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Peripheral and Central Mechanisms
of Persistent Orofacial Pain
Masamichi Shinoda†, Asako Kubo†, Yoshinori Hayashi and Koichi Iwata*

Department of Physiology, Nihon University School of Dentistry, Tokyo, Japan

Neuroplastic changes in the neuronal networks involving the trigeminal ganglion (TG),
trigeminal spinal subnucleus caudalis (Vc), and upper cervical spinal cord (C1/C2) are
considered the mechanisms underlying the ectopic orofacial hypersensitivity associated
with trigeminal nerve injury or orofacial inflammation. It has been reported that peripheral
nerve injury causes injury discharges in the TG neurons, and a barrage of action
potentials is generated in TG neurons and conveyed to the Vc and C1/C2 after trigeminal
nerve injury. Long after trigeminal nerve injury, various molecules are produced in the
TG neurons, and these molecules are released from the soma of TG neurons and are
transported to the central and peripheral terminals of TG neurons. These changes within
the TG cause neuroplastic changes in TG neurons and they become sensitized. The
neuronal activity of TG neurons is further accelerated, and Vc and C1/C2 neurons are
also sensitized. In addition to this cascade, non-neuronal glial cells are also involved
in the enhancement of the neuronal activity of TG, Vc, and C1/C2 neurons. Satellite
glial cells and macrophages are activated in the TG after trigeminal nerve injury and
orofacial inflammation. Microglial cells and astrocytes are also activated in the Vc and
C1/C2 regions. It is considered that functional interaction between non-neuronal cells
and neurons in the TG, Vc, and C1/C2 regions is a key mechanism involved in the
enhancement of neuronal excitability after nerve injury or inflammation. In this article,
the detailed mechanisms underlying ectopic orofacial hyperalgesia associated with
trigeminal nerve injury and orofacial inflammation are addressed.

Keywords: orofacial ectopic pain, trigeminal ganglion, trigeminal spinal subnucleus caudalis and upper cervical
spinal cord, satellite cell, macrophage, microglia, astrocyte

INTRODUCTION

Trigeminal nerve injury and orofacial inflammation are known to frequently cause persistent
pain that can spread to adjacent orofacial regions innervated by the uninjured trigeminal nerve
branches. Peripheral and central mechanisms are considered to be involved in the persistent ectopic
orofacial pain associated with trigeminal nerve injury or orofacial inflammation (Imbe et al., 2001).

Abbreviations: ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; CCL2, chemokine C–C motif ligand
2; CGRP, calcitonin gene-related peptide; DRG, dorsal root ganglion; ERK, extracellular signal-regulated kinase; FKN,
fractalkine; GFAP, glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase; LIF, leukemia inhibitory factor;
MAPK, mitogen-activated protein kinase; Nav, voltage-gated sodium channel; NGF, nerve growth factor; nNOS, neuronal
nitric oxide synthase; NOS, nitric oxide synthase; RVM, rostro-ventral medulla; SGC, satellite glial cell; SP, substance P;
TG, trigeminal ganglion; TNF, tumor necrosis factor; TNFR, TNF receptor; Vc, trigeminal spinal subnucleus caudalis; Vi,
trigeminal subnucleus interpolaris.
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Orofacial ectopic pain is defined as pain spreading from
injured branch regions to uninjured branch areas following
trigeminal nerve injury or orofacial inflammation. Orofacial
ectopic persistent pain is sometimes difficult to diagnose and
treat. After tooth extraction or tooth-pulp inflammation, ectopic
persistent pain occurs in the uninjured and non-inflamed areas
of the orofacial regions (Chiang et al., 2011).

Following trigeminal nerve injury, primary afferent neurons
are significantly activated, and a barrage of action potentials
is generated in TG neurons and conveyed to the central
nervous system. Background activity is also augmented in TG
neurons, resulting in the increment of baseline activity in the
primary afferent neurons. nNOS expression in the sensitized
primary afferent neurons accelerates NO synthesis, and NO is
released from the sensitized primary afferent neurons. Neuronal
excitability in the uninjured trigeminal nerve branches is altered
by NO signaling, the injured neurons and increased excitability
of uninjured neurons together contribute to persistent pain
(Sugiyama et al., 2013). The soma of a primary afferent neuron is
known to be tightly surrounded by SGCs in the TG. Connexins
are the primary components of gap junctions organized into
two hemichannels called connexons and contribute to binding
SGCs. Connexin 43 (Cx43), which is the primary gap junction
protein, is known to modulate transportation of small molecules
between SGCs. Following trigeminal nerve injury, SGC activation
via gap junctions composed of Cx43 propagates throughout
the TG, resulting in the sensitization of uninjured TG neurons
responsible for ectopic orofacial pain (Kaji et al., 2016). The
gap between the soma of primary afferent neurons and the
SGCs is only 20 nm, and these cells communicate with each
other by releasing chemical messengers. Various molecules are
released from TG neurons and cause activation of SGCs, and
activated SGCs also generate many molecules that are released
from SGCs in the TG, leading to acceleration of TG neuronal
activity (Chiang et al., 2011).

Non-neuronal cells such as macrophages are accumulated in
the TG after trigeminal nerve injury and orofacial inflammation.
Two types of macrophages, M1 and M2, are activated and
infiltrate in the injured and inflamed sites and the TG.
Macrophages release various cytokines and chemokines, and
these molecules are involved in the modulation of TG
neuronal activity. M1 and M2 are known to be differentially
involved in the modulation of inflammation and to have pro-
and anti-inflammatory actions, respectively. Therefore, SGCs,
macrophages, and TG neurons functionally communicate with
each other, resulting in the enhancement of the TG neuronal
excitability responsible for ectopic orofacial pain. Long after
the acceleration of primary afferent activity, TG neurons are
sensitized, and TG neuronal activity is further enhanced. These
peripheral mechanisms are considered to be involved in the
ectopic orofacial pain associated with trigeminal nerve injury
and orofacial inflammation (Ji et al., 2016; Batbold et al., 2017;
Iwata et al., 2017).

Orofacial noxious information is sent to the Vi and Vc
transition zone (Vi/Vc), Vc, and upper cervical spinal cord
(C1/C2) via trigeminal nerve fibers (Okamoto et al., 2009;
Chiang et al., 2011; Ren and Dubner, 2011). These nuclei

have different functions in the processing of orofacial noxious
information. Neurotransmitters and neuropeptides are released
from the central terminals of the primary afferent neurons
and affect the excitability of Vi/Vc, Vc, and C1/C2 nociceptive
neurons. After trigeminal nerve injury, the Vi/Vc, Vc, and
C1/C2 nociceptive neuronal activities are strongly enhanced,
and microglial cells are also activated. Microglial cell activation
is reportedly caused by ATP binding to P2X4 receptors in
microglial cells (Inoue and Tsuda, 2018). Activated microglial
cells release BDNF, which binds to the TrkB receptor expressed
in second-order neurons in the spinal dorsal horn, resulting in
the neuronal hyperexcitability responsible for ectopic orofacial
pain (Chiang et al., 2011). Macrophages are also activated and
infiltrate in the Vi/Vc, Vc, and C1/C2 regions following trapezius
muscle inflammation. The cleavage of FKN from the central
terminals of primary afferents innervating the trapezius muscle
was enhanced following trapezius muscle inflammation, and
microglia in the Vc and C1/C2 were activated via FKN signaling
(Kiyomoto et al., 2013). Furthermore, interleukin-1 beta (IL-1β)
release was accelerated through p38 phosphorylation followed
by microglial activation, and the excitability of the Vc and
C1/C2 neurons was enhanced via IL-1β signaling. Trapezius
muscle inflammation has been shown to contribute to the
hyperexcitability of Vc and C1/C2 neurons receiving inputs from
the uninjured orofacial region (Chiang et al., 2011; Kiyomoto
et al., 2013; Iwata et al., 2017).

Astrocytes, which are non-neuronal glial cells, are also known
to be activated by glutamate uptake with late-onset compared to
microglial cells in the Vc. In the central nervous system, these
cells also communicate with each other and functionally affect
the excitability of Vi/Vc, Vc, and C1/C2 neurons, resulting in
the enhancement of the neuronal activity responsible for ectopic
orofacial pain (Okada-Ogawa et al., 2009).

It is highly likely that the functional interaction among
neurons, immune cells, and glial cells is involved in the
enhancement of neuronal excitability in the peripheral and
central nervous systems, resulting in the ectopic orofacial
pain associated with trigeminal nerve injury and orofacial
inflammation. These findings raise the possibility that molecules
causing functional changes in neuron–glial interaction following
trigeminal nerve injury and orofacial inflammation may be
a promising therapeutic target for the treatment of ectopic
orofacial pain. In this article, the involvement of functional
interaction among TG neurons, immune cells, and glial cells in
orofacial pathological pain is reviewed and discussed based on
the results of recent animal studies.

PERIPHERAL SENSITIZATION

Satellite Glia–Neuron Communication
Satellite glial cells, which surround the soma of TG neurons,
are essential components evoking orofacial pain following nerve
injury or inflammation (Hanani et al., 2002; Hanani, 2005;
Dublin and Hanani, 2007). Activation of SGCs is characterized
by an increase in the expression level of GFAP in SGCs under
pathological conditions, whereas this is not observed under
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non-pathological conditions. GFAP upregulation is observed
in the injured trigeminal nerve branch associated with the
development of hyperalgesia (Vit et al., 2006; Katagiri et al.,
2012). It is believed that neuropeptide such as SP or CGRP
is synthesized in TG neurons by various noxious stimuli and
is released from neuronal soma as well as peripheral and
central terminals, bind their receptors expressed on SGCs, and
GFAP expression in SGCs is upregulated after nerve injury or
inflammation (Takeda et al., 2005; Vause et al., 2007; Mikuzuki
et al., 2017; Zhang et al., 2019). Activated SGCs could release
cytokines such as IL-1β in the gap between SGCs and the
neuronal soma (Takeda et al., 2007; Lin et al., 2019), that cause
acceleration of neuronal excitation. In in vitro experiment, SP
or CGRP application to the cultured trigeminal SGCs provoke
to release some cytokines including IL-1β, TNFα, or IL-6
(Ceruti et al., 2011; Afroz et al., 2019; Zhang et al., 2019). The
expression increase of IL-1β in SGCs upregulates voltage-gated
Nav1.7 expression in the TG neurons via the cyclooxygenase-
2/prostaglandin E2/E prostanoid 2 receptor pathway following
temporomandibular joint inflammation (Zhang et al., 2018). It
has also been reported in the in vitro study that multiple cytokines
are released from SGCs by the stimulatory effect of CGRP (Vause
and Durham, 2010). Purinergic receptors are also involved in
SGCs activation. Increase of P2Y12 receptor expression in SGC
upregulates GFAP expression in SGCs and enhances TG neuronal
excitability following trigeminal nerve injury (Katagiri et al.,
2012). Recent findings from a report show activation of P2Y14
receptor expressing in trigeminal SGCs upregulates GFAP, IL-
1β, and chemokine CCL2 in SGCs via ERK and p38 MAPK
activation in vitro (Lin et al., 2019), that could cause neuronal
excitation (Figure 1).

In TG unlike DRG, neuronal cell bodies are known to be
localized in each innervating region (i.e., V1–V3) (Thalakoti
et al., 2007). Activation of SGCs surrounding neuronal soma
of injured nerve branch spreads into the TG region where the
soma of uninjured nerve branches localizes in, that resulting in
ectopic orofacial hyperalgesia. The first report was demonstrated
in 2007 about neuronal–glial communication through gap
junction in the development of sensitization within the TG
(Thalakoti et al., 2007). The gap junctions provide direct
links and exchange of small molecules and ions between cells
under numerous physiological processes. It is believed that
this propagation mechanism of activated SGCs is based on
gap junctional communication between SGCs. Poulsen et al.
(2015) and Feldman-Goriachnik and Hanani (2017) reported
that 19–50% of SGCs showed coupling among SGCs around
different TG neurons isolated from uninjured mice by dye
injection. The former also shows that the dye coupling among
SGCs is increased to 44% in neuropathic pain induced by
oxaliplatin treatment and the coupling is reversed by gap junction
blocker application (Poulsen et al., 2015). Cx43 belongs to the
connexin family of proteins in mammals and is not expressed
in neurons but in SGCs in the TG (Ohara et al., 2008). The
number of Cx43-immunopositive neurons increases in the TG
following trigeminal nerve injury in rats, and they are involved
in ectopic mechanical allodynia (Kaji et al., 2016). After 3rd
branch nerve injury, mechanical hypersensitivity was shown

in the upper eyelid skin and whisker pad skin innervated
by an uninjured 1st and 2nd branches, respectively, and this
sensitization was sustained for at least 2 weeks associated
with increase of Cx43 and GFAP protein expression in SGCs
surrounding TG neurons innervating uninjured region. The
intra-TG injection of the connexin-mimetic peptide attenuates
the ectopic hyperalgesia and expressions of both GFAP and
Cx43. The detailed relationship between SGCs coupling with the
intercellular passage of neuromediators such as Ca2+, inositol
triphosphate and ATP, and glial activation remains unclear (Chen
et al., 2008), although Ca2+ quickly passes through gap junctions
between glial cells and provokes intercellular calcium waves,
which induce increase of glutamate release, reduction of inwardly
rectifying potassium channel 4.1 expression, and activation
of small-conductance calcium-activated potassium channel 3,
increasing neuronal excitability (Vit et al., 2006, 2008; Giugliano,
2009). Cx43 and SGC activation also contributes to ectopic tooth
hypersensitivity following inflammation (Komiya et al., 2018).
Increase of Cx43 expression and SGC activation are observed
under tooth-pulp inflammation. Increased sensitivity to capsaicin
in the adjacent tooth pulp to the inflamed one is associated
with upregulation of Cx43 and GFAP expression in the SGCs
surrounding the soma of TG innervating these teeth via the IL-1β

mechanism (Figure 1).
Connexin 43 is believed to play a pivotal role in the

propagation of SGC activation mentioned above, which is the
basis of ectopic pain. However, increase of gap junction between
SGCs in primary cultures of mice TG by the chemotherapeutic
agent oxaliplatin (third generation platinum analog) treatment
is reported to be independent of Cx43 (Poulsen et al., 2015).
More recently, it was reported that there were possible couplings
between SGCs, neuron–neuron, and neuron–SGC in TG (Spray
et al., 2019). They indicate other connexin types besides Cx43
may be candidates for these couplings.

Nitric oxide is a free radical endogenous gas produced by NOS
from L-arginine (Snyder, 1992). There are three types of NOS
as follows: nNOS in neurons, iNOS in immunological cells, and
endothelial NOS in vascular endothelial cells. NO plays a pivotal
role as an endothelial-derived relaxing factor. A unique feature
of NO is that it spreads quickly through the cell membrane and
its in vivo half-life is very short (approximately 1 s) because
it is rapidly converted to oxidized nitrogen dioxide. Some
evidences have also shown that NO acts as a neuromodulator
in the nervous system (Fan et al., 2012). NO activates soluble
guanylate cyclase to increase intracellular cGMP concentration.
cGMP activates cGMP-dependent protein kinase G, which
activates and modulates numerous types of target molecules
by phosphorylation (Fan et al., 2012). Freeman et al. (2008)
demonstrated NO-proton injection into temporomandibular
joint elicit increase of phosphorylated ERK and MAPK in
neurons and SGCs located in not only V3 but also V1/V2
regions of the ganglion. Upregulation of nNOS is accompanied
by abnormal pain following peripheral nerve injury (Sugiyama
et al., 2013). Under the 3rd branch of the trigeminal nerve
transection, the mechanical hyperalgesia of the whisker pad skin
innervated by the 2nd branch of trigeminal nerve was observed
over 6 weeks (Iwata et al., 2001). The expression of nNOS was

Frontiers in Neuroscience | www.frontiersin.org 3 November 2019 | Volume 13 | Article 1227

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01227 November 11, 2019 Time: 14:7 # 4

Shinoda et al. Mechanisms of Persistent Orofacial Pain

FIGURE 1 | TG neuron, satellite cell, and macrophage communication following trigeminal nerve injury. Following trigeminal nerve injury, TG neurons become
hyperactive and various molecules are generated and released from TG neurons; subsequently, satellite glial cells and macrophages are activated. These
mechanisms are involved in ectopic orofacial pain associated with trigeminal nerve injury.

upregulated in TG neurons innervating the mandibular region,
while that in the TG neurons innervating the whisker pad skin
did not change even in the presence of mechanical hyperalgesia.
The inhibition of nNOS attenuates the mechanical hyperalgesia
of the whisker pad skin (Sugiyama et al., 2013) and intra-
TG administration of L-arginine causes mechanical hyperalgesia
within 2 h after its injection. These results suggest that nNOS
expression increases in the neuronal soma of the injured nerve
branch; it accelerates NO production and is rapidly diffused
into the entire TG, affecting the excitability of uninjured TG
neurons. It has also been reported in the in vitro study that
CGRP in TG neurons is involved in iNOS synthesis in SGCs via
MAP kinase signaling (Li et al., 2008; Vause and Durham, 2009).
Although it is currently unclear whether NO directly activates
TG neurons or indirectly activates via activation of SGCs or
macrophages, neuronal NO-protein kinase G signaling can be
involved in ectopic orofacial mechanical allodynia (Fan et al.,
2012; Figure 1).

Macrophage–Neuron Communication
At the site of inflammation, nerve injury, or trauma, many
types of immune cells including granulocytes, monocytes,
lymphocytes, and macrophages are accumulated and activated
to initiate tissue repair. Among them, macrophages are richly
populated at the site of a lesion and release mediators
such as cytokines, chemokines, and neuropeptides (Lee and
Zhang, 2012). Nociceptive neuronal hyperexcitation, which
leads to intractable pain hypersensitivity, is induced by
various cellular and molecular processes related to peripheral

inflammation, nerve injury, or trauma. Several mediators
released from macrophages bind to their receptors on nociceptive
primary afferent neurons, which cause nociceptive neuronal
hyperexcitation, which leads to intractable inflammatory and
neuropathic pain (Ji et al., 2016). For instance, local-infiltrated
macrophages release inflammatory mediators such as TNFα,
NGF, LIF, IL-1β, and IL-6 in the inflammatory locus (Zelenka
et al., 2005). Moreover, macrophages are also activated by TNFα,
which is further conducive to the secretion of inflammatory
mediators including IL-1β and TNFα under inflammatory
conditions (Mika et al., 2013). TNFR-1 and TNFR-2 are
expressed in small DRG neurons, which are considered to
be nociceptive primary afferents, TNFα signaling via TNFR-1
and TNFR-2 induces the sensitization of Nav1.8 through protein
kinase C activation followed by the promotion of action
potential generation and pain hypersensitivity (Guillouet et al.,
2011; Leo et al., 2015). The p75 neurotrophin and TrkA
receptors act as NGF receptors in nociceptive primary neurons
(Meakin and Shooter, 1992). It has been reported that NGF
signaling in nociceptive primary afferent neurons enhances
the magnitude of the tetrodotoxin-resistant sodium current,
decreases in voltage threshold for Nav1.8 activation, and delayed
rectifier potassium currents, which accounts for mechanical
hypersensitivity in inflamed tissue (Gold et al., 1996; Zhang
et al., 2002; Belkouch et al., 2014). Furthermore, the NGF/TrkA
complex is internalized in inflamed tissue and transported to
the soma, resulting in upregulated expression of Nav1.8 and
transient receptor potential vanilloid 1, which plays a crucial role
in heat hypersensitivity (Xue et al., 2007; Shinoda et al., 2011).
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IL-6 signaling also activates the Janus kinase/phosphoinositide
3-kinase signaling pathway in DRG neurons, which results in
functional upregulation of transient receptor potential vanilloid
1, followed by cancerous pain hypersensitivity (Fang et al.,
2015). Prolonged IL-1β exposure increases DRG neuronal
excitability, resulting in pain hypersensitivity by attenuation
of the potassium current depending on potassium channel
functional alternation in vitro (Stemkowski et al., 2015). Small
DRG neurons reportedly express the LIF receptor, and pain
behaviors are induced by the plantar administration of LIF,
while it has been reported that local injection of LIF suppresses
inflammatory pain hypersensitivity and IL-1β (Banner et al.,
1998; Spofford et al., 2011; Figure 1).

Additionally, activated macrophages do not only infiltrate at
the site of inflammation, nerve injury, or trauma but also in the
DRG (Ji et al., 2016). Aside from the DRG, the infiltration of
non-neuronal immune cells, such as macrophages into the TG,
and their activation in the TG are upregulated following orofacial
pathogenesis including peripheral trigeminal nerve trauma and
orofacial inflammation (Iwata and Shinoda, 2019). Incidentally,
most of the macrophages serving as mononuclear phagocytes
are supplied from the bone marrow, released from the blood
vessels, and migrate into various tissues (Doulatov et al., 2010).
Previous studies have indicated that peripheral nerve injury
induces increase and activation of resident and proliferated
macrophages in the DRG (Lu and Richardson, 1993; Komori
et al., 2011; Donegan et al., 2013). The infiltrated and activated
macrophages exhibit characteristic morphological structures
involving a larger soma and thicker ramifications, which
encourages changes in the microenvironment (Harvey et al.,
2015). Morphological structural changes indicate their activation
(Harvey et al., 2015). Moreover, the migrated macrophages
mainly differentiate into two populations that have discrete
morphological and functional profiles corresponding to the
microenvironment of the migrating sites (Sprangers et al., 2016).
Classically activated phenotype called M1 macrophages possess
the capacity to secrete numerous pro-inflammatory cytokines
and chemokines that participate in the local inflammatory
reaction at the early stage. M1 macrophages are activated
by interferon-gamma, TNFα, or lipopolysaccharides (Laskin
et al., 2011; Brown et al., 2012). In contrast, M2 macrophages
possess opposite attributes pertaining to the anti-inflammatory
response and the advancement of tissue repair and they are
activated by IL-4 and IL-13 (Laskin et al., 2011; Franco
and Fernandez-Suarez, 2015). IL-4 and IL-13 signaling in M2
macrophages induces the phosphorylation of signal transducer
and activator of transcription 6, and the facilitation of signal
transducer and activator of transcription 6-mediated gene
transcription is involved in the polarization of macrophages
(Waqas et al., 2019). M1 and M2 macrophages are activated
at and infiltrate the sites of peripheral nerve trauma and
inflammation and also at the sensory ganglion (Komori et al.,
2011). The infiltrated and activated macrophages that are known
to be differentially involved in the modulation of inflammation
release numerous chemical mediators such as cytokines and
chemokines. Furthermore, functional cell-to-cell communication
between macrophages and TG neurons through some chemical

mediators allows for the augmentation of the sensory neuronal
excitability in the TG (Iwata et al., 2017). Extended periods of
enhancement of sensory neuronal excitability amplify functional
cell-to-cell communication leading to neuronal hyperexcitability,
resulting in the hyperexcitability of nociceptive neurons in
the central nervous system. These plastic changes in cell-to-
cell communication in the TG are implicated as a cause of
orofacial intractable pain hypersensitivity following orofacial
pathogenesis such as trigeminal nerve trauma or inflammation
(Chiang et al., 2011). Following peripheral nerve injury, the
signaling of CCL2, which is released from the soma of injured
neurons via the C–C chemokine receptor type 2 in macrophages,
results in macrophage proliferation and its activation in the
DRG (Abbadie et al., 2003; Kwon et al., 2015; Liu et al.,
2016). Moreover, the increment of CCL2 expression in the
soma of TG neurons and the infiltration of macrophages in the
TG by peripheral nerve injury never occur under conditions
of toll-like receptor 2 deficit, suggesting that the signaling of
CCL2 released from injured neurons via toll-like receptor 2
potentiates the abundance of activated macrophage infiltration
in the TG after trigeminal nerve trauma (Kim et al., 2011).
TNFα in the DRG is considered to derive from macrophages,
and the release of TNFα is regulated by intracellular signaling
cascades such as ERK and p38 MAPK cascades (Wagner and
Myers, 1996; Raghavendra et al., 2003; Wang et al., 2012).
Moreover, it has long been known that peripheral nerve injury
amplifies SP synthesis in DRG neurons, and synthesized SP
was released throughout the DRG (Fu et al., 2013). Some
reports have suggested that SP is released into the TG by
exocytosis and that it binds the neurokinin 1 receptor expressed
in macrophages, which also facilitates TNFα exocytosis from the
infiltrated and activated macrophages in the TG through the
ERK 1/2 and p38 MAPK signaling pathway (Bardelli et al., 2005;
Sun et al., 2008; Matsumoto et al., 2013). Together with these
reports, TNFα or SP released by exocytosis from proliferated
and activated macrophages following trigeminal nerve injury and
enhanced TNFα or SP signaling in the TG lead to TG neuronal
hyperexcitability, resulting in orofacial pain hypersensitivity
(Batbold et al., 2017; Figure 1).

CENTRAL SENSITIZATION OF CENTRAL
NERVOUS SYSTEM NEURONS

Orofacial noxious information is sent to the Vc and C1/C2
with the somatotopic organization via primary afferent TG
neurons (Noma et al., 2008). The first branch of the trigeminal
nerve projects to the ventral portion of the Vc and C1/C2,
the third projects to their dorsal part, while the second branch
projects to their middle part. Orofacial noxious stimuli cause
activation of nociceptive neurons in these areas according to
the regions innervated by each branch of the trigeminal nerve
(Iwata et al., 1998; Noma et al., 2008). However, the receptive
fields of each nociceptive neuron change their innervation
areas, expanding the receptive fields beyond the other branch
regions after trigeminal nerve injury or orofacial inflammation
(Iwata et al., 1999, 2001). Nociceptive neurons in the Vc and
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C1/C2 regions are also strongly enhanced after trigeminal nerve
injury or orofacial inflammation, resulting in the sensitization of
Vc and C1/C2 nociceptive neurons (Iwata et al., 1999; Okada-
Ogawa et al., 2009). Various molecules such as neuropeptides,
ATP, or neurotrophic factors generated in TG neurons are
released from primary afferent terminals and are involved in
the modulation of the excitability of Vc and C1/C2 nociceptive
neurons (Chiang et al., 2011). Neuropeptides (SP and CGRP),
various neurotrophic factors (BDNF and NGF), glutamate, and
ATP modulate neuronal activity in uninjured TG neurons as
well as injured TG neurons after trigeminal nerve injury and/or
orofacial inflammation (Iwata et al., 2011, 2017). NGF and
heat-shock protein are released from the peripheral tissues and
conveyed to the central nervous system via primary afferent
neurons and released from the central terminals (Shinoda et al.,
2011; Ohara et al., 2013). Receptors expression to these molecules
is strongly enhanced in second-order neurons in the Vc and

C1/C2, and these molecules bind to corresponding receptors,
resulting in the enhancement of neuronal excitability in Vc and
C1/C2 neurons receiving inputs from uninjured orofacial regions
(Ren and Dubner, 2008; Iwata et al., 2011, 2017; Figure 2).

It has also been reported that Vi and Vc transition zone
(Vi/Vc) has a unique function for orofacial nociception. Many
of nociceptive neurons in this area responded to noxious
stimulation of the TMJ (Chichorro et al., 2017). Based on
c-Fos studies, the number of c-Fos positive neurons did not
increase in this area, whereas that was increased in C1/C2
area following noxious stimulation of the TMJ (Bereiter and
Okamoto, 2011). Further, noxious responses of TMJ neurons
in Vi/Vc altered according to the gender differences, suggesting
that TMJ neurons in this area are involved in gender-related
TMJ pain. Furthermore, many Vc/C1 neurons respond to dural
stimulation, and some of them also respond to bright light
stimulation to the eye (Okamoto et al., 2010; Hitomi et al., 2017a).

FIGURE 2 | Astrocyte and microglial cell activation following trigeminal nerve injury. After trigeminal nerve injury, astrocytes and microglial cells are activated and
various molecules are released from these cells causing further activation of second-order neurons in the trigeminal spinal subnucleus caudalis and upper cervical
spinal cord (C1/C2).
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Some bright light-responsive neurons in this area increased in
their response magnitude following noxious dural stimulation
(Hitomi et al., 2017b). It is also known that many neurons
responding to corneal stimulation could be found in this area
(Kumar et al., 2018). It is highly likely that nociceptive neurons
in this area are involved in multiple sensory functions related to
dural pain and corneal pain as well orofacial pain.

After trigeminal nerve injury or orofacial inflammation,
various molecules are released from the primary afferent
terminals, and these molecules contribute to the activation
of microglial cells and astrocytes (Okada-Ogawa et al., 2009;
Shibuta et al., 2012). ATP and glutamate are essential molecules
for the activation of microglial cells and astrocytes, respectively.
P2X4 receptor expression is known to be significantly enhanced
in microglial cells in the spinal dorsal horn after sciatic
nerve injury (Inoue and Tsuda, 2018). After peripheral nerve
injury, the accumulation of ATP released from primary
afferent terminals or blood vessels is strongly accelerated
in the spinal dorsal horn, and ATP binds to the P2X4
receptor expressed in the microglial cells (Inoue and Tsuda,
2018). As P2X4 is a cation permeable purinergic receptor,
ATP binding to the P2X4 receptor causes activation of the
intracellular signal cascade (Inoue and Tsuda, 2018). Ca2+

influx causes p38 phosphorylation and various proteins are
produced. Cleaved FKN from the primary afferent terminals
is also known to be involved in the activation of microglial
cells after peripheral nerve injury or inflammation. FKN binds
to the FKN receptor expressed in the microglial cells involved
in microglial cell activation (Kiyomoto et al., 2013). FKN
binding to its receptor also causes p38 phosphorylation in
microglial cells, resulting in the production of various cytokines
(Kiyomoto et al., 2013).

Activated microglial cells produce various pro-inflammatory
cytokines (IL-1β, TNFα, and IL-6), BDNF, and ATP and
activated astrocytes produce CCL2, glutamine, and NF-κB and
release these molecules under the trigeminal neuropathic state
(Iwata et al., 2011, 2017; Goto et al., 2016). Conversely, after
orofacial inflammation, activated microglial cells produce various
cytokines and BDNF, and activated astrocytes produce BDNF and
glutamine (Chiang et al., 2011). These molecules are considered
to be involved in modulation of Vc and C1/C2 nociceptive
neuronal activity (Figure 2).

Astrocytes are also activated following trigeminal nerve
injury or orofacial inflammation in the Vc and C1/C2
(Okada-Ogawa et al., 2009; Tsuboi et al., 2011). Glutamine–
glutamate shuttle in the activated astrocytes is considered
a key mechanism involving modulation of neuronal activity
in the Vc and C1/C2. After the activation of astrocytes,
glutamine is produced by the action of glutamine synthetase
in astroglial cells and released from these cells (Chiang
et al., 2011; Figure 2). Glutamine is transferred from the
primary afferent terminals of the trigeminal nerve via the
glutamine transporter, and then glutamate release is accelerated,
resulting in the hyperactivation of Vc and C1/C2 neurons.
Activated astrocytes also release CCL2 and NF-κB, and these
molecules are also known to be involved in the modulation

of the excitability of Vc and C1/C2 nociceptive neurons
(Iwata et al., 2017).

There is a large number of interneurons in the Vc and
C1/C2 and many of them are classified as GABAergic or
glycinergic interneurons involved in excitability decrease in
the vicinity of GABAergic neurons (Okada-Ogawa et al.,
2015). After trigeminal nerve injury, the number of inhibitory
interneurons in the Vc and C1/C2 regions is reduced,
resulting in enhanced excitability of nociceptive neurons (Okada-
Ogawa et al., 2015). Furthermore, KCC2 downregulation
occurs in Vc and C1/C2 neurons, and the chloride ion
is accumulated in nociceptive neurons, resulting in the
enhancement of nociceptive neuronal activity by inhibitory
interneurons acting as excitatory.

INVOLVEMENT OF DESCENDING
MODULATION

Severe inflammation in the orofacial region causes strong
activation of the descending pathways as well as ascending
noxious pathways (Gu et al., 2011; Okubo et al., 2013). The
RVM in the reticular formation is a critical area involved in
the descending modulatory system (Lau and Vaughan, 2014;
Martins and Tavares, 2017). Three types of neurons, ON
cells, OFF cells, and neutral cells, are differentially involved
in the modulation of nociceptive neurons in the Vc and
C1/C2 (Hitomi et al., 2017a). Many serotonergic neurons
that exist in the RVM are involved in the modulation
of Vc and C1/C2 nociceptive transmission. The descending
system appropriately alters the excitability of nociceptive
neurons in the Vc and C1/C2 under normal conditions,
contributing to the sensory-discriminative aspect of orofacial
pain. After orofacial deep tissue inflammation, microglial cells
are activated in the RVM, and the excitability of ON cells
further accelerating, and Vc and medullary neuronal activities
becoming strongly enhanced, resulting in orofacial hyperalgesia
(Wei et al., 2008). These findings suggest that the glial cell
activation in RVM is also involved in the modulation of
descending inhibitory and excitatory systems associated with
orofacial inflammation.

AUTHOR CONTRIBUTIONS

MS, AK, YH, and KI wrote the manuscript. All authors have read
and approved the final manuscript.

FUNDING

This study was supported in part by research grants from the
Sato and Uemura Funds from the Nihon University School of
Dentistry, the Dental Research Center at Nihon University School
of Dentistry, and the KAKENHI (Grant-in-Aid for Scientific
Research [C] 25462968, 19K10049, 18K09541, and 16K11566).

Frontiers in Neuroscience | www.frontiersin.org 7 November 2019 | Volume 13 | Article 1227

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01227 November 11, 2019 Time: 14:7 # 8

Shinoda et al. Mechanisms of Persistent Orofacial Pain

REFERENCES
Abbadie, C., Lindia, J. A., Cumiskey, A. M., Peterson, L. B., Mudgett, J. S., Bayne,

E. K., et al. (2003). Impaired neuropathic pain responses in mice lacking the
chemokine receptor CCR2. Proc. Natl. Acad. Sci. U.S.A. 100, 7947–7952. doi:
10.1073/pnas.1331358100

Afroz, S., Arakaki, R., Iwasa, T., Oshima, M., Hosoki, M., Inoue, M., et al. (2019).
CGRP induces differential regulation of cytokines from satellite glial cells in
trigeminal ganglia and orofacial nociception. Int. J. Mol. Sci. 20:26. doi: 10.3390/
ijms20030711

Banner, L. R., Patterson, P. H., Allchorne, A., Poole, S., and Woolf, C. J. (1998).
Leukemia inhibitory factor is an anti-inflammatory and analgesic cytokine.
J. Neurosci. 18, 5456–5462. doi: 10.1523/jneurosci.18-14-05456.1998

Bardelli, C., Gunella, G., Varsaldi, F., Balbo, P., Del Boca, E., Bernardone, I. S.,
et al. (2005). Expression of functional NK1 receptors in human alveolar
macrophages: superoxide anion production, cytokine release and involvement
of NF-kappaB pathway. Br .J. Pharmacol. 145, 385–396. doi: 10.1038/sj.bjp.
0706198

Batbold, D., Shinoda, M., Honda, K., Furukawa, A., Koizumi, M., Akasaka,
R., et al. (2017). Macrophages in trigeminal ganglion contribute to ectopic
mechanical hypersensitivity following inferior alveolar nerve injury in rats.
J. Neuroinflammation 14:249. doi: 10.1186/s12974-017-1022-3

Belkouch, M., Dansereau, M. A., Tetreault, P., Biet, M., Beaudet, N., Dumaine,
R., et al. (2014). Functional up-regulation of Nav1.8 sodium channel
in Abeta afferent fibers subjected to chronic peripheral inflammation.
J. Neuroinflammation 11:45. doi: 10.1186/1742-2094-11-45

Bereiter, D. A., and Okamoto, K. (2011). Neurobiology of estrogen status in deep
craniofacial pain. Int. Rev. Neurobiol. 97, 251–284. doi: 10.1016/B978-0-12-
385198-7.00010-2

Brown, B. N., Ratner, B. D., Goodman, S. B., Amar, S., and Badylak, S. F.
(2012). Macrophage polarization: an opportunity for improved outcomes in
biomaterials and regenerative medicine. Biomaterials 33, 3792–3802. doi: 10.
1016/j.biomaterials.2012.02.034

Ceruti, S., Villa, G., Fumagalli, M., Colombo, L., Magni, G., Zanardelli, M.,
et al. (2011). Calcitonin gene-related peptide-mediated enhancement of
purinergic neuron/glia communication by the algogenic factor bradykinin in
mouse trigeminal ganglia from wild-type and R192Q Cav2.1 Knock-in mice:
implications for basic mechanisms of migraine pain. J. Neurosci. 31, 3638–3649.
doi: 10.1523/JNEUROSCI.6440-10.2011

Chen, Y., Zhang, X., Wang, C., Li, G., Gu, Y., and Huang, L. Y. (2008). Activation
of P2X7 receptors in glial satellite cells reduces pain through downregulation
of P2X3 receptors in nociceptive neurons. Proc. Natl. Acad. Sci. U.S.A. 105,
16773–16778. doi: 10.1073/pnas.0801793105

Chiang, C. Y., Dostrovsky, J. O., Iwata, K., and Sessle, B. J. (2011). Role of glia in
orofacial pain. Neuroscientist 17, 303–320. doi: 10.1177/1073858410386801

Chichorro, J. G., Porreca, F., and Sessle, B. (2017). Mechanisms of craniofacial pain.
Cephalalgia 37, 613–626. doi: 10.1177/0333102417704187

Donegan, M., Kernisant, M., Cua, C., Jasmin, L., and Ohara, P. T. (2013). Satellite
glial cell proliferation in the trigeminal ganglia after chronic constriction injury
of the infraorbital nerve. Glia 61, 2000–2008. doi: 10.1002/glia.22571

Doulatov, S., Notta, F., Eppert, K., Nguyen, L. T., Ohashi, P. S., and Dick, J. E.
(2010). Revised map of the human progenitor hierarchy shows the origin of
macrophages and dendritic cells in early lymphoid development. Nat. Immunol.
11, 585–593. doi: 10.1038/ni.1889

Dublin, P., and Hanani, M. (2007). Satellite glial cells in sensory ganglia: their
possible contribution to inflammatory pain. Brain Behav. Immun. 21, 592–598.
doi: 10.1016/j.bbi.2006.11.011

Fan, W., Huang, F., Wu, Z., Zhu, X., Li, D., and He, H. (2012). The role of
nitric oxide in orofacial pain. Nitric Oxide 26, 32–37. doi: 10.1016/j.niox.2011.
11.003

Fang, D., Kong, L. Y., Cai, J., Li, S., Liu, X. D., Han, J. S., et al. (2015). Interleukin-6-
mediated functional upregulation of TRPV1 receptors in dorsal root ganglion
neurons through the activation of JAK/PI3K signaling pathway: roles in the
development of bone cancer pain in a rat model. Pain 156, 1124–1144. doi:
10.1097/j.pain.0000000000000158

Feldman-Goriachnik, R., and Hanani, M. (2017). The effects of endothelin-1 on
satellite glial cells in peripheral ganglia. Neuropeptides 63, 37–42. doi: 10.1016/j.
npep.2017.03.002

Franco, R., and Fernandez-Suarez, D. (2015). Alternatively activated microglia
and macrophages in the central nervous system. Prog. Neurobiol. 131, 65–86.
doi: 10.1016/j.pneurobio.2015.05.003

Freeman, S. E., Patil, V. V., and Durham, P. L. (2008). Nitric oxide-proton
stimulation of trigeminal ganglion neurons increases mitogen-activated protein
kinase and phosphatase expression in neurons and satellite glial cells.
Neuroscience 157, 542–555. doi: 10.1016/j.neuroscience.2008.09.035

Fu, C., Yin, Z., Yu, D., and Yang, Z. (2013). Substance P and calcitonin gene-related
peptide expression in dorsal root ganglia in sciatic nerve injury rats. Neural
Regen. Res. 8, 3124–3130. doi: 10.3969/j.issn.1673-5374.2013.33.006

Giugliano, M. (2009). Calcium waves in astrocyte networks: theory and
experiments. Front. Neurosci. 3:160–161. doi: 10.3389/neuro.01.019.2009

Gold, M. S., Reichling, D. B., Shuster, M. J., and Levine, J. D. (1996). Hyperalgesic
agents increase a tetrodotoxin-resistant Na+ current in nociceptors. Proc. Natl.
Acad. Sci. U.S.A. 93, 1108–1112. doi: 10.1073/pnas.93.3.1108

Goto, T., Oh, S. B., Takeda, M., Shinoda, M., Sato, T., Gunjikake, K. K., et al. (2016).
Recent advances in basic research on the trigeminal ganglion. J. Physiol. Sci. 66,
381–386. doi: 10.1007/s12576-016-0448-1

Gu, M., Miyoshi, K., Dubner, R., Guo, W., Zou, S., Ren, K., et al. (2011). Spinal
5-HT(3) receptor activation induces behavioral hypersensitivity via a neuronal-
glial-neuronal signaling cascade. J. Neurosci. 31, 12823–12836. doi: 10.1523/
JNEUROSCI.1564-11.2011

Guillouet, M., Gueret, G., Rannou, F., Giroux-Metges, M. A., Gioux, M., Arvieux,
C. C., et al. (2011). Tumor necrosis factor-alpha downregulates sodium current
in skeletal muscle by protein kinase C activation: involvement in critical illness
polyneuromyopathy. Am. J. Physiol. Cell Physiol. 301, C1057–C1063. doi: 10.
1152/ajpcell.00097.2011

Hanani, M. (2005). Satellite glial cells in sensory ganglia: from form to function.
Brain Res. Brain Res. Rev. 48, 457–476. doi: 10.1016/j.brainresrev.2004.09.001

Hanani, M., Huang, T. Y., Cherkas, P. S., Ledda, M., and Pannese, E. (2002). Glial
cell plasticity in sensory ganglia induced by nerve damage. Neuroscience 114,
279–283. doi: 10.1016/s0306-4522(02)00279-8

Harvey, L. D., Yin, Y., Attarwala, I. Y., Begum, G., Deng, J., Yan, H. Q.,
et al. (2015). Administration of DHA reduces endoplasmic reticulum stress-
associated inflammation and alters microglial or macrophage activation in
traumatic brain injury. ASN Neuro 7:1759091415618969.

Hitomi, S., Kross, K., Kurose, M., Porreca, F., and Meng, I. D. (2017a). Activation
of dura-sensitive trigeminal neurons and increased c-Fos protein induced by
morphine withdrawal in the rostral ventromedial medulla. Cephalalgia 37,
407–417. doi: 10.1177/0333102416648655

Hitomi, S., Okada-Ogawa, A., Sato, Y., Shibuta-Suzuki, I., Shinoda, M., Imamura,
Y., et al. (2017b). Enhancement of ERK phosphorylation and photic responses
in Vc/C1 neurons of a migraine model. Neurosci. Lett. 647, 14–19. doi: 10.1016/
j.neulet.2017.03.023

Imbe, H., Iwata, K., Zhou, Q. Q., Zou, S., Dubner, R., and Ren, K. (2001). Orofacial
deep and cutaneous tissue inflammation and trigeminal neuronal activation.
Implications for persistent temporomandibular pain. Cells Tissues Organs 169,
238–247. doi: 10.1159/000047887

Inoue, K., and Tsuda, M. (2018). Microglia in neuropathic pain: cellular and
molecular mechanisms and therapeutic potential. Nat. Rev. Neurosci. 19, 138–
152. doi: 10.1038/nrn.2018.2

Iwata, K., Imai, T., Tsuboi, Y., Tashiro, A., Ogawa, A., Morimoto, T., et al. (2001).
Alteration of medullary dorsal horn neuronal activity following inferior alveolar
nerve transection in rats. J. Neurophysiol. 86, 2868–2877. doi: 10.1152/jn.2001.
86.6.2868

Iwata, K., Imamura, Y., Honda, K., and Shinoda, M. (2011). Physiological
mechanisms of neuropathic pain: the orofacial region. Int. Rev. Neurobiol. 97,
227–250. doi: 10.1016/B978-0-12-385198-7.00009-6

Iwata, K., Katagiri, A., and Shinoda, M. (2017). Neuron-glia interaction is a key
mechanism underlying persistent orofacial pain. J. Oral. Sci. 59, 173–175. doi:
10.2334/josnusd.16-0858

Iwata, K., and Shinoda, M. (2019). Role of neuron and non-neuronal cell
communication in persistent orofacial pain. J. Dent. Anesth. Pain Med. 19,
77–82. doi: 10.17245/jdapm.2019.19.2.77

Iwata, K., Takahashi, O., Tsuboi, Y., Ochiai, H., Hibiya, J., Sakaki, T., et al. (1998).
Fos protein induction in the medullary dorsal horn and first segment of the
spinal cord by tooth-pulp stimulation in cats. Pain 75, 27–36. doi: 10.1016/
s0304-3959(97)00201-7

Frontiers in Neuroscience | www.frontiersin.org 8 November 2019 | Volume 13 | Article 1227

https://doi.org/10.1073/pnas.1331358100
https://doi.org/10.1073/pnas.1331358100
https://doi.org/10.3390/ijms20030711
https://doi.org/10.3390/ijms20030711
https://doi.org/10.1523/jneurosci.18-14-05456.1998
https://doi.org/10.1038/sj.bjp.0706198
https://doi.org/10.1038/sj.bjp.0706198
https://doi.org/10.1186/s12974-017-1022-3
https://doi.org/10.1186/1742-2094-11-45
https://doi.org/10.1016/B978-0-12-385198-7.00010-2
https://doi.org/10.1016/B978-0-12-385198-7.00010-2
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1016/j.biomaterials.2012.02.034
https://doi.org/10.1523/JNEUROSCI.6440-10.2011
https://doi.org/10.1073/pnas.0801793105
https://doi.org/10.1177/1073858410386801
https://doi.org/10.1177/0333102417704187
https://doi.org/10.1002/glia.22571
https://doi.org/10.1038/ni.1889
https://doi.org/10.1016/j.bbi.2006.11.011
https://doi.org/10.1016/j.niox.2011.11.003
https://doi.org/10.1016/j.niox.2011.11.003
https://doi.org/10.1097/j.pain.0000000000000158
https://doi.org/10.1097/j.pain.0000000000000158
https://doi.org/10.1016/j.npep.2017.03.002
https://doi.org/10.1016/j.npep.2017.03.002
https://doi.org/10.1016/j.pneurobio.2015.05.003
https://doi.org/10.1016/j.neuroscience.2008.09.035
https://doi.org/10.3969/j.issn.1673-5374.2013.33.006
https://doi.org/10.3389/neuro.01.019.2009
https://doi.org/10.1073/pnas.93.3.1108
https://doi.org/10.1007/s12576-016-0448-1
https://doi.org/10.1523/JNEUROSCI.1564-11.2011
https://doi.org/10.1523/JNEUROSCI.1564-11.2011
https://doi.org/10.1152/ajpcell.00097.2011
https://doi.org/10.1152/ajpcell.00097.2011
https://doi.org/10.1016/j.brainresrev.2004.09.001
https://doi.org/10.1016/s0306-4522(02)00279-8
https://doi.org/10.1177/0333102416648655
https://doi.org/10.1016/j.neulet.2017.03.023
https://doi.org/10.1016/j.neulet.2017.03.023
https://doi.org/10.1159/000047887
https://doi.org/10.1038/nrn.2018.2
https://doi.org/10.1152/jn.2001.86.6.2868
https://doi.org/10.1152/jn.2001.86.6.2868
https://doi.org/10.1016/B978-0-12-385198-7.00009-6
https://doi.org/10.2334/josnusd.16-0858
https://doi.org/10.2334/josnusd.16-0858
https://doi.org/10.17245/jdapm.2019.19.2.77
https://doi.org/10.1016/s0304-3959(97)00201-7
https://doi.org/10.1016/s0304-3959(97)00201-7
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01227 November 11, 2019 Time: 14:7 # 9

Shinoda et al. Mechanisms of Persistent Orofacial Pain

Iwata, K., Tashiro, A., Tsuboi, Y., Imai, T., Sumino, R., Morimoto, T., et al.
(1999). Medullary dorsal horn neuronal activity in rats with persistent
temporomandibular joint and perioral inflammation. J. Neurophysiol. 82, 1244–
1253. doi: 10.1152/jn.1999.82.3.1244

Ji, R. R., Chamessian, A., and Zhang, Y. Q. (2016). Pain regulation by non-neuronal
cells and inflammation. Science 354, 572–577. doi: 10.1126/science.aaf8924

Kaji, K., Shinoda, M., Honda, K., Unno, S., Shimizu, N., and Iwata, K. (2016).
Connexin 43 contributes to ectopic orofacial pain following inferior alveolar
nerve injury. Mol. Pain 12:1744806916633704. doi: 10.1177/1744806916633704

Katagiri, A., Shinoda, M., Honda, K., Toyofuku, A., Sessle, B. J., and Iwata, K.
(2012). Satellite glial cell P2Y12 receptor in the trigeminal ganglion is involved
in lingual neuropathic pain mechanisms in rats. Mol. Pain 8:23. doi: 10.1186/
1744-8069-8-23

Kim, D., You, B., Lim, H., and Lee, S. J. (2011). Toll-like receptor 2 contributes
to chemokine gene expression and macrophage infiltration in the dorsal root
ganglia after peripheral nerve injury. Mol. Pain 7:74. doi: 10.1186/1744-8069-
7-74

Kiyomoto, M., Shinoda, M., Okada-Ogawa, A., Noma, N., Shibuta, K., Tsuboi, Y.,
et al. (2013). Fractalkine signaling in microglia contributes to ectopic orofacial
pain following trapezius muscle inflammation. J. Neurosci. 33, 7667–7680. doi:
10.1523/JNEUROSCI.4968-12.2013

Komiya, H., Shimizu, K., Noma, N., Tsuboi, Y., Honda, K., Kanno, K., et al. (2018).
Role of neuron-glial interaction mediated by IL-1beta in ectopic tooth pain.
J. Dent. Res. 97, 467–475. doi: 10.1177/0022034517741253

Komori, T., Morikawa, Y., Inada, T., Hisaoka, T., and Senba, E. (2011). Site-specific
subtypes of macrophages recruited after peripheral nerve injury. Neuroreport
22, 911–917. doi: 10.1097/WNR.0b013e32834cd76a

Kumar, V., Sur, V. P., Guha, R., Konar, A., and Hazra, S. (2018). Estrogen modulates
corneal nociception and maintains corneal homeostasis in rat eye. Cornea 37,
508–514. doi: 10.1097/ICO.0000000000001437

Kwon, M. J., Shin, H. Y., Cui, Y., Kim, H., Thi, A. H., Choi, J. Y., et al. (2015).
CCL2 Mediates Neuron-Macrophage Interactions to Drive Proregenerative
Macrophage Activation Following Preconditioning Injury. J. Neurosci. 35,
15934–15947. doi: 10.1523/JNEUROSCI.1924-15.2015

Laskin, D. L., Sunil, V. R., Gardner, C. R., and Laskin, J. D. (2011). Macrophages and
tissue injury: agents of defense or destruction? Annu. Rev. Pharmacol. Toxicol.
51, 267–288. doi: 10.1146/annurev.pharmtox.010909.105812

Lau, B. K., and Vaughan, C. W. (2014). Descending modulation of pain: the GABA
disinhibition hypothesis of analgesia. Curr. Opin. Neurobiol. 29, 159–164. doi:
10.1016/j.conb.2014.07.010

Lee, S., and Zhang, J. (2012). Heterogeneity of macrophages in injured trigeminal
nerves: cytokine/chemokine expressing vs. phagocytic macrophages. Brain
Behav. Immun. 26, 891–903. doi: 10.1016/j.bbi.2012.03.004

Leo, M., Argalski, S., Schafers, M., and Hagenacker, T. (2015). Modulation of
voltage-gated sodium channels by activation of tumor necrosis factor receptor-1
and receptor-2 in small DRG neurons of rats. Mediators Inflamm. 2015:124942.
doi: 10.1155/2015/124942

Li, J., Vause, C. V., and Durham, P. L. (2008). Calcitonin gene-related peptide
stimulation of nitric oxide synthesis and release from trigeminal ganglion glial
cells. Brain Res. 1196, 22–32. doi: 10.1016/j.brainres.2007.12.028

Lin, J., Liu, F., Zhang, Y. Y., Song, N., Liu, M. K., Fang, X. Y., et al. (2019). P2Y14
receptor is functionally expressed in satellite glial cells and mediates interleukin-
1beta and chemokine CCL2 secretion. J. Cell Physiol. 234, 21199–21210. doi:
10.1002/jcp.28726

Liu, X. J., Liu, T., Chen, G., Wang, B., Yu, X. L., Yin, C., et al. (2016). TLR signaling
adaptor protein MyD88 in primary sensory neurons contributes to persistent
inflammatory and neuropathic pain and neuroinflammation. Sci. Rep. 6:28188.
doi: 10.1038/srep28188

Lu, X., and Richardson, P. M. (1993). Responses of macrophages in rat dorsal
root ganglia following peripheral nerve injury. J. Neurocytol. 22, 334–341. doi:
10.1007/bf01195557

Martins, I., and Tavares, I. (2017). Reticular formation and pain: the past and the
future. Front. Neuroanat. 11:51. doi: 10.3389/fnana.2017.00051

Matsumoto, K., Nakajima, T., Sakai, H., Kato, S., Sagara, A., Arakawa, K., et al.
(2013). Increased expression of 5-HT3 and NK 1 receptors in 5-fluorouracil-
induced mucositis in mouse jejunum. Dig. Dis. Sci. 58, 3440–3451. doi: 10.1007/
s10620-013-2709-7

Meakin, S. O., and Shooter, E. M. (1992). The nerve growth factor family of
receptors. Trends Neurosci. 15, 323–331. doi: 10.1016/0166-2236(92)90047-c

Mika, J., Zychowska, M., Popiolek-Barczyk, K., Rojewska, E., and Przewlocka, B.
(2013). Importance of glial activation in neuropathic pain. Eur. J. Pharmacol.
716, 106–119. doi: 10.1016/j.ejphar.2013.01.072

Mikuzuki, L., Saito, H., Katagiri, A., Okada, S., Sugawara, S., Kubo, A., et al. (2017).
Phenotypic change in trigeminal ganglion neurons associated with satellite cell
activation via extracellular signal-regulated kinase phosphorylation is involved
in lingual neuropathic pain. Eur. J. Neurosci. 46, 2190–2202. doi: 10.1111/ejn.
13667

Noma, N., Tsuboi, Y., Kondo, M., Matsumoto, M., Sessle, B. J., Kitagawa, J.,
et al. (2008). Organization of pERK-immunoreactive cells in trigeminal spinal
nucleus caudalis and upper cervical cord following capsaicin injection into
oral and craniofacial regions in rats. J. Comp. Neurol. 507, 1428–1440. doi:
10.1002/cne.21620

Ohara, K., Shimizu, K., Matsuura, S., Ogiso, B., Omagari, D., Asano, M.,
et al. (2013). Toll-like receptor 4 signaling in trigeminal ganglion neurons
contributes tongue-referred pain associated with tooth pulp inflammation.
J. Neuroinflammation 10:139. doi: 10.1186/1742-2094-10-139

Ohara, P. T., Vit, J. P., Bhargava, A., and Jasmin, L. (2008). Evidence for a role of
connexin 43 in trigeminal pain using RNA interference in vivo. J. Neurophysiol.
100, 3064–3073. doi: 10.1152/jn.90722.2008

Okada-Ogawa, A., Nakaya, Y., Imamura, Y., Kobayashi, M., Shinoda, M.,
Kita, K., et al. (2015). Involvement of medullary GABAergic system in
extraterritorial neuropathic pain mechanisms associated with inferior alveolar
nerve transection. Exp. Neurol. 267, 42–52. doi: 10.1016/j.expneurol.2015.
02.030

Okada-Ogawa, A., Suzuki, I., Sessle, B. J., Chiang, C. Y., Salter, M. W.,
Dostrovsky, J. O., et al. (2009). Astroglia in medullary dorsal horn (trigeminal
spinal subnucleus caudalis) are involved in trigeminal neuropathic pain
mechanisms. J. Neurosci. 29, 11161–11171. doi: 10.1523/JNEUROSCI.3365-09.
2009

Okamoto, K., Bereiter, D. F., Tashiro, A., and Bereiter, D. A. (2009). Ocular surface-
evoked Fos-like immunoreactivity is enhanced in trigeminal subnucleus
caudalis by prior exposure to endotoxin. Neuroscience 159, 787–794. doi: 10.
1016/j.neuroscience.2008.12.015

Okamoto, K., Tashiro, A., Chang, Z., and Bereiter, D. A. (2010). Bright light
activates a trigeminal nociceptive pathway. Pain 149, 235–242. doi: 10.1016/j.
pain.2010.02.004

Okubo, M., Castro, A., Guo, W., Zou, S., Ren, K., Wei, F., et al. (2013). Transition
to persistent orofacial pain after nerve injury involves supraspinal serotonin
mechanisms. J. Neurosci. 33, 5152–5161. doi: 10.1523/JNEUROSCI.3390-12.
2013

Poulsen, J. N., Warwick, R., Duroux, M., Hanani, M., and Gazerani, P. (2015).
Oxaliplatin enhances gap junction-mediated coupling in cell cultures of mouse
trigeminal ganglia. Exp. Cell Res. 336, 94–99. doi: 10.1016/j.yexcr.2015.05.009

Raghavendra, V., Tanga, F., Rutkowski, M. D., and Deleo, J. A. (2003).
Anti-hyperalgesic and morphine-sparing actions of propentofylline following
peripheral nerve injury in rats: mechanistic implications of spinal glia and
proinflammatory cytokines. Pain 104, 655–664. doi: 10.1016/s0304-3959(03)
00138-6

Ren, K., and Dubner, R. (2008). Neuron-glia crosstalk gets serious: role in pain
hypersensitivity. Curr. Opin. Anaesthesiol. 21, 570–579. doi: 10.1097/ACO.
0b013e32830edbdf

Ren, K., and Dubner, R. (2011). The role of trigeminal interpolaris-caudalis
transition zone in persistent orofacial pain. Int. Rev. Neurobiol. 97, 207–225.
doi: 10.1016/B978-0-12-385198-7.00008-4

Shibuta, K., Suzuki, I., Shinoda, M., Tsuboi, Y., Honda, K., Shimizu, N., et al. (2012).
Organization of hyperactive microglial cells in trigeminal spinal subnucleus
caudalis and upper cervical spinal cord associated with orofacial neuropathic
pain. Brain Res. 1451, 74–86. doi: 10.1016/j.brainres.2012.02.023

Shinoda, M., Asano, M., Omagari, D., Honda, K., Hitomi, S., Katagiri, A., et al.
(2011). Nerve growth factor contribution via transient receptor potential
vanilloid 1 to ectopic orofacial pain. J. Neurosci. 31, 7145–7155. doi: 10.1523/
JNEUROSCI.0481-11.2011

Snyder, S. H. (1992). Nitric oxide: first in a new class of neurotransmitters. Science
257, 494–496. doi: 10.1126/science.1353273

Frontiers in Neuroscience | www.frontiersin.org 9 November 2019 | Volume 13 | Article 1227

https://doi.org/10.1152/jn.1999.82.3.1244
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1177/1744806916633704
https://doi.org/10.1186/1744-8069-8-23
https://doi.org/10.1186/1744-8069-8-23
https://doi.org/10.1186/1744-8069-7-74
https://doi.org/10.1186/1744-8069-7-74
https://doi.org/10.1523/JNEUROSCI.4968-12.2013
https://doi.org/10.1523/JNEUROSCI.4968-12.2013
https://doi.org/10.1177/0022034517741253
https://doi.org/10.1097/WNR.0b013e32834cd76a
https://doi.org/10.1097/ICO.0000000000001437
https://doi.org/10.1523/JNEUROSCI.1924-15.2015
https://doi.org/10.1146/annurev.pharmtox.010909.105812
https://doi.org/10.1016/j.conb.2014.07.010
https://doi.org/10.1016/j.conb.2014.07.010
https://doi.org/10.1016/j.bbi.2012.03.004
https://doi.org/10.1155/2015/124942
https://doi.org/10.1016/j.brainres.2007.12.028
https://doi.org/10.1002/jcp.28726
https://doi.org/10.1002/jcp.28726
https://doi.org/10.1038/srep28188
https://doi.org/10.1007/bf01195557
https://doi.org/10.1007/bf01195557
https://doi.org/10.3389/fnana.2017.00051
https://doi.org/10.1007/s10620-013-2709-7
https://doi.org/10.1007/s10620-013-2709-7
https://doi.org/10.1016/0166-2236(92)90047-c
https://doi.org/10.1016/j.ejphar.2013.01.072
https://doi.org/10.1111/ejn.13667
https://doi.org/10.1111/ejn.13667
https://doi.org/10.1002/cne.21620
https://doi.org/10.1002/cne.21620
https://doi.org/10.1186/1742-2094-10-139
https://doi.org/10.1152/jn.90722.2008
https://doi.org/10.1016/j.expneurol.2015.02.030
https://doi.org/10.1016/j.expneurol.2015.02.030
https://doi.org/10.1523/JNEUROSCI.3365-09.2009
https://doi.org/10.1523/JNEUROSCI.3365-09.2009
https://doi.org/10.1016/j.neuroscience.2008.12.015
https://doi.org/10.1016/j.neuroscience.2008.12.015
https://doi.org/10.1016/j.pain.2010.02.004
https://doi.org/10.1016/j.pain.2010.02.004
https://doi.org/10.1523/JNEUROSCI.3390-12.2013
https://doi.org/10.1523/JNEUROSCI.3390-12.2013
https://doi.org/10.1016/j.yexcr.2015.05.009
https://doi.org/10.1016/s0304-3959(03)00138-6
https://doi.org/10.1016/s0304-3959(03)00138-6
https://doi.org/10.1097/ACO.0b013e32830edbdf
https://doi.org/10.1097/ACO.0b013e32830edbdf
https://doi.org/10.1016/B978-0-12-385198-7.00008-4
https://doi.org/10.1016/j.brainres.2012.02.023
https://doi.org/10.1523/JNEUROSCI.0481-11.2011
https://doi.org/10.1523/JNEUROSCI.0481-11.2011
https://doi.org/10.1126/science.1353273
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-01227 November 11, 2019 Time: 14:7 # 10

Shinoda et al. Mechanisms of Persistent Orofacial Pain

Spofford, C. M., Mohan, S., Kang, S., Jang, J. H., and Brennan, T. J. (2011).
Evaluation of leukemia inhibitory factor (LIF) in a rat model of postoperative
pain. J. Pain 12, 819–832. doi: 10.1016/j.jpain.2011.02.351

Sprangers, S., De Vries, T. J., and Everts, V. (2016). Monocyte Heterogeneity:
Consequences for Monocyte-Derived Immune Cells. J. Immunol. Res.
2016:1475435. doi: 10.1155/2016/1475435

Spray, D. C., Iglesias, R., Shraer, N., Suadicani, S. O., Belzer, V., Hanstein, R., et al.
(2019). Gap junction mediated signaling between satellite glia and neurons in
trigeminal ganglia. Glia 67, 791–801. doi: 10.1002/glia.23554

Stemkowski, P. L., Noh, M. C., Chen, Y., and Smith, P. A. (2015). Increased
excitability of medium-sized dorsal root ganglion neurons by prolonged
interleukin-1beta exposure is K(+) channel dependent and reversible. J. Physiol.
593, 3739–3755. doi: 10.1113/JP270905

Sugiyama, T., Shinoda, M., Watase, T., Honda, K., Ito, R., Kaji, K., et al. (2013).
Nitric oxide signaling contributes to ectopic orofacial neuropathic pain. J. Dent.
Res. 92, 1113–1117. doi: 10.1177/0022034513509280

Sun, J., Ramnath, R. D., Zhi, L., Tamizhselvi, R., and Bhatia, M. (2008).
Substance P enhances NF-kappaB transactivation and chemokine response
in murine macrophages via ERK1/2 and p38 MAPK signaling pathways.
Am. J. Physiol. Cell Physiol. 294, C1586–C1596. doi: 10.1152/ajpcell.00129.
2008

Takeda, M., Tanimoto, T., Kadoi, J., Nasu, M., Takahashi, M., Kitagawa, J., et al.
(2007). Enhanced excitability of nociceptive trigeminal ganglion neurons by
satellite glial cytokine following peripheral inflammation. Pain 129, 155–166.
doi: 10.1016/j.pain.2006.10.007

Takeda, M., Tanimoto, T., Nasu, M., Ikeda, M., Kadoi, J., and Matsumoto, S.
(2005). Activation of NK1 receptor of trigeminal root ganglion via substance
P paracrine mechanism contributes to the mechanical allodynia in the
temporomandibular joint inflammation in rats. Pain 116, 375–385. doi: 10.
1016/j.pain.2005.05.007

Thalakoti, S., Patil, V. V., Damodaram, S., Vause, C. V., Langford, L. E., Freeman,
S. E., et al. (2007). Neuron-glia signaling in trigeminal ganglion: implications for
migraine pathology. Headache 47, 1008–1023. doi: 10.1111/j.1526-4610.2007.
00854.x

Tsuboi, Y., Iwata, K., Dostrovsky, J. O., Chiang, C. Y., Sessle, B. J., and Hu,
J. W. (2011). Modulation of astroglial glutamine synthetase activity affects
nociceptive behaviour and central sensitization of medullary dorsal horn
nociceptive neurons in a rat model of chronic pulpitis. Eur. J. Neurosci. 34,
292–302. doi: 10.1111/j.1460-9568.2011.07747.x

Vause, C., Bowen, E., Spierings, E., and Durham, P. (2007). Effect of carbon
dioxide on calcitonin gene-related peptide secretion from trigeminal neurons.
Headache 47, 1385–1397.

Vause, C. V., and Durham, P. L. (2009). CGRP stimulation of iNOS and NO
release from trigeminal ganglion glial cells involves mitogen-activated protein
kinase pathways. J. Neurochem. 110, 811–821. doi: 10.1111/j.1471-4159.2009.06
154.x

Vause, C. V., and Durham, P. L. (2010). Calcitonin gene-related peptide
differentially regulates gene and protein expression in trigeminal glia cells:
findings from array analysis. Neurosci. Lett. 473, 163–167. doi: 10.1016/j.neulet.
2010.01.074

Vit, J. P., Jasmin, L., Bhargava, A., and Ohara, P. T. (2006). Satellite glial cells in
the trigeminal ganglion as a determinant of orofacial neuropathic pain. Neuron
Glia Biol. 2, 247–257. doi: 10.1017/s1740925x07000427

Vit, J. P., Ohara, P. T., Bhargava, A., Kelley, K., and Jasmin, L. (2008). Silencing
the Kir4.1 potassium channel subunit in satellite glial cells of the rat trigeminal
ganglion results in pain-like behavior in the absence of nerve injury. J. Neurosci.
28, 4161–4171. doi: 10.1523/JNEUROSCI.5053-07.2008

Wagner, R., and Myers, R. R. (1996). Endoneurial injection of TNF-alpha produces
neuropathic pain behaviors. Neuroreport 7, 2897–2901.

Wang, C. L., Lu, C. Y., Pi, C. C., Zhuang, Y. J., Chu, C. L., Liu, W. H., et al.
(2012). Extracellular polysaccharides produced by Ganoderma formosanum
stimulate macrophage activation via multiple pattern-recognition receptors.
BMC Complement Altern Med. 12:119. doi: 10.1186/1472-6882-12-119

Waqas, S. F. H., Ampem, G., and Roszer, T. (2019). Analysis of IL-4/STAT6
signaling in macrophages. Methods Mol. Biol. 1966, 211–224. doi: 10.1007/978-
1-4939-9195-2_17

Wei, F., Guo, W., Zou, S., Ren, K., and Dubner, R. (2008). Supraspinal glial-
neuronal interactions contribute to descending pain facilitation. J. Neurosci. 28,
10482–10495. doi: 10.1523/JNEUROSCI.3593-08.2008

Xue, Q., Jong, B., Chen, T., and Schumacher, M. A. (2007). Transcription of rat
TRPV1 utilizes a dual promoter system that is positively regulated by nerve
growth factor. J. Neurochem. 101, 212–222. doi: 10.1111/j.1471-4159.2006.
04363.x

Zelenka, M., Schafers, M., and Sommer, C. (2005). Intraneural injection of
interleukin-1beta and tumor necrosis factor-alpha into rat sciatic nerve at
physiological doses induces signs of neuropathic pain. Pain 116, 257–263. doi:
10.1016/j.pain.2005.04.018

Zhang, P., Bi, R. Y., and Gan, Y. H. (2018). Glial interleukin-1beta upregulates
neuronal sodium channel 1.7 in trigeminal ganglion contributing
to temporomandibular joint inflammatory hypernociception in rats.
J. Neuroinflammation 15:117. doi: 10.1186/s12974-018-1154-0

Zhang, Y., Song, N., Liu, F., Lin, J., Liu, M., Huang, C., et al. (2019). Activation
of mitogen-activated protein kinases in satellite glial cells of the trigeminal
ganglion contributes to substance P-mediated inflammatory pain. Int. J. Oral.
Sci. 11:24. doi: 10.1038/s41368-019-0055-0

Zhang, Y. H., Vasko, M. R., and Nicol, G. D. (2002). Ceramide, a putative second
messenger for nerve growth factor, modulates the TTX-resistant Na(+) current
and delayed rectifier K(+) current in rat sensory neurons. J. Physiol. 544,
385–402. doi: 10.1111/j..2002.00385.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Shinoda, Kubo, Hayashi and Iwata. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 10 November 2019 | Volume 13 | Article 1227

https://doi.org/10.1016/j.jpain.2011.02.351
https://doi.org/10.1155/2016/1475435
https://doi.org/10.1002/glia.23554
https://doi.org/10.1113/JP270905
https://doi.org/10.1177/0022034513509280
https://doi.org/10.1152/ajpcell.00129.2008
https://doi.org/10.1152/ajpcell.00129.2008
https://doi.org/10.1016/j.pain.2006.10.007
https://doi.org/10.1016/j.pain.2005.05.007
https://doi.org/10.1016/j.pain.2005.05.007
https://doi.org/10.1111/j.1526-4610.2007.00854.x
https://doi.org/10.1111/j.1526-4610.2007.00854.x
https://doi.org/10.1111/j.1460-9568.2011.07747.x
https://doi.org/10.1111/j.1471-4159.2009.06154.x
https://doi.org/10.1111/j.1471-4159.2009.06154.x
https://doi.org/10.1016/j.neulet.2010.01.074
https://doi.org/10.1016/j.neulet.2010.01.074
https://doi.org/10.1017/s1740925x07000427
https://doi.org/10.1523/JNEUROSCI.5053-07.2008
https://doi.org/10.1186/1472-6882-12-119
https://doi.org/10.1007/978-1-4939-9195-2_17
https://doi.org/10.1007/978-1-4939-9195-2_17
https://doi.org/10.1523/JNEUROSCI.3593-08.2008
https://doi.org/10.1111/j.1471-4159.2006.04363.x
https://doi.org/10.1111/j.1471-4159.2006.04363.x
https://doi.org/10.1016/j.pain.2005.04.018
https://doi.org/10.1016/j.pain.2005.04.018
https://doi.org/10.1186/s12974-018-1154-0
https://doi.org/10.1038/s41368-019-0055-0
https://doi.org/10.1111/j..2002.00385.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Peripheral and Central Mechanisms of Persistent Orofacial Pain
	Introduction
	Peripheral Sensitization
	Satellite Glia–Neuron Communication
	Macrophage–Neuron Communication

	Central Sensitization of Central Nervous System Neurons
	Involvement of Descending Modulation
	Author Contributions
	Funding
	References


