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Abstract

Background: Trigeminal nerve injury or orofacial inflammation causes severe pain in the
orofacial regions innervated by uninjured nerves or uninflamed tissues as well as injured or
inflamed tissues. Pathological orofacial pain associated with trigeminal nerve injury or
inflammation is difficult to diagnose and treat.

Highlights: To develop appropriate treatments for patients with orofacial pathological pain,
various animal models of trigeminal nerve injury or orofacial inflammation have been
developed. Further, the possible mechanisms involving the trigeminal ganglion (TG),
trigeminal spinal subnucleus caudalis (\/c), and upper cervical spinal cord (C1-C2) have been
studied.

Conclusions: 1) Neurotransmitters released from the somata of TG neurons are involved in
peripheral sensitization. 2) Neurotransmitter release from TG neurons is decreased by
botulinum toxin-type A administration, suggesting that this toxin suppressed neurotransmitter
release and alleviated the neuropathic pain-related behavior. 3) Altered states of glial cells and
nociceptive neurons, in the Vc and C1-C2 are involved in pathological orofacial pain associated
with trigeminal nerve injury or orofacial inflammation. 4) The trigeminal sensory nuclear
complex, especially the trigeminal spinal subnucleus oralis, is involved in normal and
pathological orofacial pain conditions after peripheral nerve injury. 5) Neuroimaging analyses
have suggested functional changes in the central and peripheral nervous systems in neuropathic
pain conditions.
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1. Introduction

Research on pain has been avoided in the past because of the technical difficulties in
objectively analyzing data on the subjective sensation of pain. However, control of pain in is
one of the most important issues in the field of medicine that emphasizes on the patients quality
of life. Only the pulp contains sensory receptors for pain. Thus, researchers have been actively
targeting nociceptors. Here we discuss how the management of orofacial pain can be improved
in the future. We describe the basic orofacial pain mechanisms and clinical approaches for such
patients.

Allodynia and/or hyperalgesia frequently occur in the orofacial region following
trigeminal nerve injury or orofacial inflammation [1,2]. Pathological pain associated with such
injury/inflammation is severe and difficult to treat and occurs in wide areas innervated by
injured as well as uninjured nerve fibers. Similar symptoms have been observed in the
uninflamed as well as inflamed areas [3]. The extraterritorial orofacial pain that occurs in areas
innervated by uninjured nerves or in uninflamed areas sometimes leads to misdiagnosis or
inappropriate treatment [1,2]. It is very important to understand the mechanisms underlying
extraterritorial orofacial pain associated with trigeminal nerve injury or orofacial inflammation
in order to develop appropriate measures for treatment of patients with extraterritorial orofacial
pain.

This review describes recent findings in animal models and the future directions of
investigations of pathological pain mechanisms.

2. Mechanisms of orofacial pain transmission in the trigeminal ganglia (TG) and
development of new treatment procedures: neurotransmitter release from the somata
of sensory ganglia

Many patients with trigeminal neuropathy suffer from severe pain. Anticonvulsants or
antidepressants prescribed for pain management induce adverse effects in the central nervous
system, such as dizziness and drowsiness. Understanding the mechanisms that lead to
trigeminal neuropathic pain is essential for development of new treatment modalities without
adverse side effects. Animal models of peripheral nerve injuries have been used to mimic
human neuropathic pain symptoms (e.g., tactile allodynia or thermal hyperalgesia) [4-8].
Neuropathic pain states are known to induce hyperexcitability in injured or neighboring primary
sensory neurons in sensory ganglia [9-11]. Our research aimed at determining whether neuronal
excitability induces neurotransmitter release from the somata of sensory ganglia and whether
neurotransmitter release is related to the pain symptoms.

We investigated adenosine 5'-triphosphate (ATP) release from the rat dorsal root
ganglia (DRG) after inducing peripheral neuropathic pain by unilateral sciatic nerve entrapment
(SNE) [12]. Ipsilateral hind paw withdrawal threshold in response to mechanical or thermal
stimulation was decreased in rats that underwent SNE [8]. The DRG was perfused with normal
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artificial cerebrospinal fluid (ACSF) in a sample collection chamber, and the perfusate was
analyzed for ATP contents with the firefly luciferin-luciferase (L/L) assay. The ipsilateral L4-
L5 DRG showed significantly more basal extracellular ATP release after SNE than the control
DRG. Because extracellular ATP is degraded to adenosine, we applied a selective adenosine 1
receptor (A1R) agonist, 2-chloro-N6-cyclopentyladenosine, and found a significant decrease in
basal and evoked ATP release. This indicated that functional A1R activation reduced ATP
release. Conversely, a selective A1R antagonist, 8-cyclopentyl-1,3-dipropylxanthine, increased
basal ATP release and attenuated the blockade of KCl-evoked ATP release, suggesting that
increased A1R activation reduced evoked ATP release in neurons ipsilateral to the SNE. In
addition, we examined whether altered ATP release was related to DRG metabolism and
measured O, consumption in control and neuropathic DRG. The neuropathic DRG consumed
more O than the control or contralateral DRG; suggesting that neuropathic pain states increase
DRG metabolism and ATP release, which is modulated by increased ALR activation.

In addition, co-release of ATP and substance P (SP) was found within the TG [13]. The
TG of anesthetized guinea pigs was perfused with ACSF using microdialysis probes. The
perfusate was analyzed for ATP and SP contents with a L/L assay and radioimmunoassay,
respectively. Significant reversible increases in ATP and SP were observed after neuronal
stimulation with KCI or capsaicin (Fig. 1) [13]. Ca**-free ACSF induced an eight-fold increase
in ATP release, suggesting a reduction in the activity of Ca?*-dependent ectonucleotidases that
degrade ATP. In contrast, KCl-induced ATP release under normal Ca?* conditions was blocked
by Cd?*, a voltage-gated Ca?* channel blocker, indicating that ATP release was Ca?* dependent.
We tested ATP release from acutely dissociated TG neuron somata. Neuron-enriched
dissociated TG cells were plated onto glass plates. The measured ATP release increased after
the application of capsaicin, suggesting that ATP was concomitantly released with SP from the
somata of TG.

Next, we investigated whether neurotransmitters were released directly from the
somata of TG and if there were differences in neurotransmitter release between cells that did
and did not contain neuropeptides. Neurotransmitter release from the dissociated neurons of rat
TG was monitored using cell membrane capacitance (Cm) measurements and the fluorescent
membrane-uptake  marker  N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)
hexatrienyl)pyridinium dibromide (FM4-64). Cm measurements were performed during whole-
cell patch clamping with neurons depolarized from 75 mV to 10 mV to induce neurotransmitter
release. TG cells were classified into two categories based on the binding of the plant isolectin
B4 (IB4). Most of the nerve growth factor-responsive 1B4-negative [IB4 (—)] nociceptors
contain neuropeptides such as SP and calcitonin gene-related peptide, whereas the glial-derived
neurotrophic factor-responsive 1B4-positive [IB4 (+)] neurons lack such neuropeptides [14,15].
TG neurons show calcium-dependent increases in Cm, indicating neurotransmitter release upon
electrical stimulation. Moreover, the peak Cm of 1B4(+) neurons decays faster toward baseline
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than that of the IB4(-) neurons. While 1B4(+) neurons have stable Cm responses to repeated
stimuli, 1B4(-) neurons show reduced responses. These data suggest that the IB4(+) neurons
show a faster rate of endocytosis and vesicle replenishment than to 1B4(-) neurons. To test this,
we measured vesicle trafficking with the fluorescent membrane dye FM4-64. Staining revealed
that IB4(-) neurons contained a larger pool of endocytosed vesicles compared to 1B4(+) neurons
because the peak fluorescence increases in I1B4(-) neurons were larger but slower compared to
IB4(+) neurons. The recycled vesicles were released faster in IB4(+) than 1B4(-) neurons. These
data suggested that 1B4(+) TG neurons have faster exocytosis and endocytosis than 1B4(-)
neurons [16].

Trigeminal neuropathies result in severe chronic pain that is inadequately alleviated by
systemic drugs. New treatments should be developed to target peripheral sensory neurons
because sensory neuron excitability and neurotransmitter release increase in neuropathic pain.
These could include purified botulinum toxin-type A (BoNT/A), which reportedly blocks
vesicular neurotransmitter release [17,18]. In rats, we tested whether trigeminal neuropathy
induced by chronic constriction of the infraorbital nerve (ION-CCI) increased neurotransmitter
release from the TG somata and whether it was decreased by BoNT/A. Therefore, we monitored
the secretory activity of acutely dissociated TG neurons from ION-CCI rats by measuring the
fluorescence intensity of the membrane-uptake marker FM4-64. FM4-64 staining showed that
the neurons possessed a pool of recycled vesicles, which were released on application of high
levels of KCIl. BoNT/A pretreatment of acutely dissociated TG neurons from naive rats
significantly reduced the rate of FM4-64 dye release. TG neurons ipsilateral to the ION-CCI
exhibited a significantly faster onset of FM4-64 release than those contralateral to the ION-CCI
(sham surgery) (Fig. 2) [19]. ION-CCI induced long-lasting ipsilateral tactile allodynia,
measured as large decreases in the withdrawal thresholds to mechanical and thermal stimulation.
Intradermal injections of BONT/A into the infraorbital branch of the trigeminal nerve decreased
the ION-CCI-induced mechanical allodynia and reduced the exaggerated FM4-64 release from
TG neurons (Fig. 3) [20], suggesting that BONT/A decreases neuropathic pain behavior by
decreasing neurotransmitter release from TG sensory neurons [19,20].

3. Glial cell involvement in extraterritorial pathological pain in orofacial regions
Developing an animal model of orofacial neuropathic pain is essential to develop
methods for appropriate diagnosis and treatment of affected patients. Many studies have
reported animal models of trigeminal nerve injury or orofacial inflammation [1,2]. The ION-
CCI model is the first documented orofacial neuropathic pain model. Based on extra- or intra-
oral approaches to the ION, two different methods exist for preparing the ION-CCI. These
animals show hypersensitivity to non-noxious mechanical and/or thermal stimuli (allodynia)
and hypersensitivity to noxious stimuli (hyperalgesia) in the orofacial region. The inferior
alveolar nerve transection (IANX) model is also frequently used instead of the ION-CCI. In the
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dentistry, lower molar tooth extraction sometimes causes severe pain in the facial skin
innervated by the second branch of the trigeminal nerve and in the intraoral mucosa. The IANX
model replicates these clinical problems [1,2]. Following the IANX or ION-CCI, facial skin
becomes hypersensitive to mechanical and thermal stimuli and this could last for a month. The
mechanical and thermal nocifensive behaviors observed in these models were very similar to
those of patients with orofacial neuropathic pain [1,2].

Oral and craniofacial noxious inputs are conveyed to the trigeminal spinal subnucleus
caudalis (\Vc¢) or upper cervical spinal cord (C1-C2) [1,2]. Nociceptive neurons in the V¢ and
C1-C2 are classified as noxious-specific (NS) neurons or wide-dynamic-range (WDR) neurons
according to their responses to mechanical stimuli. NS neurons dominantly respond to noxious
but not to non-noxious mechanical stimuli, whereas WDR neurons respond to both noxious and
non-noxious mechanical stimuli [21]. NS neurons have small receptive fields, and their spike
frequency is not graded following an increase in stimulus intensity. However, WDR neurons
have large receptive fields and steeper stimulus-response functions compared to NS neurons.
Furthermore, WDR neurons respond to non-noxious stimuli that are applied to the center of the
receptive field [1,2].

The Vc and C1-C2 regions have laminated structures that are similar to those of the
spinal dorsal horn. Many NS and WDR neurons are located in the superficial laminae (laminae
I-11) of the Vc and C1-C2, whereas WDR neurons are also distributed in the deep laminae
(laminae 1V-V). These distribution differences in the NS and WDR neurons are thought to
reflect functional differences in these nociceptive neurons. NS neurons are involved in
motivational and affective aspects of pain, whereas WDR neurons are involved in sensory
discriminative aspects [1,2].

Following trigeminal nerve injury, TG neurons are strongly activated, resulting in the
sensitization of TG neurons. High-frequency discharges in TG neurons are sent to Vc and C1-
C2 nociceptive neurons, and various molecular changes occur in these nociceptive neurons. In
particular, glutamate release from the presynaptic terminals and NMDA receptor expression are
strongly enhanced following trigeminal nerve injury or orofacial inflammation. This synaptic
transmission is also modulated by various molecules, such as ATP, nerve growth factor, brain-
derived neurotrophic factor, or SP [1,2]. The hyperexcitation of V¢ and C1-C2 nociceptive
neurons further enhances the neuronal excitability of those neurons, resulting in the
sensitization of V¢ and C1-C2 nociceptive neurons.

Microglial and astroglial cells, which are known to be widely distributed in the V¢, are
involved in the nutrition and support of neuronal structures. Recently, it has been reported that
microglial and astroglial cells are activated and change their morphological features following
trigeminal nerve injury or orofacial inflammation [22-24] (Fig. 4). Activated microglial and
astroglial cells affect the excitability of nociceptive neurons in V¢ and C1-C2. The glutamine-
glutamate shuttle is known to be an important mechanism involved in the modulation of V¢ and
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C1-C2 nociceptive neurons through the astroglial cell activation associated with trigeminal
nerve injury [22]. Glutamine is released from the astroglial cells, and it is taken up from the
presynaptic terminals by the glutamine transporter, resulting in an increase in glutamate release
from the presynaptic terminals and enhancement of the postsynaptic neuronal excitability.
Microglial cells are activated very early after trigeminal nerve injury, and astroglial cells are
then activated [23]. The activation of these glial cells occurs in a wide area over the V¢ and C1-
C2, and they are involved in the activation of nociceptive neurons over this wide area. The
activation of nociceptive neurons in a wide area of the V¢ and C1-C2 through glia-neuron
interactions is thought to cause extraterritorial neuropathic pain in the orofacial region [23].
The primary afferent activity is significantly enhanced and a barrage of action
potentials is sent to the V¢ and C1-C2 regions following trigeminal nerve injury. Vc and C1-C2
nociceptive neurons are then strongly activated and sensitized. Microglial and astroglial cells
in the wide areas of the V¢ and C1-C2 are activated after that, and neuron-glia interactions are
further enhanced through various molecules (Fig. 4). The activity of many nociceptive neurons
that receive inputs from the uninjured trigeminal nerve fibers is also strongly enhanced,
resulting in extraterritorial pain abnormalities in the orofacial regions. These observations
suggest that neuron-glia interactions in the V¢ and C1-C2 are a new therapeutic target for the
development of appropriate treatments for patients with extraterritorial orofacial pain.

4. Mechanisms of orofacial nociception and neuropathic pain in the trigeminal sensory
nuclear complex (TSNC)

The TSNC is involved in the transmission of the nociceptive and non-nociceptive
sensory information of the orofacial region. The TSNC consists of the rostral-most trigeminal
principal sensory nucleus (PrV) and three subdivisions of the trigeminal spinal tract nucleus,
namely, the subnucleus oralis (Mo), the subnucleus interpolaris (Vi), and the subnucleus caudalis
(Vc) (Fig. 5). The caudal-most component of the TSNC, the Vc, has been traditionally
considered to play an essential role in orofacial pain transmission and to represent the trigeminal
homolog of the spinal dorsal horn [25,26]. Indeed, the V¢ has a laminated structure similar to
the spinal dorsal horn, and it is often referred to as the medullary dorsal horn. Several lines of
evidence, however, seem to implicate the rostral subdivisions of the TSNC in the processing of
orofacial pain sensations. In humans, a trigeminal tractotomy just above the level of the V¢ fails
to produce complete orofacial and dental analgesia [27], and patients with caudal pontine
lesions show diminished intraoral sensations [28]. In cats and monkeys, trigeminal tractotomy
does not completely eliminate nociceptive responses, especially those that are evoked by
intraoral and perioral stimuli [29,30].

Traumatic injuries and surgical insults to peripheral nerves often cause neuropathic
pain [31]. In the search for the mechanisms underlying neuropathic pain, excitability changes
in the neurons in the sensory spinal nervous system have been demonstrated. For example,
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injured primary neurons become sensitive to mechanical and chemical stimuli that are applied
to the neuroma [32-35]. In the spinal dorsal horn, the somatotopy map of second-order neurons
is disrupted, and the neurons that are disconnected from their original receptive field’s begin to
respond to stimulation of the skin outside their original receptive field [36-39]. It has also been
documented that trigeminal nerve injury induces the hyperexcitability of V¢ neurons and is
responsible for the development of neuropathic pain states [40-42]. Recently, the involvement
of the rostral subdivisions of the TSNC has been suggested in the neuropathic pain state. In this
section, we summarize the structure and function of the TSNC involved in orofacial pain
sensations in normal conditions and in pathological pain conditions after peripheral nerve
injuries.

The central projection of the trigeminal primary afferents has been clarified by
histological studies that use horseradish peroxidase (HRP) as a neuroanatomical tracer [43-46].
This approach has been refined with the introduction of HRP-conjugated lectins, such as wheat
germ agglutinin, and the sites of the central terminations of different branches of the trigeminal
nerve in each subdivision of the TSNC were elucidated [47,48]. These studies have
demonstrated that the central terminals of the primary afferent neurons comprising the
individual peripheral nerve branches have their central terminal fields arranged in a somatotopic
manner. The ophthalmic division is located in the ventral or ventrolateral part of the TSNC,
while the mandibular division is located in the dorsal or dorsomedial part. The maxillary
division is situated in between. It has been shown that the nociceptive primary neurons
innervating oral structures terminate in the rostral nuclei in the TSNC as well as in the V¢, while
those innervating facial structures terminate primarily in the V¢ [46,49]. These characteristics
are consistent with the electrophysiological and immunohistochemical findings showing that
neurons in the Vo respond to stimulation of the primary nociceptors innervating the intraoral
structures [50-52]. The Vo, as well as the V¢, receives dense central projections of trigeminal
primary nociceptors containing calcitonin gene-related peptide and SP [53]. The neurons in the
Vo project to pain-related brain sites, including the parabrachial nucleus, the ventral
posteromedial thalamic nucleus, and the posterior thalamic nucleus [54-56]. Moreover,
morphine injections into the Vo produce antinociceptive effects on perioral pain [57]. These
studies have suggested that the facial nociceptive signals are primarily transmitted in the Vc,
while the intra- or perioral nociceptive signals are processed in the Vo as well as in the Vc.

Injuries to peripheral nerves induce long-lasting pathological pain, which is referred to
as neuropathic pain [31]. Neuropathic pain includes abnormal pain sensations, such as
hyperalgesia and allodynia. In addition to the pain that occurs as a direct result of the injury
itself, aberrant chronic pain manifests itself outside as well as within the peripheral territory of
the injured nerve [58,59]. It has also been documented that trigeminal nerve injury induces the
hyperexcitability of V¢ neurons and that this hyperexcitability is responsible for development
of the neuropathic pain state. Many V¢ neurons express c-Fos protein-like immunoreactivity
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(Fos-LI) in response to non-noxious mechanical stimulation of the whisker pad skin after injury
to the infraorbital nerve [40]. A similar injury-induced hyperinducibility of Fos-LI has been
reported for the V¢, and the number of Fos-LI neurons following noxious stimulation of the
whisker pad skin was significantly increased in a rat with an inferior alveolar nerve (IAN) injury
[41]. Our recent study that examined the double immunofluorescence labeling for c-Fos and
phosphorylated extracellular signal-regulated kinase has revealed that convergent primary
nociceptive inputs through neighboring intact nerves may contribute to the c-Fos
hyperinducibility in the V¢ following trigeminal nerve injury (unpublished observations). In
addition, peripheral nerve injuries activate mitogen-activated protein kinases (MAPKSs) and
glial cells in the V¢, which contribute to the neuropathic pain state [22,60,61]. Peripherally
axotomized primary neurons are thought to release neurotransmitters and/or neuromodulators
by several different mechanisms. Axolemmal disruption certainly causes injury discharge
immediately after the injury. In other instances, ectopic spike generation in the neuroma and
ephaptic connections between the injured primary neurons may also induce transmitter release
in the chronic injured state [62,63]. These neurotransmitters or neuromodulators may be
responsible for the changes in the histological environment surrounding postsynaptic neurons,
such as the activation of MAPKSs and glial cells in the CNS. These changes might be involved
in the neuronal plasticity of second-order neurons in the V¢ and the neuropathic pain after
peripheral nerve injury.

In the spinal sensory nervous system, the spinal dorsal horn transmits somatosensory
information, including nociceptive information, while the dorsal column nuclei, including the
medially placed gracile nucleus and the laterally placed cuneate nucleus, are the primary relay
nuclei in which the thick myelinated primary sensory axons serving tactile modalities terminate.
However, accumulating evidence has indicated that these nuclei are particularly important in
the pathogenesis of the abnormal pain sensations that are caused by nerve injuries [64-66].
Excitability of the gracile nucleus neurons is enhanced after peripheral nerve injury [67,68].
The development of tactile allodynia and not thermal hyperalgesia is suppressed by blocking
the signals to the gracile nucleus from injured primary afferents [64-66]. These previous studies
have suggested that not only the spinal dorsal horn but also the dorsal column nuclei contribute
to the development of nerve injury-induced tactile allodynia. Our previous study has showed
that spinal nerve ligation induces marked phosphorylation of p38 MAPK and microglial
activation in the gracile nucleus, which, in turn, contributes to the development of neuropathic
pain [69]. In the trigeminal system, the involvement of the rostral subdivisions of the TSNC has
been suggested in the neuropathic pain state. For example, intramuscular injections of mustard
oil induce prolonged facilitation of Vo neurons [70]. Some Vo neurons transmit the
somatosensory signals to other nociception-related brainstem areas, including the parabrachial
nucleus and thalamus [55,56,71]. Our recent study has demonstrated MAPK phosphorylation
and activation of microglia and astrocytes in the rostral subdivisions of the TSNC, especially
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in the Vo. The magnitude of these changes was comparable to those in the Vc (Fig. 6).
Furthermore, electrical stimulation (ES) at a non-noxious intensity induced Fos-LI in many
neurons of the Vo when applied to the chronically injured lingual nerve (LN) but not when
applied to the uninjured LN. This hyperinducibility of Fos-LI was not observed by ES at a non-
noxious intensity of the uninjured LN after injury to the IAN (Fig. 7A, B). However, in rats
with chronically injured 1ANs, the number of Fos-LI neurons induced by ES of the LN at a
noxious intensity was significantly increased in the V¢ but not in the Vo (Fig. 7C, D) [72]. These
results suggested that nerve injury causes differential effects on neuronal excitability in the Vo
and Vc. The excitability change in the V¢ neurons may reflect anomalous pain responses, such
as hyperalgesia, to normal noxious stimuli that are applied to the intraoral structures. The
enhanced Vo neuronal activity, however, may be involved in pain originating in the neuroma.

In this section, we discussed the involvement of the TSNC, especially the Vo, in
orofacial nociception and neuropathic pain. Further research on the exact role of the TSNC in
orofacial pain will help to develop potential therapeutic targets for the prevention of neuropathic
pain.

5. Clinical neurofunction in chronic orofacial pain

Recent advances in neuroimaging have allowed us to further understand the
mechanisms of pain. Neuroimaging allows us to verify what we have learned from animal
studies. During the past two decades, numerous animal studies have been conducted on pain
chronicity, and they have suggested that chronic orofacial pain is induced by central/peripheral
sensitization. Functional neuroimaging studies have implicated the central and peripheral
nervous systems.

TG cells release some neurotransmitters (e.g., ATP, nitric oxide, and nerve growth
factor), and the coupling of these neurotransmitters to their receptors results in the activation of
glial cells and neighboring neurons [3,73]. Continuous noxious inputs from the
temporomandibular joint induce satellite cell’s activation in the TG, which leads to new
connections between satellite cells forming neighboring envelopes [74,75]. Therefore,
continuous excitation of TG neurons induces the activation of satellite cells and vice versa.

In the peripheral trigeminal system, a diffusion tensor imaging study has shown a
significant decrease in fractional anisotropy (FA) and a significant increase in mean diffusivity
in both the trigeminal roots in patients with temporomandibular joint disorder (TMD) compared
to controls [76]. The decrease in FA and the increases in mean diffusivity and radial diffusivity
are due to changes in the macro- and micro-structures of nerve fibers, such as those caused by
neural edema or changes in the permeability of the membranes and crossings. Interestingly, FA
decreases in accordance with the duration of TMD. These findings may reflect the plasticity of
nerve structures and, probably, pain chronicity [76].

In the caudal medullary dorsal horn, the neuronal plasticity of nociceptive secondary
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neurons is induced by repetitive noxious inputs [2,77]. Another important issue in the brainstem
is descending pain modulation. In an imaging study, Younger et al. have reported a particular
finding. They reported increased grey matter volume in bilateral spinal trigeminal nuclei in
patients with myofascial TMD and decreased grey matter volume in various sites in the cerebral
cortex in patients with chronic pain conditions [78]. Interestingly, Fallon et al. have reported a
reduction in the total volume of the brain stem grey matter in patients with fiboromyalgia [79].
The differences in these pain conditions include the site of the chief complaint. The brainstem
plays a key role in pain transmission in TMD, whereas it mainly contributes to pain modulation
in fibromyalgia. Although this imaging finding does not precisely explain the individual
mechanisms of pain processing or pain modulation in the brainstem, it may reflect an important
role of the brainstem as a hub of neural function in the integration of trigeminal pain processing
and modulation.

The next region of interest is the thalamus. All somatosensory fibers make a relay in
the thalamus. Fibers originating from the caudal medulla reach the ventrobasal complex,
especially the ventral posterior medial nucleus, which mainly projects to the somatosensory
cortex. In contrast, fibers that ascend through the medullary reticular formation make
connections with the intralaminar nuclei, and, then, the neurons send fibers to the limbic system,
cingulate cortex, and prefrontal cortex [80]. Three groups have reported a significant difference
in the grey matter volume of the thalamus between patients with TMD and healthy controls
[78,81,82]. The relationship between the thickness of the grey matter of the sensory nuclei of
the thalamus and the duration of TMD exhibited a significant positive correlation [82]. This
finding suggests that a barrage of noxious inputs from the trigeminal territory induces
morphological changes in the thalamus. Younger et al. have further reported an increased
volume of the basal ganglia, especially the striatum, in patients with myofascial TMD [78]. The
striatum is involved in descending inhibitory control by activating D2 dopaminergic and alpha
2 adrenergic neurons, and it is considered that these areas are overstressed [83]. Several studies
have investigated cortical function in patients with TMD patients with magnetic resonance
imaging [76,78,81,82,84,85]. These studies were designed to study changes in cerebral blood
flow, grey matter thickness, and actual active areas. Most of the studies have set a region of
interest that covers the corresponding areas for orofacial pain.

In chronic pain conditions, repeated inputs from the periphery induce increases in
cerebral blood flow in the responsible cortical area. In contrast to neuropathic pain conditions,
once deafferentation occurs and inputs from the periphery are reduced, brain activity in the
corresponding area is suppressed. As a result of these alterations, cortical reorganization is
induced, and areas that show increased cerebral blood flow appear to be surrounding the
original area that was responsible for the activation [81,86]. Moayedi and colleagues have
reported the cortical thickness in the primary somatosensory cortex in patients with TMD
compared to healthy controls [87]. In contrast, Younger et al. have reported decreased thickness
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of S1 in patients with myofascial TMD [78], and Gustin et al. have reported no statistical
differences in the cortical thickness between patients with TMD and controls [84]. Some
researchers have reported that morphological changes in the grey matter do not always indicate
that the changes are irreversible. Discrepancies in the results of these studies appear to be due
to differences in the statistical analyses and, more importantly, the actual subtypes of TMD and
the duration of the TMD in the subjects. The frontal pole and prefrontal cortex are believed to
be involved in cognitive function. In chronic pain states, pain is always there and when a patient
has something to do, he or she has to decide to do it or avoid it. Therefore, these areas are always
preloaded. In contrast, the primary motor cortex and midcingulate cortex are associated with
descending inhibition. Negative correlations between cortical thickness and pain intensity
probably represent impaired function of this inhibition [87].

6. Conclusions

Recent advances in basic and clinical research studies have given us an opportunity to
understand the mechanisms of pathological orofacial pain and to develop various clinical
approaches for patients with orofacial pain. In this review, we summarized the recent topics of
orofacial pain mechanisms as follows. 1) Neurotransmitters are released from the somata of TG
neurons that are involved in peripheral sensitization. 2) The neurotransmitters that are released
from the TG neurons are depressed following BoNT/A administration, suggesting that BoNT/A
decreases neurotransmitter release, and neuropathic pain behavior is decreased. 3) Glial cells
are involved in the orofacial pathological pain associated with trigeminal nerve injury or
orofacial inflammation as well as V¢ and C1-C2 nociceptive neurons. 4) The structure and
function of the TSNC, especially the trigeminal spinal subnucleus oralis (Mo), is involved in
orofacial pain sensations in normal conditions and in pathological pain conditions after
peripheral nerve injuries. 5) Functional neuroimaging studies have implicated changes in the
central and peripheral nervous systems in neuropathic pain conditions.
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Figure legends

Fig. 1

KCl-evoked release of adenosine-5'-triphosphate (ATP) and substance P (SP) within guinea pig
trigeminal ganglia in vivo. (A) Summary of seven experiments measuring ATP contents in
microdialysis samples with a firefly luciferin—luciferase assay. The data is shown as the mean
percentage of baseline and standard error of the mean (SEM) before and after the infusion of
100 mM of KCI. Actual baseline [ATP] was 232.36106.6 pM. (B) Summary graph of SP levels
measured by radioimmunoassay in the same samples after the ATP analysis. Actual baseline
[SP] was 65.6631.4 pM. The asterisks denote a significant difference (P < 0.05) from the last
sample before the KCI infusion. The baseline for each experiment was measured as the average
ATP or SP contents in the three samples starting 1 h prior to KCI infusion. This figure is
modified from Ref. [13] with permission.

Fig. 2

Botulinum toxin-type A (BoNT/A) injections ipsilateral to the ION-CCI decreases vesicular
release  of  N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)  exatrienyl
pyridinium dibromide (FM4-64) from acutely isolated trigeminal ganglion (TG) neurons of
IoNC rats. BONT/A (100 pg in 0.1 mL of saline) was injected intradermally in the area of the
ipsilateral whisker pad 3 days after the loNC surgery (11 days prior to TG neuron dissociation).
BoNT/Asignificantly slowed the onset of KCl-induced vesicular FM4-64 release and produced
large decreases in the maximal release in both isolectin B4 [IB4(+)] (A) and [IB4(-)] (B)
neurons compared to neurons from the saline-injected neurons ipsilateral to the IoNC. This
figure is modified from Ref. [19] with permission.

Fig. 3

BoNT/A alleviates the IoNC-induced changes in the operant measures of thermal hyperalgesia.
Intradermal BoNT/A injections in IoNC rats decreased the number of facial contacts at the 45°C
thermode (A) and increased the ratio of contact duration/contact numbers (C). The total contact
duration was not affected by BONT/A (B). The behavior of the sham-surgery rats with the 45°C
thermode changed during the study period, and all of the data for the IoNC rats were divided
by the sham rat average data at the same time point. The BoNT/A effect was dose dependent
and was statistically significant with 100 and 200 pg. The sham operation did not affect rat
drinking behavior, and the BoNT/A (100 pg) injection had no discernible behavioral effects on
the sham-operated rats. Intradermal BoNT/A injections into the neck, within the trigeminal
innervation but outside of IoN innervation, did not relieve the thermal hyperalgesia symptoms.
Moreover, the injection of a mixture of BoNT/A and its neutralizing antibody did not relieve
the thermal hyperalgesia. The data are presented as mean = SEM. *P < 0.05 and **P < 0.01
between the time point of 7 days after the IoONC and 7 days after the BoONT/A injection. This
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figure is modified from Ref. [20] with permission.

Fig. 4

Schematic illustration of the mechanisms of extraterritorial neuropathic pain in the orofacial
regions that was associated with trigeminal nerve injury. Following the trigeminal nerve injury,
microglial and astroglial cells are strongly activated in the V¢ and C1-C2, and the excitability
of nociceptive neurons is enhanced by various molecular mechanisms. Glu: glutamate, FKN:
Fractalkine, BDNF: brain-derived neurotrophic factor, ERK: extracellular signal-regulated
kinase.

Fig. 5

Dorsal view of the brainstem with a schematic drawing of the trigeminal sensory nuclear
complex (TSNC). The TSNC consists of the trigeminal principal sensory nucleus (PrV) and
three subdivisions of the trigeminal spinal tract nucleus, namely, the subnucleus oralis (\o), the
subnucleus interpolaris (Vi), and the subnucleus caudalis (Vc). TG, trigeminal ganglion; V1,
ophthalmic division; V2, maxillary division; V3, mandibular division.

Fig. 6

Immunohistochemistry for p-ERK, p-p38 mitogen-activated protein kinase (MAPK), OX-42 (a
microglial marker), and glial fibrillary acidic protein (GFAP; an astrocytic marker) in the Vo
(top) and V¢ (bottom) 1, 3, 3, and 7 days after lingual nerve (LN) injury, respectively. Marked
activation of MAPKSs and glial cells can be seen in the areas corresponding to the terminal field
of the LN primaries [46], and the magnitude of activation in the Vo was comparable with that
in the Vc. Scale bar = 200 pum. This figure is modified from Ref. [61] with permission.

Fig. 7

The rat TSNC was examined for C-Fos protein-like immunoreactivity (Fos-LI) neurons that
were induced by electrical stimulation (ES) of the LN 2 weeks after injury to the LN or the
interior alveolar nerve (IAN). (A) Photomicrographs of immunohistochemistry for c-Fos in the
Vo and V¢ following ES at an A-fiber intensity (0.1 mA) of the LN 14 days after LN injury and
sham surgery. (B) The number per section of Fos-LI neurons in the Vo and in the superficial
laminae (V¢ I/11) and deep laminae (V¢ 111/1V) of the V¢ following ES (0, 0.1, and 10 mA) of
the LN 14 days after LN injury and sham surgery. An intensity-dependent increase was found
in all of the parts examined irrespective of the nerve injury. A significant increase in the number
of Fos-LI neurons was found in the Vo following ES at 0.1 mA in the LN-injured group
compared to that in the sham-operated group. The asterisks at each bar indicate a significant
difference from respective sham ES [*P < 0.05, analysis of variance (ANOVA) with post-hoc
Tukey-Kramer test]. Statistical comparisons were also made between nerve-injured and sham-
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operated groups for each ES (#P < 0.05, Student’s t-test). (C) Photomicrographs of
immunohistochemistry for c-Fos in the Vo and Vc following ES at the C-fiber intensity (10
mA) of the LN 14 days after IAN injury and sham surgery. (D) The number per section of Fos-
LI neurons in the Vo and in the superficial laminae (Vc I/11) and deep laminae (V¢ I11/1V) of
the V¢ following ES (0, 0.1, and 10 mA) of the LN 14 days after IAN injury and sham surgery.
A significant increase in the number of Fos-LI neurons was found in the superficial laminae of
the V¢ following ES at 10 mA in the IAN-injured group compared to that in the sham-operated
group. The asterisks at each bar indicate significant differences compared to the respective sham
ES (*P < 0.05, ANOVA with post-hoc Tukey-Kramer test). Statistical comparisons were also
made between the nerve-injured and sham-operated groups in each ES (#P < 0.05, Student’s t-
test). Scale bar = 200 um. This figure is modified from Ref. [72] with permission.
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Fig. 4
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