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The oral cavity is a portal into the digestive system, which exhibits unique sensory properties. Like facial skin, the oral
mucosa needs to be exquisitely sensitive and selective, in order to detect harmful toxins versus edible food.
Chemosensation and somatosensation by multiple receptors, including transient receptor potential channels, are well-
developed to meet these needs. In contrast to facial skin, however, the oral mucosa rarely exhibits itch responses. Like
the gut, the oral cavity performs mechanical and chemical digestion. Therefore, the oral mucosa needs to be insensitive,
to some degree, in order to endure noxious irritation. Persistent pain from the oral mucosa is often due to ulcers, involving
both tissue injury and infection. Trigeminal nerve injury and trigeminal neuralgia produce intractable pain in the orofacial
skin and the oral mucosa, through mechanisms distinct from those seen in the spinal area, which is particularly difficult to
predict or treat. The diagnosis and treatment of idiopathic chronic pain, such as atypical odontalgia (idiopathic painful
trigeminal neuropathy or post-traumatic trigeminal neuropathy) and burning mouth syndrome, remain especially
challenging. The central integration of gustatory inputs might modulate chronic oral and facial pain. A lack of pain in
chronic inflammation inside the oral cavity, such as chronic periodontitis, involves the specialized functioning of oral
bacteria. A more detailed understanding of the unique neurobiology of pain from the orofacial skin and the oral mucosa
should help us develop novel methods for better treating persistent orofacial pain.
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| 1. Introduction

Orofacial skin and the oral mucosa protect the body from physical and chemical damage, infection, dehydration, and heat
loss. Even though both oral mucosa and facial skin are covered by highly specialized stratified epithelia, the two tissues
are structurally different in many ways: hair follicles and sweat glands exist in the skin, while the oral mucosa surrounds
the teeth and contains taste buds and minor salivary glands. The oral mucosa is more permeable than skin.
Nonkeratinized mucosa, such as the floor of the mouth and the buccal mucosa, is more permeable than other regions of
the oral mucosa, and transmucosal drug delivery is under active development L. As the oral mucosa heals after injury
faster than skin and without scar tissue, the cellular, molecular, and immunologic differences between oral mucosa and
skin have been widely studied, and the oral mucosa has been used as a model for developing methods for scarless
cutaneous healing @. Therefore, distinct sensations arising from the oral mucosa and facial skin have drawn much
attention 14,

As a portal into the digestive system, the oral cavity is exposed to a dynamic environment featuring mechanical, thermal,
and chemical stimuli due to the ingestion and mastication of various foods. The oral mucosa exhibits sensory properties,
similar to both facial skin and the gut. Like facial skin, the oral mucosa requires an exquisite level of sensitivity to
mechanical, thermal, and chemical stimuli, in order to detect the properties of foods and to prevent the ingestion of
harmful materials. Pain from the oral mucosa also modulates jaw movements and masticatory activities (2. At the same
time, similar to the gut, the oral mucosa needs to be somewhat insensitive to stimuli, in order to resist the mechanical
mastication of hard food or to endure the swallowing of hot drinks. When ingested food is perceived to be unpleasant, the
food is spit out of the oral cavity for protection. In addition to toxic food materials, multiple etiologies cause acute or
chronic pathological pain in the oral cavity. Oral pain critically affects the quality of life, as it degrades vital functions, such
as eating and swallowing, especially when the pain is chronic [€l. Here, we review the characteristics of the chemosensory
and somatosensory functions of the oral mucosa, as well as its neurobiological mechanisms, in comparison to those in
facial skin. We also review the pathological conditions inducing acute or chronic oral and facial pain and discuss their
underlying mechanisms. A better understanding of the neurobiological mechanisms of oral and facial pain should help in
the development of more effective methods for managing the associated conditions, eventually improving the quality of
care for patients. Although orofacial pain is derived from different tissues due to a diverse etiology, including an autonomic
function (Table 1), in this study, we focused on several subtypes of pain from the oral cavity and face that are more difficult

to diagnose or treat.



Table 1. Classification overview of the International Classification of Orofacial Pain (ICOP) *.

Table Subtype
1. Orofacial pain attributed to disorders of dentoalveolar and 1.1 Dental pain
anatomically related structures 1.2 Oral mucosal, salivary gland, and jawbone pains

. . . 2.1 Primary myofascial orofacial pain

2. Myofascial orofacial pain . . .
2.2 Secondary myofascial orofacial pain

. . . 3.1 Primary temporomandibular joint pain

3. Temporomandibular joint (TMJ) pain 3.2 Secondary temporomandibular joint pain

4.1Pain attributed to lesion or

4, Orofacial pain attributed to lesion or disease of the cranial diseaseofthetrigeminalnerve

nerves 4.2 Pain attributed to lesion or disease of the

glossopharyngeal nerve

5.1 Orofacial migraine

5.2 Tension-type orofacial pain

5.3 Trigeminal autonomic orofacial pain
5.4 Neurovascular orofacial pain

5. Orofacial pains resembling presentations of primary headaches

6.1 Burning mouth syndrome (BMS)
6.2 Persistent idiopathic facial pain (PIFP)
6. Idiopathic orofacial pain 6.3 Persistent idiopathic dentoalveolar pain
6.4 Constant unilateral facial pain with additional
attacks (CUFPA)

* Cephalalgia, 40:129-221 (2020). Bold, subtype of pain focused on in this review.

2. Physiological Somatosensation and Pain from Oral Mucosa and Facial
Skin

Peripheral nociception in orofacial tissues occurs at the peripheral branches of the trigeminal nerves—the fifth cranial
nerves (Figure 1). Trigeminal ganglia harbor neuronal cell bodies of sensory neurons, projecting to both the peripheral and
central sides. Nociceptive nerves synapse with second-order neurons within the trigeminal nucleus complex, especially
the caudal area , which relays the nociceptive signals to the brain regions involved in sensory discriminative and
affective pain.

Compression of central root
{trigeminal neuralgia)

injury of peripheral nerves
by trauma or tooth extraction, dental implant,
endodontic treatment .
{(painful post-iraumatic rigeminal neuropathy) ™

Tissue injury of aral mucosa
ar cancer -

Idiopathic pain from oral MUCOSA «---+=="""""""=
{Buming mouth syndrome)

Injury of peripheral nerves 4*
of unknaown origin
(Persistent idiopathic dentoalveolar paim)

Figure 1. Innervation of the craniofacial sensory nerves, and the sources of persistent orofacial pain from tissue or nerve
injuries. The trigeminal nerve is the fifth cranial nerve. The trigeminal ganglia (TG) contain neuronal cell bodies of sensory
neurons projecting to the orofacial structures. The first branch (V1) projects to the forehead skin and dura through the
ophthalmic nerve. The second branch (V2) projects to the skin, mucosa, and teeth of the upper jaw through the maxillary
nerve. The third branch (V3) projects to the skin, mucosa, and teeth of the lower jaw, including the tongue mucosa. The
central branches of the trigeminal sensory neurons project to the trigeminal nucleus complex in the brainstem and make
synaptic connections with second-order neurons. The pain-sensing nociceptors from the orofacial area are highly
connected with the caudal region of the trigeminal nucleus complex (trigeminal subnucleus caudalis; Vc). The Vc neurons
relay signals to various ascending pain pathways within the brain. The tongue mucosa is also innervated by gustatory



nerves, such as the chorda tympani nerve (Ch tym n), which is a part of the facial nerve (the seventh cranial nerve). Taste
signals are transmitted through the chorda tympani nerve, relayed in the nucleus tract solitarius in the brainstem, and
transmitted to the central taste pathways. Persistent pain from the orofacial area can be derived from multiple etiologies of
injuries to the tissue or nerves. Irradiation or chemotherapy can cause oral mucositis. Oral cancer often causes pain from
the oral mucosa. The direct injury of peripheral nerves due to facial trauma or tooth extraction can lead to the
development of painful post-traumatic trigeminal neuropathy (PTTN). Trigeminal neuralgia & is a distinct entity of chronic
pain, derived from compression of the central root of the trigeminal nerve. Some idiopathic chronic orofacial pain, such as
burning mouth syndrome (BMS) or persistent idiopathic dentoalveolar pain, are regarded to be of neuropathic origin.

2.1. Somatosensation of Oral Mucosa and Facial Skin

The thermal and mechanical sensitivity of the oral mucosa differ from that of facial skin. Different intraoral sites also show
different sensitivities. Extraoral skin and the tongue tip are generally more sensitive than the gingival mucosa, as has
been shown by quantitative sensory testing (QST) [ (Figure 2). The face and tongue are more sensitive to cold, warmth,
and mechanical stimuli than the gingiva. The heat pain threshold is also higher in the gingiva, while the mechanical pain
and vibration detection thresholds are lower in the tongue than other tissues. The pressure pain threshold is lowest in the
tongue and highest in the face. There is no difference among the oral mucosa and facial skin in terms of the cold pain
threshold. Interestingly, paradoxical heat sensations upon cooling do not occur in the skin or tongue but occurred in the
gingiva of 71% of subjects, suggesting a poor thermal discrimination ability of the gingiva . Other reports have also
shown similar tendencies, with minor differences. Tactile sensitivities of the lower lip, anterior tongue, and buccal mucosa
are greater than that of the soft palate, posterior tongue, and posterior pharyngeal wall 19, The tip of the tongue is the
most sensitive, in terms of tactile sensitivity, followed by the hard palate, lateral tongue, buccal mucosa, and gingiva 111,
The pressure pain threshold is greater in the maxillary gingiva than the mandible but showed no differences at sites along
the tooth rows 2. Cold sensitivity at the tongue tip is higher when compared to the chin, whereas warmth and heat pain
sensitivity are lower 13, Responses to cold and warm stimuli are poorer in the oral mucosa than in the supraorbital skin
and nasal mucosa 14!,
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Figure 2. Different sensations of intraoral mucosa and extraoral skin. Results of quantitative sensory testing (QST) in 21
healthy subjects (13 women and 8 men; mean 40.4 years) on the cheek, tip of the tongue, and gingival mucosa of the
upper premolar region. Mean = SD; * p < 0.05, ** p < 0.01, and *** p < 0.001; paired t-test following Bonferroni correction
for multiple comparisons. Plots were redrawn using previously published data from Pigg et al. [, with kind permission.

The oral mucosa is well-developed to detect various chemical stimuli with considerable sensitivity. The topical application
of capsaicin to the oral mucosa produces a burning sensation, where capsaicin sensitivity is similar between the
supraorbital skin and the oral mucosa but less than in the nasal mucosa 4. The topical application of capsaicin on the
oral mucosa led to strong pain from the subsequent heat stimulus both at the site of application (primary hyperalgesia) but
also outside the site of application (secondary hyperalgesia) 22l In addition to capsaicin, mustard oil and cinnamaldehyde
also enhance the pain caused by the application of heat (49 °C) to the tongue X8, In contrast, subjects who frequently eat
foods containing capsaicin show a slightly higher warmth detection threshold than subjects who rarely eat foods
containing capsaicin, suggesting desensitization by the chronic ingestion of capsaicin 14, Mustard oil and
cinnamaldehyde also modestly enhance the pain caused by the application of cold to the tongue. Menthol ingestion
increases both the warm and cold detection thresholds 24 but does not affect the pain intensity in response to subsequent
heat or cold stimuli (15,

2.2. Properties and Projections of Primary Afferents in Oral Mucosa and Facial Skin

Microneurographic studies in humans have shown that oral mucosal mechanoreceptors exhibit both fast and slow
adapting properties (18, The stimulation of fast-adapting fibers produces sensations of vibration, whereas the stimulation
of slow-adapting fibers produces sensations of constant pressure. Unlike facial skin, however, there are no fast-adapting



mechanoreceptors with the properties of Pacinian corpuscle afferents 28, In the oral mucosa of experimental animals,
three types of mechanoreceptors exist: Meissner corpuscles, Ruffini endings, and Merkel cells. Free nerve endings serve
as thermoreceptors or nociceptors 2. In mice, Merkel cells, Meissner corpuscles, and glomerular corpuscles have been
found in the tongue, hard palate, and gingival mucosa, but no Pacinian corpuscles or Ruffini endings were found 2%, The
density of Merkel cells in the hard palate decreases in aged mice 29, The functional properties of oral mucosal
nociceptive afferents are not well-known. In Wistar rats, using a single unit recording of a lingual nerve innervated to the
mandibular gingival mucosa 2 it has been found that 46% of fibers are non-nociceptive low-threshold
mechanoreceptors, and 54% of fibers are classified as nociceptive. Based on their conduction velocity in the oral mucosa,
the nociceptive fibers can be classified as Ad (58%) or C fibers (42%). Based on their responses to thermal, mechanical,
and chemical stimuli, oral mucosal nociceptors are classified into four types: Ad high-threshold mechanonociceptors, Ad
mechano—heat nociceptors, Ad polymodal nociceptors, and C polymodal nociceptors. The mechanical threshold of each
of these receptors is higher than that in skin, whereas the heat threshold is similar. Unlike skin afferents, in the oral
mucosa, the size of the receptive field is greater in C polymodal nociceptors than in Ad nociceptors. Ad polymodal
nociceptors are rare in the skin but enriched in visceral afferents 21. A recent study has also shown the characteristics of
afferents innervated to the tongue in mice 22, Approximately 50% of lingual afferents are c fibers, while approximately
30% are Ad fibers. In this study, the implantation of oral squamous carcinoma into the tongue increased spontaneous
firing, decreased the mechanical thresholds of the ¢ and Ad mechanoreceptors, and reduced the proportion of
mechanically insensitive fibers (22,

In rodents, approximately 40-45% of buccal mucosal afferents express transient receptor potential cation channel
subfamily V member 1 (TRPV1) and transient receptor potential cation channel subfamily A member 1 (TRPAL) [23l),
which may transduce the burning pain caused by capsaicin and mustard oil. These afferents include peptidergic afferents,
and, in the buccal mucosa, capsaicin and mustard oil evoke the release of the calcitonin gene-related peptide (CGRP) [24],
The retrograde labeling of gingival mucosa afferents in the trigeminal ganglia (TG) of rats and mice has shown that
gingival mucosal afferents are small- to medium-sized, and their average size is smaller than tooth pulp afferents [2328], |n
rats, approximately 50% of gingival afferents are CGRP-positive, while 25% of gingival afferents are substance P-positive
[27]: in contrast, in mice, only 23% of gingival afferents are CGRP-positive 28, In mouse gingiva, CGRP-positive afferents
are highly colocalized with TRPV1 28, |n rats, 76% of gingival afferents are tropomyosin receptor kinase A-positive
neurons, and 50% are isolectin B4-binding neurons 2, Transient receptor potential cation channel subfamily M member
8 (TRPMB8)-expressing fibers in the oral mucosa 28! likely mediate the sensation due to menthol. Menthol itself does not
evoke the release of CGRP from the buccal mucosa but enhances the cold-evoked release of CGRP, which depends on
TRPM8 24, The overexpression of neurturin—a member of the glial cell line-derived neurotrophic factor (GDNF)—in
keratinocytes increases the expression of TRPM8 in TG and increases the oral sensation generated by menthol 22, A
recent study showed that the tongue mucosa and muscle are innervated by neurons expressing CGRP (25% of tongue
afferents), TRPV1 (17%), 5HT3A (21%), TrkC (31%), parvalbumin (14%), NPY2R (12%), and Mrgprd (7%), which
suggests the projection of peptidergic and non-peptidergic nociceptors, proprioceptors, and low-threshold
mechanoreceptors [39]: however, the functional implications of these differences have not been studied well.

The ascending pathways of orofacial pain have been thoroughly reviewed elsewhere B, Trigeminal subnucleus caudalis
(Vc) neurons are critical hubs for transmitting oral and facial pain [, which are activated by noxious or non-noxious stimuli
applied to the oral cavity, as well as the face. The effects of the lingual application of a variety of chemical stimuli, such as
capsaicin, ethanol, histamine, mustard oil, nicotine, acid, and piperine, have been assessed 321, Other regions, such as
cranial nerves (C1/C2), subnuclei interpolaris (Vi), Vi/Vc, and subnuclei oralis (Vo), are also known to be involved in
orofacial pain. Mapping phosphorylated extracellular signal-regulated kinase (pERK) following the injection of capsaicin
into various orofacial areas showed the somatotopic arrangement of neurons in Vc and the upper cervical spinal cord and
revealed distinct chemical transmission pathways between the intraoral and extraoral facial sites [23l. Capsaicin injection
into the extraoral ophthalmic, maxillary, or mandibular regions induces pERK+ neurons in the ventral, middle, and dorsal
portions of Vc, respectively. In contrast, the localization of pERK+ neurons by capsaicin injection into the intraoral mucosa
does not show distinct segregation. Capsaicin injection into the tongue or lower gum induces pERK+ neurons localized to
the dorsal half of the V¢, whereas capsaicin injection into the anterior hard palate, upper gum, or buccal mucosa induces
pERK+ neurons in both dorsal and ventral Vc. Unlike extraoral injection, capsaicin injection into intraoral sites produces a
large number of pERK+ neurons in contralateral Vc B3l Oral and facial regions also show a rostrocaudal somatotopic
pattern: oral regions are represented in rostral Vc, whereas the lateral face regions are represented more in caudal Vc 4.

2.3. Itch Sensation of Oral Mucosa Is Weaker Than That of Facial Skin

The itch sensation in the oral cavity has not been well-studied. Although an itching sensation associated with allergic
reactions occurs in the oral mucosa, histamine-induced flares are limited to the skin, as histamine is not associated with



the itch sensation in human oral mucosa B4, Indeed, the injection of histamine into the mucosa at the dorsal surface of
the tongue rarely produces itch-like responses in mice, whereas the same dose of histamine evokes robust scratching
upon injection into the cheek skin (Eigure 3). Histamine-induced itches largely depend on TRPV1 and TRPV1-expressing
afferents [22. As a capsaicin injection into the tongue mucosa produces robust nocifensive behaviors, a lack of itch
response is not due to the lack of TRPV1-expressing afferent projection into the tongue mucosa. It is possible that oral
mucosa afferents are devoid of itch-specific factors, such as phospholipase B3 B2 Indeed, the tongue mucosa is rarely
projected by afferents expressing MrgprA3 or the gastrin-releasing peptide, two well-established markers for itch-sensing
afferents [24[38] |t js clear that further studies on the neurobiology of pruriceptors in the oral mucosa are needed.
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Figure 3. Lack of histamine-induced itch response from the tongue mucosa. The number of behavioral responses
assessed 5 min before and after the injection of capsaicin (10 pg/10 pl (A)) or histamine (20 pg/10 pl (B)) into the facial
skin or tongue of C57BL/6 mice. Under isoflurane anesthesia, capsaicin or histamine was injected into the facial skin
subcutaneously or into the submucosa of the dorsum of the tongue. Before and after the injection of capsaicin into the
facial skin, the number of wipings of the injected skin using the ipsilateral hind paw was counted. Before and after
histamine injection into the facial skin, the number of scratchings of the injected site using the ipsilateral forepaw was
counted. Upon the injection of capsaicin or histamine into the tongue, the number of instances of wiping, scratching, and
grooming of the face using the bilateral forepaws was counted. n = 4 in each group. * p < 0.05 in post-test following two-
way repeated measures ANOVA.
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