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Abstract

Craniofacial muscle pain is highly prevalent in temporomandibular disorders but is difficult to treat. Enhanced understanding of
neurobiology unique to craniofacial muscle pain should lead to the development of novel mechanism-based treatments. Herein, we
review recent studies to summarize neural pathways of craniofacial muscle pain. Nociceptive afferents in craniofacial muscles are
predominantly peptidergic afferents enriched with TRPVI. Signals from peripheral glutamate receptors converge onto TRPVI, leading
to mechanical hyperalgesia. Further studies are needed to clarify whether hyperalgesic priming in nonpeptidergic afferents or repeated
acid injections also affect craniofacial muscle pain. Within trigeminal ganglia, afferents innervating craniofacial muscles interact with
surrounding satellite glia, which enhances the sensitivity of the inflamed neurons as well as nearby uninjured afferents, resulting in
hyperalgesia and ectopic pain originating from adjacent orofacial tissues. Craniofacial muscle afferents project to a wide area within
the trigeminal nucleus complex, and central sensitization of medullary dorsal horn neurons is a critical factor in muscle hyperalgesia
related to ectopic pain and emotional stress. Second-order neurons project rostrally to pathways associated with affective pain, such as
parabrachial nucleus and medial thalamic nucleus, as well as sensory-discriminative pain, such as ventral posteromedial thalamic nuclei.
Abnormal endogenous pain modulation can also contribute to chronic muscle pain. Descending serotonergic circuits from the rostral
ventromedial medulla facilitate activation of second-order neurons in the trigeminal nucleus complex, which leads to the maintenance
of mechanical hyperalgesia of inflamed masseter muscle. Patients with temporomandibular disorders exhibit altered brain networks in
widespread cortical and subcortical regions. Recent development of methods for neural circuit manipulation allows silencing of specific
hyperactive neural circuits. Chemogenetic silencing of TRPV |-expressing afferents or rostral ventromedial medulla neurons attenuates
hyperalgesia during masseter inflammation. It is likely, therefore, that further delineation of neural circuits mediating craniofacial muscle
hyperalgesia potentially enhances treatment of chronic muscle pain conditions.
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Introduction mechanical hyperalgesia in the masseter muscle than in the
gastrocnemius muscle (Bagues et al. 2017). Trigeminal noci-
ceptors uniquely contain a subset of afferents that bypass
second-order neurons in the medullary dorsal horn and directly
project to the parabrachial nucleus (PBN), which may enhance
affective pain (Rodriguez et al. 2017). Furthermore, a calcitonin
gene-related peptide (CGRP) receptor antagonist attenuates
orofacial neuropathic pain but not spinal neuropathic pain
(Michot et al. 2012). Therefore, the mechanisms of craniofacial
pain are unique and cannot be considered identical to those of
spinal pain.

Craniofacial muscle pain is associated with substantial mor-
bidity and affects individuals through different conditions.
Acute conditions, such as space abscesses, can cause muscle
pain. Tension-type headaches are also likely to involve pericra-
nial muscle pain. Temporomandibular disorders (TMDs) are
the most prevalent conditions involving craniofacial muscle
pain. In diagnostic criteria for TMD, masticatory muscle
disorders include myalgia, tendonitis, myositis, and spasm
(Schiffman et al. 2014). Myalgia is defined as “pain of muscle
origin that is affected by jaw movement, function, or parafunc-
tion, and replication of this pain occurs with provocation test-
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In this review, we highlight recent studies focusing on the
molecular and cellular mechanisms of craniofacial pain condi-
tions, particularly muscle pain. A fuller understanding of the
neurobiological mechanisms unique to craniofacial muscle
pain should expose gaps in current knowledge and enhance
developing tailored treatments. Selective targeting of mole-
cules or their signaling associated with hyperalgesia will
support the development of new analgesic strategies. The iden-
tification of critical neural pathways responsible for persistent
pain is also important in light of recent developments in
advanced methods for neural circuit manipulation.

Primary Afferents for Acute and
Chronic Craniofacial Muscle Pain

Nociceptive inputs from the craniofacial muscles are carried
by trigeminal nerves, the cell bodies of which are located in
trigeminal ganglia (TG). Central terminals of trigeminal affer-
ents terminate on the second-order neurons in the trigeminal
sensory nucleus complex in the brainstem. Like many other
chronic pain conditions, myalgia from TMD is not usually
accompanied by obvious signs of injury or muscle inflamma-
tion, such as the facial swelling that is present in infectious
conditions (e.g., submasseteric abscess). Therefore, sensitiza-
tion of the central rather than peripheral nervous system is
thought to make a more critical contribution to the mainte-
nance of chronic TMD pain. Nonetheless, recent studies sug-
gest that acute and chronic muscle pain conditions in patients
with TMD are attributable to inputs from primary afferents:
patients with chronic TMD myalgia show increased levels of
cytokines in the masseter muscle (Louca Jounger et al. 2017).
Algogenic substances, such as glutamate or serotonin, are
increased in the masseter muscle following tooth clenching in
patients with chronic TMD (Dawson et al. 2015). Injection of
local anesthetics to active trigger points in masticatory muscles
attenuates myofascial pain in the head and neck (Nouged et al.
2019), suggesting that primary afferent inputs from the masti-
catory muscles contribute to the occurrence of chronic pain in
TMD. Thus, it is necessary to identify the peripheral molecular
mechanisms to fully understand the pathophysiology and opti-
mal treatment of pain associated with TMD.

Glutamate Receptor and TRP Channel
Mechanisms in Peptidergic Afferents

Approximately a quarter of retrogradely labeled masseter
afferents in TG are small- to medium-sized peptidergic affer-
ents that express CGRP or substance P (SubP; Ambalavanar et
al. 2003). Nonpeptidergic masseter afferents that bind isolectin
B4 (IB4) are rare (5%; Ambalavanar et al. 2003). In TG,
TRPV1 is predominantly expressed in peptidergic afferents
(Joseph et al. 2019), and approximately 25% of masseter affer-
ents express TRPV1 (Ro et al. 2009). Recent studies have offered
convincing evidence for the TRPV1 contribution to craniofa-
cial muscle pain. In rat models of masseter inflammation with
complete Freund’s adjuvant (CFA), masseter injection of a

TRPV1 inhibitor suppresses mechanical hyperalgesia. Inhibition
of TRPV1 also attenuates spontaneous pain and ongoing pain
following masseter inflammation (Wang et al. 2017; Wang,
Brigoli, et al. 2018).

Patients with myofascial TMD show increased interstitial
glutamate in the masseter muscle as compared with healthy
subjects (Castrillon et al. 2010). Receptors for glutamates,
such as N-methyl-D-aspartate (NMDA) receptors and metabo-
tropic glutamate receptor 5 (mGluRS5), are expressed in noci-
ceptors, and their activation in muscle afferents leads to
hyperalgesia (Lee, Saloman, et al. 2012; Chung, Lee, et al.
2015). Interestingly, mechanical hyperalgesia of the masseter
muscle induced by glutamate receptor agonists is prevented by
preemptive injection of TRPV1 antagonist into the masseter
muscle (Lee, Saloman, et al. 2012; Chung, Lee, et al. 2015).
NMDA increases PKC-dependent phosphorylation of TRPV1
serine 800 residue (TRPV1 S800) in dissociated trigeminal
neurons, suggesting that TRPV1 S800 phosphorylation is a
convergent pathway in the glutamate-induced regulation of
TRPVI (Lee, Chung, and Ro 2012). In a mouse line in which
TRPV1 S801, an orthologue residue of rat TRPV1 S800, is
mutated into alanine to prevent phosphorylation, mouse gri-
mace scale (MGS) following masseteric CFA injection is atten-
uated as compared with wild-type mice, suggesting that
TRPV1 S801 phosphorylation-dependent mechanisms con-
tribute to CFA-induced spontaneous pain (Joseph et al. 2019).

TRPV1+ afferents are enriched with not only TRPV1 but
other nociceptive molecules. TRPA1 is highly colocalized with
TRPV1 and is expressed in approximately 10% of masseter
afferents (Ro et al. 2009). Expression of TRPA1 and TRPV1
are upregulated in TG following masseter inflammation (Asgar
et al. 2015; Chung et al. 2016). Inhibition of TRPA1 attenuates
mechanical hyperalgesia, spontaneous pain, and ongoing pain
during masseter inflammation (Asgar et al. 2015; Wang et al.
2017). Simultaneous pharmacologic inhibition of TRPV1 and
TRPA1 additionally reduces ongoing pain (as assessed by con-
ditioned place preference; Wang, Brigoli, et al. 2018). CGRP
and SubP are upregulated following masseter inflammation,
and CGRP receptor antagonists attenuate hyperalgesia from
masseter inflammation (Ambalavanar etal. 2006). Furthermore,
TRPV 1+ afferents undergo broad changes in gene expression
during masseter inflammation. Transcriptomic assay of TG
after masseter inflammation showed upregulation of multiple
pain-related genes that are known to be enriched in TRPV1+
afferents (e.g., Nav1.8, Tacl, PKCa; Chung et al. 2016).
Therefore, the inhibition of the entire function of TRPV1+
afferents is more likely to produce greater analgesia for cranio-
facial muscle pain than can be produced by inhibiting individ-
ual molecules.

The importance of TRPV 1+ afferents in craniofacial mus-
cle pain was unequivocally demonstrated through the manipu-
lation of TRPV1+ afferents. Chemical ablation of TRPVI1+
afferents by injection of resiniferatoxin into the trigeminal sub-
nucleus caudalis (Vc) or localized functional silencing of
TRPV1-lineage afferent terminals within masseter muscle
attenuates spontaneous pain and bite-evoked pain from mas-
seter inflammation (Wang et al. 2017). Furthermore, ablation



1006 Journal of Dental Research 99(9)
| Consequently, a second, modest stimulus by
Endogenous ligands B . .
of TRP channels \A\\ cytokines or inflammatory mediators (e.g., a low
VTV Sensitization by Gl dose of prostaglandin E, [PGE,]) provokes
R e"s't'zat:::, TRP :,':::;t,: recePor | robust and prolonged hyperalgesia, which would
S g not occur in the absence of the initial insult. This
= J‘ ___________________ Masseter mechanical hyperalgesia paradigm, so-called hyperalgesic priming, has
Glutamate Pke— @ . > Spontaneous pain . .
N been proposed as the mechanism underlying the
---> Bite-evoked pain fer : :

VAR Peptidergic transition of pain from acute to ghronlc at the
level of primary afferents. In limb muscles,
- hyperalgesic priming is mediated by IB4+ non-
B TN peptidergic nociceptive afferents, which contrib-

aoa EP . o . .
il Hyperalgesic priming ute to mechanical hyperalgesia in limb muscles

PR
\ 1Epac l PKA

prning o N b

Non-peptidergic

Peptidergic

> Muscle mechanical hyperalgesia

Long lasting hyperalgesia
by repeated acid injection

Muscle mechanical hyperalgesia
Secondary mechanical hyperalgesia

(assessed by pressure on the gastrocnemius mus-
cle following inflammation or eccentric exer-
cise; Alvarez et al. 2012; Fig. 1B).

Hyperalgesic priming could also underpin
the chronic muscle pain associated with TMD.
Multiple cytokines and inflammatory mediators
are increased in the craniofacial muscles of
patients with chronic TMD (Dawson et al. 2015;
Louca Jounger et al. 2017), and such changes
may occur repeatedly, for example, during
repeated clenching bouts. In jaw muscles, mul-
tiple repeated injection of NGF produces
increased mechanical sensitivity in the masseter

but not the temporal muscle without affecting

Figure |. Potential mechanisms underlying muscle pain in peptidergic and nonpeptidergic
afferents. (A) Sensitization of masseter afferents by glutamate receptor and TRP channel
interaction in peptidergic afferents leads to mechanical hyperalgesia of masseter muscles
and spontaneous pain under masseter inflammation. Glutamate receptor invokes

PKC to phosphorylate TRPVI. TRPAI is highly colocalized with TRPV| and mediates
masseter hyperalgesia. TRPV |+ afferents also mediate bite-evoked pain through unknown
mechanisms, independent of TRPV| or TRPAI. (B) IB4+ nonpeptidergic afferents mediate
hyperalgesic priming. Exposure of muscle afferents to initial stimuli, such as interleukin 6
(IL6), glial cell line—derived neurotrophic factor (GDNF), and monocyte chemoattractant
protein | (MCPI), leads to a priming state in nociceptors. In primed nociceptors,
prostaglandin receptors (EP) are associated with exchange proteins activated by cAMP
(Epac) and protein kinase Ce (PKCe), in addition to canonical protein kinase A (PKA)
signaling. (C) Repeated acid injection into the muscle produces secondary hyperalgesia in
skin through peptidergic afferents. Acid-sensing ion channel 3 (ASIC3), TRPVI, and Navl.8
mediate hyperalgesia, which is independent of PKCe. Mechanisms elaborated in panels

B and C are established in limb muscle. Further studies are needed to clarify whether

the frequency of referred pain (Exposto et al.
2018). Thus, despite the paucity of IB4+ affer-
ents in masticatory muscles (Ambalavanar et al.
2003), the involvement of hyperalgesic priming
in the muscle hyperalgesia observed in these
studies cannot be excluded.

Long-lasting Hyperalgesia
by Repeated Acid Injection
in Peptidergic Afferents

Ischemic acidosis in muscle is relevant to mus-
cle pain. Although mechanical hyperalgesia of

hyperalgesic priming or repeated acid injections also affect craniofacial muscle pain.

of neurokinin 1 receptor (NK1)—expressing second-order neu-
rons in Vc attenuates spontaneous and bite-evoked pain from
masseter inflammation (Wang et al. 2017). Since NK1 is a
receptor for SubP and NK 1+ neurons in V¢ are projection neu-
rons carrying capsaicin-evoked pain (Saito et al. 2017), these
data support the notion that signaling through peptidergic
afferents mediates hyperalgesia under craniofacial muscle
inflammation. The roles of TRPV 1+ afferents are depicted in
Figure 1A.

Hyperalgesic Priming in Nonpeptidergic Afferents

Acute injury or inflammation induces long-lasting neuroplastic
changes in nociceptor signaling, mainly involving protein
kinase Ce (PKCeg; Hucho et al. 2005). Although the pain provoked
by the initial insult is transient, such neuroplastic changes
prime nociceptors to be more susceptible to subsequent stimuli.

the hindpaw produced by a single injection of

acid (pH 4) into the gastrocnemius muscle of
rats is transient and disappears within hours, a second injection
after 5 d leads to hyperalgesia that lasts for several days (Sluka
et al. 2001; Chen et al. 2014; Gong et al. 2016). The repeated
injection of acid has been used as a rodent model of prolonged
hyperalgesia. Although this model appears to be similar to the
aforementioned hyperalgesic priming, its underlying mecha-
nisms are distinct. In contrast to hyperalgesic priming occur-
ring in IB4+ afferents, hyperalgesia by repeated acid injection
occurs in [B4-negative afferents and depends on TRPV1, acid-
sensing ion channel 3, and Nav1.8 but not PKCe (Chen et al.
2014; Fig. 1C).

Two injections of acid into the rat masseter muscle have
been shown to induce prolonged mechanical hyperalgesia
(Lund et al. 2010). In this study, mechanical sensitivity was
assessed on masseter muscles with a 15-g von Frey filament,
which is close to the cutaneous mechanical threshold; there-
fore, mechanical hyperalgesia is likely to represent secondary
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hyperalgesia derived from the skin overlying the masseter
muscle. By contrast, repeated injection of acid into the masse-
ter muscle did not produce mechanical hyperalgesia when
assessed with greater pressure (>100-g baseline threshold) on
the masseter muscle (Ambalavanar et al. 2007). Therefore, it is
unclear whether repeated acid injection or hyperalgesic prim-
ing actually mediates hyperalgesia from the masseter muscles.
In contrast to rodent limb muscles, repeated acid injection into
the masseter muscle produces transient muscle pain but does
not cause prolonged muscle hyperalgesia or functional pain in
humans (Castrillon et al. 2013; Louca Jounger et al. 2019).

Intraganglionic Mechanisms

Molecular and cellular mechanisms of complex dynamic inter-
actions within TG have been thoroughly reviewed elsewhere
(Shinoda et al. 2019). Multiple layers of interaction occur
within TG in the presence of nerve injury or peripheral inflam-
mation. Afferents projecting to the site of injury or inflamma-
tion interact with satellite glia (SG) surrounding the given
neurons, which enhances the sensitivity of the injured neurons.
Injured neurons and surrounding SG can sensitize the adjacent
afferents projecting to uninjured tissue, which induces pain
from an ectopic site. Such spreading can occur across neurons
projected to different dermatomes (e.g., mandibular area to
maxillary area) or different tissues (e.g., tooth pulp to masseter
muscle). Here, we discuss recent studies on craniofacial mus-
cle pain, as diagrammed in Figure 2.

CFA-induced inflammation of the masseter muscle pro-
duces changes in approximately 17% of all genes within the
TG, including multiple cytokines, ion channels, G protein—
coupled receptors, and neurotrophic factors (Chung et al.
2016). In this study, gene changes should reflect the net altera-
tion of transcriptomes from not only neurons but also SG and
immune cells within the TG. Masseter inflammation or restraint
stress induces the activation and proliferation of SG with
upregulation of glial fibrillary acidic protein, a marker of SG
(Zhao et al. 2015; Chung et al. 2016). Masseter inflammation
also causes increased reactive oxygen species with proinflam-
matory cytokines, such as interleukin 1 or tumor necrosis fac-
tor a, in the TG (Chung, Asgar, et al. 2015). These factors may
be derived from SG or macrophages. Indeed, sustained mouth
opening in mice induces increased infiltration of macrophages
and upregulation of cytokines within TG (Hawkins and
Durham 2016; Wang, Shi, et al. 2018). Such changes in intra-
ganglionic cytokines or chemokines following jaw muscle
inflammation or injury should produce primary hyperalgesia.
For example, temporal muscle afferents release fractalkine to
activate the surrounding SG through C-X3-C motif chemokine
receptor 1, which mediates mechanical hyperalgesia from the
temporal muscle (Cairns et al. 2017). Increases in ganglionic
cytokines following muscle inflammation can induce ectopic
pain from other regions. Likewise, inflammation of other tis-
sues may propagate into the jaw muscles via intraganglionic
mechanisms.  Temporomandibular ~ joint  inflammation
increases SG activity and the level of tumor necrosis factor a
in the TG, which mediates mechanical hyperalgesia of the

Afferent from

uninjured tissues
Ectopic pain

TNFOL

Lo

T

i Cx3cL1
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Primary hyperalgesm

Afferent from
injured muscle

Figure 2. Schematic of intraganglionic mechanisms of craniofacial
muscle pain. Nociceptive inputs from injured or inflamed craniofacial
muscle produce extensive changes in gene expression in primary
afferents and satellite glia within trigeminal ganglia. Reactive oxygen
species (ROS) are increased, which may enhance genetic and functional
changes. Primary afferents, satellite glia, and macrophages produce

an array of cytokines and chemokines, such as tumor necrosis factor

a (TNFa), interleukin I (IL1p), interleukin 6 (IL6), C-X3-C motif
chemokine ligand | (CX3CLI; fractalkine), and granulocyte-macrophage
colony-stimulating factor (GM-CSF). These factors sensitize injured
afferents to enhance hyperalgesia (primary hyperalgesia). These
sensitizing factors propagate into adjacent neurons from uninjured
tissues, producing ectopic pain.

masseter muscle without spreading inflammation to the mus-
cle (Ito et al. 2018). Therefore, intraganglionic mechanisms
involving SG and immune cells can produce craniofacial mus-
cle hyperalgesia and ectopic pain. Intraganglionic spreading
of sensitizing signals raises the possibility that aforemen-
tioned roles of peptidergic and nonpeptidergic afferents are
not completely segregated along ascending pain pathways. In
this regard, mechanical hyperalgesia induced by masseter
injection of capsaicin, which activates peptidergic afferents,
can be attenuated by an agonist of 5-opioid receptor or by an
inhibitor of G protein—coupled inwardly rectifying potassium
channels, both of which are expressed in nonpeptidergic affer-
ents (Chung et al. 2014).

Central Mechanisms for Craniofacial
Muscle Pain

Central Sensitization of Second-Order Neurons
in the Trigeminal Nucleus Complex

Nociceptive afferent inputs from TG terminate on second-
order neurons in the trigeminal nucleus complex (TNC) and
upper cervical spinal cord (Chichorro et al. 2017). Multiple
preclinical studies have established that sensitization of medul-
lary dorsal horn neurons through NMDA receptors, glial cells,
neuropeptides, and multiple cytokines and neurotrophins
underpins orofacial hyperalgesia, and recent detailed reviews
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Figure 3. Schematic of central neural circuits of craniofacial muscle
pain. Central sensitization in the trigeminal nucleus complex, especially
the subnucleus caudalis (Vc) and transition zone of the Vc and
subnucleus interpolaris (Vc/Vi), is critical for amplification of pain,
ectopic hyperalgesia, and stress-induced hyperalgesia. Vc receives
descending pain modulation inputs from rostral ventromedial medulla
(RVM). Ve neurons are mainly projected to ventral posteromedial
thalamic nuclei (VPM) and the parabrachial nucleus (PBN). VPM neurons
project to the somatosensory cortex and mediate sensory discriminative
aspects of pain. Medial thalamic nuclei (MTN) directly project to the
anterior cingulate cortex (ACC), which contributes to affective pain.
PBN widely projects to pain-related regions, including amygdala (AMG),
which projects to ACC and mediates affective components of pain.

on this topic are available (Chichorro et al. 2017; Shinoda et al.
2019). Sensitization of medullary dorsal horn neurons involv-
ing NMDA receptor and glial cells within V¢ also plays an
important role in craniofacial muscle hyperalgesia (Ren and
Dubner 2011; Lin et al. 2019). In contrast to cutaneous hyper-
algesia, muscle hyperalgesia involves sensitization of neurons
in not only V¢ and upper cervical spinal cord but also the tran-
sition zone between Vc and the interpolaris (Vc/Vi; Ren and
Dubner 2011). Vc/Vi receives autonomic and vagal inputs,
suggesting that somatoautonomic and somatovisceral integra-
tion occurs in this area (Ikeda et al. 2003). In addition, TNC
receives convergent inputs from various orofacial tissues. The
sensitization of TNC neurons induced by the injury of one tis-
sue can produce hyperalgesia in an uninjured tissue. For exam-
ple, pulpitis induces sensitization of V¢ and Vc¢/Vi neurons,
which produces masseter hyperalgesia (Shimizu et al. 2014).
Sensitization of TNC neurons also mediates masseter hyperal-
gesia associated with stress: Forced swim stress increases Fos
expression in V¢ and Vc/Vi induced by masseter injection of
formalin (Nakatani et al. 2018). Restraint stress induces mas-
seter mechanical hyperalgesia through the NMDA receptor
and neuronal nitric oxide synthase in Vc (Lin et al. 2019).
Therefore, TNC is a critical relay station in which somatosen-
sory input is integrated with multiple factors to modulate pain
from craniofacial muscles.

Rostral projections of second-order neurons from Vc
mainly terminate in PBN, medial thalamic nuclei, and ventral
posteromedial thalamic nuclei (Saito et al. 2017). Masseter
inflammation leads to the activation of V¢ and Vc/Vi neurons
that project primarily to the PBN and the nucleus submedius of
the thalamus (Ikeda et al. 2003). Neurons in PBN then project
to multiple brain regions involved in pain processing, includ-
ing central amygdala, hypothalamus, and PAG (Kucyi et al.

2014), suggesting a role of PBN in affective pain and descend-
ing pain modulation (Chiang et al. 2019). VPM project to the
somatosensory cortex and are involved in sensory discrimina-
tive aspects of pain, whereas medial thalamic nuclei project to
the anterior cingulate cortex (ACC) and mediate affective
aspects of pain (Iwata et al. 2011). Since proportions of Vc
neurons projecting to VPM and PBN are altered by trigeminal
neuropathy (Okada et al. 2019), it is possible that craniofacial
muscle pain or TMD involves plasticity of ascending pain
pathways. Neural pathways relevant to craniofacial muscle
pain are depicted in Figure 3.

Descending Pain Modulation

Second-order neurons in the TNC receive descending inputs
from several regions of the central nervous system, such as the
rostral ventromedial medulla (RVM) or locus coeruleus, which
modulates nociceptive input and transmission in the TNC. The
RVM and the locus coeruleus receive inputs from the amygdala
and PAG. Such descending modulation can be either inhibitory
or facilitatory. Imbalance of inhibitory and facilitatory modula-
tion in favor of facilitation under tissue or nerve injury can lead
to chronic pain. Different regions of the PAG are involved in
inhibitory and facilitatory regulation following the injection of
hypertonic saline into rat gastrocnemius muscle. Lesioning of
the dorsolateral PAG attenuates mechanical hyperalgesia,
whereas ventrolateral PAG attenuates thermal hypoalgesia from
the hindpaw (Lei et al. 2014). The RVM also mediates inhibi-
tion and facilitation. Descending facilitation from the RVM is
mainly driven by descending projection of serotonergic neurons
onto second-order neurons in V¢ and Vc/Vi (Sugiyo et al. 2005;
Okubo et al. 2013). CFA-induced masseter mechanical hyperal-
gesia is relieved by the lesioning of RVM or depletion of sero-
tonin in RVM neurons (Sugiyo et al. 2005; Chai et al. 2012).

In humans, endogenous pain modulation is assessed by
temporal summation of pain (facilitatory regulation) or condi-
tioned pain modulation (inhibitory regulation). Functional pain
conditions involving fibromyalgia, headache, or TMD are
commonly suggested to accompany abnormal endogenous
pain modulation (e.g., enhanced facilitation or impaired inhibi-
tion). Reports of endogenous pain modulation in patients with
TMD are equivocal, as has recently been demonstrated
(Moana-Filho et al. 2018). However, meta-analyses, including
22 studies involving patients with 3 nonparoxysmal orofacial
pain conditions (TMD, burning mouth syndrome, and persis-
tent dentoalveolar pain disorders), showed that pain facilitation
is modestly enhanced in the patients experiencing pain as com-
pared with those who were pain-free. By contrast, a trend
whereby pain inhibition was impaired in patients with pain was
observed but did not reach statistical significance due to con-
siderable heterogeneity of the studies (Moana-Filho et al.
2018). These results suggest that abnormal endogenous pain
modulation can contribute to central mechanisms underlying
chronic muscle pain in patients with TMD. Therefore, pharma-
cologic or nonpharmacologic methods aimed at altering endog-
enous pain modulation may be viable options as potential
therapies for chronic muscle pain.
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Maladaptive Changes of Pain Circuits in the Brain

A study with positive emission tomography in humans showed
that pain from the masseter muscle is represented in the bilat-
eral dorsal-posterior insula, ACC, prefrontal cortex, and right
posterior parietal cortex but not in the somatosensory cortex,
suggesting a strong affective component of pain from masseter
muscle (Kupers et al. 2004). Functional magnetic resonance
imaging studies in patients with TMD indicate widespread
changes in brain networks: patients with TMD show increased
resting functional connectivity between the left anterior insular
cortex and pregenual ACC (Ichesco et al. 2012) and between
the medial prefrontal cortex and the posterior cingulate cortex/
precuneus, medial thalamus, or PAG (Kucyi et al. 2014), sug-
gesting the importance of the affective and cognitive aspects of
pain and the descending regulatory system. A recent study indi-
cated a role of striatum. Patients with TMD show decreased
corticostriatal functional connectivity, for example, between
ventral striatum and ventral frontal cortices (ACC or anterior
insula), which might underpin altered motor control, pain pro-
cessing, and cognition (He et al. 2018). A meta-analysis study
suggested that these altered brain networks in patients with
TMD are largely in common with those in patients with
trigeminal neuropathy (e.g., changes in ACC, insular cortex,
prefrontal cortex, and basal ganglia) with some distinct com-
ponents (e.g., involvement of distinct regions of insular cortex
and less involvement of thalamocortical connectivity in TMD;
Lin 2014).

Functional connectivity reflects only temporal synchroniza-
tion of blood flow changes between 2 areas, regardless of their
direct structural and functional neural connection; therefore,
actual contributions of the identified functional connectivity to
pain are hard to interpret. Despite this limitation, these studies
provide useful information allowing us to infer functional
changes among multiple regions involved in pain transmission
and modulation in patients with TMD. These human data pro-
vide an excellent starting point for reverse translational
approaches to determine detailed neural circuit mechanisms of
craniofacial muscle pain in the brains of experimental animals.
For example, a recent study showed that enhanced synaptic
transmission in ACC, as evaluated by stimulating the medial
thalamus, was shown to maintain long-lasting masseter hyper-
algesia induced by occlusal interference in rats (Xu et al.
2019).

Neural Circuit Manipulations
as Potential Therapeutics
for Craniofacial Muscle Pain

Recent developments in circuit-manipulating methods, includ-
ing optogenetic or chemogenetic tools, are considered poten-
tially beneficial for the treatment of chronic pain conditions
(Iyer et al. 2016). These systems may be useful in manipulating
the activity of a subset of neurons in the peripheral and central
nervous systems to activate inhibitory circuits or to silence
hyperactive circuits. Since infection with adeno-associated
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Figure 4. Chemogenetic inhibition of TRPV|-lineage afferents
attenuates spontaneous and bite-evoked pain during masseter
inflammation in mice. (A) TRPVI-Cre mice were crossed with R26-
hM4Di mice to generate TRPVI-hM4Di mice. hM4Di is a Gi-coupled
DREADD receptor that can be activated by clozapine-N-oxide
(CNO). hM4Di is fused with mCitrine, which serves as a marker of
hM4Di expression. Trigeminal ganglia of TRPV1-hM4Di mice were
immunolabeled with anti-TRPV | or anti-GFP. Arrows indicate neurons
coexpressing TRPV| and mCitrine. (B, C) Averaged mouse grimace
scale (MGS) scores and bite force evaluated before and after bilateral
masseter injection of CNO | d following bilateral masseter injection
of complete Freund’s adjuvant (CFA) in TRPVI-hM4Di and TRPVI-
Cre mice. Values are presented as mean + SEM. **P < 0.001 and #P <
0.0001 in Bonferroni post hoc test following 2-way analysis of variance.
(Reproduced from Wang et al. 2017 with permission.)

virus (AAV) is approved by the Food and Drug Administration,
virally delivered genetic tools in well-defined circuits may be
an option for improved treatment of chronic pain in the future.
In mice, chemogenetic silencing of TRPV1+ afferents with
inhibitory designer receptors exclusively activated by designer
drugs (DREADD) receptor hM4Di, an engineered human M4
muscarinic receptor coupled with inhibitory G protein, relieves
spontaneous and bite-evoked pain following masseter inflam-
mation (Fig. 4). In comparison, bite-evoked pain can be inhib-
ited by silencing TRPV1+ afferents but not by inhibition of
TRPVI1 or TRPAl (Wang et al. 2017; Wang, Brigoli, et al.
2018; Joseph et al. 2019). Silencing of the peptidergic afferents
should reduce nociceptive inputs from craniofacial muscles
and reduce neurotransmission into the Vc. At the same time,
neurogenic release of algogenic substances (e.g., glutamate,
SubP) into muscle can be reduced, which will further suppress
nociceptor activation and sensitization. In contrast to the
silencing of cutaneous TRPV 1+ afferents, localized silencing
of masseter afferents is unlikely to be accompanied by adverse
effects, such as loss of heat sensation.

The chemogenetic approach is potentially useful for manip-
ulating central circuits as well. For example, chemogenetic
silencing of RVM neurons attenuated spontaneous and bite-
evoked pain from masseter inflammation (Fig. 5). Inhibitory
DREADD receptor hM4Di fused with mCherry or green fluo-
rescence protein (GFP) control was expressed in RVM neurons
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Figure 5. Chemogenetic inhibition of rostral ventromedial medulla
(RVM) neurons attenuates spontaneous and bite-evoked pain during
masseter inflammation in mice. (A) Adeno-associated virus 5 encoding
green fluorescence protein (GFP) or hM4Di fused with mCherry

under a neuron-specific promoter synapsin (AAV5-Syn-GFP or
AAV5-syn-hM4Di-mCherry) was stereotaxically injected into RVM.
Immunohistochemical labeling of GFP or red fluorescent protein (RFP)
in RVM (top) or GFP and TRPV 1 in trigeminal nucleus caudalis (Vc;
bottom) as indicated. Scale bar, 50 um. (B, C) Four weeks after injection
of AAV5-syn-GFP or AAV5-syn-hM4Di, mouse grimace scale (MGS)

and bite force were measured before and | d after injecting complete
Freund’s adjuvant (CFA) into bilateral masseter muscles. Compound2 |
(0.2 mg; nonhydrolyzable analogue of clozapine-N-oxide) was injected
intraperitoneally (IP) to activate hM4Di for neuronal silencing, which was
followed by measuring MGS and bite force 30 min to | h after injection.
*P < 0.05 and ****P < 0.0001 in Bonferroni post hoc analysis following
2-way repeated measure analysis of variance. n = 5 in each group. Values
are presented as mean + SEM.

by microinjection of AAVS. Fluorescent reporter proteins were
robustly expressed in RVM neurons. GFP+ or mCherry+ axons
were densely projected to the medullary dorsal horn, which
was located close to the TRPV 1+ central terminals of the pri-
mary afferents. Mice expressing hM4Di or GFP showed com-
parable baseline MGS and bite force. At 1 d after CFA injection
into bilateral masseter muscles, both groups showed similar
increases in MGS and decreases in bite force. Upon systemic
injection of DREADD agonist compound 21, MGS was
reduced and bite force elevated in the hM4Di group but not the
GFP group. These results suggest that functional inhibition of
the descending projection from the RVM to Vc reduces net
facilitatory effects on spontaneous and bite-evoked pain, as
well as mechanical hyperalgesia, following masseter inflam-
mation. This approach can be useful for silencing other excit-
atory circuits that are involved in masseter pain. For example,
the formalin-induced masseter pain response is alleviated by
the chemogenetic silencing of ventroposterior thalamic nuclei
in rats (Strand et al. 2018).

Conclusion

Chronic craniofacial muscle pain associated with conditions
such as TMD involves multiple peripheral and central mecha-
nisms. We discussed the potential roles of glutamate receptors
and TRP interactions, hyperalgesic priming in primary affer-
ents, and intraganglionic spreading mechanisms in TG. We
also discussed the contribution of altered brain pain pathways,
including descending pain modulation. These areas are likely
to provide potential major neural pathways associated with
craniofacial muscle pain. Identifying major neural circuits is
important for enhancing our ability to treat intractable chronic
pain conditions through pharmacologic or circuit-manipulating
approaches in the future. Molecular and circuitry mechanisms
in brain regions associated with chronic muscle pain, particu-
larly the affective components of pain, require further delinea-
tion. Enhanced understanding of peripheral and central circuits
in comorbid pain conditions, sexual dimorphism, and stress-
induced hyperalgesia will also be critical for improving our
ability to treat chronic muscle pain conditions.
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