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Microglial Modulation as a Target for Chronic Pain:
From the Bench to the Bedside and Back

Elena S. Haight, BS,* Thomas E. Forman, BS,*t Stephanie A. Cordonnier, BA,*+
Michelle L. James, PhD,§ and Vivianne L. Tawfik, MD, PhD*

With a widespread opioid epidemic and profound biopsychosocial implications, chronic pain is
a multifaceted public health issue requiring urgent attention. The treatment of chronic pain is
particularly important to anesthesiologists given our unique role as perioperative physicians
and pain medicine specialists. The present review details the recent shift from a neuronal
theory of chronic pain to one that includes complex neuron—glia interactions. In particular, we
highlight microglia, the myeloid-lineage cells of the central nervous system, as initiators of a
postinjury neuroimmune response that contributes to the acute to chronic pain transition. We
discuss ever-advancing preclinical studies, wherein significant success has been made through
g pharmacologic and genetic modulation of microglia, and we emphasize where these approaches
have made the transition to the clinical realm. Furthermore, we highlight the most current, novel
efforts to visualize glial activation in vivo using positron emission tomography and improve the
diagnosis of chronic pain through radiotracer binding of specific targets, like the 18 kDa trans-
locator protein in microglia and myeloid-lineage cells. Our rapidly advancing knowledge about
microglia and their involvement in pain suggests that the era of glial-targeted therapeutics is
just beginning so long as we refocus our attention on optimizing preclinical studies using a clini-
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cally informed approach, before translation.

hronic pain is a significant public health problem

of rising prevalence and consequence. With 100

million Americans alone experiencing chronic
pain, this is an issue facing a larger population than that
affected by cancer, heart disease, and diabetes combined;
moreover, it is estimated that pain poses an economic bur-
den of $635 billion each year in medical treatment and lost
productivity.! Further complicating matters is the wide-
spread opioid epidemic, which has consumed more lives
with each year in recent history.? As Anesthesiologists, we
have a crucial role in the prevention and management of
pain both in the perioperative and in the outpatient set-
tings. Our preoperative assessments and prehabilitation
protocols aim to optimize patients before surgery, while
our intraoperative drug administration can alter the likeli-
hood a patient develops chronic postsurgical pain, and our
postoperative pain management continues to influence
functional recovery.
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The interaction between the nervous system and the
immune system is particularly important to the develop-
ment of chronic pain conditions.> New technologies using
whole system single-cell immune profiling of patients
before and after surgery have demonstrated the complex-
ity of the peripheral immune response to surgical injury
and how modulation of this response may impact to post-
surgical outcomes.* Despite these advances, there is little
known about the central nervous system (CNS) immune
response to injury. The CNS is considered to be “immune
privileged,” because under physiologic conditions the
entry of peripheral innate and adaptive immune cells is
tightly controlled by the blood-brain barrier.> However,
the recent dramatic increase in knowledge about microg-
lia and astrocytes, the non-neuronal cells in the CNS, has
brought fitting attention to their function as resident brain
and spinal cord immune cells with key contributions to
CNS health and disease.®

As pain mechanisms have been further studied, an
exclusively neuronal theory fails to explain chronic pain
in its entirety; glial cells—particularly microglia—are now
widely implicated in the initiation and progression of persis-
tent pain. As a result, the number of articles focused on glia
and pain has risen considerably since the 1990s (Figure 1),
reflecting this important contribution. In recent years, sev-
eral comprehensive reviews have effectively detailed the
numerous potential molecular mechanisms underlying
the connection between glia and pain.>”# In this narrative
review, we aim to provide a more clinically informed basic
science introduction to the physiological roles of glia. We
then discuss the emerging importance of glia in pain condi-
tions, reviewing both the extensive basic research and lim-
ited clinical studies available on the potential of targeting
glia as a therapeutic approach for the prevention and man-
agement of chronic pain. Finally, we provide insight into
novel imaging techniques to visualize glial cells in vivo for
early diagnosis and therapeutic decision making.
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A PRIMER ON GLIAL CELLS

Glia, the non-neuronal cells of the nervous system, are
present both peripherally and centrally in larger quantity
than neurons (Figure 2).2 Three types of glial cells exist in
the CNS—microglia, the resident myeloid-lineage cells of
the CNS; astrocytes, responsible for modulating neuronal
activity; and oligodendrocytes, providing the myelin sheath
that insulates neurons. Beyond their role as CNS support
cells, activated glial cells release cytokines/chemokines
and regulate neuronal signaling through a process termed
gliotransmission.’

Microglia, the myeloid-lineage cells of the CNS and the
focus of this article, are in fact the only myeloid cells derived
exclusively from yolk sac progenitors.® Beginning at embry-
onic day 8.5, microglia travel to the developing CNS,%!! and
the blood-brain barrier forms at E13.5 to segregate them
from the periphery.’> These cells have immense importance
in the developing brain, comprising approximately 10% of
the total CNS cell population. Microglia express numerous
cell surface markers, many of which are common to other
myeloid-lineage cells, including CX;CR1 and CD11b,** and
several recently discovered microglia-specific genes includ-
ing TMEM119 and Sall1.1'5 Microglia serve multiple impor-
tant functions during and after development including
triggering apoptosis of neurons and engulfing dead cells in
the developing brain to control cell number.'*" They also
facilitate synapse maturation and remodeling in addition
to synaptic pruning,® though further investigation is neces-
sary to elucidate the precise mechanisms by which microglia
mediate such plasticity.’> After injury, microglia are closely
involved in identifying injured tissue, and through the pro-
duction of complement, can clear away neuronal debris and
prevent damage from spreading to nearby intact neurons.?!

In their resting state, microglia exhibit a ramified (highly
branched) morphology and actively survey their surround-
ings for potential danger.?> For many years, it was accepted
that the presence of injury led to microglial activation and
transformation to an amoeboid (less branched) morphology
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expressing increased levels of markers such as CD11b and
Ibal as well as the release of proinflammatory cytokines like
interleukin-1, interleukin-6, and tumor necrosis factor-o..23
More recently, this view has evolved as a result of data
showing a dissociation between morphological microglial
activation and expected neuroinflammatory outcomes,®2
suggesting that the M1 (proinflammatory) versus M2 (anti-
inflammatory) nomenclature ascribed to macrophages may
not translate directly to microglia.”” More likely, microglia
exist in a range of states that are environment, location,
age, and even sex dependent. This has been more clearly
delineated using next-generation sequencing methods to
investigate the microglial transcriptome under varying con-
ditions, capitalizing on cell surface markers such as CD11b
and the recently identified microglia-specific TMEM119
to distinguish microglia from CD45-containing infiltrat-
ing macrophages.* For example, Grabert et al*® performed
RNA transcriptome sequencing on microglia isolated from
different areas of the brain (cortex, hippocampus, striatum,
cerebellum) and found that the microglial transcriptome
is regionally heterogeneous. In addition, they found dis-
tinct age-dependent microglial signatures with the cluster
of immune regulation genes most sensitive to aging. The
spectrum of microglial states has also been highlighted by
comparing acutely isolated microglia to those maintained
in culture for hours or days. These studies have shown gene
expression profiles that differ based on time in culture,”
resulting in dedifferentiation of microglia to more inflam-
matory states that themselves even exist with slightly dif-
ferent transcriptional programs.*® Given the multitude of
states and functions, microglia have now been implicated
as contributors to several neurologic disorders including
Alzheimer’s disease,*! multiple sclerosis,* and autism spec-
trum disorder,® among others. A recent elegant study using
RNA sequencing on microglia isolated from resected human
brain tissue found that microglial-specific genes overlapped
significantly with genes implicated in a host of neurode-
generative and psychiatric disorders.?” Such studies reflect
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Figure 2. Microglia and astrocytes comprise the majority of glial
cells in the central nervous system (CNS). Microglia are labeled with
CD11b (yellow), a marker of microglial activation, and astrocytes are
labeled with the astrocytic marker GFAP (pink) in the dorsal horn of
the spinal cord of mice that underwent tibial fracture and casting
as a model of complex regional pain syndrome. GFAP indicates glial
fibrillary acidic protein.

the potential for an improved understanding of microglial
behavior in disease and thus allow for the development of
more targeted strategies to modulate microglia to treat these
conditions.

PAIN MECHANISMS AND THE CONTRIBUTION

OF GLIA

Broad prevention and management of pain has historically
eluded the medical community in part due to the mecha-
nistic complexity and heterogeneity of pain. When injury
occurs, an acute pain state is elicited wherein primary affer-
ent fibers, including Ad and C fibers, signal via their cell
bodies within the dorsal root ganglia to the dorsal horn of
the spinal cord and ultimately to the cortex by way of the
brainstem and thalamus.?*%¢ The presence of injury lowers
the threshold required to activate nociceptors, permitting
the healing of damaged tissue. In some instances, how-
ever, due to peripheral and/or central plasticity, this sensi-
tization can become persistent, causing spontaneous pain,
pain from typically non-noxious stimuli, and/or pain that
is exaggerated in severity and duration.*®¥ In such cases,
while the initial injury may heal, persistent pain becomes
a disease in and of itself, with chronic CNS changes con-
tributing to the perpetuation of pain signals.’” Pain that has
reached a chronic stage is more refractory to treatment than
acute pain,® which is why inhibition of the transition from
acute to chronic pain is imperative. Mediators responsible
for this pain progression must be identified: microglia may
represent such a target (Figure 3).

Several papers in the 1990s first documented glial reac-
tivity in mouse models of pain.*=*! Specifically, they dem-
onstrated that after peripheral nerve injury microglial (and
astrocytic) “activation” markers (CD11b, glial fibrillary
acidic protein) were increased in the spinal cord dorsal
horn ipsilateral to the injury and proinflammatory cyto-
kines were detected in the same tissue (also see Figure 2).°
Furthermore, microglia were suggested to be the first
responders to injury, becoming activated at 24 hours after
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injury, increasing in number for 1 week after injury,*! and
ultimately remaining activated chronically postinjury.?+-
Several studies?®* further demonstrated that microglia are
important for the initiation but not for the maintenance of
pain, with astrocytes taking on this latter role.* These find-
ings are particularly interesting in the context of elegant
work demonstrating that microglia can trigger astrocytic
activation and subsequent loss of synaptic support through
the release of interleukin-la, tumor necrosis factor, and
complement component 1q.#” A host of microglia-specific
molecules have been shown to be upregulated in nerve
injury models including P2X,R, CSFIR, and Trem2, among
others, comprehensively reviewed recently by Inoue and
Tsuda.® Current use of next-generation sequencing technol-
ogies has taken a systematic approach to identify a whole-
cell microglial-specific pain-relevant transcriptome. In a
study evaluating the RN A signature of microglia after spinal
nerve ligation, transcriptome-wide analyses using RNA-seq
revealed 17 genes that were upregulated after spinal nerve
ligation compared to sham.*® Further, chromatin immuno-
precipitation sequencing and chromatin immunoprecipi-
tation quantitative polymerase chain reaction revealed 16
enhancers (regulatory regions) that were induced for weeks
after injury, suggesting a mechanism for long-lasting tran-
scriptional changes that may contribute to pain chronifica-
tion. Taken together, these studies suggest that modulation
of microglial reactivity may prevent the aberrant synaptic
plasticity associated with chronic pain.*

TARGETING MICROGLIA TO TREAT PAIN: A
TRANSLATIONAL PERSPECTIVE

While there are no currently approved drugs that specifically
target microglia, some clinically available agents exhibit a
degree of microglial modulation and are being explored as
potential analgesics (see Table). In addition, multiple sub-
stances released from injured neurons have been implicated
in triggering microglial activation via specific receptors, and
these may be viable targets for further drug development.”#
As outlined below, this microglial targeting has already had
considerable success at attenuating upregulation of inflam-
matory mediators in the spinal cord and reversing antino-
ciceptive behaviors in preclinical rodent models; however,
for most, their efficacy in humans is in need of further study.

Microglial “Modulators”

Minocycline. Minocycline, a tetracycline antibiotic, is
one of the most frequently used medications purported
to selectively inhibit microglia in mouse models of pain.
Minocycline has been shown to prevent injury-induced
sensitivity through the inhibition of microglial activation
and subsequent tumor necrosis factor-o. and interleukin-
1B release when preemptively administered intrathecally
or intraperitoneally.?*52 While some preclinical studies
show that minocycline is effective at reversing existing
allodynia and hyperalgesia,®*® not all studies support
these findings.?*5! A double-blind, placebo-controlled,
randomized controlled trial administering 200 mg
minocycline or placebo before carpal tunnel or trigger
finger release, followed by 100 mg twice daily for 5 days
after surgery, demonstrated no meaningful reduction in
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Figure 3. Glial modulation of dorsal horn circuits is a key to homeostasis and response to injury. (A) The spinal cord dorsal horn is the initial
site of peripheral signal modulation. (B) Either direct or indirect injury to a primary afferent (presynaptic) neuron activates microglia in the dor-
sal horn of the spinal cord. The release of neuronal algesic mediators, such as ATP and high-mobility group box 1 (HMGB1), acts on microglial
P2XRs and Toll-like receptor 4 (TLR4), respectively, to activate downstream signaling through p38 mitogen-activated protein kinase (MAPK)
and ultimately enhances local cytokine release that is the hallmark of neuroinflammation. These proinflammatory cytokines such as IL-1f3
and TNF-a can then act on their synaptically expressed receptors to enhance excitatory neurotransmission and produce pain. DRG indicates
dorsal root ganglion; Ibal, ionized calcium-binding adapter molecule 1; IL, interleukin; NMDA, N-methyl-D-aspartate; P2XR, P2X purinoceptors;

TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor.

the time to pain resolution between minocycline-treated
and placebo-treated patients.> Importantly, in 1 subgroup
of patients with elevated post-traumatic stress disorder
symptoms, minocycline was actually associated with
a longer time to pain resolution. Another multicenter
randomized controlled trial supported these findings, with
no significant change in pain scores after preoperative
administration of minocycline in patients undergoing
lumbar discectomy.® In another study, Sumracki et al>
gave unilateral sciatica patients intradermal capsaicin and
used their known heightened response as a screen for novel
antineuropathics. In this small study, patients received
a 1-time dose of minocycline or pregabalin (the positive
control) before capsaicin administration and found no
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significant effect of either treatment compared to placebo,
suggesting that this paradigm may not be sufficiently
sensitive to detect an effect. In contrast, a small randomized
controlled trial showed that 2 weeks of daily minocycline
improved the numerical rating scale of patients with
subacute lumbar radiculopathy by 1.47 points, a small but
statistically significant effect size.”” Finally, the efficacy of
twice daily minocycline was evaluated in 25 patients with
diabetic peripheral neuropathy, and significant changes
in neuropathic symptoms were found in the minocycline
group; however, visual analog scores were significantly
different in both the minocycline and placebo groups.®

It is possible that the existing limited efficacy of mino-
cycline in the clinical context results from low selectivity of
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Table. Studies Targeting Glial Activation in Pain Registered on ClinicalTrials.gov

Name of Drug Target

Registration Number

Indication Status of Study

Minocycline Microglial inhibitor NCT03106740 Low back pain Recruiting
SB-681323 (Dilmapimod) p38 mitogen-activated protein NCTO0390845 Neuropathic pain Completed
kinase inhibitor
Naltrexone TLR4 antagonist NCT00568555 Fibromyalgia Completed
Naltrexone TLR4 antagonist NCT02502162 Complex regional pain syndrome Recruiting
Ibudilast Phosphodiesterase Inhibitor NCT01740414 Oxycodone Self-administration Completed
SLCO022 (propentofylline) Phosphodiesterase inhibitor NCTO0813826 Postherpetic neuralgia Active, not recruiting
Oral tetrahydrocannabinol Cannabinoid-receptor agonist NCT01595620 Pain Active, not recruiting

Abbreviation: TLR4, toll-like receptor 4.

minocycline for the microglial phenotypes present in per-
sistent pain states or, more likely, that this antibiotic has
many nonmicroglial targets which may hinder its analgesic
properties. This theory is supported by a preliminary study
that concluded minocycline inhibited expression of the anti-
inflammatory cytokine interleukin-10, limiting its potential
benefit.** Furthermore, a recent critical review of the preclin-
ical literature on minocycline clearly outlines the diversity
and extent of its targets including peripheral immune cells
(monocytes, T cells, neutrophils) and even neurons.”

Propentofylline. Another example of a nonspecific glial
modulator which showed great preclinical promise
for preventing and reversing neuropathic pain is the
atypical methylxanthine and phosphodiesterase inhibitor,
propentofylline.®*¢! Unfortunately, 1 clinical trial in patients
with postherpetic neuralgia failed to show any effect of the
drug after 4 weeks, with a species difference in microglial
activation between rodents and humans proposed as
the explanation.®> This study was criticized for several
methodological flaws including lack of preclinical data in
postherpetic neuralgia models, unknown bioavailability,
and low CNS penetration of propentofylline.*®

Drugs Targeting Specific Microglial Genes

Toll-like Receptor 4 Modulators. Toll-like receptor 4, the
receptor for lipopolysaccharide and danger-associated
molecular patterns such as high-mobility group box 1, has
been investigated as a possible initiator of microglial acti-
vation and presents a promising target for pain reversal
and prevention.®* While all myeloid-lineage cells express
Toll-like receptor 4 peripherally and centrally, it may also
be expressed by CNS astrocytes® and neurons,® suggest-
ing that Toll-like receptor 4-targeted drugs may have effects
beyond glial modulation. Tanga et al”” demonstrated that
Toll-like receptor 4 knockout or point mutation significantly
abrogated mechanical and thermal sensitivity after periph-
eral nerve injury, and knockout mice had lower levels of
CD11b and CD14, markers of microglial activation, as well
as decreased mRNA expression of interferon-vy, interleukin-
1B, and tumor necrosis factor-a at all time points after nerve
injury. In other animal models of pain, Toll-like receptor 4
knockout prevented the spreading of postinjury pain,® a
phenomenon that presents great difficulty in a clinical set-
ting. Interestingly, several investigations have highlighted
that a direct interaction between Toll-like receptor 4 and the
opioid antagonists naloxone and naltrexone may explain
their analgesic efficacy.®”! These agents were initially used
as competitive opioid antagonists for the treatment of opioid
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addiction and alcoholism. However, at doses approximately
1/10th that used for substance use disorders, “low-dose”
naltrexonecame into clinical use as a theoretical microglial
modulator or CNS anti-inflammatory agent, as low doses
exhibit minimal opioid receptor binding and instead tar-
get Toll-like receptor 4 directly.”? In 1 randomized, dou-
ble-blind, placebo-controlled crossover study, low-dose
naltrexone was shown to significantly reduce baseline pain
and improve life satisfaction and mood compared to pla-
cebo.”?7 In clinical practice, we (V.L.T.) prescribe low-dose
naltrexone 4.5 mg daily for the treatment of fibromyalgia
and other refractory pain conditions given its safety profile
and relatively low cost.

Purinergic Receptor Antagonists. One of the first studies to
link microglial activation to persistent pain identified P2X,R
on microglia as an essential mediator of postinjury neuron—
microglia signaling through the release of neuronal ATP#
Rigorous immunohistochemistry confirmed the specificity
of P2X,R to microglia and treatment with an antisense oligo-
deoxynucleotide antagonizing P2X,R offered a partial rever-
sal of antinociceptive behaviors.** Subsequent work by the
same group”>” has outlined an intracellular pathway after
P2X,R activation that leads to microglial p38 mitogen-acti-
vated protein kinase activation and subsequent nuclear fac-
tor kappa-light-chain-enhancer of activated B cells-mediated
cytokine release. More recently, they have developed P2X,R
antagonists with high specificity and efficacy in preclinical
models of neuropathic pain and postherpetic neuralgia.”®
Subsequent testing in human trials is reported to be ongo-
ing, but limited information is currently available.®

Interestingly, another purinergic receptor expressed on
microglia, P2X;R, has been evaluated as a potential target
to dampen neuroinflammation.” One clinical study showed
no effect of a P2X;R antagonist in patients with refractory
rheumatoid arthritis®’; however, the low CNS penetration of
the drug may explain these results.®! The P2X;R-associated
nonselective ion channel, pannexin-1, may provide an alter-
nate pathway target as deletion of this gene in microglia
blocked the development of allodynia in mice.®? Further,
the widely used antigout agent, probenecid, is a pannexin-1
inhibitor, reversed existing allodynia, and decreased spinal
interleukin-1f in a mouse model of joint pain, suggesting a
new use for a clinically available drug with a good safety
profile.®?

p38 Pathway Inhibitors. The mitogen-activated protein

kinase family includes several members crucial for intracel-
lular signaling in neurons and glia. p38 mitogen-activated
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protein kinase is a particularly attractive target as mul-
tiple receptor pathways converge on p38 including P2X,R,
P2X;R, and Toll-like receptor 4, and p38 engages nuclear
factor kappa-light-chain-enhancer of activated B cells to
produce proinflammatory cytokines.®* Several studies have
found that phosphorylation of p38 mitogen-activated pro-
tein kinase in spinal microglia is required for persistent pain
after nerve injury and targeting phospho-p38 with selective
inhibitors reverses allodynia in preclinical models,* though
the effect may be sex specific in some cases.® In a rat model
using first-degree burn to induce central sensitization,
inhibition of p38 mitogen-activated protein kinase by pre-
emptive treatment with the ATP-competitive drug SD-282
resulted in partial reversal of mechanical, but not thermal
sensitivity, in a dose-dependent fashion.®

Clinical translation of p38 inhibitors has had mixed
results. In a multicenter, double-blind, placebo-controlled
crossover trial studying the effects of the p38 mitogen-
activated protein kinase inhibitor, dilmapimod, for patients
with nerve injury, radiculopathy, or carpal tunnel syndrome,
dilmapimod-treated patients reported a significantly
greater reduction in pain intensity compared to the placebo
group, in addition to improvements in numerous affective
outcome measures.®” In contrast, a randomized controlled
trial evaluating the analgesic properties of the p38 inhibitor,
losmapimod, for patients with lumbosacral radiculopathies
demonstrated no significant differences in numerical rat-
ing scale for losmapimod-treated patients versus placebo,
although the losmapimod group did report clinically mean-
ingful improvements in secondary measures like sleep, gen-
eral health, and social functioning.®® Losmapimod’s poor
analgesic efficacy was supported by an additional study
from this group, which found no significant difference in
numerical rating scale between the losmapimod and pla-
cebo groups for patients whose neuropathic pain resulted
from traumatic peripheral nerve injury; in this study, how-
ever, there was also no significant difference in secondary
outcomes between groups.¥

Cytokine Antagonists. Glia are the likely source of CNS pro-
inflammatory cytokines such as interleukin-1f3 and tumor
necrosis factor-o.#?° Once released into the synapse, these
cytokines act on their cognate receptors on pre- and post-
synaptic neurons to directly modulate excitatory synaptic
transmission.>* Presynaptically, activation of interleukin-
IR by glial released interleukin-1p results in increased
glutamate release from primary afferent neurons’ and
measurable increases in the frequency and amplitude of
excitatory postsynaptic currents.”? Postsynaptically, tumor
necrosis factor-o makes a key contribution to homeostatic
synaptic scaling, an important type of whole-cell activity-
dependent modulation, by altering the trafficking and cell
surface expression of postsynaptic a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors.?%

Numerous efforts have been made to understand
whether antagonizing proinflammatory cytokines can suc-
cessfully prevent or reverse postinjury pain. One preclinical
study using a rat model of complex regional pain syndrome
demonstrated tumor necrosis factor-a elevation in ipsilat-
eral hindpaw skin, nerve tissue, and bone after tibial frac-
ture and immobilization.”® When soluble tumor necrosis
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factor-R1 was administered to inhibit tumor necrosis factor,
allodynia was decreased, but limb edema and temperature
remained unchanged, suggesting that tumor necrosis fac-
tor contributes to allodynia, but not the additional vascular
changes seen in complex regional pain syndrome. Another
series of studies using a rodent model of neuropathic pain
confirmed the antiallodynic effect of tumor necrosis factor
antagonism using the drug etanercept and further dem-
onstrated that the mechanism of allodynia reversal was
dependent on suppression of tumor necrosis factor-induced
phospho-p38 in dorsal root ganglia neurons® and spinal
microglia.”® Unfortunately, randomized controlled trials of
infliximab and etanercept, both tumor necrosis factor antag-
onists, have failed to alleviate pain in patients with lum-
bar radiculopathies”* or discogenic back pain,” despite
promising preclinical studies suggesting the safety of such
agents.!® Taken together, these studies reflect the promise
and complexity of cytokine inhibition and suggest that fur-
ther studies are warranted to identify which combinations
of cytokines may be targeted simultaneously to reverse per-
sistent pain.

Recent attention has also focused on the contribu-
tion of interleukin-1p to pain development and mainte-
nance. Several early studies demonstrated efficacy of the
interleukin-1f receptor antagonist, at preventing or revers-
ing existing pain in preclinical models."”"®> To hone in
specifically on microglial cytokines, Grace et al'® used a
rigorous method involving Galpha(q)- and inhibit-coupled
Designer Receptor Exclusively Activated by a Designer
Drug to selectively stimulate (Galpha(q)) or inhibit microg-
lial activity. The Designer Receptor Exclusively Activated
by a Designer Drug CD68-hM3Dq was used for its ability
to increase intracellular Ca?*, because elevated intracellu-
lar Ca?* has been shown to activate microglia and initiate
the release of inflammatory cytokines.!® When admin-
istered intrathecally, CD68-hM3Dq induced allodynia in
mice within 4 hours. The study subsequently confirmed
the dependence of this allodynia on interleukin-1f3 by
administering interleukinl-ra, which entirely prevented
the development of hypersensitivity after CD68-hM3Dq
administration. This strategy represents an exciting
breakthrough that should clarify the precise contribution
of microglial cytokine release to pain progression and
maintenance.

At this time, several other pharmacologic agents, includ-
ing cannabinoids, which act in part on cannabinoid recep-
tors on microglia,'® and ibudilast, a phosphodiesterase
inhibitor,'% show promise as analgesics for patients with
neuropathic pain, though studies of these agents are in pre-
liminary stages.”” Numerous clinical trials are in progress to
advance our understanding of the analgesic efficacy of glial
modulators (Table), and with further translational efforts
(discussed below), more compounds will enter the pipeline
shortly.

CLINICAL TRANSLATION: PITFALLS AND PROMISE

Improving Preclinical Studies

Thus far, clinical studies of glial modulators have shown
limited efficacy at reversing and preventing persistent pain.
We can, however, learn from these failures to better design
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future studies and drugs. As outlined in several recent
reviews, this failure to translate is not specific to glial mod-
ulators in pain but has been the case for many promising
analgesic drugs.!””1% Some suggested explanations for these
failures include the heterogeneity of clinical pain conditions,
the complexity of the underlying mechanisms, and the
need for more reliable preclinical models and measures of
pain.!® For example, preclinical experiments often adminis-
ter drugs preemptively or very shortly after induction of the
pain model, while in a clinical setting, treatment may not be
initiated for up to 5 years after the inciting injury.'® In addi-
tion, the use of strictly evoked or reflexive responses, like
paw withdrawal, needs to be expanded to include higher
order cognitive tasks such as place preference or avoidance
that more aptly capture the affective-motivational aspects
of pain.!'® This suggests that additional preclinical stud-
ies with clinically informed protocols may be necessary to
optimize all potential analgesics including glial modulators
before translating them.

In the particular case of glial-targeted agents, the low
reported clinical efficacy may also be explained by the lack
of specificity of our purported glial modulators,” oversim-
plification in our understanding of microglia reactivity,?
incomplete knowledge of sex-specific effects, " or lack
of understanding of the time dependence of microglial
contributions to persistent pain. It is encouraging that our
knowledge in these areas is rapidly expanding and actively
being pursued through clinically informed basic science
experiments in many laboratories, including our own.
Also promising is that next-generation sequencing stud-
ies have provided a deeper understanding of the microg-
lial transcriptome, and perhaps, more importantly, how
closely human and mouse microglia compare. For example,
Gosselin et al” evaluated the microglia transcriptome from
human and mouse cortex and found that the overall pattern
of gene expression was similar, with the majority of gene
pairs expressed within a 4-fold range. Although clear dif-
ferences were also found, knowledge of these also improves
our ability to design human microglia-targeted drugs.

Imaging Microglia to Improve Targeted Treatment
As described previously, microglia are likely the initiators
of a cascade leading to astrocyte dysregulation of neuro-
nal crosstalk. The timing of microglial-directed treatments
must therefore consider how involved microglia are, at that
particular moment, in the overall maintenance of pain. One
major difficulty with clinical studies is that the glial activa-
tion status of patients is unknown and likely variable over
the course of disease, but developments in clinical imaging
may provide an invaluable technique to guide and monitor
glial-targeted interventions in real time.

Positron emission tomography is a noninvasive imaging
technique that enables visualization of cellular and molecu-
lar processes in living intact subjects and can be used clini-
cally for diagnosis and disease management, or preclinically
in animal models."? Positron emission tomography shows
great promise as a method to visualize neuroinflammation,
and specifically glial activation, in a variety of neurologic dis-
orders through the use of radiotracers'>!!4; small molecules,
peptides, particles, or engineered protein fragments that are
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specific for a molecular process/target of interest and labeled
with a positron-emitting radionuclide (eg, 18F, 11C, 64Cu).
The most widely used class of positron emission tomogra-
phy tracer for imaging glial activation are those who bind
the translocator protein 18 kDa—a mitochondrial membrane
receptor upregulated in activated glia and myeloid-lineage
cells (monocytes/macrophages). The exact function of trans-
locator protein is not yet clear; however, a series of studies
suggested that it may contribute to recovery from injury as
translocator protein agonists decreased allodynia and ther-
mal hyperalgesia in a model of neuropathic pain.!'>!1® One
preclinical study, using a first-generation translocator protein
tracer, 11C-PK11195, found a significant increase in binding
in the lumbar spinal cord of rats after partial sciatic nerve
ligation, correlating with elevated glial activation."” In the
clinical setting, Loggia et al''® showed an elevated translo-
cator protein positron emission tomography signal in the
brain of patients suffering from chronic low back pain, using
11C-PBR28, a promising second-generation translocator pro-
tein tracer. Specifically, there was a significantly higher stan-
dardized uptake value ratio in the thalamus (normalized to
whole brain uptake) for low back pain patients, in addition
to increased standardized uptake value ratios in the pre- and
postcentral gyri and paracentral lobule—although the differ-
ences in the thalamus were the most dramatic and consistent.
Likewise, in a study of 11 complex regional pain syndrome
patients versus 12 controls, 11C-PK11195 was shown to detect
glial activation in the thalamus, caudate nucleus, putamen,
and nucleus accumbens of complex regional pain syndrome
subjects as per the significantly elevated distribution volume
ratio."”” In an exciting attempt to pair such imaging with
microglial modulation, a current clinical trial (ClinicalTrials.
gov; identifier: NCT03106740) is recruiting patients with low
back pain to undergo translocator protein positron emission
tomography scans before and after a 2-week trial of mino-
cycline, placebo, or no treatment. Such positron emission
tomography imaging studies of the molecular underpin-
nings of pain will likely provide critical insights into the in
vivo systemic spatiotemporal dynamics of neuroimmune
interactions involved in the development of chronic pain and
could also be advantageous in early diagnosis, therapeutic
decision making, and ultimately the prevention of many pain
syndromes.

CONCLUDING REMARKS

We have presented in this review significant evidence sup-
porting a glial contribution to persistent pain, with microglia
acting as the first responders to initiate postinjury neuroin-
flammation. Through glia—neuron crosstalk, sensitization
occurs to propagate a centralized persistent pain cycle that
poses a significant challenge to both patients and clinicians.
Glial modulators represent a class of medications with
proven efficacy in preclinical studies that warrant further
investigation for the treatment of chronic pain. Moving for-
ward, improving the extent to which preclinical studies are
clinically informed—for example, optimizing the dose and
timing of drug administration relative to the injury, using
nonreflexive tests of sensitivity and considering variables
such as type of pain, sex, and age—all increase the likeli-
hood that we make meaningful translational advancements.
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Moreover, the use of noninvasive imaging techniques will
likely help with patient selection and disease monitoring
and could serve as an important end point in clinical trials
of new glial modulators. In addition, our rapidly expand-
ing knowledge about glia in animals and humans, through
advanced transcriptomics, suggests that glial “activation”
is not an all-or-none phenomena, and strategies that more
subtly shift glia back to their homeostatic functions may
have greater success in treating high-impact pain. g8

DISCLOSURES

Name: Elena S. Haight, BS.

Contribution: This author helped prepare the manuscript and fig-
ures, and approved the final published version of the manuscript.
Name: Thomas E. Forman, BS.

Contribution: This author helped prepare the manuscript and fig-
ures, and approved the final published version of the manuscript.
Name: Stephanie A. Cordonnier, BA.

Contribution: This author helped prepare the manuscript and fig-
ures, and approved the final published version of the manuscript.
Name: Michelle L. James, PhD.

Contribution: This author helped prepare the manuscript and fig-
ures, and approved the final published version of the manuscript.
Name: Vivianne L. Tawfik, MD, PhD.

Contribution: This author helped prepare the manuscript and fig-
ures, and approved the final published version of the manuscript.
This manuscript was handled by: Gregory J. Crosby, MD.

REFERENCES

1. Institute of Medicine (US) Committee on Advancing Pain
Research, Care, and Education. Relieving Pain in America:
A Blueprint for Transforming Prevention, Care, Education, and
Research. Washington, DC: National Academies Press (US);
2011.

2. Chopra N, Marasa LH. The opioid epidemic: challenges of sus-
tained remission. Int | Psychiatry Med. 2017;52:196-201.

3. Grace PM, Hutchinson MR, Maier SF, Watkins LR. Pathological
pain and the neuroimmune interface. Nat Rev Immunol.
2014;14:217-231.

4. Gaudilliere B, Fragiadakis GK, Bruggner RV, et al. Clinical
recovery from surgery correlates with single-cell immune sig-
natures. Sci Transl Med. 2014;6:255ra131.

5. Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers
in immune privilege of the CNS. Nat Immunol. 2017;18:123-131.

6. Salter MW, Stevens B. Microglia emerge as central players in
brain disease. Nat Med. 2017;23:1018-1027.

7. JiRR, Berta T, Nedergaard M. Glia and pain: is chronic pain a
gliopathy? Pain. 2013;154(suppl 1):510-528.

8. Inoue K, Tsuda M. Microglia in neuropathic pain: cellular and
molecular mechanisms and therapeutic potential. Nat Rev
Neurosci. 2018;19:138-152.

9. De Leo JA, Tawfik VL, LaCroix-Fralish ML. The tetrapartite
synapse: path to CNS sensitization and chronic pain. Pain.
2006;122:17-21.

10. Ginhoux F, Greter M, Leboeuf M, et al. Fate mapping analy-
sis reveals that adult microglia derive from primitive macro-
phages. Science. 2010;330:841-845.

11. Gomez Perdiguero E, Klapproth K, Schulz C, et al. Tissue-
resident macrophages originate from yolk-sac-derived erythro-
myeloid progenitors. Nature. 2015;518:547-551.

12. Li Q, Barres BA. Microglia and macrophages in brain homeo-
stasis and disease. Nat Rev Immunol. 2018;18:225-242.

13. Bruttger J, Karram K, Wortge S, et al. Genetic cell ablation
reveals clusters of local self-renewing microglia in the mamma-
lian central nervous system. Immunity. 2015;43:92-106.

14. Bennett ML, Bennett FC, Liddelow SA, et al. New tools for
studying microglia in the mouse and human CNS. Proc Natl
Acad Sci USA. 2016;113:E1738-E1746.

15. Buttgereit A, Lelios I, Yu X, et al. Salll is a transcriptional regu-
lator defining microglia identity and function. Nat Immunol.
2016;17:1397-1406.

744 www.anesthesia-analgesia.org

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ferrer I, Bernet E, Soriano E, del Rio T, Fonseca M. Naturally
occurring cell death in the cerebral cortex of the rat and
removal of dead cells by transitory phagocytes. Neuroscience.
1990;39:451-458.

Oppenheim RW. Cell death during development of the nervous
system. Annu Rev Neurosci. 1991;14:453-501.

Vaux DL, Korsmeyer SJ. Cell death in development. Cell.
1999,96:245-254.

Bessis A, Béchade C, Bernard D, Roumier A. Microglial control of
neuronal death and synaptic properties. Glia. 2007;55:233-238.
Schafer DP, Lehrman EK, Kautzman AG, et al. Microglia sculpt
postnatal neural circuits in an activity and complement-depen-
dent manner. Neuron. 2012;74:691-705.

Norris GT, Smirnov I, Filiano AJ, et al. Neuronal integrity and
complement control synaptic material clearance by microglia
after CNS injury. | Exp Med. 2018;215:1789-1801.

Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial
cells are highly dynamic surveillants of brain parenchyma in
vivo. Science. 2005;308:1314-1318.

Raghavendra V, Tanga F, DeLeo JA. Inhibition of microglial
activation attenuates the development but not existing hyper-
sensitivity in a rat model of neuropathy. | Pharmacol Exp Ther.
2003;306:624-630.

Ransohoff RM, Perry VH. Microglial physiology: unique stim-
uli, specialized responses. Annu Rev Immunol. 2009,27:119-145.
Perry VH. Contribution of systemic inflammation to chronic
neurodegeneration. Acta Neuropathol. 2010;120:277-286.
Ransohoff RM. How neuroinflammation contributes to neuro-
degeneration. Science. 2016;353:777-783.

Ransohoff RM. A polarizing question: do M1 and M2 microglia
exist? Nat Neurosci. 2016;19:987-991.

Grabert K, Michoel T, Karavolos MH, et al. Microglial brain
region-dependent diversity and selective regional sensitivities
to aging. Nat Neurosci. 2016;19:504-516.

Gosselin D, Skola D, Coufal NG, et al. An environment-depen-
dent transcriptional network specifies human microglia iden-
tity. Science. 2017;356:eaal3222.

Bohlen CJ, Bennett FC, Tucker AF, Collins HY, Mulinyawe SB,
Barres BA. Diverse requirements for microglial survival, speci-
fication, and function revealed by defined-medium cultures.
Neuron. 2017,;94:759.e-773.e8.

Heneka MT, Carson M]J, El Khoury J, et al. Neuroinflammation
in Alzheimer’s disease. Lancet Neurol. 2015;14:388—405.
O’Loughlin E, Madore C, Lassmann H, Butovsky O. Microglial
phenotypes and functions in multiple sclerosis. Cold Spring
Harb Perspect Med. 2018;8:a028993.

Suzuki K, Sugihara G, Ouchi Y, et al. Microglial activation in
young adults with autism spectrum disorder. JAMA Psychiatry.
2013;70:49-58.

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

Krames ES. The role of the dorsal root ganglion in the develop-
ment of neuropathic pain. Pain Med. 2014;15:1669-1685.

Woolf CJ, Ma Q. Nociceptors—noxious stimulus detectors.
Neuron. 2007;55:353-364.

von Hehn CA, Baron R, Woolf CJ. Deconstructing the neuro-
pathic pain phenotype to reveal neural mechanisms. Neuron.
2012;73:638-652.

Bruehl S. Complex regional pain syndrome. BMJ. 2015;351:h2730.
Colburn RW, Rickman AJ, DeLeo JA. The effect of site and type
of nerve injury on spinal glial activation and neuropathic pain
behavior. Exp Neurol. 1999;157:289-304.

Garrison CJ, Dougherty PM, Kajander KC, Carlton SM. Staining
of glial fibrillary acidic protein (GFAP) in lumbar spinal cord
increases following a sciatic nerve constriction injury. Brain Res.
1991;565:1-7.

Eriksson NP, Persson JK, Svensson M, Arvidsson J, Molander
C, Aldskogius H. A quantitative analysis of the microglial cell
reaction in central primary sensory projection territories fol-
lowing peripheral nerve injury in the adult rat. Exp Brain Res.
1993,96:19-27.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, et al. P2X4 recep-
tors induced in spinal microglia gate tactile allodynia after
nerve injury. Nature. 2003;424:778-783.

ANESTHESIA & ANALGESIA

Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.



Microglial Modulation and Chronic Pain

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Li WW, Guo TZ, Shi X et al. Substance P spinal signaling
induces glial activation and nociceptive sensitization after frac-
ture. Neuroscience. 2015;310:73-90.

Kohno K, Kitano J, Kohro Y, Tozaki-Saitoh H, Inoue K, Tsuda
M. Temporal kinetics of microgliosis in the spinal dorsal
horn after peripheral nerve injury in rodents. Biol Pharm Bull.
2018;41:1096-1102.

Peng ], GuN, Zhou L, et al. Microglia and monocytes synergis-
tically promote the transition from acute to chronic pain after
nerve injury. Nat Commun. 2016;7:12029.

JiRR, Xu ZZ, Gao Y]. Emerging targets in neuroinflammation-
driven chronic pain. Nat Rev Drug Discov. 2014;13:533-548.
Liddelow SA, Guttenplan KA, Clarke LE, et al. Neurotoxic
reactive astrocytes are induced by activated microglia. Nature.
2017;541:481-487.

Denk F, Crow M, Didangelos A, Lopes DM, McMahon SB.
Persistent alterations in microglial enhancers in a model of
chronic pain. Cell Rep. 2016;15:1771-1781.

Ferrini F, Trang T, Mattioli TA, et al. Morphine hyperalgesia
gated through microglia-mediated disruption of neuronal CI
homeostasis. Nat Neurosci. 2013;16:183-192.

Ledeboer A, Sloane EM, Milligan ED, et al. Minocycline attenu-
ates mechanical allodynia and proinflammatory cytokine expres-
sion in rat models of pain facilitation. Pain. 2005;115:71-83.

Lin C-S, Tsaur M-L, Chen C-C, et al. Chronic intrathecal infu-
sion of minocycline prevents the development of spinal-
nerve ligation-induced pain in rats. Reg Anesth Pain Med.
2007;32:209-216.

Sorge RE, Mapplebeck JC, Rosen S et al. Different immune cells
mediate mechanical pain hypersensitivity in male and female
mice. Nat Neurosci. 2015;18:1081-1083.

Chew DJ, Carlstedt T, Shortland PJ. The effects of minocycline
or riluzole treatment on spinal root avulsion-induced pain in
adult rats. | Pain. 2014;15:664—675.

Curtin CM, Kenney D, Suarez P et al. A double-blind placebo
randomized controlled trial of minocycline to reduce pain
after carpal tunnel and trigger finger release. | Hand Surg Am.
2017;42:166-174.

Martinez V, Szekely B, Lemarié J, et al. The efficacy of a glial
inhibitor, minocycline, for preventing persistent pain after lum-
bar discectomy: a randomized, double-blind, controlled study.
Pain. 2013;154:1197-1203.

Sumracki NM, Hutchinson MR, Gentgall M, Briggs N, Williams
DB, Rolan P. The effects of pregabalin and the glial attenu-
ator minocycline on the response to intradermal capsaicin in
patients with unilateral sciatica. PLoS One. 2012;7:e38525.
Vanelderen P, Van Zundert ], Kozicz T, et al. Effect of mino-
cycline on lumbar radicular neuropathic pain: a randomized,
placebo-controlled, double-blind clinical trial with amitripty-
line as a comparator. Anesthesiology. 2015;122:399-406.

Syngle A, Verma I, Krishan P, Garg N, Syngle V. Minocycline
improves peripheral and autonomic neuropathy in type 2 dia-
betes: MIND study. Neurol Sci. 2014;35:1067-1073.

Moller T, Bard F, Bhattacharya A, et al. Critical data-based
re-evaluation of minocycline as a putative specific microglia
inhibitor. Glia. 2016;64:1788-1794.

Tawfik VL, Nutile-McMenemy N, Lacroix-Fralish ML, Deleo
JA. Efficacy of propentofylline, a glial modulating agent, on
existing mechanical allodynia following peripheral nerve
injury. Brain Behav Immun. 2007;21:238-246.

Ellis A, Wieseler ], Favret ], et al. Systemic administration of
propentofylline, ibudilast, and (+)-naltrexone each reverses
mechanical allodynia in a novel rat model of central neuro-
pathic pain. | Pain. 2014;15:407-421.

Landry RP, Jacobs VL, Romero-Sandoval EA, Deleo JA.
Propentofylline, a CNS glial modulator does not decrease pain
in post-herpetic neuralgia patients: in vitro evidence for differ-
ential responses in human and rodent microglia and macro-
phages. Exp Neurol. 2012;234:340-350.

Watkins LR, Hutchinson MR, Johnson KW. Commentary on
Landry et al: “Propentofylline, a CNS glial modulator, does not
decrease pain in post-herpetic neuralgia patients: in vitro evi-
dence for differential responses in human and rodent microglia
and macrophages”. Exp Neurol. 2012;234:351-353.

April 2019 e Volume 128 ¢ Number 4
Copyright © 2019 International Anesthesia Research Society.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Bruno K, Woller SA, Miller Y], et al. Targeting toll-like recep-
tor-4 (TLR4)-an emerging therapeutic target for persistent pain
states. Pain. 2018;159:1908-1915.

Liu T, Han Q, Chen G, et al. Toll-like receptor 4 contributes to
chronic itch, alloknesis, and spinal astrocyte activation in male
mice. Pain. 2016;157:806-817.

LiY, Zhang H, Zhang H, Kosturakis AK, Jawad AB, Dougherty
PM. Toll-like receptor 4 signaling contributes to Paclitaxel-
induced peripheral neuropathy. | Pain. 2014;15:712-725.

Tanga FY, Nutile-McMenemy N, DeLeo JA. The CNS role of
Toll-like receptor 4 in innate neuroimmunity and painful neu-
ropathy. Proc Natl Acad Sci USA. 2005;102:5856-5861.

Hu TT, Wang RR, Tang YY, et al. TLR4 deficiency abrogated
widespread tactile allodynia, but not widespread thermal
hyperalgesia and trigeminal neuropathic pain after partial
infraorbital nerve transection. Pain. 2018;159:273-283.
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 ] Neurosci.
2008;28:20-29.

Lewis SS, Loram LC, Hutchinson MR, et al. (+)-naloxone, an
opioid-inactive toll-like receptor 4 signaling inhibitor, reverses
multiple models of chronic neuropathic pain in rats. | Pain.
2012;13:498-506.

Wang X, Zhang Y, Peng Y, et al. Pharmacological characteriza-
tion of the opioid inactive isomers (+)-naltrexone and (+)-nal-
oxone as antagonists of toll-like receptor 4. Br | Pharmacol.
2016;173:856-869.

Younger ], Parkitny L, McLain D. The use of low-dose naltrex-
one (LDN) as a novel anti-inflammatory treatment for chronic
pain. Clin Rheumatol. 2014;33:451-459.

Younger ], Mackey S. Fibromyalgia symptoms are reduced by
low-dose naltrexone: a pilot study. Pain Med. 2009;10:663-672.
Younger J, Noor N, McCue R, Mackey S. Low-dose naltrex-
one for the treatment of fibromyalgia: findings of a small, ran-
domized, double-blind, placebo-controlled, counterbalanced,
crossover trial assessing daily pain levels. Arthritis Rheum.
2013;65:529-538.

Masuda T, Iwamoto S, Yoshinaga R, et al. Transcription fac-
tor IRF5 drives P2X4R+-reactive microglia gating neuropathic
pain. Nat Commun. 2014;5:3771.

Masuda T, Ozono Y, Mikuriya S, et al. Dorsal horn neurons
release extracellular ATP in a VNUT-dependent manner that
underlies neuropathic pain. Nat Commun. 2016,7:12529.
Masuda T, Tsuda M, Yoshinaga R, et al. IRF8 is a critical tran-
scription factor for transforming microglia into a reactive phe-
notype. Cell Rep. 2012;1:334-340.

Matsumura Y, Yamashita T, Sasaki A, et al. A novel P2X4
receptor-selective antagonist produces anti-allodynic effect in
a mouse model of herpetic pain. Sci Rep. 2016;6:32461.
Arulkumaran N, Unwin R], Tam FW. A potential therapeutic role
for P2X7 receptor (P2X7R) antagonists in the treatment of inflam-
matory diseases. Expert Opin Investig Drugs. 2011;20:897-915.
Keystone EC, Wang MM, Layton M, Hollis S, McInnes IB;
D1520C00001 Study Team. Clinical evaluation of the efficacy of
the P2X7 purinergic receptor antagonist AZD9056 on the signs
and symptoms of rheumatoid arthritis in patients with active
disease despite treatment with methotrexate or sulphasalazine.
Ann Rheum Dis. 2012;71:1630-1635.

Bhattacharya A, Biber K. The microglial ATP-gated ion channel
P2X7 as a CNS drug target. Glia. 2016;64:1772-1787.

Mousseau M, Burma NE, Lee KY, et al. Microglial pannexin-1
channel activation is a spinal determinant of joint pain. Sci Adv.
2018;4:eaas9846.

JiRR, Gereau RW 4%, Malcangio M, Strichartz GR. MAP kinase
and pain. Brain Res Rev. 2009;60:135-148.

Jin SX, Zhuang ZY, Woolf CJ, Ji RR. p38 mitogen-activated pro-
tein kinase is activated after a spinal nerve ligation in spinal cord
microglia and dorsal root ganglion neurons and contributes to
the generation of neuropathic pain. | Neurosci. 2003;23:4017-4022.
Taves S, Berta T, Liu DL, et al. Spinal inhibition of p38 MAP
kinase reduces inflammatory and neuropathic pain in male but
not female mice: sex-dependent microglial signaling in the spi-
nal cord. Brain Behav Immun. 2016;55:70-81.

www.anesthesia-analgesia.org 745

Unauthorized reproduction of this article is prohibited.



=2 NARRATIVE REVIEW ARTICLE

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

746

Copyright © 2019 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.

Sorkin L, Svensson CI, Jones-Cordero TL, Hefferan MP,
Campana WM. Spinal p38 mitogen-activated protein kinase
mediates allodynia induced by first-degree burn in the rat. |
Neurosci Res. 2009;87:948-955.

Anand P, Shenoy R, Palmer JE, et al. Clinical trial of the p38
MAP kinase inhibitor dilmapimod in neuropathic pain fol-
lowing nerve injury. Eur | Pain. 2011;15:1040-1048.

Ostenfeld T, Krishen A, Lai RY, et al. A randomized, placebo-
controlled trial of the analgesic efficacy and safety of the p38
MAP kinase inhibitor, losmapimod, in patients with neu-
ropathic pain from lumbosacral radiculopathy. Clin | Pain.
2015;31:283-293.

Ostenfeld T, Krishen A, Lai RY, et al. Analgesic efficacy and
safety of the novel p38 MAP kinase inhibitor, losmapimod,
in patients with neuropathic pain following peripheral nerve
injury: a double-blind, placebo-controlled study. Eur | Pain.
2013;17:844-857.

Stellwagen D, Malenka RC. Synaptic scaling mediated by glial
TNF-alpha. Nature. 2006;440:1054-1059.

Yan X, Weng HR. Endogenous interleukin-1f3 in neuropathic
rats enhances glutamate release from the primary affer-
ents in the spinal dorsal horn through coupling with pre-
synaptic N-methyl-D-aspartic acid receptors. | Biol Chem.
2013;288:30544-30557.

Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytokine mechanisms
of central sensitization: distinct and overlapping role of inter-
leukin-1beta, interleukin-6, and tumor necrosis factor-alpha
in regulating synaptic and neuronal activity in the superficial
spinal cord. | Neurosci. 2008;28:5189-5194.

Beattie EC, Stellwagen D, Morishita W, et al. Control of
synaptic strength by glial TNFalpha. Science. 2002;295:
2282-2285.

Sabsovich I, Guo TZ, Wei T, et al. TNF signaling contributes
to the development of nociceptive sensitization in a tibia frac-
ture model of complex regional pain syndrome type 1. Pain.
2008;137:507-519.

Schifers M, Svensson CI, Sommer C, Sorkin LS. Tumor necro-
sis factor-alpha induces mechanical allodynia after spinal
nerve ligation by activation of p38 MAPK in primary sensory
neurons. | Neurosci. 2003;23:2517-2521.

Svensson CI, Schifers M, Jones TL, Powell H, Sorkin LS.
Spinal blockade of TNF blocks spinal nerve ligation-induced
increases in spinal P-p38. Neurosci Lett. 2005;379:209-213.
Korhonen T, Karppinen J, Malmivaara A, et al. Efficacy of inf-
liximab for disc herniation-induced sciatica: one-year follow-
up. Spine (Phila Pa 1976). 2004;29:2115-2119.

Korhonen T, Karppinen J, Paimela L, et al. The treatment of
disc herniation-induced sciatica with infliximab: results of a
randomized, controlled, 3-month follow-up study. Spine (Phila
Pa 1976). 2005;30:2724-2728.

Cohen SP, Wenzell D, Hurley RW, et al. A double-blind,
placebo-controlled, dose-response pilot study evaluating
intradiscal etanercept in patients with chronic discogenic
low back pain or lumbosacral radiculopathy. Anesthesiology.
2007;107:99-105.

Cohen SP, Bogduk N, Dragovich A, et al. Randomized,
double-blind, placebo-controlled, dose-response, and pre-
clinical safety study of transforaminal epidural etaner-
cept for the treatment of sciatica. Anesthesiology. 2009;110:
1116-1126.

www.anesthesia-analgesia.org

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Milligan ED, Twining C, Chacur M, et al. Spinal glia and pro-
inflammatory cytokines mediate mirror-image neuropathic
pain in rats. | Neurosci. 2003,23:1026-1040.

Johnston IN, Milligan ED, Wieseler-Frank J, et al. A role for
proinflammatory cytokines and fractalkine in analgesia, tol-
erance, and subsequent pain facilitation induced by chronic
intrathecal morphine. | Neurosci. 2004;24:7353-7365.

Grace PM, Wang X, Strand KA, et al. DREADDed microglia in
pain: Implications for spinal inflammatory signaling in male
rats. Exp Neurol. 2018;304:125-131.

Hoffmann A, Kann O, Ohlemeyer C, Hanisch UK, Kettenmann
H. Elevation of basal intracellular calcium as a central element
in the activation of brain macrophages (microglia): suppres-
sion of receptor-evoked calcium signaling and control of
release function. | Neurosci. 2003;23:4410-4419.
Romero-Sandoval A, Nutile-McMenemy N, DeLeo JA. Spinal
microglial and perivascular cell cannabinoid receptor type 2 acti-
vation reduces behavioral hypersensitivity without tolerance
after peripheral nerve injury. Anesthesiology. 2008;108:722-734.
Ledeboer A, Liu T, Shumilla JA, et al. The glial modulatory
drug AV411 attenuates mechanical allodynia in rat models of
neuropathic pain. Neuron Glia Biol. 2006;2:279-291.

Woolf CJ. Overcoming obstacles to developing new analge-
sics. Nat Med. 2010;16:1241-1247.

Clark JD. Preclinical pain research: can we do better?
Anesthesiology. 2016;125:846-849.

Fanciullo GJ, Ball PA, Girault G, Rose RJ, Hanscom B,
Weinstein JN. An observational study on the prevalence and
pattern of opioid use in 25,479 patients with spine and radicu-
lar pain. Spine (Phila Pa 1976). 2002;27:201-205.

King T, Porreca F. Preclinical assessment of pain: improv-
ing models in discovery research. Curr Top Behav Neurosci.
2014;20:101-120.

Sorge RE, LaCroix-Fralish ML, Tuttle AH, et al. Spinal cord Toll-like
receptor 4 mediates inflammatory and neuropathic hypersensitiv-
ity in male but not female mice. | Neurosci. 2011;31:15450-15454.
James ML, Gambhir SS. A molecular imaging primer: modalities,
imaging agents, and applications. Physiol Rev. 2012;92:897-965.
Albrecht DS, Granziera C, Hooker JM, Loggia ML. In vivo
imaging of human neuroinflammation. ACS Chem Neurosci.
2016;7:470-483.

Janssen B, Vugts DJ, Funke U, et al. Imaging of neuroinflam-
mation in Alzheimer’s disease, multiple sclerosis and stroke:
recent developments in positron emission tomography.
Biochim Biophys Acta. 2016;1862:425-441.

Wei XH, Wei X, Chen FY, et al. The upregulation of transloca-
tor protein (18 kDa) promotes recovery from neuropathic pain
in rats. | Neurosci. 2013;33:1540-1551.

Liu X, Liu H, Xu S, et al. Spinal translocator protein allevi-
ates chronic neuropathic pain behavior and modulates spinal
astrocyte-neuronal function in rats with L5 spinal nerve liga-
tion model. Pain. 2016;157:103-116.

Imamoto N, Momosaki S, Fujita M, et al. [11C]PK11195 PET
imaging of spinal glial activation after nerve injury in rats.
Neuroimage. 2013;79:121-128.

Loggia ML, Chonde DB, Akeju O, et al. Evidence for brain glial
activation in chronic pain patients. Brain. 2015;138:604-615.
Jeon SY, Seo S, Lee JS, et al. [11C]-®-PK11195 positron emis-
sion tomography in patients with complex regional pain syn-
drome: a pilot study. Medicine (Baltimore). 2017,96:5735.

ANESTHESIA & ANALGESIA



