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Abstract
Within the past decade, there has been increasing recognition that glia are far more than simply
“housekeepers” for neurons. This review explores two recently recognized roles of glia (microglia
and astrocytes) in: (a) creating and maintaining enhanced pain states such as neuropathic pain, and
(b) compromising the efficacy of morphine and other opioids for pain control. While glia have little-
to-no role in pain under basal conditions, pain is amplified when glia become activated, inducing the
release of proinflammatory products, especially proinflammatory cytokines. How glia are triggered
to become activated is a key issue, and appears to involve a number of neuron-to-glia signals including
neuronal chemokines, neurotransmitters, and substances released by damaged, dying and dead
neurons. In addition, glia become increasingly activated in response to repeated administration of
opioids. Products of activated glia increase neuronal excitability via numerous mechanisms,
including direct receptor-mediated actions, upregulation of excitatory amino acid receptor function,
downregulation of GABA receptor function, and so on. These downstream effects of glial activation
amplify pain, suppress acute opioid analgesia, contribute to the apparent loss of opioid analgesia
upon repeated opioid administration (tolerance), and contribute to the development of opioid
dependence. The potential implications of such glial regulation of pain and opioid actions are vast,
suggestive that targeting glia and their proinflammatory products may provide a novel and effective
therapy for controlling clinical pain syndromes and increasing the clinical utility of analgesic drugs.
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I. Overview
Within just the past decade, there has been increasing recognition that glia are far more than
simply “housekeepers” for neurons, providing neurochemical precursors and energy sources
to neurons, regulating extracellular ion concentrations, removing debris, and so on. It is now
known that glia also importantly contribute to fever, alterations in sleep, disruption of learning
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and memory, as well as to neuroinflammatory/neurodegenerative conditions such as ischemia/
stroke, Alzheimer’s disease, and Parkinson’s disease.

Here the focus is on two recently recognized roles of glia: (a) creating and maintaining pain
facilitation, and (b) compromising the efficacy of opioids for pain control. These pain-relevant
topics are of interest primarily because clinical pain syndromes occur in epidemic proportions
worldwide, including chronic pain states that last for years to a lifetime of unremitting pain.
In these pain states, hot, cold and hard pressure pains are greatly amplified; warm, cool and
light touch are now perceived as pain. Such pain is poorly controlled by currently available
therapeutics, all of which were developed to target neurons. Classically, every model used to
try to understand such pain focused exclusively on neurons (Figure 1). Glia had no role, as
they were not thought of in terms of neural signaling. Despite many decades of research and
drug development, pain facilitation remains unresolved. The discussion to follow will build
the case from literature accruing over the past 15 years that glia are key players in pain
facilitation and a worthy target for drug development for clinical pain control. Regarding the
second, inter-related topic of this review, glial regulation of opioid effects is a new phenomenon
that has begun to develop only within the past 5 years. These findings are intriguing as they
shed light on why opioids are excellent at controlling acute pain but fail to control pain
facilitation. The research also reveals that glia importantly contribute to the development of
opioid tolerance, whereby opioids become progressively less effective in pain control,
requiring progressively more opioid to suppress pain. Lastly, the newest wrinkle in this research
will be described, that being the involvement of glia in the development of morphine
dependence. As a consequence of repeated opioid use, animals become dependent on opioids
such that when opioid dosing is stopped, animals (including humans) enter a state of opioid
withdrawal. As will be described, glia are now also implicated in opioid dependence/
withdrawal.

Before proceeding, terminology relevant to this review will be briefly introduced. “Pain” refers
to the unpleasant experience associated with actual or perceived tissue damage by a noxious
(damaging) stimulus. Pain, as an experience, not only includes the perception of a simple
sensory stimulus but also the cognitive analysis and emotional responses associated with that.
Quantifying the pain experience in laboratory animals is arguably impossible. Given that,
terminology was created that refers to the “lower order” quantifiable aspects of pain.
“Nociception” (“noci” meaning “pain”) is used by the field to describe neural, physiological
or behavioral responses to stimuli that humans would typically report as painful. Nociception
is further broken down to reflect responding to noxious stimuli (pinch, for example) as if they
are more intense than normal (hyperalgesia) versus responding to normally innocuous stimuli
(light touch, for example) as if they were noxious (allodynia). For the sake of ease of
communication in this general review, however, the term “pain” will refer to both animal and
human responses and “pain facilitation” or “enhanced pain”, for example, will be used rather
than more specialized terminology.

II. Glia
The work to be reviewed focuses on two types of glial cells, astrocytes and microglia. When
these cells become activated, they (a) upregulate cell-type specific activation markers (allowing
this reflection of activation to be easily visualized using immunohistochemistry) and (b) release
a variety of substances (e.g., proinflammatory cytokines, chemokines, ATP, excitatory amino
acids, nitric oxide, etc.) that enhance pain by increasing the excitability of nearby neurons.
Microglia and astrocytes are not likely to be the only non-neuronal cells involved in pain
enhancement. Endothelial cells, fibroblasts, oligodendroglia, and other cell types in both the
spinal cord and overlying meninges can also produce many of the same neuroexcitatory
substances as do astrocytes and microglia. However, study of the involvement of such cells
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has been hindered by the lack of their expression of upregulatable activation markers. As
microglia and astrocytes have proven to be the cell types most amenable to study, virtually all
studies to date have focused on them.

Microglia
Microglia constitute 5-12% of all cells in the CNS and 5-10% of all glia. Under basal conditions,
microglia perform immune surveillance (Raivich, 2005). A shift to an activated state can occur
rapidly as microglia are exquisite sensors of changes in their microenvironment. Stimuli that
can activate microglia include trauma, infection, ischemia and neurodegeneration. Activation
results in changes in morphology (e.g., retracted processes), proliferation, upregulated receptor
expression (e.g., complement receptors, scavenger receptors), and changes in function (e.g.,
migration to sites of damage, phagocytosis, release of proinflammatory mediators). After
resolution of challenge, microglia can either return to their basal state or may enter a “primed”
state for prolonged periods of time (Perry et al., 1985). “Primed” microglia do not actively
produce proinflammatory cytokines (and indeed may instead release anti-inflammatory
cytokines) but now over-respond to new challenges, both in the speed and magnitude of release
of proinflammatory products (Perry et al., 1985), similar in speed and magnitude to a secondary
peripheral immune response. Microglial priming may prove to be important in explaining why
some people greatly over-respond, in intensity and duration, to a pain-evoking event. Evidence
to date from animal models suggests that prior microglial activation can leave these cells
primed, such that a later pain-evoking stimulus produces both enhanced spinal
proinflammatory cytokine production and enhanced pain (Spataro et al., 2006).

Astrocytes
Astrocytes constitute 40-50% of all glial cells (Aldskogius and Kozlova, 1998) and outnumber
neurons (Lee et al., 2000). Astrocytes tightly enwrap the vast majority of synapses in the CNS
and actively modulate neuron-to-neuron synaptic communication. The dynamic astrocyte
regulation of synaptic communication has given rise to the term “tripartite synapse” to
emphasize that astrocytes, in addition to the neuronal presynaptic and neuronal postsynaptic
processes, are integral parts of neuronal signaling (Haydon and Carmignoto, 2006). Indeed,
astrocytes are important contributors to synaptic “memory”, as prior synaptic activity leads, at
later times, to greater astrocyte responses to subsequent synaptic input (Pasti et al., 2001).
Beyond the synapse, astrocytes also are in intimate contact with neuronal cell bodies, dendrites,
and nodes of Ranvier. They extend perivascular endfeet to contact capillaries and form a border
layer in the meninges (Aldskogius and Kozlova, 1998). Under basal conditions, astrocytes
provide neurons with energy sources and neurotransmitter precursors (Tsacopoulos, 2002),
provide trophic support, regulate extracellular ions and neurotransmitters, and regulate
neuronal survival and differentiation, neurite outgrowth, and formation of synapses (Perea and
Araque, 2002). Astrocytes are activated by trauma, inflammation or infection, with progressive
upregulation in glial fibrillary acidic protein (GFAP) expression, morphology and proliferation
upon persistent activation (Aldskogius and Kozlova, 1998).

Microglia-Astrocyte Interactions
In vivo, astrocytes and microglia interact. Their released products can synergize, and substances
released by one can activate the other. Regarding synergy, proinflammatory cytokines can
synergize with each other as well as with neurotransmitters and neuromodulators, such as
norepinephrine, prostaglandin E2 (PGE2), and nitric oxide (for review, see (Watkins et al.,
2006)). Pain relevant examples include the synergy of TNF and IL-1 with ATP to enhance
PGE2 release (Loredo and Benton, 1998); nitric oxide potentiating IL-1 induced PGE2
production and substance P release from sensory afferent terminals in spinal cord (Morioka et
al., 2002); and substance P potentiating IL-1 induced release of IL-6 and PGE2 from human
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spinal cord astrocytes (Palma et al., 1997). Regarding cross-stimulation between glia: (a)
astrocytes release substances that stimulate microglial activation, proliferation, and production
of nitric oxide; and (b) microglia release substances that induce astrocyte activation, expression
of adhesion molecules, functioning as antigen presenting cells, and release of glutamate, TNF,
IL-1 and nitric oxide (for review, see (Watkins et al., 2006)). These microglia-astrocyte
interactions are consistent with the developing pain literature that suggests that microglia are
the first glial type to become activated and that their activation leads in turn to the recruitment
of nearby astrocytes, such that both cell types can contribute to observed downstream
alterations in pain (Ledeboer et al., 2005; Tawfik et al., 2006).

III. Glial dysregulation of pain
Under normal situations, when spinal glia are in their basal state, they have little-to-no influence
on pain responsivity (Figure 1). Various drugs that suppress glial function have consistently
failed to alter responsivity to heat or mechanical stimuli in normal animals (Hashizume et al.,
2000;Ledeboer et al., 2005;Meller et al., 1994). While data from knockouts reveal reductions
in basal pain responsivity in adult mice with disrupted IL-1 signaling, these changes appear
related to developmental effects as the same effects occur when rats pups are treated only in
utero with IL-1ra (Wolf et al., 2003). Thus, the weight of evidence supports that when
astrocytes and microglia are not in their activated state, they do not appear to be important
regulators of pain transmission. Having said this, basal cytokine levels are integral to
maintaining neuronal plasticity.

When glia become activated, pain is now affected. One situation where spinal glia can become
activated is in response to peripheral immune challenges that activate immune-to-brain
communication (Dantzer, 2004; Maier and Watkins, 1998). Peripheral immune activated
signaling to the CNS induces sickness responses. Work from our laboratory has documented
that sickness responses include enhanced pain responsivity, in addition to classically
recognized fever, increases in sleep, decreases in food and water intake, and generalized
suppression of behavior (Dantzer, 2004; Maier and Watkins, 1998). Studies of brain-mediated
sickness responses revealed that glial activation and consequent proinflammatory cytokine
release are key steps in the generation of these survival-oriented changes in CNS function.
These early studies predicted that sickness-induced pain enhancement would likewise be
mediated by spinal glial activation and proinflammatory cytokines. This indeed turned out to
be true (Watkins and Maier, 2000).

It is now known that glial regulation of pain extends well beyond enhanced pain responses that
occur as a natural component of the sickness response. Both astrocytes and microglia in spinal
cord are activated (as inferred from glial activation markers) in response to inflammation or
damage to peripheral tissues, peripheral nerves, spinal nerves, or spinal cord (McMahon et al.,
2005; Watkins and Maier, 2003). The generally accepted view has developed that microglia
are activated first, followed by astrocytes (Tanga et al., 2004). While microglia were thought
to fade, and astrocytes to increase, in prominence over time (Ledeboer et al., 2005;
Raghavendra et al., 2003), a prolonged role for microglia has recently been proposed (Tawfik
et al., 2006).

Regarding the mechanisms by which glial activation influences pain, work from our laboratory
and many others have revealed that spinal glial activation and proinflammatory cytokines have
been implicated in enhanced pain associated with every animal model examined to date (Table
1), with rare exception (Ledeboer et al., 2006). This conclusion is based on the facts that
intrathecal (into the cerebrospinal fluid [CSF] space surrounding the spinal cord) injection of
proinflammatory cytokines enhances pain (Falchi et al., 2001;Reeve et al., 2000;Tadano et al.,
1999), and glial and cytokine inhibitors prevent and/or reverse such pain enhancements
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(McMahon et al., 2005;Watkins and Maier, 2003), as does knocking out IL-1 signaling (Honore
et al., 2006;Wolf et al., 2006).

Importantly, we have shown that ongoing inhibition of spinal cord proinflammatory cytokines
can reverse established nerve injury-induced pain facilitation (i.e., neuropathic pain): (a) for 3
+ months (Milligan et al., 2006), suggestive that other mechanisms will not reinstate pain
facilitation in the absence of these cytokines, and (b) even after pain facilitation has been
maintained continuously for 1-2 months (Milligan et al., 2006; Tawfik et al., 2006). Our
observations provide strong support for the conclusion that glia and proinflammatory cytokines
do not just induce pain facilitation but, rather, are key mediators of pain maintenance as well.
This is especially important when considering the potential clinical utility of targeting
proinflammatory cytokines for pain control as pain syndromes in people, such as neuropathic
pain, will typically be long established and require long-term treatment. Indeed, in keeping
with the recognition that the relative balance between pro- and anti-inflammatory cytokine
levels may be key to the effects observed, increases in proinflammatory cytokines and/or
decreases in anti-inflammatory cytokines have been found in spinal CSF samples from chronic
pain patients diagnosed with complex regional pain syndrome, fibromyalgia and neuropathic
pain (Alexander et al., 2005; Backonja et al., 2006).

IV. How do spinal glia “know” to become activated?
A key question is: “What is released in spinal cord, as a result of inflammation/trauma in the
periphery that “tells” glia to activate?” Increasing focus is being directed at microglia as the
“trigger”, as the initiator of pain facilitation. Microglia are exquisitely sensitive to signals of
“not self” or “not normal”, leading them to be far more reactive in responding to CNS
challenges than other candidate cell types (Kreutzberg, 1996). Similarly, spinal cord microglia
are the earliest glial cell type activated in response to peripheral inflammation and injury, based
both on the ability of the microglial inhibitor minocycline to prevent the onset of enhanced
pain and the rapid upregulation of microglial activation markers relative to those of astrocytes
(Ledeboer et al., 2005; Raghavendra et al., 2003). It appears that this initial microglial
activation then recruits the activation of astrocytes (Tanga et al., 2004).

A number of putative neuron-to-glia signals have now been documented (Figure 2). These are
reviewed below.

Neuronal chemokines
Chemokines are chemo attractant cytokines, consisting of a family of 50+ members. These
chemokines are grouped into subfamilies, based on the number and positioning of amino acid
(s) (X) inserted between cysteine (C) residues: CC, CXC, XC, and CXXXC (CX3C). While
initially thought to be of immune origin, a number of these proteins can be produced and
released by neurons as well (Stievano et al., 2004).

Fractalkine was the first chemokine discovered to be a neuron-to-glia signal. Fractalkine is
also known as the chemokine ligand (L), CX3CL1. It is the only known member of this
chemokine subfamily and the only known ligand of the fractalkine receptor (R), CX3CR1.
This is an unusual profile for chemokines, as typically a single chemokine binds to multiple
chemokine receptors and a single chemokine receptor binds to multiple chemokines (for
excellent summary tables, see
http://www.nature.com/bjp/journal/vgrac/ncurrent/full/0706562a.html). An additional unique
feature of fractalkine is that it is tethered to the extracellular membrane of neurons. This
attachment is cleaved upon strong neuronal activation, thereby forming a diffusible signaling
molecule (Chapman et al., 2000). Our investigations of the distribution of fractalkine and its
receptor in spinal cord revealed an intriguing pattern: fractalkine was expressed only by
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neurons and its receptor was expressed only by microglia (Verge et al., 2004). We observed
this arrangement under both basal conditions and in response to either inflammation or trauma
to the sciatic nerve (Verge et al., 2004). Intriguingly, the fractalkine receptor is upregulated in
pain modulatory regions of spinal cord under neuropathic pain conditions (Lindia et al.,
2005; Verge et al., 2004) and in response to ankle monoarthritis (Shan et al., 2006). Taken
together, such anatomical data suggested that this chemokine might serve as a neuron-to-
microglia signal, triggering microglial activation. The only known exceptions to this
anatomical distribution are multiple sclerosis inflammatory lesions (Sunnemark et al., 2005)
and spinal nerve trauma (Lindia et al., 2005) where novel astrocyte expression of fractalkine
has been observed.

Upon intrathecal injection of fractalkine, we observed enhanced pain responsivity (Milligan
et al., 2005; Milligan et al., 2004). We found that this pain enhancement by fractalkine is
mediated via CX3CR1 as neutralizing antibodies against this receptor prevent pain
enhancement by intrathecal fractalkine (Milligan et al., 2005). As predicted by microglial
expression of CX3CR1 in spinal cord (Verge et al., 2004), our studies revealed that fractalkine
enhances pain responsivity via microglial activation, as pain enhancement is blocked by the
microglial inhibitor minocycline. Furthermore, fractalkine enhances pain via the release of
spinal proinflammatory cytokines and nitric oxide (Milligan et al., 2005). Electrophysiological
studies reveal that fractalkine causes hyper-responsivity of spinal neurons to brush and pinch,
as well as increases in the numbers of neurons exhibiting prolonged afterdischarges indicative
of spontaneous pain and central sensitization (Owolabi and Saab, 2006). Fractalkine binding
to its receptor leads to downstream changes previously implicated in pain enhancement. For
example, fractalkine binding leads to NFκB and p38 MAP kinase activation (Stievano et al.,
2004) and production of proinflammatory cytokines and chemokines (Johnston et al., 2004;
Stievano et al., 2004).

Importantly, endogenous fractalkine modulates pain as well. Blocking spinal fractalkine
receptors delays and/or reverses neuropathic pain arising from sciatic nerve inflammation,
sciatic nerve trauma, or ankle monoarthritis (Milligan et al., 2004; Shan et al., 2006), supporting
the idea that endogenous fractalkine shed from neurons is importantly involved in the initiation
and maintenance of neuropathic pain.

Beyond fractalkine, other neuronally derived chemokines may be neuron-to-glia signals. Two
chemokine ligands of CXCR3 (CCL21/secondary lymphoid tissue chemokines; CXCL10/
interferon-inducible protein of 10 kD [IP-10]) are rapidly induced in, and released from,
damaged neurons (Biber et al., 2002; Rappert et al., 2004). Neurons not only produce CXCR3
ligands, but also package them in vesicles and transport them from the primary lesion site to
distant presynaptic terminals. This allows for remote activation of glia, as occurs in spinal cord
following peripheral nerve injury. Astrocytes and microglia each express CXCR3 mRNA and
protein (Biber et al., 2002). In addition, stimulation of glia with CXCR3 agonists induce
calcium and chloride transients as well as chemotaxis, indicating activation (Biber et al.,
2002; Rappert et al., 2002). The importance of this communication pathway is supported by
the fact that mice deficient for CXCR3 display no secondary activation of microglia in response
to entorhinal cortex lesions. Whether CXCR3 agonists induce pain facilitation upon intrathecal
injection has not yet been investigated.

A last neuronally derived chemokine that is intriguing with regards to pain-related neuron-to-
glia signaling is CCL2, also known as monocyte chemoattractant protein-1 (MCP-1). CCL2/
MCP-1 and its cognate receptor CCR2 are upregulated in damaged dorsal root ganglion
neurons (White et al., 2005). While CCR2/MCP-1 is absent in normal CNS, levels rise
following peripheral nerve injury as MCP-1 produced by injured neurons of the dorsal root
ganglia is transported to sensory terminals in the spinal cord to form a releasable pool (Zhang
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and De Koninck, 2006). These sensory projections to the spinal cord appear to be the
predominant source of CCL2/MCP-1 following peripheral nerve injury (Zhang and De
Koninck, 2006). In addition, CCR2 is upregulated in spinal cord microglia and astrocytes
following peripheral nerve injury, and these appear to be the only cell types expressing CCR2
in spinal cord (Abbadie et al., 2003; El-Hage et al., 2006). Neuronal CCR2/MCP-1 induction
is followed by surrounding microglial activation, suggestive that CCR2/MCP-1 may serve as
a trigger for spinal microglial activation (Zhang and De Koninck, 2006). Intrathecal injection
of CCR2/MCP-1 produces pain facilitation (Tanaka et al., 2004) and intrathecal administration
of neutralizing antibodies to CCR2/MCP-1 suppresses neuropathic pain (Abbadie et al.,
2003). CCR2 knock out mice exhibit less activation of spinal cord astrocytes (as reflected by
GFAP expression) and less activation of spinal cord microglia (as reflected by phospho-p38
MAP kinase expression) after peripheral nerve injury (Abbadie et al., 2003). In turn, CCR2
knock out mice exhibit greatly reduced central sensitization to inflammatory stimuli and are
reported to fail to exhibit neuropathic pain (Abbadie et al., 2003).

Neurotransmitters
Sensory neurons relay messages of “pain” to the spinal cord using a variety of
neurotransmitters, including substance P, excitatory amino acids, and ATP. As such, each may
potentially be involved in glial activation. Spinal cord astrocytes express receptors for
substance P and, upon stimulation with substance P, these astrocytes release PGE2 and IL-6
(Marriott et al., 1991). Spinal cord astrocytes also express metabotropic glutamate receptors,
ionotropic non-NMDA receptors (AMPA and kainate) and NMDA receptors (Aicher et al.,
1997; Besong et al., 2002). NMDA receptor activation leads to the activation of spinal
microglia and release of both IL-1 and nitric oxide (Tikka and Koistinaho, 2001).

Of the neurotransmitters relaying “pain”, ATP has recently become the prime focus of studies
exploring neuron-to-glia signaling. There is now strong evidence that the expression of a
specific subset of spinal cord ATP receptors, termed P2X4, is normally low under basal
conditions. Intriguingly, P2X4 receptor expression strongly upregulates in response to
peripheral nerve injury, but only on microglia (Inoue, 2006). The timecourse of P2X4
upregulation mirrors the development of neuropathic pain. Suppression of P2X4 receptor
signaling delays and reduces neuropathic pain (Inoue, 2006). Indeed, intrathecal injection of
microglia activated by ATP in vitro proved sufficient to enhance pain (Tsuda et al., 2003).
Similar to fractalkine, ATP activates microglial p38 MAP kinase and leads to the release of
microglial proinflammatory cytokines (Inoue, 2006) and plasminogen, a protein which
enhances NMDA receptor function.

In addition, under conditions that induce pain facilitation, neurons release neuromodulatory
substances including nitric oxide and PGE2 and enhance the production of the neurotransmitter
dynorphin. We have recently reported that neuronal nitric oxide enhances spinal production
and release of TNF, IL-1 and IL-6 (Holguin et al., 2004), and PGE2 has been reported to be
important in the initiation of both glial activation and neuropathic pain, but not in the
maintenance of these effects (Takeda et al., 2005). Lastly, the pain enhancing effects of spinal
dynorphin have recently been linked to selective activation of microglial p38 MAP kinase
which, in turn, leads to the release of PGE2 and IL-1 (Laughlin et al., 2000; Svensson et al.,
2005).

Substances released by damaged, dying and dead neurons
Substances released by neurons in response to their damage or death are likely relevant as
neuron-to-glia signals, as degeneration of sensory axons occurs within the spinal cord after
peripheral nerve injury, dorsal root ganglion trauma, or spinal nerve injury (Costigan et al.,
1998). As the clearance of myelin and other cellular debris is a remarkably protracted process
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continuing for many years in the human CNS compared to the periphery (Vargas et al.,
2006), this implies that substances released by injured neurons under such conditions may be
able to provide ongoing stimulation to maintain equally protracted glial activation. In addition,
there are reports of neurons in dorsal spinal cord dying secondary to peripheral nerve injury
(Scholz et al., 2005). ATP is one major substance released by damaged and dying cells. As it
is also released as a neurotransmitter in response for painful stimuli, its involvement in glial
activation has already been reviewed, above. Other candidate substances, by and large,
represent ligands for scavenging toll-like receptors (TLRs). The TLR family of receptors are
expressed primarily by immune and immune-like cells that evolved to detect “danger signals”
such as conserved motifs on bacteria and viruses, cell membrane and nuclear components
released by damage, chaperone proteins (e.g., heat shock proteins; HSP) released by damage,
etc. In response to nerve injury, TLR1, TLR2, and TLR4 have each been reported to be
upregulated in CNS, linked to production of proinflammatory cytokines (e.g., TNF, IL-1) and
chemokines (e.g., CCL2/MCP-1) (Owens et al., 2005).

In addition, lysophosphatidic acid (LPA) is a membrane phospholipid released in response to
neuronal damage, which acts via the LPA(1) receptor rather than via TLRs. LPA may be an
additional neuron-to-glia signal linked to pain enhancement (Inoue et al., 2004). LPA activates
astrocytes, leading to the expression of IL-1, IL-6 and nerve growth factor, an additional glial
product linked to pain facilitation (Watkins et al., 1997). Indeed, intrathecal LPA persistently
enhances pain responses whereas intrathecal anti-sense oligodeoxynucleotides (ODN) to the
LPA receptor inhibited peripheral nerve injury induced neuropathic pain (Inoue et al., 2004).

High Mobility Group Box 1 (HMGB1) is an example of a nuclear protein which, upon
extracellular release by cell damage or death, is a potent inflammatory mediator (Harris and
Andersson, 2004). Extracellular HMGB1 binds to and activates TLRs (Park et al., 2006). In
keeping with its potential role as a neuron-to-glia signal, we have shown that HMGB1 enhances
pain responsivity upon intrathecal administration (O’Connor et al., 2003).

The last candidate of this group is a TLR receptor (TLR4) rather than a ligand per se. TLR4
knockout mice and rats intrathecally administered TLR4 antisense ODN each display reduced:
neuropathic pain, spinal microglial activation, and spinal proinflammatory cytokines. TLR4 is
expressed only by microglia (Lehnardt et al., 2002) and is upregulated in microglia in response
to spinal nerve injury correlated with enhanced pain (Tanga et al., 2004). While
lipopolysaccharide (a component of bacterial cell walls) is well known as a TLR4 agonist,
other candidate signals include saturated fatty acids (Hwang, 2001), ATP, heat shock proteins,
and cations (Tanga et al., 2005). Thus, while the specific ligand(s) responsible for enhanced
pain resulting from TLR4 activation has yet to be identified, the involvement of TLR4 remains
intriguing nonetheless.

Taking this all together
A number of glial activators have been discussed above, based on studies of such mediators in
isolation. It is unlikely that this accurately reflects what happens in vivo. In vivo, it makes little
sense that any of these mediators act in isolation. Rather, it is far more likely that glia should
detect patterns. Just as various proinflammatory substances can act in synergy to stimulate glia,
so logically should putative neuron-to-glia signals. We expect that glia should be far more
readily triggered to activate in response to a constellation of substances that, taken together,
relay the message of peripheral nerve or tissue injury. Indeed, early evidence from our
laboratory suggests this will be the case (Wieseler-Frank et al., 2004). The existence of multiple
signals described above suggests that there could be patterns of signals to glia that indicate to
glia the type of cell damaged, the nature of the damage, and the severity of damage.
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V. How can glial activation affect neuronal activity?
It is remarkable that diverse enhanced pain states are all suppressed by inhibiting glial function
(Watkins and Maier, 2003). However, this does not provide insight into what the glial products
are that enhance pain. This issue is, in part, relatively simple and, in part, complicated.
“Relatively simple” refers to situations in which pain enhancement can be clearly linked to the
release of classical glial products, such as proinflammatory cytokines. “Relatively” simple
must be kept in mind however as sensory neurons have been shown to produce and transport
TNF to their presynaptic terminals in spinal cord after peripheral nerve injury (Shubayev and
Myers, 2002). Whether TNF is released from these damaged axons into spinal cord is as yet
unknown, but would appear reasonable to assume. Thus, the picture even for proinflammatory
cytokines may not be as clear as it began. The “in part, complicated” refers to the fact that few
substances are produced only or predominantly by glia. Neurons, like glia, can produce nitric
oxide, ATP, prostaglandins, excitatory amino acids, and so on, blurring conclusions whether
blockade of enhanced pain by antagonists/inhibitors to such mediators reflect actions on
neurons or glia.

Thus, actions of proinflammatory cytokines on neurons will be described here, as it is the
clearest example of how glial products can affect neuronal activity. This is not nearly as simple
as merely binding of proinflammatory cytokines to known neuronal receptors (Dame and Juul,
2000; Holmes et al., 2004; Ohtori et al., 2004) so to induce rapid increases of neuronal
excitability (Oka et al., 1994; Reeve et al., 2000; Samad et al., 2004). In addition, IL-1 has
been shown, including in spinal dorsal horn, to enhance neuroexcitability via indirect actions;
namely, via increasing calcium conductivity of neuronal NMDA receptors (Samad et al.,
2004; Viviani et al., 2003). This occurs via intracellular signaling pathways leading to the
phosphorylation of NMDA receptor subunits. TNF increases the conductivity of glutamatergic
AMPA receptors as well (De et al., 2003) and increases spontaneous neurotransmitter release
from presynaptic terminals (Grassi et al., 1994). TNF, and to a lesser extent, IL-1, upregulate
the neuronal cell surface expression of both AMPA and NMDA receptors while
downregulating cell surface expression of receptors for the inhibitory neurotransmitter, GABA;
hence, creating an overall increase in neuronal excitatory tone (Stellwagen et al., 2005). Lastly,
we have shown that IL-1 is implicated in neuropathy induced downregulation of G protein-
coupled receptor kinase 2 (GRK2) expression in dorsal horn neurons, an action predicted to
increase neuronal excitability by decreasing receptor desensitization (Kleibeuker et al.,
2006).

Beyond these actions, proinflammatory cytokines also lead to the release of a host of
neuroexcitatory substances, including more proinflammatory cytokines, nitric oxide, ATP,
prostaglandins, nerve growth factors, reactive oxygen species, proinflammatory chemokines
(e.g., CCL2/MCP-1, CXCL8/IL-8, CXCL10/IP-10) and BDNF (Inoue, 2006; John et al.,
2005; Sperlagh et al., 2004; Watkins et al., 1999). They can also indirectly lead to elevations
in extracellular glutamate levels via downregulation of glial and neuronal glutamate
transporters that serve to keep extracellular glutamate levels low under normal conditions
(Tawfik et al., 2006). Thus, taken together, proinflammatory cytokines exert multiple effects
with the end result of neuroexcitation.

VI. Non-neuronal cells beyond glia: might they also contribute to pain
enhancement?

Before leaving the topic of pain facilitation, it is worth noting that astrocytes and microglia
may well not be the only non-neuronal cell types capable of enhancing pain in spinal cord. As
noted above (Section II), other cell types in spinal cord can generate proinflammatory cytokines
and other neuroexcitatory substances, such as fibroblasts, perivascular macrophages, dendritic
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cells, and endothelial cells. The potential involvement of such cells in pain facilitation has not
yet been explored.

Intriguingly, immunocompetent cells exist outside the spinal cord parenchyma as well; that is,
in the meninges that enwrap and protect the spinal cord, enclosing the CSF space. Meningeal
tissues include many cell types capable of producing proinflammatory substances, including
fibroblasts, dendritic cells, macrophages, endothelial cells, and mast cells (Wieseler-Frank et
al., 2006). Indeed, we have now demonstrated that the spinal meninges elevate TNF, IL-1, IL-6
and iNOS gene expression and release TNF, IL-1 and IL-6 in response to immune activators
such as HIV-1 gp120 administered intrathecally at a dose that enhances pain (Wieseler-Frank
et al., 2006). As we have replicated these effects in vitro in the absence of circulating white
blood cells, these proinflammatory responses are being generated by cells intrinsic to the
meninges rather than by immune cells recruited from the blood (Wieseler-Frank et al., 2006).
Intriguingly, similar upregulation of proinflammatory cytokines in the meninges occur
following peripheral nerve injury, implying that the meninges are responsive not only to
inflammatory mediators within the CSF space but also to signals released by damaged sensory
afferents (Wieseler-Frank et al., 2006). Given both the density of sensory nerve fibers
innervating the meninges (Strassman et al., 2004), whose only known function is to relay pain
(Ray and Wolff, 1940), plus the intimate contact between the meninges and CSF space, these
new findings suggest that the meninges may be an under-recognized contributor to spinal pain
signaling. Consistent with this, inflammation of the arachnoid (arachnoiditis) induces back
pain (Petty et al., 2000) as does meningitis (Jeha et al., 2003; Petty et al., 2000).

VII. Glial regulation of opioid analgesia, tolerance, and dependence/
withdrawal
Responses of glia to chronic opioids: contribution to morphine tolerance and withdrawal-
induced pain enhancement

A strong case has been made that the mechanisms underlying neuropathic pain and morphine
tolerance are strikingly similar (Mayer et al., 1999). Given the strength of evidence implicating
glia in pain facilitation, including neuropathic pain, it was natural to extend this question to
whether glia were similarly involved in the production of morphine tolerance. As will be
reviewed below, it is now clear that this is indeed the case (Watkins et al., 2005).

The first report linking glia to morphine tolerance demonstrated that chronic systemic morphine
increased astrocyte activation in spinal cord (Song and Zhao, 2001). Importantly, co-
administration of fluorocitrate (a glial metabolic inhibitor) with morphine significantly
attenuated not only glial activation but also morphine tolerance (Song and Zhao, 2001). Hence
this work associatively and causally linked the two phenomena.

Work that rapidly followed in our laboratory and others strongly supported and extended these
initial observations. Chronic morphine was reported to: (a) activate microglia as well as
astrocytes (Cui et al., 2006; Raghavendra et al., 2002; Tai et al., 2006), (b) upregulate TNF,
IL-1 and IL-6 in spinal cord (Johnston et al., 2004; Raghavendra et al., 2002; Tai et al.,
2006), (c) upregulate TNF, IL-1 and IL-6 in microglia but not neurons (Tai et al., 2006), and
(d) progressively induce tolerance which was temporally correlated with increasing glial
activation and proinflammatory cytokine production (Raghavendra et al., 2004). Importantly,
morphine tolerance was slowed or reversed by either inhibition of spinal proinflammatory
cytokines (Johnston et al., 2004; Raghavendra et al., 2002; Shavit et al., 2005) or by knocking
out IL-1 signaling (Shavit et al., 2005). A link to glial p38 MAPK was reported by Cui et al.
(Cui et al., 2006) who demonstrated that: (a) intrathecal administration of morphine for 7 days
significantly increased the number of phospho-p38 MAPK positive cells in spinal cord, (b)
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this phospho-p38 MAPK expression was restricted to microglia, (c) a specific p38 inhibitor
attenuated the development of tolerance to morphine analgesia. Lastly, a link has also recently
been made to glial glutamate transporters. Chronic morphine regimens that induce tolerance
have been demonstrated to downregulate spinal cord dorsal horn glial GLAST and GLT-1
glutamate transporters (the major transporters responsible for regulating extracellular levels of
excitatory amino acids) and concomitantly upregulate extracellular excitatory amino acids
(Mao et al., 2002; Tai et al., 2006). Such data suggest that tolerance may, in part, be created
by an opposing increase in neuronal excitability due to increased ongoing stimulation by
glutamate. Attenuation of morphine tolerance by amitriptyline was associated with
upregulation of both GLAST and GLT-1 (and associated lowering of extracellular excitatory
amino acids) as well as blockade of elevated proinflammatory cytokines (Tai et al., 2006).
These seemingly independent events in fact may not be independent, as proinflammatory
cytokines inhibit glutamate uptake by astrocytes and reduce glial GLAST and GLT-1
expression (Korn et al., 2005; Okada et al., 2005). Thus, it may be that morphine stimulates
glial proinflammatory cytokines that, downstream, downregulate glial glutamate transporters,
thereby enhancing neuronal excitability. This would be in addition to the various
neuroexcitatory effects reviewed above (see Section V).

The work of Raghavendra et al. (Raghavendra et al., 2002; Raghavendra et al., 2004) and our
laboratory (Johnston et al., 2004) also revealed a role of glia in pain enhancement that naturally
occurs upon cessation of chronically administered opioids; that is, opioid withdrawal induced
pain facilitation. These studies reported that withdrawal-induced pain enhancement is blocked
by: (a) drugs or IL-10 (an anti-inflammatory cytokine) that block glial proinflammatory
cytokine production, or (b) IL-1 receptor antagonist (Johnston et al., 2004; Raghavendra et al.,
2002; Raghavendra et al., 2004).

Importantly, a link back to neuropathic pain has also been made. What is known from the
clinical and laboratory animal studies is that morphine loses its efficacy in neuropathic pain
patients and rats. That is, a state akin to tolerance prevails, despite the lack of prior opioid
exposure; hence the patients experience naive tolerance rendering opioids ineffective.
Raghavendra et al. (Raghavendra et al., 2002) demonstrated that glial activation and glial
proinflammatory cytokine production by morphine was exaggerated in rats with neuropathic
pain. Indeed, spinal inhibition of proinflammatory cytokines abolished the morphine resistance
in neuropathic animals. That is, in the presence of proinflammatory cytokine inhibition, the
analgesic efficacy of even acute morphine was restored in rats with neuropathic pain
(Raghavendra et al., 2002) and therefore the detrimental effects of naive tolerance were
ameliorated.

Responses of glia to acute opioids: opposition of acute opioid analgesia
While the research relating glia to morphine action began with a focus on morphine tolerance,
it soon became apparent that glia modulate the acute analgesic effects of morphine as well
(Watkins et al., 2005). We and others have shown that blockade of spinal proinflammatory
cytokines increases the magnitude and duration of acute analgesia to morphine (Johnston et
al., 2004; Shavit et al., 2005) and methadone (Hutchinson et al., 2006). Similarly,
administration of a neutral dose of IL-1 (i.e., a low dose exerting no detectable effects on pain
responsivity on its own) abolished, whereas knocking out IL-1 signaling potentiated and
prolonged, morphine analgesia (Shavit et al., 2005). Intriguingly, administration of IL-1
receptor antagonist immediately upon apparent cessation of morphine analgesia rapidly
“reinstates” analgesia suggesting that morphine-induced glial release of IL-1 “masks” ongoing
morphine analgesia by exerting an opposing effect (Coats et al., 2006; Hutchinson et al.,
2006; Shavit et al., 2005). Thus, IL-1 and potentially other proinflammatory cytokines, oppose
the ability of acute morphine to suppress pain.
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A parallel conclusion was reached using a very different approach, namely using sickness-
induced pain facilitation to activate spinal cord glia prior to morphine challenge. Johnston et
al. (Johnston and Westbrook, 2003;2005) demonstrated that spinal glial activation in response
to a systemic injection of LPS on day 1 prevented systemic morphine analgesia on day 2, when
no sickness induced pain facilitation remained. This effect was prevented by spinal
administration of the glial inhibitor fluorocitrate prior to LPS (Johnston and Westbrook,
2005). The reverse case may prove true as well; that is, prior morphine may enhance
proinflammatory cytokine production to a later dose of LPS. Data from microglial cell cultures
clearly indicate that priming glia with prior 24 hr co-culture with morphine led to significantly
increased release of TNF and superoxide upon LPS challenge (Chao et al., 1994).

While speculative, the above discussion suggests a solution to what has come to be called:
“paradoxical” opioid-induced pain enhancement (King et al., 2005; Mao, 2002). The
observation in humans as well as laboratory animals is that repetitive opioid exposure leads to
the development of abnormal sensitivity to pain. Initial human and laboratory animal reports
used repeated injections of opioid and hence it was argued that the development of
“paradoxical” opioid-induced pain enhancement was the result of “mini-withdrawals”
occurring between subsequent injections. However, that argument was put to rest in animal
studies employing osmotic minipumps, for example, so to ensure invariant dosage of opioid
across time. Even here, “paradoxical” opioid-induced pain enhancement began within a few
hours of opioid initiation and developed over time (Mao, 2002; Vanderah et al., 2000). As
reviewed by Mao, “collectively, these data indicate an important concept that prolonged opioid
treatment not only results in a loss of opioid antinociceptive efficacy but also leads to activation
of a pronociceptive system manifested as reduction of nociceptive thresholds.” To date,
evidence points to involvement of dynorphin release and glutamatergic NMDA receptors
(Mao, 2002). Given: (a) the progressive activation of glia with repeated opioid exposure
(including with constant opioid exposure using osmotic minipumps), (b) the evidence that
dynorphin and NMDA activate glia and induce the release of proinflammatory cytokines
(Laughlin et al., 2000), exploring whether glial activation will solve the “paradox” of opioid-
induced abnormal pain sensitivity would seem warranted for both theoretical and practical
clinical reasons.

Responses of glia to repeated opioids: contribution to opioid dependence/withdrawal
Studies of glial involvement in morphine analgesic tolerance made one additional intriguing
observation. That is, upon cessation of morphine, rats exhibited withdrawal-induced pain
enhancement indicating that morphine dependence, as well as tolerance, had been established.
This was not surprising, as dependence develops upon repetitive treatment with many drugs,
including opioids. Dependence requires continued re-exposure to opioids to avoid a withdrawal
syndrome that would otherwise occur when opioid dosing ceases. One sign of opioid
withdrawal in rats, as well as people, is pain enhancement. What was important in the studies
of Raghavendra et al. (Raghavendra et al., 2002; Raghavendra et al., 2004) and our laboratory
(Johnston et al., 2004) was that rats that had either received glial modulatory drugs or intrathecal
IL-10 to suppress proinflammatory cytokine production, or intrathecal IL-1 receptor antagonist
throughout the tolerance/dependence regimen, showed no such withdrawal induced pain
enhancement. Thus these data were the first to suggest that glia may be involved in opioid
dependence/withdrawal in addition to simply tolerance to the pain suppressive actions of
opioids.

To explore glial regulation of dependence/withdrawal, we gave rats repeated systemic
administration of morphine to establish morphine dependence. Each morphine dose was co-
administered with AV411, a blood-brain barrier permeable glial activation inhibitor (Ledeboer
et al., 2006). After the last drug dose, withdrawal was precipitated by administering the opioid
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antagonist naloxone. Rats not receiving AV411 showed robust withdrawal signs over time
(e.g., “wet dog” shakes, excessive grooming/penis licking, etc.) whereas AV411-treated rats
did not (Lewis et al., 2006). Correlated with this, we found that this systemic morphine regimen
upregulated astrocytic and microglial activation markers throughout the brain and spinal cord,
whereas AV411 maintained glial activation at near basal levels in morphine-treated rats (Lewis
et al., 2006). These data clearly suggest that glia, in addition to regulating pain facilitation,
opioid analgesia and opioid tolerance, now must be considered as contributing to the
phenomenon of morphine dependence/withdrawal as well. We would predict that inhibiting
glial activation in response to opioids would allow opioids to be more effectively used for pain
management. As fear of opioid dependence/withdrawal is cited as a major reason for
underprescribing opioids by physicians, under-medicating with opioid by nurses, and
avoidance of opioids by patients (Portenoy, 1994), preventing glia from driving dependence/
withdrawal would be predicted to have a major positive impact on healthcare.

Non-classical effects of opioids in activating glia
A point worth noting here is that it has been assumed that morphine activates glia via classical
opioid receptors, in every journal publication cited above, including our own. We have recently
begun questioning whether this is in fact true for opioid-induced glial activation. Our strategy
has been based on Hutchinson and colleagues’ studies demonstrating that opioids could
markedly affect the function of peripheral immune cells via non-classical opioid receptors
(Hutchinson and Somogyi, 2004; 2004;2005). The key point here is that classical opioid
receptors, which are the only known opioid receptors on neurons, are stereoselective. That is,
[-]-isomers are active (e.g., they bind the receptor and activate it) whereas [+]-isomers have
greatly reduced affinity and are not. Thus [-]-methadone produces pain suppression while [+]-
methadone is without effect. What is intriguing in the studies of Hutchinson et al. is that
both the [+] and the [-]-isomers of opioids were equally effective in altering the function of
peripheral immune cells both in vitro and in vivo, clearly documenting that a receptor other
than the classical opioid receptor must, by definition, be responsible for such effects
(Hutchinson and Somogyi, 2004; 2004; 2005). A structure activity relationship was also
conducted using over 20 different opioid compounds & it demonstrated that the effect on
peripheral immune cells did not occur in a manner that resembled classical opioid
characteristics.

Extending these observations to glia, we compared the effects of chronic intrathecal [-]-
morphine and [-]-methadone (both active at classical opioid receptors) to that of [+]-methadone
(inactive at classical opioid receptors) and saline. The outcome measure was dorsal spinal cord
IL-1 gene expression. The experimental outcome was that “inactive” [+]-methadone was
equally effective as [-]-morphine and [-]-methadone in increasing IL-1 mRNA compared to
saline (Coats et al., 2006). This suggests that different receptors mediate the (classical) pain
suppressive effects of morphine than its (non-classical) pain enhancing effects. If this proves
to be true, the clinical implications are enormous. This is because one should then be able to
separate these phenomena and in doing so enhance the ability of morphine to suppress pain,
reduce the development of morphine tolerance, and reduce the development of opioid
dependence/withdrawal. This predicts that such clinically relevant outcomes should be
attainable either by (a) modifying the physical structure of opioids to not obscure the classical
opioid binding site while preventing opioid binding to the (as yet unknown) non-stereoselective
receptor or (b) co-administering an [+]-opioid antagonist which blocks glial activation while
leaving neuronal activation by opioids unaltered. To date we have explored the second option
with exciting success. We have found that, indeed, [+]-naloxone potentiates the magnitude and
duration of opioid analgesia. In addition, upon chronic co-administration with morphine in a
morphine dependence paradigm, [+]-naloxone delays the development of morphine tolerance,
and decreases [-]-naloxone-precipitated withdrawal behaviors (Coats et al., 2006). Thus early
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indications are that this may well be a clinically relevant strategy for increasing opioid analgesia
while decreasing the negative consequences of repeated opioids.

VIII. How can glial activation affect neuronal responses to opioids?
This issue is obviously related to the parallel discussion in Section V, above. As we have shown
that proinflammatory cytokines are also released in response to morphine (Johnston et al.,
2004) the reader is referred back to the prior section for review of issues that are equally
pertinent here. Beyond what has already been discussed, there are additional mechanisms that
may come into play when exploring how glial activation may suppress responsivity to
morphine.

The first is that opioids can induce the release of chemokines, as well as cytokines. For example,
morphine induces the release of CCL1/MCP-1, CCL5/RANTES and CCL12/SDF-1 (El-Hage
et al., 2006). Such chemokines release in spinal cord would be predicted to enhance pain
(Abbadie, 2005).

An intriguing line of investigation has emerged indicating that chemokines can alter the actions
of opioids via a mechanism quite distinct from those discussed for proinflammatory cytokines,
above. This mechanism involves inactivation of opioid receptor function via heterologous
desensitization. Chemokines, via binding to their cognate receptors (at least CCR1, CCR5 and
CXCR4) on a cell can lead, via intracellular signaling cascades, to the desensitization/
inactivation of opioid receptors expressed on the same cell (Adler et al., 2006; Zhang et al.,
2004). Some forms of chemokine/opioid heterologous desensitization can be bidirectional,
where opioids can desensitize chemokines receptors as well as the reverse. But there appear
to be a range of possibilities including unidirectional, where only chemokines desensitize
opioid receptors and not the reverse (Adler et al., 2006). While multiple chemokines can
desensitize opioid receptors, it is not universal as CCL2/MCP-1 has no such actions (Adler et
al., 2006).

While first discovered in studies of chemokines/opioid interactions on peripheral immune cells,
the concept has proven valid for chemokines/opioid interactions on neurons as well (Adler et
al., 2006). When rats were administered CXC12/SDF1 or CCL5/RANTES into the
periaqueductal gray (a major site where morphine produces pain suppression) 30 minutes prior
to morphine or DAMGO (a mu-opioid receptor agonist), analgesia was suppressed (Szabo et
al., 2001). As AMD3100, a CXCL12 receptor antagonist, abolished the desensitization,
allowing for full opioid analgesia, this confirmed that the effects observed were mediated
through that chemokine receptor (Adler et al., 2006). Such effects are not restricted to mu
opioid receptors but rather extends equally to delta and kappa opioid receptors as well (Adler
et al., 2006).

IX. Implications for clinical pain control
The potential implications of glial involvement in the dysregulation of pain and opioid actions
are vast. Regarding pain, the fundamental, inescapable fact is that present treatments for chronic
pain fail. The drugs currently used to treat clinical pain problems were all developed to target
neurons, prior to the discovery that glia regulate pain. Present knowledge of glial regulation
of pain derives from many different laboratories using many different animal and in vitro
models, and equally as many different endpoints. Such a broad consensus cannot be ignored
and demands that novel therapies be examined in clinical trials to determine whether glially
driven pain occurs in humans as it does in laboratory animals (Watkins and Maier, 2003). While
it is difficult to change the status quo, when the status quo leaves so many pain patients in
misery, it is time to seek change.
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Beyond pain facilitation are the new data reviewed here, showing that glia compromise the
efficacy of opioids. How broadly this impacts analgesic drugs is currently unknown, but clearly
extends beyond morphine as we have observed the same effects with methadone as well (Coats
et al., 2006). The fact that non-classical opioid receptors appear to mediate the glial activating
effects of opioids suggests that the clinical efficacy of morphine and methadone, at minimum,
can be improved in magnitude and duration by separating the glial activating effects of opioids
from their pain suppressive ones. The data suggest that chemical modification of opioids may
be able to retain the portions of the molecules that bind to neuronal receptors, while avoiding
binding to the (as yet unknown) non-stereoselective receptor(s) that activate glia. Alternatively,
one can envision the day when a glial activation inhibitor would be co-administered with every
dose of opioid so as to enhance analgesia, delay the development of tolerance, and delay the
development of opioid dependence/withdrawal.

Such interventions are needed, not only because clinical pain syndromes are so poorly
controlled by drugs such as opioids, but also because present treatments of opioid dependence/
withdrawal fail as well, with extremely high rates of return to drug use (60-80%) (Ball and
Ross, 1991; Charles et al., 2003). Dependence is an expected but unwanted consequence of
opioid use, and withdrawal from opioid use is highly aversive both physically and
motivationally (Savage, 1999). Dependence can occur rapidly as withdrawal syndromes can
occur in humans after even brief opioid use (∼2 days) (Sees and Clark, 1993). This compels
humans and other organisms to seek or use opioid for relief or avoidance of withdrawal
symptoms (Savage, 1999). The aversive physical and motivational changes that comprise the
withdrawal syndrome are significant factors deterring drug-dependent humans from going
through rehabilitation (Stewart et al., 1984). If preventing glial activation can help avoid the
development of opioid dependence/withdrawal or could ease withdrawal from ongoing opioid
dependencies, then one would predict that opioid use for pain control would be far safer for
prolonged pain treatments.
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Figure 1.
Classical and non-classical views of pain transmission and pain modulation. Panel (a).
Classical pain transmission pathway. When a noxious (painful) stimulus is encountered, such
as stepping on a nail as shown, peripheral “pain”-responsive A-delta and C nerve fibers are
excited. These axons relay action potentials to the spinal cord dorsal horn. Here,
neurotransmitters are released by the sensory neuron and these chemicals bind to and activate
postsynaptic receptors on pain transmission neurons (PTNs) whose cell bodies reside in the
dorsal horn. Axons of the PTNs then ascend to the brain, carrying information about the noxious
event to higher centers. The synapse interconnecting the peripheral sensory neuron and the
dorsal horn PTN is shown in detail in panels (b) and (c).Panel (b): Normal pain. Under basal
conditions, pain is not modulated by glia. Under these circumstances, glia are quiescent, and
thus not releasing pain modulatory levels of neuroexcitatory substances. Information about
noxious stimuli arrives from the periphery along A-delta and C fibers, causing the release of
substance P and excitatory amino acids (EAAs) in amounts appropriate to the intensity and
duration of the initiating noxious stimulus. Activation of neurokinin-1 (NK-1) receptors by
substance P and activation of AMPA receptors by EAAs cause transient depolarization of the
PTNs, thereby generating action potentials that are relayed to brain. NMDA-linked channels
are silent as they are chronically “plugged” by magnesium ions. Panel (c) Pain facilitation:
classical view. In response to intense and/or prolonged barrages of incoming “pain” signals,
the PTNs become sensitized and over-respond to subsequent incoming signals The intense and/
or prolonged barrage depolarizes the PTNs such that the magnesium ions exit the NMDA-
linked channel. The resultant influx of calcium ion activates constitutively expressed nitric
oxide synthase (cNOS), causing conversion of L-arginine to nitric oxide (NO). Because it is a
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gas, NO rapidly diffuses out of the PTNs. This NO acts presynaptically to cause exaggerated
release of substance P and EAAs. Postsynaptically, NO causes the PTNs to become
hyperexcitable. Glia have not been considered to have a role in creating pain facilitation in this
neuronally driven model. Panel (d): Pain facilitation: new view. Here, glial activation is
conceptualized as a driving force for creating and maintaining pain facilitation. The role of glia
is superimposed on the NMDA-NO-driven neuronal changes detailed in (c), so only the aspects
added by including glia in the model are described here. Glia are activated (shown as
hypertrophied relative to (b), as this reflects the remarkable anatomical changes that these cells
undergo on activation) by three sources: bacteria and viruses which bind specific activation
receptors expressed by microglia and astrocytes; substance P, EAAs, fractalkine, and ATP
released by A-delta and/or C fiber presynaptic terminals (shown here) or by brain-to-spinal
cord pain enhancement pathways (not shown); and NO, prostaglandins (PGs) and fractalkine
released from PTNs. Following activation, microglia and astrocytes cause PTN
hyperexcitability and the exaggerated release of substance P and EAAs from presynaptic
terminals. These changes are created by the glial release of NO, EAAs, reactive oxygen species
(ROS), PGs, proinflammatory cytokines (for example, IL1, IL6 or TNF), and nerve growth
factor. Modified by Journal of Internal Medicine with permission, from Trends in
Neuroscience.
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Figure 2.
Summary of neuronal signals binding to microglial receptors leading to microglial
activation and associated with pain facilitation. Neurons release these signals following
specific stimulation or as a consequence of neuronal damage. As described in the main text,
these receptors and signals have been associated with chronic pain states. Receptors are
presented in bold. Neuronal signals bind chemokine receptors (Fractalkine [FKN] binds
CX3CR1; CCL2 binds CCR2; IP-10 [interferon-inducible protein] and CCL21 [secondary
lymphoid tissue chemokines] bind CXCR3); toll-like receptors (high mobility group box 1
[HMGB1] binds Toll Like Receptors 2 and 4 [TLR2 and TLR 4] and proteoglycans, heat shock
proteins [HSPs], saturated fatty acids, and cations bind TLR4); and lysophosphatidic acid binds
LPA1. Classical pain neurotransmitters are released by neurons and act on specific microglial
receptors such as adenosine triphosphate (ATP) binding P2X4; Substance P binding NK-1;
and excitatory amino acids [EAA] binding NMDA and AMPA receptors.
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FIGURE 3.
A: The classical view of opioid analgesia proposes (-)-opioid agonist isomers stereoselectively
bind to classical opioid receptors producing an inhibitory influence on nociceptive signal
transmission.
B: A growing body of literature suggests that the classical view of analgesia ignores an
important nociceptive modulatory influence driven by opioid induced glial activation resulting
from opioid agonists binding to glial opioid binding receptors which in turn increase
proinflammatory cytokine (such as interleukin-1) expression & release leading to a decrease
in opioid efficacy at the neuronal component.
C: (-)-Opioid antagonists bind to both the neuronal & glial components resulting in blockade
of any potential opioid analgesia & glial activation.
D: Due to the stereoselectivity of neuronal opioid receptors only the (-)-isomer of opioid
agonists & antagonists are able to bind. Therefore, when a combination of an opioid (+)-
antagonist & an opioid (-)-agonist are introduced to this system, the (+)-antagonist is unable
to bind to the stereoselective neuronal opioid receptor, but is able to block the non-
stereoselective glial site. The opioid (-)-agonist can act freely at the neuronal opioid receptor,
but is unable to bind to the glial site due to its blockade by the (+)-antagonist. Therefore, this
situation produces opioid receptor mediated analgesia without the opposing force of opioid
induced glial activation, thereby potentiating opioid analgesia.
E: Based on the above hypothesized series of events this schematic diagram demonstrates how
analgesia decreases over time as a direct result of increased glial activation.
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TABLE 1
Summary of pain models with glial/cytokine involvement

A. Glial activation spinal cord (microglia and/or astroglia): Pain models associated with upregulation of spinal cord microglial and/or astrocyte
activation markers:

Complete Freund’s adjuvant, subcutaneous
Formalin, subcutaneous
Phospholipase A2, subcutaneous
Zymosan, subcutaneous
Sciatic nerve injury (chronic constriction injury)
Partial sciatic nerve ligation
Sciatic nerve inflammation with zymosan
Sciatic nerve inflammation with HIV-1 gp120
Sciatic nerve inflammation with phospholipase A2
Spinal nerve transection
Spinal nerve root injury
Spinal cord injury
Bone cancer
HIV-1 gp120, intrathecal
Chronic opioids; opioid withdrawal-induced hyperalgesia

B. Prevention or reversal of pain by inhibition of spinal glial activation or
proinflammatory cytokine actions:
Model Intervention

Carrageenan, subcutaneous minocycline, IL-1 knockout
Complete Freund’s adjuvant, subcutaneous IL-1ra, IL-1 knockout
Formalin, subcutaneous fluorocitrate, IL-1ra, minocycline;

IL-1 knockout
Phospholipase A2, subcutaneous fluorocitrate, IL-1ra, sTNFR
Zymosan, subcutaneous fluorocitrate;
Sciatic nerve injury (chronic constriction injury) IL-1ra, IL-10; IL-1 knockout
Sciatic nerve inflammation with zymosan fluorocitrate, minocycline

IL-1ra, sTNFR, IL-6 antibody
Sciatic nerve inflammation with phospholipase A2 IL-1ra, anti-IL-6 , IL-10
Sciatic nerve tetanic stimulation fluorocitrate
Spinal nerve transection propentofylline, minocycline,

IL-1ra, sTNFR, anti-IL-6,
Spinal nerve root injury methotrexate; IL-1 knockout
Spinal cord injury IL-10, IL-1ra, minocycline
HIV-1 gp120, intrathecal fluorocitrate, IL-1ra, sTNFR,

minocycline
Dynorphin, intrathecal IL-1ra, IL-10
Fractalkine, intrathecal minocycline, IL-1ra, anti-IL-6

Abbreviations: IL-1ra, interleukin-1 receptor antagonist; sTNFR, soluble TNF receptor; IL-10, interleukin-10.

Modified and updated from Ledeboer et al. (Ledeboer et al., 2006).

For complete references, see (Hains and Waxman, 2006; Honore et al., 2006; Ledeboer et al., 2006; Obata et al., 2006; Watkins et al., 2005)
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