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Neuropathic pain results from injury or disease caus-
ing dysfunction at any level of the somatosensory
(primarily spinothalamic) system, including periph-
eral nociceptive axons, dorsal root ganglion (DRG),
dorsal horn, spinothalamic pathway, and thalamus.
The manifestations of neuropathic pain, including
spontaneous pain, hyperalgesia, and thermal and me-
chanical allodynia, reflect excessive excitability of pe-
ripheral nociceptors (peripheral sensitization),
central nociceptive neurons (central sensitization), or
both. Sensitization reflects maladaptive plastic
changes in the nociceptive system that result directly
from axonal injury and from the effects of products
of inflammation. There is abundant evidence that
activation of microglia and astrocytes in the dorsal
horn is common and constitutes an important ampli-
fication mechanism leading to neuropathic pain in
the setting of peripheral nerve or spinal cord injury.
Activated glial cells are also involved in sensitization
of brainstem and thalamic neurons at a distance from
the site of injury. The complex roles of the central
glia and its mediators in the mechanisms of neuro-
pathic pain have been extensively reviewed.1-9

NORMAL PAIN SIGNALING PAIN PROCESS-
ING The components of transmission of nociceptive
information (“pain system”) include the nociceptive
neurons of the DRG with unmyelinated C- and
small myelinated A� axons that activate different
types of neurons in the dorsal horn, particularly in
lamina I and lamina V, which project via parallel
pathways to the thalamus and to the brainstem. The
primary DRG afferents also activate excitatory and
inhibitory interneurons in lamina II that exert local
control on nociceptive transmission.10-12 Similar or-
ganization occurs in the nociceptive trigeminal sys-

tem. The nociceptive DRG neurons express different
types of voltage-gated sodium (Na�) channels (par-
ticularly Nav1.7, Nav1.8, and Nav1.9), transient re-
ceptor potential (TRP) channels (including TRPV1
and TRPA), acid-sensitive channels, serotonin
5-HT3 receptors, and purinergic P2X receptors that
are activated by noxious mechanical or chemical
stimuli.11 In normal conditions, activation of A� and
C-fiber nociceptors leads to glutamate release from
the primary afferent nerve terminals, resulting in
short-term activation of �-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptors
in the projection neurons of the dorsal horn; this
provides information about the time of onset, dura-
tion, and intensity of peripheral noxious stimuli.
Local inhibitory mechanisms, mediated by gamma-
aminobutyric acid (GABA) and glycine, as well as
other signals such as adenosine and opioids, presyn-
aptically regulate neurotransmitter release from pri-
mary afferents and prevent excessive excitation of
dorsal horn projection neurons. During normal
transmission of nociceptive afferent signals in the
dorsal horn there is no activation of astrocytes or mi-
croglia. Astrocytes have an important homeostatic
role by active reuptake of glutamate via excitatory
amino acid transporters 1 and 2.4

MECHANISMS OF CENTRAL SENSITIZATION
FOLLOWING NERVE INJURY Studies on several
experimental models in rodents, including partial li-
gation, chronic constriction, or transection of the sci-
atic nerve or chronic compression of the L4-L5 roots,
have provided a large amount of information regard-
ing the cellular, chemical, and molecular changes un-
derlying neuropathic pain.3,10,11 These studies show
that peripheral nerve injury and tissue inflammation
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elicit several plastic changes in nociceptors, including
upregulation of Na� and TRP channels, which result
in reduced threshold for activation and repetitive fir-
ing of DRG neurons in response to nociceptive stim-
uli (peripheral sensitization). This altered activity of
primary afferents triggers plastic changes in both lo-

cal and projection neurons in the dorsal horn, result-
ing in central sensitization of the spinothalamic
system (figure).13 After nerve injury, repetitive firing
of DRG neurons triggers release not only of
L-glutamate, the primary neurotransmitter, but also
of neuropeptides such as substance P and calcitonin

Figure Cross-talk among neurons, microglia, and astrocytes and dorsal horn sensitization following axonal injury

After nerve injury, repetitive firing of dorsal root ganglion (DRG) neurons triggers release of L-glutamate (l-glu), substance P (SubP), adenosine triphosphate
(ATP), brain-derived neurotrophic factor (BDNF), and the cysteine-cysteine chemokine ligand CCL2. These multiple signals lead to increased neurotrans-
mitter release from primary afferents and increased excitability of dorsal horn projection neurons (central sensitization). Many of these effects involve
activation of microglia and astrocytes. Substance P, acting via neurokinin-1 receptors (NK-1R), leads to neuronal depolarization, activation of NMDA
receptors, and calcium (Ca2�) influx. Calcium activates several phosphorylation pathways, including extracellular signal-regulated kinase (ERK), which
increase surface expression of �-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and activate the transcription factor cyclic
adenosine monophosphate response element binding protein (CREB). ATP activates astrocytes (via P2 � 7 receptors) and microglia (via P2 � 4, P2 � 7, and
P2Y12 receptors). Activation of microglia and astrocytes via mitogen-activated kinase p38 and c-jun-N terminal kinase (JNK) leads to activation of nuclear
factor kappa B (NF�B), which promotes transcription of several inflammatory mediators. Interleukin-1� (IL-1�) acting via its receptor (IL-1R) and tumor
necrosis factor � (TNF�) acting via its receptor (TNFR) increase primary afferent excitability and potentiate glutamate-mediated excitation. BDNF released
from activated microglia reduces expression of the chloride (Cl�) transporter KCC2, rendering the effects of gamma aminobutyric acid (GABA)A receptors
excitatory. CCL2, acting via CCR2 receptors, promotes depolarization of nociceptive afferent astrocyte activation. Cathepsin S (CatS) released from
activated microglia elicits cleavage and release of fractalkine (FKN) which, in turn, activates microglia via CXCR3 receptors. Matrix metalloprotease
(MMP)-9 released from damaged DRG neurons and MMP-2 released from astrocytes cleave and activate IL-1�. Peripheral nerve injury elicits the release of
“endogenous danger signals” or “alarmins” from DRG neurons; these signals activate toll-like receptor 4 (TLR4) in microglia, resulting in release of inflam-
matory cytokines and inhibition of opioid-mediated analgesia.
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gene-related peptide, adenosine triphosphate (ATP),
brain-derived neurotrophic factor (BDNF), and sev-
eral chemokines and cytokines. These multiple sig-
nals lead, directly or indirectly, to plastic changes
resulting in increased excitability of dorsal horn pro-
jection neurons.10,11,13 For example, substance P elic-
its membrane depolarization via neurokinin-1
receptors and thus removes the magnesium (Mg2�)
blockade of the glutamate NMDA receptors, allow-
ing calcium (Ca2�) influx via this channel as well as
via voltage-gated Ca2� channels. Calcium release
from intracellular stores in response to activation of
metabotropic glutamate receptors further increases
cytosolic Ca2� concentration. Calcium activates sev-
eral downstream transduction cascades, including
phosphorylation pathways such as calmodulin kinase
II, protein kinase C, and extracellular signal-
regulated kinase (ERK), as well as nitric oxide (NO)
synthase and cyclooxygenase. These transduction
pathways elicit plastic changes in dorsal horn neu-
rons that that increase their responsiveness to afferent
inputs. For example, phosphorylation by calmodulin
kinase II or ERK increases surface expression and
open probability of AMPA and NMDA receptors,
whereas phosphorylation of the transcription factor
cyclic adenosine monophosphate response element
binding protein (CREB) upregulates expression of
several synaptic proteins and other signals.10,11,13

GLIAL ACTIVATION IN THE DORSAL HORN
AND NEUROPATHIC PAIN Whereas during nor-
mal transmission of nociceptive signals there is no
activation of astrocytes or microglia, after periph-
eral nerve injury both types of glial cells proliferate
and release a variety of chemical mediators that
contribute to altered synaptic transmission in the
dorsal horn and increased excitability of the pro-
jection neurons.

Glial activation following nerve injury. Studies in
vitro indicate that the responses of microglia and as-
trocytes vary with the type of stimulus; these activa-
tion “programs” have been referred to as enhanced
response states.5 There are several differences in the
responses of microglia and astrocytes after peripheral
nerve injury. Microglia activation occurs in the early
phase, is transient, and may occur in the absence of
axonal degeneration or cell death. In contrast, the
astrocyte response occurs later, occurs after axonal
degeneration, and is involved in persistence of neuro-
pathic pain. The sequential activation of microglia
and astrocytes following nerve injury involves
mitogen-activated kinase p38 in microglia, and
c-jun-N terminal kinase in astrocytes, resulting in ac-
tivation of nuclear factor � B, which promotes tran-
scription of several inflammatory mediators.4,6 The

contribution of microglia derived from bloodborne
monocytes to pain modulation following peripheral
nerve injury is still incompletely defined.5

Effects of chemical signals from the glia on dorsal horn
neurons. Studies in vitro and in experimental in vivo
models indicate that several chemical signals released
from microglia and astrocytes after nerve injury con-
tribute to increase pain transmission in the dorsal
horn (table).4,5 These include interleukin-1� (IL-
1�), tumor necrosis factor � (TNF�), chemokines,
excitatory amino acids, ATP, D-serine, BDNF, NO,
reactive oxygen species, arachidonic acid, and prosta-
glandins (figure). These signals contribute to central
sensitization by multiple mechanisms, including in-
creased primary afferent excitability and neurotrans-
mitter release; potentiation of glutamate-mediated
depolarization; and impaired local GABAergic inhi-
bition. For example, both TNF� and IL-1� increase
excitability of DRG neurons by increasing Na� in-
flux via Nav1.8 channels and upregulate the number
and function of NMDA and NK-1 receptors in pro-
jection neurons4,14; TNF� downregulates expression
of amino acid transporter 2 involved in glutamate
uptake by astrocytes.15 Activated microglia releases
BDNF, which reduces expression of the chloride
(Cl�) transporter KCC2, rendering the effects of
GABAA receptors excitatory rather than inhibitory.16

Cross-talk among neurons, microglia, and astrocytes
in the dorsal horn. Studies in vitro also indicate that
there are several potential autoexcitatory loops and
cross-talk among dorsal horn neurons, microglia, and
astrocytes triggered by peripheral injury (figure). These
interactions further stimulate microglia and astrocytes
and promote plastic changes in excitatory and inhibi-
tory neurotransmission.4-6 Glial activation reflects the
effects of several chemical signals released from afferents
of damaged DRG neurons or from neurons in the dor-
sal horn following nerve injury, including L-glutamate,
ATP, substance P, BDNF, NO, and chemokines.4,5 Af-
ter release in the dorsal horn following activation of no-
ciceptive afferents, both L-glutamate, acting via NMDA
receptors, and substance P, acting via NK-1 receptors,
activate microglia and astrocytes and promote release of
proinflammatory cytokines.5 ATP released from dam-
aged DRG afferents or sensitized dorsal horn neurons
activates both astrocytes (via P2 � 7 receptors) and mi-
croglia (via P2 � 4, P2 � 7, and P2Y12 receptors).6

Glial activation also involves chemokines. For example,
in response to TNF� released from microglia, damaged
DRG neurons and astrocytes upregulate expression of
the cysteine-cysteine chemokine ligand CCL2 (also
known as monocyte chemoattractant protein-1,
MCP-1) and its receptor.17 CCL2, acting via its CCR2
receptors, elicits upregulation of TRPV1 channels and
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depolarization of nociceptive afferents18 as well as astro-
cyte activation.19 Fractalkine is a transmembrane che-
mokine that is expressed in DRG and dorsal horn
neurons20; cathepsin S released from activated microglia
elicits cleavage and release of fractalkine which, in turn,
activates microglia via CXCR3 receptors.21 Matrix met-
alloproteases (MMPs) are also implicated in chronic
neuropathic pain.22 MMP-9, released from damaged
DRG neurons, and MMP-2, released from activated
astrocytes, cleave and activate IL-1� released from mi-
croglia. All these examples emphasize the complexity of
chemical signaling in the dorsal horn in response to
nerve injury.

Toll-like receptors and opioid resistance in the setting
of neuropathic pain. Peripheral nerve injury elicits
the release of “endogenous danger signals” or “alarm-
ins,” which include degradation products of the ex-
tracellular matrix and substances released by stressed
or dying DRG cells, such as heat shock proteins.9

These signals are recognized by toll-like receptors
(TLRs), such a TLR4, which trigger innate immune
responses via several pathways resulting in release of
inflammatory cytokines.23 In the CNS, TLR4 is pre-
dominantly expressed in microglia, but its expression
may also be unregulated in astrocytes during inflam-
mation.24 Recent evidence indicates that activation of
TLR4 in microglia has a key role in initiation and

maintenance of neuropathic pain.9 Furthermore, ac-
tivation of TLR4 receptors in microglia by opioids,
resulting in release of proinflammatory cytokines, has
been shown to antagonize the classic analgesic effects of
opioids acting on mu-type receptors in neurons.9

PROPRIOSPINAL AND SUPRASPINAL NEURO-
IMMUNE SIGNALING Remote neuroimmune sig-
naling in spinal cord injury. Peripheral nerve or spinal
cord injury (SCI) are associated with exaggerated
spontaneous rhythmic burst firing in the ventropos-
terolateral nucleus of the thalamus (VPL), which cor-
relates with behavioral manifestations of neuropathic
pain.8 There is emerging evidence indicating that
neuronal injury at one level of the spinal cord triggers
remote signaling in the spinothalamic system that
can alter nociceptive information processing at the
level of the thalamus.8 In a spinal contusion model in
the rat, thoracic SCI elicits microglial activation and
altered neuronal activity both in the lumbar dorsal
horn and in the VPL; this is associated with sensitiza-
tion of lumbar dorsal horn and thalamic neurons and
behavioral signs of allodynia and thermal hyperalge-
sia.7,8 Activation of microglia at locations distant
from the initial SCI may involve signaling via the
cytokine CCL21.7,8 It has been hypothesized that
CCL21 is upregulated in response to damage of lum-
bar spinothalamic axons neurons as they pass by the
thoracic SCI site; this cytokine may lead to local acti-
vation of microglia at the lumbar levels and also serve
as a remote signal to the thalamus.8 Upregulation of
CCL21 in the terminal fields of lumbar spinotha-
lamic axons leads to microglial activation and abnor-
mal burst firing in thalamocortical neurons in the
VPL, which is associated with hyperalgesia and allo-
dynia. These affects are attenuated by interruption of
the spinothalamic tract or neutralization of CCL21
signaling in the VPL.7,8

Neuron-glia interactions and descending pain facilita-
tion. Neurons in the rostral ventromedial medulla
(RVM) receive inputs from the periaqueductal gray,
project to the dorsal horn, and are a major compo-
nent of the descending pain modulation system,
which may exert context-dependent antinociceptive
or pronociceptive effects.25 Recent evidence indicates
that supraspinal glial-neuronal interactions at the
level of the RVM may promote descending pain fa-
cilitation following peripheral nerve injury. Wei et
al.26 showed that, after chronic constriction injury of
the rat infraorbital nerve, there is both early and tran-
sient reaction of microglia and prolonged reaction of
astrocytes in the RVM, associated with local eleva-
tions of IL-1� and TNF� levels. These cytokines
elicit phosphorylation and activation of NMDA re-
ceptors in RVM neurons; this was associated with

Table Some signals mediating neuron–glia interactions and neuropathic pain

Signal (source) Effect (receptor)

L-glutamate (damaged DRG afferents,
astrocytes)

Astrocyte and microglia activation (mGluR)

Substance P (damaged DRG afferents,
astrocytes)

Astrocyte and microglia activation (mGluR)

ATP (damaged DRG afferents,
astrocytes)

Astrocyte (P2X7) and microglia (P2X4, P2X7,
P2Y12) activation

CCL2 (damaged DRG afferents,
astrocytes)

Nociceptive afferent depolarization; astrocyte
activation (CCR2)

Factalkine (dorsal horn neuron) Microglia activation (CXCR3)

MMP-9 (damaged DRG afferents);
MMP-2 (astrocyte)

Cleavage an activation of interleukin-1�

“Alarmins” (damaged DRG afferents) Microglia activation (TLR4)

Interleukin-1� (microglia, astrocytes) Upregulation of expression and function of
Nav1.8 NMDAR and NK-1R (IL-1R)

Tumor necrosis factor � (microglia) Upregulation of expression and function of
Nav1.8 NMDAR and NK-1R (TNFR)

Inhibition of glutamate uptake by astrocytes
(TNFR)

BDNF (microglia) Reduced expression of Cl� transporter, rendering
GABA A receptor excitatory (trkB)

Cathepsin S (microglia) Cleavage and activation of fractalkine released
from dorsal horn neurons

Abbreviations: ATP � adenosine triphosphate; CCL2 � cysteine-cysteine chemokine ligand
2; DRG � dorsal root ganglion; IL-1R � interleukin-1� receptor; mGluR � metabotropic
glutamate receptor; MMP � matrix metalloprotease; NK-1R � neurokinin-1 receptor;
NMDAR � NMDA receptor; TLR4 � toll-like receptor 4; TNFR � tumor necrosis factor �

receptor; trkB � tyrosine kinase B receptor.
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behavioral manifestation of neuropathic pain.26 This
indicates that proinflammatory cytokines released from
activated glial cells act via NMDA receptors in RVM
neurons promoting descending pain facilitation. Other
signals, such as glutamate, ATP, substance P, and
BDNF, may also elicit glial activation at the level of the
RVM, thus promoting neuropathic pain.25

THERAPEUTIC IMPLICATIONS Several drugs
that inhibit glial activation have been shown to alle-
viate neuropathic pain in several animal models.27

These include ibudilast,24 propentoxifylline,28 and
minocycline, an inhibitor of microglial activation.29

Ibudilast, a nonselective phosphodiesterase inhibitor,
is also a TLR4 inhibitor that suppresses glial cell acti-
vation, enhances acute morphine analgesia, and at-
tenuates morphine tolerance and withdrawal.9,30

However, there is still not direct evidence that central
glia have a role in the pathophysiology of chronic pan
in humans.5 A single human imaging PET study us-
ing a ligand for the peripheral benzodiazepine recep-
tor suggested the presence of microglial activation in
the thalamus in amputees with longstanding phan-
tom limb pain,31 and there are reports of elevated lev-
els of proinflammatory cytokines in the CSF in patients
with chronic neuropathic pain32 and complex regional
pain syndrome.33 A single postmortem study in a pa-
tient with longstanding complex regional pain syn-
drome showed activation of both microglia and
astrocytes in the dorsal horn both at the level of the
original injury and throughout the spinal cord.34

Whereas all these findings would support a role of the
glia in chronic pain in humans, several confounding
factors make this evidence only indirect.5

On the basis of experimental evidence from ani-
mal studies, ibudilast—a phosphodiesterase inhibitor
that, among other effects, decreases glial activation—
underwent a phase 2 clinical trial.35 Ibudilast, when
given orally up to a dose of 30 mg twice daily for 14
days in healthy volunteers, achieved plasma levels and
pharmacokinetics comparable to those associated with
efficacy in rat chronic pain models and was, in general,
well-tolerated. Thus ibudilast may be a promising ther-
apeutic candidate for neuropathic pain.

PERSPECTIVE Abundant experimental evidence
indicates that activation of astrocytes and microglia
in the dorsal horn, brainstem pain modulatory areas,
and thalamus affects synaptic transmission and pro-
motes development and maintenance of chronic pain
in the setting of nerve injury. However, there are
several remaining challenges in the understanding of
the role of glia in chronic pain, as discussed in an
excellent recent review,5 and there is still only indi-
rect evidence that glial activation may contribute to

chronic pain in humans. A better understanding of
the timing of activation, glia cell type, and chemical
signals affecting nociceptive transmission will con-
tinue to provide opportunities for development of
drugs that affect astrocytes and microglia and thereby
may be helpful in the management of chronic neuro-
pathic pain in humans.27

REFERENCES
1. Scholz J, Woolf CJ. The neuropathic pain triad: neurons,

immune cells and glia. Nat Neurosci 2007;10:1361–1368.
2. Willis WD Jr. The somatosensory system, with emphasis

on structures important for pain. Brain Res Rev 2007;55:
297–313.

3. Costigan M, Scholz J, Woolf CJ. Neuropathic pain: a mal-
adaptive response of the nervous system to damage. Annu
Rev Neurosci 2009;32:1–32.

4. Milligan ED, Watkins LR. Pathological and protective
roles of glia in chronic pain. Nat Rev Neurosci 2009;10:
23–36.

5. McMahon SB, Malcangio M. Current challenges in glia-
pain biology. Neuron 2009;64:46–54.

6. Inoue K, Tsuda M. Microglia and neuropathic pain. Glia
2009;57:1469–1479.

7. Hulsebosch CE, Hains BC, Crown ED, Carlton SM.
Mechanisms of chronic central neuropathic pain after spi-
nal cord injury. Brain Res Rev 2009;60:202–213.

8. Saab CY, Hains BC. Remote neuroimmune signaling: a
long-range mechanism of nociceptive network plasticity.
Trends Neurosci 2009;32:110–117.

9. Watkins LR, Hutchinson MR, Rice KC, Maier SF. The
“toll” of opioid-induced glial activation: improving the
clinical efficacy of opioids by targeting glia. Trends Phar-
macol Sci 2009;30:581–591.

10. Latremoliere A, Woolf CJ. Central sensitization: a genera-
tor of pain hypersensitivity by central neural plasticity.
J Pain 2009;10:895–926.

11. Basbaum AI, Bautista DM, Scherrer G, Julius D. Cellular
and molecular mechanisms of pain. Cell 2009;139:267–
284.

12. D’Mello R, Dickenson AH. Spinal cord mechanisms of
pain. Br J Anaesth 2008;101:8–16.

13. Drdla R, Sandkuhler J. Long-term potentiation at C-fibre
synapses by low-level presynaptic activity in vivo. Mol Pain
2008;4:18.

14. Guo W, Wang H, Watanabe M, et al. Glial-cytokine-
neuronal interactions underlying the mechanisms of per-
sistent pain. J Neurosci 2007;27:6006–6018.

15. Boycott HE, Wilkinson JA, Boyle JP, Pearson HA, Peers
C. Differential involvement of TNF alpha in hypoxic sup-
pression of astrocyte glutamate transporters. Glia 2008;56:
998–1004.

16. Coull JA, Beggs S, Boudreau D, et al. BDNF from micro-
glia causes the shift in neuronal anion gradient underlying
neuropathic pain. Nature 2005;438:1017–1021.

17. White FA, Feldman P, Miller RJ. Chemokine signaling
and the management of neuropathic pain. Mol Interv
2009;9:188–195.

18. Dansereau MA, Gosselin RD, Pohl M, et al. Spinal CCL2
pronociceptive action is no longer effective in CCR2 re-
ceptor antagonist-treated rats. J Neurochem 2008;106:
757–769.

Neurology 75 July 20, 2010 277



19. Thacker MA, Clark AK, Bishop T, et al. CCL2 is a key
mediator of microglia activation in neuropathic pain states.
Eur J Pain 2009;13:263–272.

20. Cardona AE, Li M, Liu L, Savarin C, Ransohoff RM. Che-
mokines in and out of the central nervous system: much
more than chemotaxis and inflammation. J Leukoc Biol
2008;84:587–594.

21. Clark AK, Yip PK, Malcangio M. The liberation of fracta-
lkine in the dorsal horn requires microglial cathepsin S.
J Neurosci 2009;29:6945–6954.

22. Ji RR, Xu ZZ, Wang X, Lo EH. Matrix metalloprotease
regulation of neuropathic pain. Trends Pharmacol Sci
2009;30:336–340.

23. Laird MH, Rhee SH, Perkins DJ, et al. TLR4/MyD88/
PI3K interactions regulate TLR4 signaling. J Leukoc Biol
2009;85:966–977.

24. Hutchinson MR, Zhang Y, Brown K, et al. Non-
stereoselective reversal of neuropathic pain by naloxone
and naltrexone: involvement of toll-like receptor 4
(TLR4). Eur J Neurosci 2008;28:20–29.

25. Cunha TM, Dias QM. Glial modulation of pain: a step
beyond. J Neurosci 2009;29:3340–3342.

26. Wei F, Guo W, Zou S, Ren K, Dubner R. Supraspinal
glial-neuronal interactions contribute to descending pain
facilitation. J Neurosci 2008;28:10482–10495.

27. Watkins LR, Maier SF. Glia: a novel drug discovery
target for clinical pain. Nat Rev Drug Discov 2003;2:
973–985.

28. Sweitzer SM, Pahl JL, DeLeo JA. Propentofylline attenu-
ates vincristine-induced peripheral neuropathy in the rat.
Neurosci Lett 2006;400:258–261.

29. Padi SS, Kulkarni SK. Minocycline prevents the develop-
ment of neuropathic pain, but not acute pain: possible
anti-inflammatory and antioxidant mechanisms. Eur
J Pharmacol 2008;601:79–87.

30. Ledeboer A, Hutchinson MR, Watkins LR, Johnson KW.
Ibudilast (AV-411): a new class therapeutic candidate for
neuropathic pain and opioid withdrawal syndromes. Ex-
pert Opin Investig Drugs 2007;16:935–950.

31. Banati RB, Cagnin A, Brooks DJ, et al. Long-term trans-
synaptic glial responses in the human thalamus after pe-
ripheral nerve injury. Neuroreport 2001;12:3439–3442.

32. Backonja MM, Coe CL, Muller DA, Schell K. Altered cyto-
kine levels in the blood and cerebrospinal fluid of chronic
pain patients. J Neuroimmunol 2008;195:157–163.

33. Alexander GM, Perreault MJ, Reichenberger ER,
Schwartzman RJ. Changes in immune and glial markers in
the CSF of patients with complex regional pain syndrome.
Brain Behav Immun 2007;21:668–676.

34. Del Valle L, Schwartzman RJ, Alexander G. Spinal cord
histopathological alterations in a patient with longstanding
complex regional pain syndrome. Brain Behav Immun
2009;23:85–91.

35. Rolan P, Gibbons JA, He L, et al. Ibudilast in healthy volun-
teers: safety, tolerability and pharmacokinetics with single and
multiple doses. Br J Clin Pharmacol 2008;66:792–801.

278 Neurology 75 July 20, 2010


