLs DRG, a rodent model of spinal stenosis (White et al.
2005b; Sun etal. 2006), lysophosphatidylcholine-induced focal nerve demyelination (Bhangoo
et al. 2007a; Jung et al. 2008), bone cancer pain (Vit et al. 2006; Khasabova et al. 2007), and
zymosan-induced inflammatory pain (Milligan et al. 2004; Verge et al. 2004; Xie et al.
2006). Each of these models resulted in upregulation of one or more chemokine receptors by
DRG neurons associated with, or in close proximity to, the injury. Moreover, in several
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instances it has also been demonstrated that sensory neurons will actually upregulate the
synthesis of chemokines in addition to their cognate receptors (White et al. 2005b; Sun et al.
2006; Bhangoo et al. 2007a; Jung et al. 2007, 2008). Thus, in association with chronic pain the
same DRG neuron may upregulate both a chemokine and its receptor, suggesting some form
of cell autologous regulation of DRG excitability by these molecules may occur. For example,
it might be imagined that under these circumstances DRG neurons could release chemokines
that would then activate receptors expressed by the same neuron or by others in the vicinity.
As chemokines can excite DRG neurons, this process might contribute to the neuronal
hyperexcitability observed under these circumstances (White et al. 2005b; Sun et al. 2006). As
chemokines are also of central importance in the recruitment of leukocytes, they would have
a unique role in simultaneously coordinating inflammation and neuronal excitability.

One good example of the validity of this type of model concerns the potential role of the
chemokine MCP-1 and its receptor CCR2 in the genesis of neuropathic pain. The role of
MCP-1/CCR2 signaling in neuropathic pain states was suggested following peripheral nerve
injury in genetically engineered mice lacking CCR2 receptors (Abbadie et al. 2003). These
receptor knockout mice failed to display mechanical hyperalgesia following partial ligation of
the sciatic nerve without a detectable change in acute pain behavior, while transgenic mice
overexpressing glial MCP-1 production exhibited enhanced nociceptive responses (Menetski
et al. 2007).

In keeping with these results, both CCR2 and its preferred ligand, MCP-1, are extensively
upregulated in sensory neurons following chronic compression of the DRG (White et al.
2005b) and focal demyelination of the sciatic nerve (Bhangoo et al. 2007a). Functionally, many
of these injured neurons respond to the exogenous administration of MCP-1 with membrane
threshold depolarization, action potentials, and Ca?* mobilization. Appropriately, these
MCP-1-induced excitatory events were not observed in control animals and the use of a CCR2
receptor antagonist effectively reversed hypernociception (Bhangoo et al. 2007a). Subsequent
investigations have revealed that two ionic mechanisms contribute to the excitatory effects of
MCP-1; a non-voltage-dependent, depolarizing current with the properties of a nonselective
cation conductance, quite possibly a TRP channel (Jung et al. 2008), and activation of another
nonv-oltage-dependent depolarizing current with characteristics similar to those of a
nonselective cation conductance (Sun et al. 2006).

Such chemokine-induced excitatory effects on sensory neurons may further facilitate the
axonal transport and the release of excitatory neuropeptides, such as CGRP (Qin et al. 2005)
and substance P from the terminals of DRG neurons in the spinal cord. Zhang and De Koninick
(2006) recently demonstrated that MCP-1 is also present in central afferent fibers in the spinal
cord. Thus, electrical activity due to peripheral nerve injury may also stimulate central afferent
release of MCP-1 into the spinal cord dorsal horn, further activating CCR2-expressing
microglial cells or central neurons (Abbadie et al. 2003; Bursztajn et al. 2004; Zhang and De
Koninck 2006). Neurons from the dorsal horn express CCR2 receptors and MCP-1/CCR2
signaling reduces the inhibitory effects of GABA on these cells. Hence, release of MCP-1 may
mediate excitatory effects at the level of both the DRG and the spinal cord.

Overall, these results suggest that injury-induced expression of MCP-1 may, in effect, function
as a neurotransmitter in DRG neurons and may be central to the maintenance of chronic
neuropathic pain states. Moreover, examination of the distribution of MCP-1 at a subcellular
level following its synthesis in cultured DRG neurons has revealed that it is initially processed
via the trans-Golgi network and packaged into the same synaptic vesicles as the peptide
neurotransmitter CGRP (Jung et al. 2008). Vesicles that contain both proteins can be observed
in the neuronal soma and following transport to nerve terminals. Depolarization of these
neurons results in calcium-dependent release of MCP-1 either from the soma or from the nerve
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terminals (Jung et al. 2008). Presumably release of the chemokine from the cell soma within
the DRG would have the effect of depolarizing neighboring CCR2-expressing neurons,
eliciting excitation and promoting further MCP-1 release within the DRG or within the dorsal
horn or the spinal cord, where it could interact with CCR2-expressing neurons and glia. In this
way upregulation of MCP-1 and CCR2 might be an important component of DRG
hyperexcitability and maintenance of chronic pain. It is interesting to note that in the brain the
chemokine CCL21/exodus has also been shown to be upregulated by neurons following
excitotoxic stimulation and to be packaged into secretory vesicles and released upon neuronal
depolarization (de Jong et al. 2005). Thus, it appears that when chemokines are expressed in
neurons under different circumstances they may generally play a novel role as
neurotransmitters. MCP-1 and CCR2, as well as certain other chemokines and chemokine
receptors, exhibit an exceptionally prolonged upregulation in the injury-associated DRG
(White et al. 2005b; Zhang and De Koninck 2006; Bhangoo et al. 2007a, b), and the trigeminal
ganglion following peripheral nerve injury (White et al. 2006) or herpes simplex virus infection
(Theil et al. 2003; Cook et al. 2004; Wickham et al. 2005), supporting the possibility that this
type of signaling could contribute to the chronic nature of neuropathic pain.

Overall, the evidence suggests that prolonged chemokine and chemokine receptor expression
in sensory ganglia may well be a significant contributor to many injury-induced and virus-
associated neuropathic pain syndromes (Fig. 5). This being the case, it is also of interest to
define the signaling pathways in DRG neurons that result in the upregulation of chemokine
and chemokine receptor expression as they may represent novel targets for intervention in the
treatment of chronic pain. In the case of CCR2 receptors, some information on this issue has
been obtained (Jung and Miller 2008). Analysis of the structure of the mouse and human CCR2
genes revealed several upstream regulatory elements that might potentially mediate the action
of different transcription factors. Included in these is a conserved binding site for the
transcription factor nuclear factor of activated T cells (NFAT) (Jung and Miller 2008).
Members of the NFAT family of proteins are expressed by DRG neurons and expression of
constitutively active NFAT derivatives produced upregulation of CCR2 receptors in these
neurons (Jung and Miller 2008). NFAT is activated by being dephosphorylated by the calcium-
dependent phophatase calcineurin. When the intracellular calcium concentration is increased
in DRG neurons following depolarization via voltage-dependent calcium channels,
calcineurin/NFAT activation effectively modulates increases in CCR2 expression (Jung and
Miller 2008). This then provides a possible pathway for the induction of CCR2 in the context
of neuropathic pain. Some upstream mediator is envisaged as initially depolarizing DRG
neurons, leading to calcium influx and CCR2 upregulation. Once CCR2 has been upregulated,
signaling via CCR2 could increase DRG excitation further and potentiate ongoing excitability.
Interestingly, although MCP-1 is upregulated by DRG neurons together with CCR2 in chronic
pain (White et al. 2005b), MCP-1 is not a target gene for NFAT regulation. On the other hand,
we have observed that MCP-1 is upregulated in DRG neurons by the action of the cytokine
TNF-a (Jung and Miller 2008). Indeed, as discussed earlier, TNF-a. is known to increase the
excitability of DRG neurons by a variety of mechanisms (Nicol et al. 1997;Sorkin and Doom
2000). In addition, TNF-o. may also act as an upstream regulator of chemokine signaling in
these cells and the chemokines produced may help to maintain the hyperexcitability of
nociceptors. Such a possibility would also help to explain why increased DRG excitability
extends to uninjured neurons that are both ipsilateral and contralateral to the nerve injury,
observations that suggest an important role for diffusible mediators in triggering these events.

Although most of the data obtained on chemokine signaling in the DRG in the context of
neuropathic pain concern the role of MCP-1/CCR?2, it is clear that other types of chemokine
signaling may also be dynamically regulated under similar conditions. Upregulated expression
of the CXCR3, CXCR4, and C-C chemokine receptor 5 (CCR5) receptors as well as their
chemokine ligands has also been observed in populations of DRG neurons in chronic pain
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models (Bhangoo et al. 2007a, b). As with CCR2, upregulation of some of these chemokine
receptors appears to be NFAT-dependent (e.g., CCR5), whereas upregulation of others is not
(e.g., CXCR4) (Jung and Miller 2008). The precise expression patterns and time course of
upregulation of these diverse chemokine signaling systems differ in each case, and so the details
of how they each participates in pain behavior may vary according to the circumstances and
will require further clarification. Nevertheless, the fact that chemokines are packaged into
neurotransmitter secretory vesicles in DRG neurons indicates that they may play a
neuromodulatory role in chronic pain (de Jong et al. 2005; Jung and Miller 2008). It is
interesting to note that in the case of SDF-1 and MCP-1 these vesicle populations are clearly
different (unpublished observations), indicating that even when two chemokines are secreted
by the same neuron they may subserve somewhat different functions.

As an example of the role of chemokine signaling in chronic pain one might consider peripheral
nervous system and central nervous system inflammatory demyelinating diseases such as
Guillain-Barre syndrome, Charcot-Marie-Tooth disease types 1 and 4, and multiple sclerosis,
which are frequently accompanied by a neuropathic pain syndrome (Carter et al. 1998;
Boukhris et al. 2007). Epidemiological studies suggest that chronic pain syndromes afflict 50—
80% of patients with multiple sclerosis and 70-90% of individuals with Guillain-Barre
syndrome (Moulin 1998). Disease-related components that may be central to this overall
pattern of symptoms of neuropathic pain include axon and Wallerian degeneration (Bruck
2005), which may act as a trigger for the cytokine cascades that result in the upregulation and
chronic expression of chemokines and their cognate receptors (Mahad et al. 2002; Charo and
Ransohoff 2006).

Studies of several rodent models of demyelinating diseases known to elicit neuropathic pain
behavior, including late-developing peripheral axon demyelination in periaxin knockout mice
(Gillespie et al. 2000), lysophosphatidylcholine-induced transient focal demyelination of the
sciatic nerve in mice and rats (Wallace et al. 2003; Bhangoo et al. 2007a; Jung et al. 2008) and
the late, acute clinical phase of experimental autoimmune neuritis (Moalem-Taylor et al.
2007), have indicated a possible role for chemokine-mediated signaling in these models. Recent
studies on rats and mice subjected to transient focal demyelination of the sciatic nerve revealed
chronic upregulation of MCP-1, IP-10/CXCL10, and the chemokine receptors CCR2, CCR5,
and CXCR4 in primary sensory neurons (Bhangoo et al. 2007a). Application of these same
chemokines to neurons isolated from DRG of animals following demyelination produced an
increase in excitation. Thus, upregulation of these chemokines and their receptors may
effectively drive the chronic excitability and pain behavior in demyelinating diseases of this
type. It is also of interest that administration of small-molecule CCR2 receptor antagonists to
these animals afforded some relief from ongoing pain, further indicating the role of chemokine
signaling and the potential therapeutic effectiveness of inhibiting these events (Bhangoo et al.
2007a).

As in the case of upstream inflammatory cytokines such as TNF-a, glia in the DRG and
peripheral nerve may also represent a source of, and a target for, the action of chemokines. For
example, in response to nerve injury MCP-1 is upregulated in Schwann cells (Toews et al.
1998; Taskinen and Roytta 2000; Orlikowski etal. 2003). Thus, these cells might also represent
a source of chemokine release for the activation of CCR2 chemokine receptors upregulated in
adjacent DRG neurons.

The key involvement of chemokine signaling between glia and DRG neurons appears to be
likely in certain chronic pain states such as those experienced in association with HIV-1
infection. This has particular relevance for the present discussion, as the cellular receptors for
glycoprotein 120 (gp120), the HIV-1 coat protein, are the CXCR4 and CCR5 chemokine
receptors. One example of an HIV-1 associated pain syndrome is distal symmetrical
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polyneuropathy (DSP), which affects as many as one third of all HIV-1 infected individuals
(Skopelitis et al. 2006). This painful sensory neuropathy frequently begins with paresthesias
in the fingers and toes, progressing over weeks to months, followed by the development of
pain, often of a burning and lancinating nature, which can make walking very difficult.
Measurements of pain hypersensitivity have demonstrated allodynia and hyperalgesiain HIV-1
infected individuals. Interestingly, as is the case of HIV-1 associated effects on the central
nervous system, there is no productive infection of peripheral neurons by the virus. Thus,
indirect effects of HIV-1 must lead to the development of this pain state.

In addition to the effects of inflammatory mediators (including chemokines) released by virally
infected leukocytes, there are at least two ways in which HIV-1 induced DSP may involve the
direct effects of HIV-1 gp120 on chemokine receptors in the DRG: (1) viral protein shedding
in the peripheral nervous system might enable gp120 to produce painful neuropathy via glial
to neuronal signaling in the DRG and/or spinal cord (Milligan et al. 2000; Keswani et al.
2003) or (2) by the direct activation of CCR5/CXCR4-bearing sensory neurons by gp120
(Herzberg and Sagen 2001; Oh et al. 2001; Wallace et al. 2007). Indeed, Keswani et al.
(2003, 2006) have presented a model in which gp120 can act in both these ways. In the first
instance, these authors demonstrated that binding of gp120 to CXCR4 receptors expressed by
DRG satellite glial cells upregulates the release of the chemokine RANTES, which can then
activate CCR5 receptors expressed by DRG neurons. In the second instance, gp120 can directly
bind to and activate CXCR4 receptors expressed by DRG neurons (Oh et al. 2001). Moreover,
this initial excitation of DRG neurons by gp120 and/or glial mediators might produce Ca2*-
dependent upregulation of CCR2 expression by these neurons by the mechanisms discussed
above (Jung and Miller 2008), leading to a second level of chemokine-mediated excitation. In
support of such a model we have observed that treatment of the sciatic nerve with a T-tropic
gp120 subsequently leads to MCP-1 and CCR2 upregulation (unpublished observations),
which would also be expected to promote excitation of DRG neurons.

Complicating matters further, AIDS patients who are treated by highly active, antiretroviral
therapeutical (HAART) agents can also develop a painful sensory neuropathy. Intriguingly,
the symptoms of this syndrome are clinically indistinguishable from those of HIV-1 induced
DSP, including a burning sensation in the hands and feet and hypersensitivity to pain (Snider
etal. 1983; Pardo etal. 2001; Skopelitis et al. 2006). The fact that the two syndromes are usually
seen in association with one another makes diagnosis more difficult.

Recent studies have shed new light on the mechanisms of HAART-induced DSP and the role
of chemokine signaling in particular. It was observed that the drug 2’,3'-dideoxycytidine
(zalcitabine, or ddC) produced neuropathic pain behavior together with upregulated expression
of both SDF-1 and CXCR4 in DRG satellite glial cells and some neurons. This suggests that
SDF-1 release from DRG glia might be involved in the autologous regulation of excitatory
substances from these same cells and that released SDF-1 might directly excite DRG neurons.
Significantly, zalcitabine-induced pain was completely blocked by the CXCR4 antagonist
AMD3100, illustrating the key role of CXCR4 signaling in this behavior. (Bhangoo et al.
2007b). Hence, the proallodynic actions of both HIV-1 and zalcitabine are dependent on
chemokine signaling between DRG glia and neurons.

7 Chemokine Interactions with Other Neurotransmitters

As we have discussed, chemokines and their receptors expressed by DRG neurons in chronic
pain conditions may contribute to nociceptor hyperexcitability in many instances by directly
exciting these neurons. However, other consequences of chemokine signaling may also
indirectly contribute to pain behavior. One important example of this concerns chemokine
interactions with the endogenous opioid system. Generally speaking, activation of p-opioid
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receptors in the DRG and dorsal horn reduces neuronal excitability and synaptic transmission
at synapses between nociceptors and first-order neurons in the spinal cord. This is believed to
be one of the mechanisms by which opiates reduce pain behavior. However, it has been
demonstrated that upregulation of chemokine signaling routinely modulates p-opioid receptor
function (Szabo et al. 2002; Zhang et al. 2005). One mechanism through which this may occur
is by heterologous desensitization resulting from the effects of chemokine receptor activation
on p-receptor function (Grimm et al. 1998; Chen et al. 2007). In addition, fluorescence
resonance energy transfer studies have demonstrated that some chemokine receptors can
directly dimerize with p-opioid receptors, raising the possibility that this interaction may also
alter p-receptor signaling (Toth et al. 2004). Interestingly, the opposite may also be true as the
u-opiate receptor agonist DAMGO can downregulate chemokine activation of chemokine
receptors, something that may account for opiate-drug-induced immune suppression (Patel et
al. 2006).

A particularly interesting interaction between cytokine/chemokine and opioid signaling seems
to occur in the context of chronic opioid use. As has now been well documented, chronic opioid
use or opioid withdrawal may result in significant hyperalgesia and this may present itself as
a clinically significant problem (DeLeo et al. 2004; Watkins et al. 2007¢). Although
mechanisms such as those discussed above suggest that some chemokine/opioid interactions
may be responsible for the downregulation of opioid effects in pain, they do not explain the
development of pain hypersensitivity. However, several hypotheses do try to accommodate
this phenomenon. According to one view, the normal opioid-induced analgesic effects that are
observed are always concomitantly accompanied by opposing opioid-mediated hyperalgesic
effects (Hutchinson et al. 2007). These latter effects are not mediated by the actions of opioids
on neurons, but on glia (Watkins et al. 2007a). Thus, it is proposed that the activation of
microglia by drugs such as morphine normally results in the upregulation of inflammatory
cytokines by these cells as well as a reduction in the synthesis of anti-inflammatory cytokines
such as interleukin-10 (Johnston et al. 2004; Milligan et al. 2006; Hutchinson et al. 2007;
Ledeboer et al. 2007; Liang et al. 2008). The triggering of this cytokine cascade eventually
results in pain hypersensitivity as described above. Viewed in this way, the proalgesic effects
of chronic opioid use are another version of the “neuroinflammatory” response that is
associated with pain hypersensitivity syndromes. This is even more the case given that it is
also proposed that the opioid receptors that are expressed by microglia are none other than the
TLR4 receptors (Hutchinson et al. 2007). It has been shown that unlike the effects of morphine
on p-receptors that are stereospecifically blocked by the opioid antagonist naloxone (only the
— isomer being effective), the ability of morphine to activate TLR4 receptors is inhibited by
both (+)-naloxone and (—)-naloxone. It is suggested that these proalgesic effects eventually
overwhelm the antinociceptive effects of morphine to shift the balance to pain-producing rather
than pain-preventing behavior. Recently, we have observed that chronic morphine treatment
produces an upregulation of SDF-1 expression by DRG sensory neurons and that morphine-
induced pain hypersensitivity is blocked by the CXCR4 antagonist AMD3100 (Wilson et al.
2008). As we have discussed, chemokines are often among the proteins synthesized
downstream of cytokine cascades and can act directly on DRG neurons to enhance their
excitability (White et al. 2005b; Sun et al. 2006). Hence, it is possible that this represents a
further example of this phenomenon.

As we have discussed, chemokines expressed by DRG neurons may also be responsible for
chemoattractant effects resulting in leukocyte influx into the ganglia. Some leukocytes can
actively secrete opioid peptides, an action which is potentially analgesic (Labuz et al. 2006;
Rittner et al. 2006). Thus, chemokines may be potentially proalgesic by directly exciting DRG
neurons and downregulating opioid signaling as well as potentially analgesic owing to their
effects on endorphin release from leukocytes. How these diverse effects play out in the context
of chronic pain behavior is incompletely understood, and may have different degrees of
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importance depending on the precise type of pain syndrome under consideration. Clearly,
numerous cellular mechanisms through which upregulated chemokine signaling might occur
result in pain hypersensitivity or related phenomena.

8 Conclusions

Recent research has made it clear that inflammatory processes are critical for the development
of states of chronic pain and for the changes in behavior of pain neurons that accompany these
syndromes. The development of such behavior may involve reciprocal signaling interactions
between the different cellular elements of the central and peripheral nervous systems. As we
have discussed here, inflammatory cytokines and chemokines seem to be one set of molecules
that play a key role in coordinating injury-associated nociceptive events as they serve to
regulate inflammatory responses and can simultaneously act upon elements of the nervous
system (Fig. 6). Importantly, chemokines in DRG neurons seem to act as upregulatable
neurotransmitters that produce excitatory effects in the DRG and spinal cord through a variety
of mechanisms. The ability of small-molecule antagonists of CCR2 and CXCR4 receptors to
ameliorate ongoing pain hypersensitivity in animal models clearly indicates the importance of
chemokine signaling in this behavior. Furthermore, antibodies to cytokines such as TNF-a also
prevent the development of chronic pain. We therefore conclude that targeting inflammatory
cytokine and chemokine signaling may provide a novel form of therapeutic intervention into
states of chronic pain.
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Fig. 1.

Nociceptive pathways in the dorsal root ganglia (DRG) and central nervous system. Axons of
nociceptors transmit information from the periphery to second-order neurons in the dorsal horn
of the spinal cord. Neural connections from the dorsal horn to the thalamus and from there to
the cortex relay this noxious information to higher centers of the central nervous system. The
central axons of primary afferent nociceptive neurons also provide information to polysynaptic
spinal cord interneurons, which are essential for the withdrawal reflex. Descending pathways
originating in the cortex and/or midbrain provide modulatory feedback signals at the level of
the spinal cord. Impulses can also travel back along the peripheral axon toward the distal nerve
endings, resulting in neurogenic inflammation
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Fig. 2.

The Toll-like receptor (TLR) pathway. TLR activation initiates the innate immune response,
which is thought to lead to the detrimental cytokine cascade in chronic pain. Activation of TLR
signaling proceeds via a family of adaptor proteins which includes the protein MyD88, the
interleukin-1 receptor associated kinase, Toll interacting protein, and the adapter protein
TRAF6. These proteins activate the kinase TAKZ, which ultimately leads to the activation of
signaling cascades including nuclear factor kB and mitogen activated protein kinase (MAPK)
pathways. The activation of these pathways can then direct the synthesis of cytokines such as
tumor necrosis factor a (TNF-a), interleukin-1p (IL-1p), and interleukin-6 (IL-6). Both TLRs
and receptors for IL-1f have similar structures and share a cytoplasmic motif. Activation of
both types of receptors recruits a scaffolding complex that leads to upregulation of the
production of similar cytokines
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Possible molecular mechanisms of TNF-a action. TNF-o produces changes in the behavior of
sensory neurons at a variety of levels. While some long-term changes in behavior require
alterations in gene transcription and protein expression, TNF-a and other upstream cytokines
can produce very rapid changes in neuronal excitability as well. These changes in excitability
probably arise from direct effects of cytokine signaling on the properties of important ion
channels, including voltage-dependent sodium channels and transient receptor potential (TRP)
channels expressed by sensory nerves. Activation of TNF-a receptors (TNFRS) produces a
wide array of signaling options beginning with recruitment of TNFR-associated death domain
protein, receptor-interacting protein, and TNFR-associated factor 2. These proteins go on to
activate extracellular-signal-related kinase/MAPK, p38/MAPK, and NF«B pathways
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Rapid effects of the IL-6 pathway. DRG neurons can express IL-6 under some circumstances,
as well as components of the IL-6 receptor complexes, suggesting that it can also produce direct
effects on DRG neuron excitability. DRG neurons have been shown to express the glycoprotein
130 cytokine receptor subunit, a common feature of all cytokine receptors in the IL-6 family.
IL-6 is able to rapidly sensitize vanilloid 1 (TRPV1) conductances to heat as well as to stimulate
calcitonin gene-related peptide release via Janus kinase and protein kinase Cd pathways. It is
likely that the binding portion of the IL-6 receptor can be provided in trans
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Injury-induced Chemokine Expression in DRG
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Injury-induced chemokine expression in DRG. Evidence suggests that prolonged chemokine
and chemokine receptor expression in sensory ganglia may be a significant contributor to
neuropathic pain syndromes. It is likely that chemokines affect neuronal hyperexcitability by
transactivating TRP channels. While proinflammatory cytokines such as TNF-a, IL-6 and
prostaglandin E are expressed early on and contribute to the genesis of chronic pain, evidence
suggests that chemokines are expressed at later time points and may act as the trigger to convert
the acute pain to one that is chronic in nature
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Fig. 6.

Injury-induced changes in the nociceptive pathway. In neuropathic pain, nociceptive pathways
are altered at all levels of the central and peripheral nervous systems. Inflammatory cytokines
and chemokines may play a key role in coordinating injury-associated nociceptive events as
they regulate the inflammatory response and can simultaneously act upon elements of the
nervous system, including the peripheral nerve (a), the DRG (b), and the dorsal horn of the
spinal cord (c). Rapid effects of these molecules can alter the excitability of neurons, and the
sensitization of ion channels involved in the neuropathic pain mechanism. Slower effects of
cytokines include altered gene expression, which could the result in the subsequent
upregulation of other proinflammatory cytokines, and ion channel expression. These events,
which occur in many different cell types, when taken together result in an altered state of
excitability that contributes to the chronic pain state. NGF nerve growth factor, NO nitric oxide,
TNF-a tumor necrosis factor a, IL-1f interleukin-1p, TLR Toll-like receptor, ATP adenosine
triphosphate, TRPV1 transient receptor potential vanilloid 1, CGRP calcitonin gene-related
peptide, IL-6 interleukin-6, CCR2 C-C chemokine receptor 2, CXCR3 C-X-C chemokine
receptor 3, CXCR4 C-X-C chemokine receptor 4, MCP-1 monocyte chemotactic protein 1,
SDF-1 stromal cell derived factor 1, RANTES regulated upon activation, normal T cell
expressed and secreted
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