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Abstract

This review examines recently recognized roles of immunological processes in pain modulation and explores the potential impli-
cations of these immunologically derived phenomena for human chronic pain control. The focus is an examination of how activa-
tion of immune-like glial cells within the spinal cord can amplify pain by modulating the excitability of spinal neurons. Such glially
driven enhancement of pain can be physiological, as occurs in response to peripheral infection or inflammation. Here, immune-to-
brain-to-spinal cord communication leads to pain enhancement (hyperalgesia) as one component of the well-characterized sickness
response. This sickness-induced hyperalgesia, like many sickness responses, is mediated by the activation of glia and the consequent
release of proinflammatory cytokines. However, glially driven pain can also occur under pathological conditions, such as occurs
following peripheral nerve inflammation or trauma. Here, immune- and trauma-induced alterations in peripheral nerve function
lead to the release of substances within the spinal cord that trigger the activation of glia. Evidence is reviewed that such patholog-
ically driven glial activation is associated with enhanced pain states of diverse etiologies and that such pain facilitation is driven by
glial release of proinflammatory cytokines and other neuroexcitatory substances. This recently recognized role of spinal cord glia
and glially derived proinflammatory cytokines as powerful modulators of pain is exciting as it may provide novel approaches for
controlling human chronic pain states that are poorly controlled by currently available therapies.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

While acute pain is a normal, physiological, and
adaptive response to noxious stimuli, chronic pain is a
maladaptive, pathological condition. Chronic pain in
people fails, by-and-large, to be controlled by currently
available drugs. An effective drug for human chronic
pain is one that provides only partial relief for one out
of five patients, while the remaining four patients expe-
rience no relief from pain (McQuay et al., 1995, 1996).
Why these drugs fail is an enigma, but may be due to
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the fact that all of the currently available drugs target
neurons. The present review examines why targeting
neurons may not be an optimal strategy for treating this
debilitating condition. Furthermore, it proposes that ba-
sic principles of neuroimmunology may provide novel
approaches for resolving the immense human suffering
caused by chronic pain.

Classically, the pain pathway has been conceived of as
a chain of neurons from periphery to cerebral cortex, in
which one neuron relays pain information to the next neu-
ron in line, and so on. Decades of research have clearly
shown that pain transmission along this neuronal path
canbemodulated by pain suppressive and pain enhancing
circuitry, again comprising neurons. In the past few years,
it has become clear that non-neuronal cells of the central
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Fig. 1. Glial activation in the spinal cord dorsal horn leads to
enhancement of pain, called hyperalgesia. (A) Peripheral immune
activation results in sickness responses, including sickness-induced
hyperalgesia, via immune-to-brain communication. This panel illus-
trates one well-characterized circuit. In this example, phagocytic
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nervous system (CNS) also play pivotal roles in pain facil-
itation and can result in hot, cold, and hard pressure pains
being grossly amplified and even warm, cool, and light
touch being perceived as pain. These key nonneuronal
players in pain are glia; specifically, activated microglia
and astrocytes. These are immunocompetent cells of the
CNS. As such, they are activated by classical immune
stimuli such as viruses, bacteria, and trauma. However,
they are also now known to be activated by substances re-
leased by neurons within the spinal cord. These spinal
neuronal signals are released in response to inflammation
and damage in the body, conditions which lead to both
glial activation and glially driven pain facilitation (see
Fig. 1).

The thesis of this review is that glia act as a ‘‘volume
control’’ for pain. As will be discussed below, glia are
not involved in normal, everyday pain. But they are crit-
ically involved in pain enhancement. When glia become
activated, they amplify pain by amplifying the messages
relayed by sensory nerves to the spinal cord, and by
amplifying the spinal pain message relayed to the brain.

This review will be organized in a series of sections,
beginning with a brief overview of normal and abnormal
pain processing. This will be followed by a discussion of
how the study of immune-to-brain communication
helped lead to the realization that spinal cord glia can
powerfully modulate pain, both physiologically (e.g.,
as part of the sickness response) and pathologically
(e.g., in response to peripheral inflammation and
trauma).
immune cells (e.g., macrophages) release interleukin-1 (IL1) and
other proinflammatory substances upon activation by pathogens
(e.g., bacteria). The released IL1 binds to IL1 receptors expressed by
sensory paraganglia associated with sensory fibers of the vagus. This,
in turn, activates the vagus, leading to immune-to-brain communi-
cation. Once these signals reach the brain, fever and other sickness
behaviors are created via the release of glial IL1 and other
proinflammatory substances. Sickness-induced hyperalgesia is created
by an immune-to-brain-to-spinal cord dorsal horn pathway, again
being mediated by glial release of proinflammatory substances such
as IL1. (B and C) show an alternative route leading to spinal cord
dorsal horn glial activation and hyperalgesia. As illustrated in (B),
activation of phagocytic immune cells (e.g., macrophages) around an
otherwise healthy peripheral nerve (e.g., sciatic nerve) leads to the
release of proinflammatory cytokines (TNF, IL1, and IL6), as well as
other proinflammatory substances. These mediators act directly on
the sciatic nerve. The sensory nerves of the sciatic terminate in the
spinal cord dorsal horn and, as such, inflamed nerves lead to
activation of glia in this region. Glial activation, in turn, results in
hyperalgesia. (C) Provides a more detailed accounting of how such
hyperalgesia occurs. Pain-responsive peripheral nerve fibers synapse
within the spinal cord dorsal horn, releasing glial-excitatory sub-
stances such as neurotransmitters (NT; e.g., ATP, glutamate, and
substance P), nitric oxide (NO), prostaglandins (PG), fractalkine
(FKN), and others. Glia that become activated in response to these
neurally derived signals, in turn, release neuroexcitatory substances,
including proinflammatory cytokines (PICs), NO, PG, and others.
The result is amplified sensitivity of pain neurons, resulting in
hyperalgesia (Panel A is Reprinted, with permission, from the Annual

Review of Psychology, Volume 51 � 2000 by Annual Reviews
www.annualreviews.org).
2. Pain is normally adaptive and dynamic

The sensation of pain normally serves to protect the
organism from harm, triggering immediate behavioral
responses to prevent, or at least minimize, tissue dam-
age. In addition, pain is a powerful motivator for learn-
ing about dangers and how to avoid them. Painful
stimuli, such as acids, heat, cold, and hard pressure, acti-
vate specific receptors expressed on nerve endings. These
receptors are expressed only by a select sub-population
of peripheral nerves, called A-delta and C fibers, which
are responsible for conveying information about painful
stimuli from peripheral tissues to the spinal cord.

Upon reaching the spinal cord, these pain-responsive
A-delta and C fibers synapse on neurons within a spe-
cialized spinal cord region called the dorsal horns. With-
in the dorsal horns are neurons that transmit the pain
information to the brain. This description seems to im-
ply that pain is passively relayed from the periphery to
the brain, with each neuron in line maintaining an accu-
rate representation of the painful stimulus encountered
in the outside world. This is not the case. Pain signals
can be dynamically modulated in the spinal cord dorsal
horns, with pain signals being suppressed, amplified, or
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relayed unaltered. Under normal, physiological situa-
tions, such pain modulation is adaptive.

It is adaptive to suppress pain, for example, when an
organism encounters life-threatening events. In such a
situation, there is a classic ‘‘fight or flight’’ stress re-
sponse. One component of the constellation of changes
that ensues is the release of a variety of neurotransmit-
ters/neuromodulators within the spinal cord dorsal
horns, including endogenous opiates (endorphins and
enkephalins) (Kelly, 1986). Spinal release of these mor-
phine-like peptides creates ‘‘stress induced analgesia,’’
where ‘‘analgesia’’ means ‘‘without pain.’’ Thus, during
emergency situations, endorphins and enkephalins can
act within the dorsal horns to prevent pain messages
from ever reaching the brain. This is highly adaptive
when pain from tissue damage may hinder success in
escaping life-threatening situations.

Similarly, it is adaptive to amplify pain, such as in re-
sponse to tissue injury. The exquisite sensitivity of sun-
burned skin to heat and light touch is one simple
example of such enhancement. In this case, a normally
warm sensation would be experienced as a burning sen-
sation on sunburned skin, and light touch that is nor-
mally innocuous is now painful. The sensory
information is being amplified in the spinal cord dorsal
horn resulting in a much lower pain threshold. The
heightened sensitivity reminds the organism to care for
and protect the injury, and to avoid the cause of the pain
in the future (Willis, 1992). This type of pain is referred
to as ‘‘hyperalgesia,’’ meaning ‘‘exaggerated pain.’’
Hyperalgesia can result from increased excitability of
peripheral pain fibers, which increases the release of neu-
rotransmitters (such as glutamate and substance P) that
signal pain to the spinal cord. Hyperalgesia can also re-
sult from the production and release of excitatory neu-
romodulators within the dorsal horns, such as nitric
oxide and prostaglandins. These enhance pain both by
increasing the amount of neurotransmitter released by
pain fibers synapsing in the dorsal horns and by increas-
ing the excitability of dorsal horn neurons that relay
pain information to the brain.
3. Pain processing can become pathological

Normally, pain is experienced as an acute event.
When the pain continues well after an injury has
healed, such pain is no longer adaptive. It is at this
point that pain is called pathological. Under such con-
ditions, pain becomes grossly amplified to a point at
which even warm, cool, and light touch are now per-
ceived as painful. Thus, for example, chronic pain pa-
tients find clothing or bedsheets unbearable when these
come in contact with the affected area. Body regions
beyond the site of damage may also exhibit exagger-
ated pain responses, despite the fact that the area is
not innervated by the damaged nerves. These sensa-
tions are referred to as ‘‘extra-territorial pain’’ because
the pain arises outside the skin territory normally
innervated by the damaged nerve. Additionally,
chronic pain patients may report pain as arising from
the corresponding body part on the opposite, healthy
side of the body. This is called ‘‘mirror-image pain’’
(Tal and Bennett, 1994).

As described above, pain signaling has traditionally
been described as being formed by a serial chain of neu-
rons, with sensory neurons relaying pain information to
spinal cord neurons, which then relay pain messages to
neurons in the brain. In the light of this conception, it
was completely logical to assume that pathological pain
must be caused by malfunctioning neurons. Given this
assumption, all the early studies (and the vast majority
of recent studies as well) have sought to understand
the etiology of pathological pain by identifying what
goes wrong with neurons in the pain pathway. And, in-
deed, many neuronal changes have been identified in
animal models of such pain states. For example, pain
neurons can become spontaneously active, causing the
spinal release of their neurotransmitters in the absence
of a painful stimulus. Neuronal calcium channels can
also be altered, increasing the excitability of A-delta
and C fibers. These are just two of many plastic changes
that are now well documented (Woolf, 2004). However,
the troubling fact remains that drug therapies that target
such neuronal changes do not, for the most part, control
human pathological pain. We will present evidence for
why such failure may occur. We will argue that glia
are dynamic modulators of spinal pain transmission,
and that glia, via their release of proinflammatory cyto-
kines, may be critically involved in the creation and
maintenance of pathological pain. The drug therapies
that target neurons do not block or reduce these glial
processes.
4. Historical overview: sickness, proinflammatory

cytokines, and pain

While a number of presumed neuronally released
neuromodulators, like nitric oxide and prostaglandins,
have long been implicated in spinally mediated pain
facilitation, substances released from activated glia, such
as proinflammatory cytokines, have not. This is because
glia have not been classically thought to regulate neuro-
nal function. Only recently has it become clear that glia
are able to significantly influence neuronal activity (re-
viewed in Araque et al., 1999). Indeed, neuronal syn-
apses are dependent on astrocytes, as astrocytes are
now recognized to be integrally involved in synaptic
plasticity. As this new understanding of glia–neuronal
interactions is emerging, coupled with the expression
of proinflammatory cytokine receptors on the cell sur-
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face of neurons, the ability of glia to modulate neuronal
activity via the release of proinflammatory substances is
necessary to consider.

The discovery that glia and glially derived proin-
flammatory cytokines may be involved in pain modu-
lation arose from studies of the ‘‘sickness response’’
(reviewed in Maier and Watkins, 1998). The ‘‘sickness
response’’ includes a wide-ranging constellation of
changes triggered by peripheral immune challenge
(Hart, 1987). These adaptive changes are evolutionarily
old and occur across a wide range of species. Sickness
responses include physiological (fever and increased
white blood cell count), endocrinological (activation
of the hypothalamo-pituitary axis and sympathetic ner-
vous system), and behavioral changes (e.g., decreased
social interaction and decreased food and water
intake).

It is important to note that, similar to normal pain,
these sickness responses are adaptive. The induction of
these behaviors supports the survival of the organism
during times of infection or injury. For example, fever
enhances survival of the organism by increasing the
organism�s core body temperature to the point that
some pathogens cannot replicate, while simultaneously
stimulating the replication of the host�s white blood cells
(Kluger et al., 1998). We have reasoned that pain facil-
itation may actually be part of this sickness pattern
and also function to promote recuperation during times
of infection and injury. Indeed, a variety of agents that
induce sickness (e.g., lipopolysaccharide) proved to pro-
duce hyperalgesia.

A substantial body of research has indicated that
sickness responses to peripheral infection are induced
by a cascade of events that begin with the release of pro-
inflammatory cytokines in the periphery. These cyto-
kines in turn signal the brain via both neural and
blood-borne routes, initiating the brain processes that
are involved in the mediation of host defense and that
create the behavioral, and many other aspects of sick-
ness. Interestingly, these brain processes include the pro-
duction of proinflammatory cytokines, largely by glial
cells, and these brain cytokines are critical in the media-
tion of sickness responses.

Because hyperalgesia seemed part of the sickness re-
sponse, it was natural to wonder whether pain facilita-
tion might also be mediated by glially derived
proinflammatory cytokines, but this time in the spinal
cord. Indeed, this possibility has been supported. Dur-
ing sickness, proinflammatory cytokines and glial acti-
vation are induced in the spinal cord, and these spinal
cytokines are critical to the mediation of sickness-in-
duced enhanced pain.

It is important to point out that, as with other com-
ponents of the sickness response, sickness-induced
hyperalgesia is physiological, and not pathological. It
is a normal, naturally initiated, and naturally resolved
alteration in organismic functioning. However, the
question then becomes: how does a normal physiolog-
ical response become pathological? One answer may be
that there is simply more than one way to activate
glia. The discussion above suggests that a normal,
physiological pathway to activate glia is via the im-
mune-to-brain-to-spinal-cord pathway initiated by the
sickness response. The endproduct here is spinal cord
glial activation, glial release of proinflammatory cyto-
kines, and consequent pain enhancement. This sug-
gests that anything that induces spinal cord glia to
take on a proinflammatory profile could potentially
create pain enhancement. Since spinal glial cells are
activated in response to spinal inflammation, central
or peripheral trauma, and other non-physiologic
events, these glia could potentially induce pain
enhancement under such circumstances. And, indeed
they do. Evidence for this conclusion will be discussed
in the following sections.

Interestingly, at the same time that the existence of
sickness-induced hyperalgesia was becoming appreci-
ated and the role of spinal cord glia and proinflam-
matory cytokines in this phenomenon were clarified,
a completely independent line of research was also
leading to the conclusion that glia play a modulatory
role in pain. It had been known for many years that
trauma or injury to peripheral nerves leads to glial
activation in the CNS, both in the brain and spinal
cord. Trauma to peripheral motor nerves leads to glial
activation around the axotomized motor neurons,
while trauma to peripheral sensory nerves leads to
glial activation in the region of degenerating central
terminals. However, this glial activation was not
known to be related to the pain produced by nerve in-
jury until the early-to-mid 1990s. Garrison et al.
(1991) were the first to make the connections between
nerve damage-induced glial activation and nerve dam-
age-induced pain facilitation. They examined the
expression of glial fibrillary acidic protein (GFAP),
the major astrocyte structural protein that is upregu-
lated during glial activation. GFAP expression was
analyzed in rats that had undergone sciatic nerve
chronic constriction injury (CCI), a classic rat model
of neuropathic pain (that is, pathological pain arising
as the result of inflammation or trauma to peripheral
nerves). First, they found, not surprisingly, that CCI
activates astrocytes (Garrison et al., 1991). However,
Garrison et al. also reported that a pharmacological
manipulation that blocked CCI-induced hyperalgesia
blocked astrocyte activation (Garrison et al., 1994).
This finding stimulated other laboratories to explore
whether glial activation is strongly correlated with
pain facilitation. Indeed, every animal model of pain
facilitation that has been studied has shown a positive
relationship between hyperalgesia and glial activation
in the spinal cord.
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5. Glia: immunocompetent cells of the CNS

As used here, the term ‘‘glia’’ refers to both microglia
and astrocytes. These two cell types are very similar in
terms of the stimuli that activate them, and both are
activated by conditions that induce pain facilitation.
When activated, each can further activate the other,
leading to the release of a variety of neuroexcitatory
products. Many of these products of activated microglia
and astrocytes can enhance pain transmission in the
spinal cord dorsal horns.

Before proceeding to a discussion of glial modulation
of pain, it is important to first understand basic glial
physiology. Glia are referred to as ‘‘resting’’ when they
are in a normal, basal state. However, the level of basal
activity differs between astrocytes and microglia. Rest-
ing astrocytes actively regulate extracellular ion and
neurotransmitter concentrations, availability of neuro-
transmitter/neuromodulator precursors to nearby neu-
rons (Schousboe and Westergaard, 1995), and
extracellular pH (Ransom, 1992). Thus, normal, basal
activity for astrocytes is active maintenance of homeo-
stasis in their microenvironment. In contrast, microglia
exhibit minimal activity in their basal state. To date,
no function has been identified for resting microglia.
Resting astrocytes and microglia are activated in re-
sponse to CNS trauma, ischemia, tumors, neurodegen-
eration, viruses, and bacteria, as well as by a variety of
neurotransmitters and neuromodulators.

The transition of astrocytes and microglia from their
basal to activated states is associated with changes in
morphology, receptor expression, and released sub-
stances. While resting astrocytes have many thin pro-
cesses, activation is associated with hypertrophy and
increased production of intermediate filaments (e.g.,
GFAP) (Ridet et al., 1997). Microglia undergo remark-
able anatomical changes as well. At rest, microglia have
a ramified morphology with many thin processes, and
low receptor expression. Microglial activation is a
graded event that is reflected in associated morphologi-
cal changes (Kreutzberg, 1996). As microglia become
increasingly stimulated, their processes gradually short-
en and become plumper. With increasing stimulation,
microglial processes can become completely retracted
so that the cell assumes an amoeboid morphology.
Microglial activation is also identified by upregulation
of cell surface markers and receptors (e.g., complement
3 receptors), and/or functional changes (e.g., migration
to area of injury and phagocytosis). Upon activation,
both microglia and astrocytes can synthesize and release
proinflammatory products.

Of particular relevance to our discussion here is the
immunocompetent nature of these cells as they become
activated. Glial cells are considered to be immunocompe-
tent cells because they are activated by viral and bacterial
components. The behavior of microglia following immu-
nogen activation is very similar to that seen in stimulated
peripheral macrophages in that they upregulate comple-
ment 3 receptors (activation of the complement system
is an initial event in innate immune stimulation), increase
phagocytosis, increase release of reactive oxygen and
nitrogen species, increase release of chemokines, and in-
duce the proinflammatory cytokine cascade (Kreutzberg,
1996). Also consistent with peripheral macrophage re-
sponses is the expression of major histocompatibility
complex class II (MHCII) molecules and costimulatory
molecules, B7 and CD40 by activated microglia, indi-
cating that microglia are able to present antigen to
T-cells in the CNS (Kreutzberg, 1996). The role of
astrocytes as immunocompetent cells is similar to
peripheral macrophages in that, when stimulated with
an immunogenic substance upon activation, they re-
spond by upregulating reactive nitrogen species, release
of chemokines, and the induction of the proinflamma-
tory cytokine cascade (Dong and Benveniste, 2001).
Astrocytes have also been shown to be capable of
phagocytosis, and expression of MHCII with costimula-
tory molecules. These abilities have been demonstrated
under extreme conditions (i.e., direct stimulation with
interferon-gamma), or in established pathological con-
ditions, and as such it is still unclear if astrocytes act
as antigen-presenting cells in less severe conditions.

A last point that bears noting is that glia show regio-
nal heterogeneity in their receptor expression and re-
sponse profile. Within the spinal cord, glia can express
receptors not found on glia in many other CNS regions.
For example, the spinal cord is one of the few CNS sites
where glia express receptors for substance P, a neuro-
transmitter released by pain fibers that synapse in the
spinal cord dorsal horn (Marriott et al., 1991). Indeed,
regional heterogeneity is also observed across sub-re-
gions of the spinal cord. While few studies have focused
on this issue, it is intriguing that glia in pain modulatory
regions of the dorsal horn are selectively responsive to
conditions leading to pain facilitation. Only these spinal
cord glia alter their expression of chemokine receptors,
glutamate transporters, and prostaglandin synthesis en-
zymes under pathological pain conditions.
6. Sciatic inflammatory neuropathy: hyperalgesia

and glial activation

As already noted, hyperalgesia can be viewed as a
component of the sickness response that results from
peripheral immune activation. The immune-to-brain
communication that initiates sickness employs both
blood-borne and neural routes, with the vagus nerve hav-
ing been shown to carry the peripheral nerve part of the
‘‘message’’(Watkins and Maier, 1999). These immune-
to-brain communication pathways induce the produc-
tion of proinflammatory cytokines in the brain and
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spinal cord, whereby spinal proinflammatory cytokine
release mediates sickness-induced hyperalgesia, similar
to other more classical sickness responses. This raises
the question of whether there is something sacred about
vagal communication with the CNS or whether other
peripheral nerves may function in a manner similar to
the vagus nerve, so as to activate spinal cord glia and re-
lease proinflammatory cytokines at this site, as well.

Prior to describing immune-to-CNS communication
via nerves other than the vagus, one issue should be ad-
dressed. As noted in the ‘‘Introduction’’ section of this
review, normal pain serves adaptive functions. In con-
trast, pathological pain is defined as amplification of
pain well beyond the point of healing. That is, patholog-
ical pain no longer serves to signal active inflammatory
or traumatic events. Where the line between adaptive
and pathological pain lies in animal models is clouded,
as animal models were developed to mimic human path-
ological pain states but on a greatly compressed time-
scale. Thus, inflammation and trauma are, by and
large, still present in such animal models, despite the
data being described as relevant to human pathological
pain conditions. Because the animal models of neuro-
pathic pain are studied as models of human pathological
pain states, the term ‘‘pathological pain’’ will be as-
cribed to them, below. However, it should be recognized
that these responses in laboratory animals are arguably
still adaptive sickness responses to ongoing inflamma-
tion and trauma. This fact does not minimize the impor-
tance of the discovery that non-vagal neural pathways
can tap into and drive pain facilitatory circuitries.

To examine whether peripheral nerves other than the
vagus can induce sickness-like changes in pain, we have
developed the sciatic inflammatory neuropathy (SIN)
model. To induce SIN, an immunogenic stimulus is
delivered directly around the sciatic nerve at mid-thigh
level. This procedure creates an inflammation along a
large nerve bundle, not at sensory nerve terminals in
the skin. The design of the model is such that the stim-
ulus is restricted to the sciatic nerve, resulting in an
inflammatory response solely around this nerve bundle
(Milligan et al., 2003). Gelfoam is placed around a sec-
tion of the nerve, without damaging the nerve, and a
catheter is placed into the gelfoam and brought to the
exterior of the rat. Later, after the rat has recovered
from the surgery, an immunogenic stimulus such as
zymosan (yeast cell walls) is injected into the gelfoam.
This brings immune cells such as macrophages and neu-
trophils to this site. When the immune cells contact the
zymosan they release their normal inflammatory prod-
ucts near the nerve. A low dose of zymosan produces
unilateral hyperalgesia ipsilateral to the injection site,
while a higher dose of zymosan induces bilateral hyper-
algesia. In other words, greater immune activation
around one sciatic nerve caused the unilateral hyperalge-
sia to become ‘‘mirrored’’ on the contralateral side. This
mirror-image pain is a result of spinal cord sensitization,
and not due to systemic spread of the zymosan chal-
lenge. As noted previously, this mirror-image pain pat-
tern is also reported by some chronic pain patients.

Similar to vagally mediated sickness-induced hyperal-
gesia, glial activation is causal to SIN-induced hyperal-
gesia. This conclusion derives from findings indicating
that the peri-spinal administration of glial-specific inhib-
itors blocks and/or reverses SIN-induced hyperalgesia.
For example, fluorocitrate blocks the activity of both
astrocytes and microglia, but has no effect on neurons
at appropriates dosages. When administered over spinal
cord prior to peri-sciatic inflammation, fluorocitrate
completely blocks the onset of hyperalgesia (Milligan
et al., 2003). Minocycline allows a more selective meth-
od for analyzing glial involvement in pain. Minocycline
is a semisynthetic, second generation tetracycline deriv-
ative that selectively inhibits microglial activity indepen-
dent of its antibiotic effects. Similar to the effects seen
with fluorocitrate, minocycline administered prior to
peri-sciatic immunogen administration blocks the onset
of hyperalgesia (Ledeboer et al., 2004). When adminis-
tered shortly after the establishment of hyperalgesia,
minocycline attenuates the existing hyperalgesia. How-
ever, after a week of ongoing SIN-induced hyperalgesia,
minocycline no longer had any effect on behavior. These
data suggest that microglial activation is essential for the
initiation of SIN-induced hyperalgesia, but that a cas-
cade occurs whereby microglial involvement in the
ongoing pain state fades with time.

The relative contribution of microglia and astrocytes
to pain facilitation is an active area of ongoing investiga-
tion. At this point, it appears that microglia initiate
hyperalgesia, whereas astrocytes are responsible for
maintaining the pain state. Consistent with these conclu-
sions, immunohistochemical staining for the complement
3 receptor (microglial activation marker) and GFAP
(astrocyte activation marker) indicates that microglia
are most activated during the development of hyperalge-
sia, while astrocytes are most activated during the main-
tenance of hyperalgesia, with initial astrocyte activation
delayed relative to that ofmicroglia (Colburn et al., 1997).

It should also be noted that these glial inhibitors do
not alter normal pain processing (Milligan et al., 2003;
Ledeboer et al., 2004). Glia are not activated in response
to acute normal pain, and thus do not release pain
enhancing substances under this circumstance. It is only
when glia become activated that they release substances
leading to hyperalgesia.
7. Linkage between spinal proinflammatory cytokines and

hyperalgesia

In response to specific neuronal signals activated glia
can release the proinflammatory cytokines, tumor
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necrosis factor (TNF), interleukin-1 (IL1), and interleu-
kin-6 (IL6). Proinflammatory cytokines do not appear
to be constitutively released in the spinal cord, at least
to any degree that alters pain processing. Similar to
results with the glial inhibitors, pharmacological block-
ade of the activity of proinflammatory cytokines does
not interfere with normal acute pain (Milligan et al.,
2003).

The release of proinflammatory cytokines is one key
means by which glia signal neurons as well as other glia.
In the spinal cord, proinflammatory cytokines have been
implicated in the production of hyperalgesia. For exam-
ple, spinally released TNF, IL1, and IL6 have each been
demonstrated to be important for the expression of SIN-
induced pain changes. Peri-spinal administration of
agents that block the actions of proinflammatory cyto-
kines blocks the induction and maintenance of SIN-in-
duced hyperalgesia (Milligan et al., 2003). Consistent
with these findings, studies employing spinally delivered
cytokine antagonists indicate that proinflammatory
cytokines are critical for the induction of exaggerated
pain in diverse models of pain facilitation, including
those arising from tissue inflammation, peripheral nerve
inflammation, peripheral and spinal nerve trauma,
spinal cord inflammation, and spinal cord trauma (Mel-
ler et al., 1994; Sloane et al., 2004; Sweitzer et al., 2001;
Watkins et al., 1997). Thus, proinflammatory cytokines
are broadly involved in spinally mediated pain facilita-
tion. Furthermore, upregulation of spinal proinflamma-
tory cytokines has been reported to be associated with
pain facilitation of diverse etiologies. Lastly, peri-spinal
administration of either IL1, TNF, or IL6 protein in-
duces enhanced pain responses and/or enhanced electro-
physiological indices of enhanced pain transmission
(DeLeo et al., 1996; Falchi et al., 2001; Reeve et al.,
2000). Taken together, the data reviewed above indicate
that spinal proinflammatory cytokines may be necessary
and sufficient for the induction and maintenance of
hyperalgesia.
8. Glia and mirror image pain

It may be recalled that mirror image pain is a form of
hyperalgesia that is perceived to arise from the healthy,
opposite side of the body relative to the original injury
site. As noted above, mirror image pain is observed in
the SIN model of neuropathic pain following intense
peri-sciatic inflammation. In addition, mirror image
pain is observed following frank nerve trauma induced
by CCI (Paulson et al., 2000). In CCI, the sciatic nerve
is loosely ligated with immunogenic sutures at mid-thigh
level, a manipulation that causes nerve trauma to, and
an intense inflammatory response of, the sciatic nerve.
The spread of pain to the mirror-image side of the body
suggests that signals from one side of the spinal cord are
somehow being conveyed to the other side. While it is
tempting to assume that proinflammatory cytokines
serve this role, proinflammatory cytokines have very
short half-lives. Thus, some other mechanism is likely
to be involved in the creation of mirror-image pain.

Interestingly, astrocytes are able to communicate
with each other via inter-cellular gap junctions, indepen-
dent of the release of excitatory substances. Such gap
junctions are a possible mechanism by which glia can
create mirror-image pain. Gap junctions are channels
between cells that allow for the direct movement of ions
and second messengers from one cell to the next (Derm-
ietzel, 1998). Within the spinal cord, astrocytes share
gap junctions with other astrocytes, allowing groups of
astrocytes to act in syncytiums (group of cells sharing
small cytoplasmic substances allowing for synchronous
activity). Therefore, when one astrocyte is activated,
the activation can spread along the syncytium. This
spread of excitation can lead to the activation of distant
glia and consequent release of neuroexcitatory sub-
stances from these newly activated cells. Thus, gap junc-
tions provide a mechanism for the intra-spinal spread of
excitation that could create mirror-image pain.

To date, only one study has explored the potential
role of gap junctions in mirror image pain. Peri-spinal
administration of the gap junction decoupler, carbenox-
olone, blocked the mirror image pain associated with
both SIN and CCI, while leaving hyperalgesia unaltered
in the SIN- or CCI-affected limb (Spataro et al., 2004).
As carbenoxolone is known to have non-specific effects
beyond decoupling gap junctions, the effects of glycrrh-
etinic acid were examined as well. Glycrrhetinic acid
shares all known activities of carbenoxolone except that
it fails to decouple gap junctions. The failure of glycrrh-
etinic acid to mimic the effects of carbenoxolone on mir-
ror image pain lends support to the conclusion that gap
junctions mediate this pain phenomenon. Since neurons
within the spinal cord appear to share very few gap junc-
tions, the effects of peri-spinal carbenoxolone are most
likely due to the decoupling of junctions among spinal
cord astrocytes. These findings point to a new explana-
tion of pain that arises in otherwise healthy body parts.
9. Summary and conclusions

Sickness responses include a broad constellation of
adaptive changes that occur in response to immune chal-
lenge. Pain enhancement (hyperalgesia) is just one com-
ponent of this survival-oriented response. It, like many
more classical sickness responses, was discovered to be
mediated by glial activation and release of proinflamma-
tory cytokines. This was a novel and surprising finding
from the perspective of the pain field, which had as-
sumed that glia had no role in pain. This new view of
glial cells as powerful enhancers of pain raised the ques-



J. Wieseler-Frank et al. / Brain, Behavior, and Immunity 19 (2005) 104–111 111
tion of whether these immune-like cells may be impor-
tantly involved in pathological pain conditions. Indeed,
they are. Glial activation and their release of proinflam-
matory cytokines are now recognized to be importantly
involved in the creation and maintenance of enhanced
pain states of diverse etiologies. Indeed, it is striking that
there has yet to be a single report documenting that
spinal cord glia are not involved in the mediation of en-
hanced pain responses. This pervasive involvement of
glia in pain facilitation argues for the development of
novel approaches to clinical pain control by targeting
glia and their neuroexcitatory products.
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