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Abstract

Orofacial pain, including temporomandibular joint disorders pain, trigeminal neuralgia, dental 

pain, and debilitating headaches, affects millions of Americans each year with significant 

population health impact. Despite the existence of a large body of information on the subject, the 

molecular underpinnings of orofacial pain remain elusive. Two decades of research has identified 

that transient receptor potential (TRP) ion channels play a crucial role in pathological pain. A 

number of TRP ion channels are clearly expressed in the trigeminal sensory system and have 

critical functions in the transduction and pathogenesis of orofacial pain. Although there are many 

similarities, the orofacial sensory system shows some distinct peripheral and central pain 

processing and different sensitivities from the spinal sensory system. Relative to the extensive 

review on TRPs in spinally-mediated pain, the summary of TRPs in trigeminally-mediated pain 

has not been well-documented. This review focuses on the current experimental evidence 

involving TRP ion channels, particularly TRPV1, TRPA1, TRPV4, and TRPM8 in orofacial pain 

and discusses their possible cellular and molecular mechanisms.
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Introduction

Orofacial pain refers to pain associated with the jaw, mouth, face, head, and neck. The 

prevalence of pain in the orofacial region has been reported to be 17-26%, of which 7-11% 

is chronic [1]. Orofacial pain, including temporomandibular joint disorders (TMJD) pain, 

trigeminal neuralgia, dental pain, and headache, represents a major ongoing medical and 

social problem. The trigeminal nerve (the fifth cranial nerve) provides the principal sensory 

innervation of orofacial region [2]. Many trigeminal primary afferents terminate in the 

orofacial tissues as free nerve endings and function as nociceptors since they can be 

activated by noxious stimuli. Orofacial pain, derived from many unique target tissues, such 

as the meninges, cornea, tooth pulp, oral/nasal mucosa, and temporomandibular joint, has 

some unique physiologic characteristics compared to the spinal nociceptive system, which 

makes it more difficult to be diagnosed and treated [3]. Given that current treatments for 

orofacial pain are limited and have significant side effects, a deeper understanding of 

orofacial pain mechanisms is critical for the development of safer and more effective new 

therapeutics.

Numerous molecules have been implicated in contributing to orofacial pain sensations, but 

no family of transduction proteins has been studied as extensively as the transient receptor 

potential (TRP) ion channels in the past two decades. The TRP family is made up of ion 

channel proteins that function as non-selective cation-permeable channels, virtually all of 

which conduct Ca2+. The TRP superfamily can mainly be divided into six subfamilies: 

vanilloid (TRPV), ankyrin (TRPA), melastatin (TRPM), canonical (TRPC), polycystin 

(TRPP), and mucolipin (TRPML). TRP ion channels act as molecular sensors of multiple 

stimuli, including but not limited to temperature, mechanical stimulation, osmolarity, 

chemical agents, and pH, transforming them into electrical signals and directing them to the 

central nervous system (CNS) [4,5]. Two decades after the description of TRPV1 as the first 

family member with a postulated and later verified link to pain, the evidence has become 

increasingly robust that a number of TRP channels express in the sensory system and 

function in pathophysiological pain, including orofacial pain.

The trigeminal sensory system has some distinct characteristics from the spinal sensory 

system under either physiological or pathological conditions [6,7]. For instance, we recently 

discovered that a subset of trigeminal ganglion (TG) sensory neurons has a direct 

monosynaptic input to the parabrachial nucleus, bypassing the second-order neurons in the 

medullary dorsal horn [8]. However, this is not the case for the dorsal root ganglion (DRG) 

nociceptive neurons. This novel monosynaptic circuit may provide a neural substrate for 

heightened craniofacial affective pain [8] (Fig. 1). Moreover, peripheral nerve injury induced 

sprouting of sympathetic nerve fibers in DRG after spinal nerve injury, but no such sprouting 

was found in TG after trigeminal nerve injury [9]. Recent reviews characterized differences 

between the trigeminal and spinal afferent systems under basal conditions and after various 

forms of injury [7]. Interestingly, transcriptome analyses showed that, despite being 

overwhelmingly similar, a number of genes are differentially expressed between DRG and 

TG neurons [10]. Furthermore, the expression levels of a certain number of TRPs were 

different in TGs compared to DRGs [11]. Collectively, these studies indicate that the 

trigeminal system has some unique features that may contribute to distinct response patterns 
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to tissue injury, and the mechanisms of orofacial pain are unique and should not be 

considered identical to those of spinal pain.

Accumulating evidence has indicated that TRP ion channels play a crucial role in orofacial 

pain. In this review, we summarize the current progresses and elaborate on relevant 

highlights related to the TRPV, TRPA, and TRPM subfamilies and the roles of their 

members in TMJD pain, trigeminal neuralgia and dental pain. A summary of TRPs in 

migraine is not included here because it has been extensively reviewed elsewhere [12-14].

TRPs in TMJD pain

TMJD pain is the most common form of orofacial pain, involving the masticatory muscles, 

temporomandibular joint (TMJ) and associated structures, and affecting approximately 10 

million individuals each year in the US. TMJD is primarily characterized by mechanical 

pain, jaw function-induced pain and spontaneous pain in the TMJ and/or muscles of 

mastication. The incessancy and severity of TMJD pain emotionally wears down patients 

and can be exacerbated by jaw movements accompanying food intake, chewing, and even 

speaking or laughing [15,16]. Many lines of evidence suggest that TRPs contribute to TMJD 

pain (also see Table 1).

Expression of TRPs in TMJ-associated tissues under pathophysiological conditions

Immunohistochemical analysis revealed the presence of TRPV1 in the nerves innervating 

the TMJ, masseter muscle, and synovial lining cells of the joint in rats [17,18]. TRPV1-

expressing nerves were also distributed in the synovial membrane of the joint capsule and 

provided branches to the joint compartment. Double labeling showed that many of these 

TRPV1-immunoreactive nerves are peptidergic [17]. In line with the finding from rodents, 

TRPV1 was also observed in the region of the posterior disk attachment of synovial tissues 

of human TMJ [19]. TRPV1 and TRPA1 were expressed in small- to medium-sized TG 

sensory neurons that are putative nociceptors. In rat TG, approximately 24% of masseter 

muscle afferents expressed TRPV1 [20]. In support of this finding, a new study also found 

that a small subset of TRPV1-expressing TG neurons innervate the masseter muscles [21]. 

TRPA1 was highly colocalized with TRPV1 and expressed in about 10% of masseter 

afferents [20]. Our recent study revealed that 34% of total TG neurons express TRPV4. 

Neural tracing with fast blue injected into the TMJ resulted in labeling of 6.5% of all TG 

neurons, and ≈50% of those expressing TRPV4, suggesting that the TMJ is innervated 

robustly by TRPV4-expressing TG neurons [22]. In addition, TRPV4 immunoreactivity was 

detected in the synovium and condylar cartilage of rat TMJ. In fibroblast-like synoviocytes, 

activation of TRPV4 with the selective agonists 4α-PDD or GSK1016790A caused Ca2+ 

influx [23].

Both in vivo and in vitro studies have demonstrated that TRPV1 can be upregulated under 

inflammatory conditions. For instance, TRPV1 was upregulated by lipopolysaccharide 

(LPS) in cultured rat synoviocytes [24]. Real-time PCR and immunoblotting assays detected 

significantly increased TRPV1 expression in the TGs and hippocampus, but not in the 

amygdala, prefrontal cortex, and thalamus after complete Freund’s adjuvant (CFA) injection 

into the TMJ [25,26]. Immunoreactivity for TRPA1 was consistently observed in the somata 
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and process of astrocytes of the trigeminal caudal nucleus and was weaker than that in 

presumed nociceptive primary afferent terminals, but increased significantly in the fine 

process of astrocytes in rats with experimental TMJ inflammation caused by CFA [27]. RNA 

sequencing assay identified that mRNAs for TRPA1, TRPV1, TRPM3, and TRPM8 are 

upregulated, but TRPV2, TRPV3, TRPM2, TRPC3, TRPC4, TRPC6 and TRPC7 remain 

unchanged, and TRPV4 is downregulated in TGs following the masseter muscle 

inflammation caused by CFA in rats [28]. Our study also found that mRNAs for TRPV1 and 

TRPA1 are upregulated, but TRPV2, TRPV3, and TRPM2 remain unchanged in TG after 

CFA injection into mouse TMJ. In contrast, we and others found that TRPM3 and TRPM8 

genes are not altered and TRPV4 at both gene and protein levels is increased after TMJ 

inflammation [22,23]. These discrepancies might be due to differences in species (rat vs 

mouse), pain models (masseter muscle inflammation vs TMJ inflammation), and 

examination approaches. Interestingly, we also found that TMJ inflammation-mediated 

upregulation of TRPV1 and TRPA1 mRNAs is dependent on TRPV4 because their increases 

are absent in TRPV4 KO mice [22].

Regulation of TMJ pain by TRPs

While TMJD has multifactorial etiologies and covers a broad range of conditions, a 

substantial subset of patients with TMJD pain is caused by masticatory muscle injury or 

joint inflammation. Injection of capsaicin or mustard oil, the agonists of TRPV1 and 

TRPA1, respectively, into the masseter muscle produced nocifensive responses and 

subsequent mechanical hyperalgesia in rats [20]. Activation of TRPV1-nociceptive muscle 

afferent fibers by capsaicin injection into the masseter muscle also caused pain in healthy 

human subjects [29]. These animal and human studies provide compelling evidence that 

these channels, expressed in muscle afferents, might contribute to masseter muscle pain. In 

support of this, using a rat model of masseter muscle inflammation caused by CFA, Chung 

and Ro’s groups demonstrated that: 1) mechanical hyperalgesia of masseter muscle was 

attenuated by blockade of TRPV1 or TRPA1 [28,30]; 2) genetic knockout or 

pharmacological inhibition of TRPV1 or TRPA1 attenuated spontaneous pain of the 

masseter muscle. Furthermore, dual blockade of TRPV1 and TRPA1 produced a greater 

effect of reducing spontaneous pain, indicating TRPV1 and TRPA1 co-contribute to the 

spontaneous pain [31,32]; 3) chemical ablation of TRPV1-expressing primary afferents 

using resiniferatoxin (RTX) injected into trigeminal subnucleus caudalis or chemogenetic 

inhibition of TRPV1-lineage masseter afferent terminals attenuated spontaneous pain [32]. 

TRPV1 in the CNS is also involved in masseter muscle pain. Simonic-Kocijan et al. found 

that injection of TRPV1 antagonist 5-iodoresiniferatoxin into the hippocampus significantly 

attenuated mechanical allodynia [26]. Unilateral injection of CFA-induced allodynia on the 

contralateral side was also attenuated by 5-iodoresiniferatoxin, further pointing to the 

involvement of TRPV1 in higher neural centers. Moreover, intrahippocampal injection of 

TRPV1 antagonists capsazepine or 5'-iodo-resiniferatoxin into the CA1 region of the 

hippocampus significantly attenuated allodynia of inflamed TMJ in both non-ovariectomized 

and ovariectomized rats that received estradiol replacement [25]. These results suggest that 

hippocampal TRPV1 can modulate central TMJ pain processing, and estradiol may 

contribute to the sexual dimorphism of TMJD pain through upregulation of TRPV1 

expression in the hippocampus. Intraarticular injection into the TMJ with the TRPV4 
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selective agonists 4α-PDD or GSK1016790A not only induced joint inflammation but also 

caused mechanical allodynia [23].

TMJD is known for its mastication-associated pain. Clinical research indicates that TMJD 

patients have significantly reduced bite force vs. healthy controls, and this reduction 

correlated with pain severity [33-35]. Based on this background, we and others developed 

and validated a method of measuring bite force in mice as a clinically relevant metric of 

TMJD masticatory pain [22,32,36]. TMJ or masseter muscle injuries resulted in an 

appreciable reduction of bite force, yielding a metrical readout of masticatory pain. Using 

this novel method, we found that knockout or inhibition of TRPV4 significantly attenuate 

the bite force reduction caused by CFA injection into mouse TMJ. As a result of TMJ-

inflammation, wild-type (WT) mice exhibited significant up-regulation of phosphorylated 

ERK in TMJ-innervating trigeminal sensory neurons, which is absent in TRPV4 KO mice. 

Mice with genetically-impaired MEK/ERK phosphorylation in neurons showed a similar 

resistance to reduction of bite force as TRPV4 KO mice. These results indicate that TRPV4 

is necessary for masticatory sensitization in TMJ-inflammation and likely functions up-

stream of MEK/ERK phosphorylation in trigeminal ganglion sensory neurons in-vivo. 

Therefore, TRPV4 represents a pro-nociceptive target in TMJ masticatory pain [22]. 

Although ablation of TRPV1-expressing afferents significantly attenuated the reduction of 

bite force following masseter inflammation, inhibition of TRPV1 only modestly suppressed 

it and inhibition of TRPA1 did not significantly affect it in mice [31,32]. Considering both 

TRPV1 and TRPA1 are upregulated following masseter muscle inflammation [28] and the 

functional interaction between TRPV1 and TRPA1 contributes to pathological pain [37], 

further studies are needed to clarify the discrepancies in regulating masticatory pain between 

these two channels.

TRPs in trigeminal neuralgia

Trigeminal neuralgia is a chronic pain condition that is defined as “a disorder characterized 

by recurrent unilateral brief electric shock-like pain, abrupt in onset and termination, limited 

to the distribution of one or more divisions of the trigeminal nerve and triggered by 

innocuous stimuli” [38,39]. Trigeminal neuralgia affects 4 to 13 per 100000 people annually 

with women being more affected than men. Trigeminal neuralgia is neuropathic in nature 

and most cases of trigeminal neuralgia are associated with nerve compression. Accumulating 

evidence demonstrates that TRPs contribute to trigeminal nerve injury-associated pain (also 

see Table 2).

Expression of TRPs in trigeminal sensory system under pathophysiological conditions

In a preclinical pain model of chronic constriction injury of the infraorbital nerve (IoN-CCI), 

an increase of TRPV1-expressing TG neurons was detected 2 weeks post-surgery [40]. 

Moreover, TRPV1 mRNA was also upregulated in TG, cervical spinal cord, and the medulla 

in rats with IoN-CCI [41]. Using Western blotting, Wu et al. found TRPV1 is increased in 

the spinal trigeminal nucleus in rats 14 and 28 days after IoN-CCI [42].

Different from the IoN-CCI model, the total of TRPV1-positive TG neurons remained 

unchanged, but TRPV1 in large-diameter neurons was increased and in medium- and small-

Luo et al. Page 5

Mol Neurobiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diameter cells was decreased strikingly 28 days after partial infraorbital nerve ligation 

(pIONL) in rats, indicating there might be a phenotypic change of TRPV1 [43]. The 

phenotypic change of TRPV1 was also found in another pain model with an increased 

expression in regenerated myelinated large-sized TG neurons 3-4 weeks after inferior 

alveolar nerve (IAN) transection in rats [44,45]. In a similar model of inferior alveolar nerve 

and mental nerve transection, TRPV1 expression in TG sensory neurons was found to be 

upregulated 3 days after nerve injury and returned to normal level after 60 days. 

Interestingly, this upregulation occurred in uninjured neurons but not in injured ones [46]. 

Collectively, the phenotypic change of TRPV1 might be involved in processing of pain 

hypersensitivity after nerve injury, as previous studies have implicated [47,48].

An upregulation of TRPA1 was found in trigeminal spinal nucleus 14-28 days after IoN-CCI 

in rats [42]. This finding is supported by another study showing an increased TRPA1 gene 

expression in the TGs, cervical spinal cord, and medulla in the same model [41]. In contrast, 

Trevisan et al. found that TRPA1 expression is not altered in the infraorbital nerve or TG at 

day 10 after IoN-CCI in mice [49]. These discrepancies might be due to difference in 

species, rat vs. mouse, but further studies are needed to clarify it.

An increase of TRPV2 and TRPV4 in TG sensory neurons which innervate the whisker pad 

skin was detected after pIONL in rats [50]. In addition, IoN-CCI caused an increase of 

TRPM3 and TRPM8 in the trigeminal spinal subnucleus caudalis [42,51] and TRPM8 in 

TGs [40] of rats.

Regulation of trigeminal neuropathic pain by TRPs

Urano and colleagues showed that thermal pain, but not mechanical pain, induced by pIONL 

is suppressed by subcutaneous injection of TRPV1 antagonist capsazepine [43]. In contrast, 

another study showed that TRPV1 and TRPV1+ afferents are clearly involved in mechanical 

hyperalgesia following IoN-CCI in mice. Injection of TRPV1 antagonist AMG9810 into the 

trigeminal subnucleus caudalis or systemic treatment with RTX effectively attenuated 

mechanical hyperalgesia following IoN-CCI [52]. QX-314 is a permanently positively 

charged sodium channel blocker that is unable to readily cross the cell membrane in a 

passive manner. However, QX-314 can enter into the neurons when TRPV1 ion channels are 

activated and opened, thereby blocking nociceptive sodium channels and producing a long-

lasting, pain-specific local anesthesia [53]. Subcutaneous co-application of QX-314 with 

TRPV1 agonist capsaicin into the skin area ipsilateral to the inferior alveolar nerve 

alleviated mechanical hyperalgesia 3 and 4 weeks after nerve transection, indicating that 

silencing of TRPV1-expressing neurons can be an approach for treatment of trigeminal 

neuropathic pain [45,54].

Elimination of the TRPV1-expressing neurons, via long-lasting activation of TRPV1 with its 

agonists at either the nerve ending or the perikarya, implicates the algesic profile of these 

neurons and their potential as pharmacological targets [55,56]. RTX injection into the TG 

selectively ablated TRPV1-expressing neurons and reduced heat and cold hyperalgesia 

induced by IoN-CCI in rats [57]. In mice with IoN-CCI, Wang et al. found that a single local 

injection of capsaicin into facial skin causes attenuation of mechanical hyperalgesia, 

secondary hyperalgesia in extraterritorial mandibular skin, and ongoing pain. Furthermore, 
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preventing capsaicin-induced ablation of afferent terminals by co-administration of capsaicin 

with MDL28170, an inhibitor of calpain, abolished capsaicin-induced mechanical analgesic 

effect. These results suggest that TRPV1+ TG afferents contribute to the maintenance of 

trigeminal neuropathic pain [58]. In humans, it has also been reported that topical capsaicin 

application relieves self-reported pain by >30% for about 3 months in ~40–45% of 

postherpetic neuralgia patients [59,60]. Thus, targeting TRPV1+ TG afferents might be a 

promising approach for treating trigeminal neuropathic pain.

Numerous clinical studies have shown that botulinum toxin type A (BoNT-A) are effective 

in treating trigeminal neuralgia [61,62], but its underlying mechanisms remain elusive. Wu 

et al. found peripheral application of BoNT-A significantly reduces mechanical allodynia-

caused by IoN-CCI in rats [42]. In the trigeminal subnucleus caudalis region, TRPA1, 

TRPV1, TRPV2 and TRPM8 were increased after IoN-CCI, whereas peripheral application 

of BoNT-A significantly lowered the increased expression of TRPA1, TRPV1 and TRPV2, 

but not TRPM8, at day 7 after BoNT-A treatment. These results implicate BoNT-A may act 

on the trigeminal subnucleus caudalis via axonal transport and attenuates pain through 

suppressing upregulation of TRPA1, TRPV1, and TRPV2-caused central sensitization [42]. 

The mechanisms by which BoNT-A regulates the expression of TRPs are unclear. It has 

been demonstrated that BoNT-A inhibits TRPV1 trafficking to the plasma membrane in TG 

neurons [63], which might lead to a reduced axonal transport of TRPV1 to the trigeminal 

subnucleus caudalis. In addition, whether this working hypothesis holds true for the altered 

expressions of other TRPs, e.g. TRPA1 and TRPV2, in trigeminal subnucleus caudalis by 

BoNT-A also awaits further clarification.

A single treatment of ADM12, a TRPA1 selective antagonist, significantly reduced the 

mechanical allodynia induced by IoN-CCI in rats. ADM12 was able to abolish the increase 

of TRPA1, calcitonin gene-related peptide (CGRP), substance P (SP), and cytokines gene 

expression in the TG, cervical spinal cord, and medulla induced by IoN-CCI [41]. Both 

genetic deletion and selective pharmacological blockade (HC-030031 and A-967079) of 

TRPA1 abrogated spontaneous pain and mechanical, cold and chemical pain behaviors-

induced by IoN-CCI [49]. IoN-CCI caused the release of chemokine CCL2 from the 

infraorbital nerve, which subsequently stimulates monocyte/macrophage recruitment and 

activation to generate oxidative stress (reactive oxygen species, ROS) and lipid peroxidation 

(4-HNE) byproducts. Furthermore, the increased 4-HNE in the perineural tissue was mainly 

localized within and around TRPA1-expressing nerve bundles. The close proximity of 4-

HNE and TRPA1 channels supports the possibility that oxidative stress byproducts are the 

mediators that initiate and maintain the ongoing TRPA1-dependent pain-caused by IoN-CCI 

[49].

Insulin-like growth factor (IGF-1), released by macrophages accumulating in the injured 

infraorbital nerve, binds to TRPV2, which subsequently increases TRPV4 expression in 

TRPV2-positive small-medium sized TG neurons. Antagonism of TRPV4 in the whisker 

pad skin suppressed pIONL-induced mechanical allodynia, suggesting changes in the 

characteristics of TRPV4 channels via IGF-1-TRPV2 signaling may be a potential 

therapeutic target for the treatment of orofacial neuropathic pain [50].
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With an orofacial operant test, Zuo et al. found IoN-CCI profoundly induces cold allodynia 

and hyperalgesia in rats. Subcutaneous administration of menthol, an agonist of TRPM8, 

into the cheek further increased cold pain-induced by IoN-CCI. In contrast, inhibition of 

TRPM8 with capsazepine significantly reduced cold pain. These behavioral data suggest that 

TRPM8 may play a role in cold allodynia and hyperalgesia following chronic trigeminal 

nerve injury [64]. Of note, however, capsazepine is a non-selective antagonist of TRPM8, 

and it also inhibits hyperpolarization-activated cyclic nucleotide-gated 1 (HCN1) [65], 

which might contribute to trigeminal cold sensitivity [66]. Further studies are needed to 

clarify the role of TRPM8 in IoN-CCI-caused cold pain.

TRPs in dental pain

Dental pain or odontogenic pain initiates from the teeth or their supporting tissues. The most 

common cause of dental pain is dental caries. The teeth have a distinctive nociceptive 

mechanism by which they detect noxious stimuli in inflammatory conditions or when dentin 

is exposed. Three potential mechanisms underlying dentinal hypersensitivity have been 

proposed [67]: the first is the neural theory, in which nerve endings that penetrate dentinal 

tubules directly respond to external stimuli; the second is the hydrodynamic theory, wherein 

fluid movements within the dentinal tubules are detected by nerve endings near the dentin; 

and the third is the odontoblast transducer theory, which suggests odontoblasts themselves 

may serve as pain transducers. For all three hypothesized mechanisms, the activation of 

dental primary afferents is critical for delivering dental nociception to the CNS. Elucidation 

of these transduction mechanisms is crucial for the development of therapeutic strategies of 

dental pain. Numerous studies implicate that TRPs play a critical role in dental pain (also 

see Table 3).

Expression of TRPs in dental sensory system under pathophysiological conditions

A number of TRP ion channels have been detected in dental primary afferents. In rats, it was 

reported that approximately 8% of dental primary afferent neurons express TRPV1 [68], 

which is close to the 10% reported by Chung and colleagues [69]. However, a much higher 

expression of 21-34%, 45%, and 85%, was also reported [70-72]. Chung et al. observed that 

TRPV1 expression in TGs is upregulated by LPS injection into the dentine [69]. TRPV1 

immunoreactivity was also detected in the dental pulp nerve fibers of human permanent 

teeth [73-75], and it was significantly upregulated in carious teeth compared to non-carious 

teeth [75]. Furthermore, TRPV1 tended to be increased in painful carious teeth compared to 

non-painful ones, although the difference did not achieve significance [75]. Odontoblasts are 

organized as a single layer of specialized cells responsible for dentine formation and 

presumably play a role in tooth pain transmission. It has been recognized that they can also 

function as sensory cells that mediate the early steps of mechanical, thermal, and chemical 

dental sensitivity [76]. TRPV1 was detected in odontoblasts of rat and human teeth [77,78]. 

Stimulation of odontoblasts by capsaicin elicited Ca2+ signal and inward current, which can 

be attenuated by TRPV1 antagonist capsazepine [77].

Other TRPV ion channels have also been detected in dental primary afferent neurons. For 

instance, TRPV2 was found in the dental pulp nerves and in the cell bodies of the dental 
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primary afferents located in the TG of rats [70,79,80]. Approximately 37% of the dental 

primary afferent neurons retrogradely traced in the TG expressed TRPV2 [79], which is 

close to the 32-51% reported by other groups [70]. Both TRPV2 and TRPV4 were localized 

in rat odontoblasts [81]. Furthermore, inward currents and increased Ca2+ influx in cultured 

mouse odontoblast lineage cells caused by hypotonicity can be inhibited by TRPV1, TRPV2 

or TRPV4 antagonists [81], suggesting that these channels may act as mechanoreceptors in 

odontoblasts. Using some complementary approaches, TRPV1, TRPV2 and TRPV3 were 

detected in native human odontoblasts as well as in cultured odontoblast-like cells from 

human healthy teeth [82]. In addition, TRPV4 was found in human dental pulp nerves, and 

its expression was upregulated in dental pulp nerves of human teeth with pulpitis [83].

TRPA1 was detected in about 19% of dental primary afferents in mice [84] and in a large 

number of axons that branch extensively in human dental pulp [85]. Moreover, TRPA1 

upregulation was found in rat TG in response to experimental exposure of the dental pulp 

[86] and in the myelinated nerve fibers of human teeth with pulpitis [85], implicating its 

pathological role in tooth pain. TRPA1 expression was also reported in human odontoblast-

like cells derived from the dental pulp of permanent teeth. Blockade of TRPA1 reduced the 

hypotonic solution-induced Ca2+ influx, suggesting that it may function as a 

mechanoreceptor in odontoblasts [81]. Furthermore, TRPA1 immunoreactivity in 

odontoblasts and their process was increased in carious teeth compared to caries-free human 

third molar teeth [87,88]. In contrast, Tazawa et al. did not find TRPA1 expression in 

odontoblasts or their processes in extracted healthy caries-free human permanent teeth [89]. 

Yeon et al. also did not observe TRPA1 expression in acutely isolated adult rat odontoblasts 

[90]. Further studies are required to clarify this inconsistent finding.

Park et al. observed that 13% of dental primary afferents express TRPM8 in rats [71], but 

only 5.7% was found in mice [84]. In addition, TRPM8 was detected in human odontoblasts 

extracted from permanent teeth [89,91]. Although Tsumura et al. reported that TRPM8 in rat 

odontoblasts plays a role in detecting low-temperature stimulation of the dentin surface [92], 

another study showed that application of cold stimuli or TRPM8 agonist menthol did not 

increase the intra-odontoblastic Ca2+ concentration [90]. TRPM8 in pulpal nerves was 

decreased in painful human teeth with irreversible pulpitis and cold hyperalgesia relative to 

healthy samples [93], suggesting that TRPM8 may not be involved in cold-mediated noxious 

pulpal pain mechanisms. Further studies are needed to clarify the functional role of TRPM8 

in cold transduction in pulps.

TRPM7 was detected in acutely isolated rat odontoblasts at both gene and protein levels 

[94,95]. Specific activation of TRPM7 with an agonist naltriben or hypotonic solution-

induced membrane stretch caused Ca2+ influx of odontoblasts, which can be blocked by 

TRPM7 inhibitor FTY720, indicating TRPM7 may act as a mechanical transducer in 

odontoblasts [95]. Moreover, TRPM7 in odontoblasts might play a role in dentine 

mineralization by regulating intracellular Mg2+ and alkaline phosphatase activity [96,97].

Regulation of dental pain by TRPs

Orthodontic force application increased TRPV1 in the force-stimulated pulps of rat molars, 

indicating a possible role of TRPV1 in orthodontic pain [98]. In support of this, a recent 
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study determined the contribution of TRPV1 and TRPV1-expressing afferents to orthodontic 

pain in a mouse model of tooth movement. Chemical ablation of TRPV1-expressing 

afferents through injection of RTX into the TG or knockout of TRPV1 significantly 

attenuated spontaneous pain and bite force-evoked pain, suggesting TRPV1 and TRPV1-

expressing TG nociceptors constitute a primary pathway mediating orthodontic pain 

behaviors [99]. CFA injection into the upper first molar (M1TP) caused a significant 

decrease in the head withdrawal threshold in response to mechanical and heat stimuli 

applied to the ipsilateral facial skin, which was significantly attenuated after administration 

of TRPV1 antagonist into the M1TP [100]. In a rat model of intraoral wire-induced 

mucositis, inhibition of TRPV1 with its selective inhibitor SB-366791, dramatically reduced 

spontaneous nociceptive behavior, assessed by mouth rubbing, but it did not affect 

mechanical allodynia, evaluated by head withdrawal with von Frey filaments [101]. In 

contrast, with the same pain model, mechanical allodynia was attenuated by inhibition of 

RN-1734, a selective TRPV4 antagonist [101].

Dental pulp following orthodontic force activates and sensitizes TRPA1 on nociceptive 

fibers, resulting in orthodontic pain, as assessed by facial rubbing and wiping, which can be 

attenuated by blockade of TRPA1 with HC-030031 [102]. Many patients undergoing 

peroxide based whitening procedures complain of bleaching sensitivity (BS) arising in the 

treated teeth. For BS, pain can occur in healthy intact teeth without any provoking stimulus. 

TRPA1 can be activated by a variety of oxidizer compounds, including hydrogen peroxide. It 

is hypothesized that direct activation of intradental nerve activity via TRPA1 might 

contribute to BS pain [103]. Noxious cold stimulation of dental pulp afferents produces an 

intense pain. Although TRPA1-expressing TG neurons highly innervate dental pulp, noxious 

cold stimulation of the tooth induced an overexpression of c-Fos in the trigeminal nucleus in 

a TRPA1-independent manner. This result indicates that TRPA1 may not contribute to the 

cold nociception of dental pulp, but further studies are needed to elucidate it [84].

Despite ample evidence demonstrates that TRPV2, TRPV4, TRPM7, and TRPM8 are 

distributed in the sensory systems of the teeth and some of them are dysregulated under 

pathological conditions (see above section ‘Expression of TRPs in dental sensory system 

under pathophysiological conditions’), surprisingly, their direct contributions to orofacial 

pain behaviors are largely unknown.

Closing remarks and future perspectives

In summary, we have reviewed a large body of evidence on TRPs in orofacial pain, mainly 

focused on their functional expression in the trigeminal sensory system under 

pathophysiological conditions and their contributions to pain behaviors. Orofacial pain is 

one of the most debilitating human diseases and represents a social and economic burden for 

our society. Considering the current therapies often have unsatisfactory efficacy or 

substantial adverse effects, more effective treatments for orofacial pain are high priority. 

Summarizing the findings of TRPs in orofacial pain may provide a better understanding of 

this debilitating disease and a rational for the development of new analgesics. Although 

studies conducted over the past two decades strongly indicate that TRPs are potential targets 
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for treating orofacial pain, some important questions remain open to be discussed and 

resolved.

First, enriched expression of TRPV1 in the trigeminal sensory system and its involvements 

in orofacial pain suggest that pharmacologically targeting TRPV1 might be a novel 

therapeutic strategy for managing orofacial pain. Pharmaceutical companies have developed 

TRPV1 antagonists that can potentially be used for relieving pain, including orofacial pain. 

A few TRPV1 antagonists have been advanced into human clinical trials for dental pain 

[104-106]. Unfortunately, it has been proven to be unsatisfactory due to side effects, such as 

hyperthermia and prevention of protective noxious heat sensation [107-109]. In one clinical 

trial, the analgesic effect of the first-generation TRPV1 antagonist AMG 517 was tested 

following extraction of a third molar tooth. However, the drug increased core body 

temperature, resulting in termination of the trial [107]. Another TRPV1 antagonist 

AZD1386 was effective at relieving molar extraction pain, but its analgesic effect was short 

[106]. Some second-generation TRPV1 antagonists, such as SB-705498 [83], have 

negligible impact on body temperature in both animal experiments and clinical trials 

[110-113], but the clinical data on pain relief remains unknown. Moreover, ablation of 

TRPV1+ sensory afferents is also a promising approach to treating pain [114]. For instance, 

topical application of 8% capsaicin produced a long-term pain reduction in patients with 

post-herpetic neuralgia [115], leading to an approval by US Food and Drug Administration. 

However, further clinical studies are needed to support this approach for orofacial pain 

treatment.

Second, due to the side effects of TRP antagonists, clinical studies get delayed or stuck. The 

new modes of reducing the activity of TRP channels like TRPV1 and TRPA1 must be 

considered if they are to be used as suitable pharmacological pain targets. TRPA1 and 

TRPV1 interacting proteins might make for valid targets, as an alternative to direct 

inhibition of each channel, because TRPA1-TRPV1 interactions have been shown to be 

relevant for pathological pain based on the concerted interplay of these two “pain TRPs” 

[37]. TMEM100, a two-transmembrane protein highly conserved in vertebrates, was recently 

identified as a novel adaptor to govern the functional and physical interaction between 

TRPA1 and TRPV1 in sensory neurons [116]. Of note, mice with conditional knockout of 

TMEM100 in sensory neurons or subcutaneous injection of a TMEM100-inhibitory peptide 

had reduced mechanical allodynia evoked by CFA injection into the hind-paw or by nerve 

injury caused by systemic paclitaxel treatment, opening the door for targeting TMEM100 as 

a novel alternative approach [116]. Given that the inhibitory peptide was injected 

subcutaneously, these results also suggest that TMEM100 could serve as a peripheral-topical 

target for reducing pain while avoiding unwanted side-effects of systemic treatments. 

Importantly, mechanosensitivity and thermal sensitivity (both heat and cold) were not 

affected by genetic deletion of TMEM100 or injection of the inhibitory peptide in non-

injured mice. These data collectively point toward TMEM100 as a valid new target for 

attenuating pathologic pain, a concept supported by available data on loss-of-function of 

TMEM100 in DRG-mediated pain. Interestingly, TMEM100 gene was upregulated in rat TG 

following inflammation of the masseter muscle [28]. However, whether TMEM100 regulates 

the interaction between TRPA1 and TRPV1 in trigeminal sensory neurons and whether 

TMEM100 is crucial for orofacial pain await experimental clarification. In addition, there 

Luo et al. Page 11

Mol Neurobiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are studies that suggest some TRP channels co-contribute to pain or have a synergistic effect 

in regulating pain [22,117-119], and it is of great interest in the development of potent dual 

antagonists targeting receptor-receptor interaction devoid of side effects. For example, the 

co-contribution of TRPV4 and TRPA1 was noted in TMJ pain and formalin-caused 

trigeminal irritant pain [22,117]. Recently, a compound 16-8 which can simultaneously 

inhibit TRPV4 and TRPA1 was developed. More importantly, the compound lacked gross 

systemic toxicity and produced a more robust effect on trigeminal irritant pain than that of 

TRPV4 inhibitor GSK205 at the same dose or an equivalent effect to TRPA1 inhibitor 

A967079 at a lower dose [120].

Third, more women report orofacial pain than men [121]. TMJD is about 1.5-2 times, 

trigeminal neuralgia is about 1.5-1.7 times, and migraine is about 3 times more prevalent in 

women than in men, and women appear to suffer some forms of orofacial pain more severely 

than men [38,122,123]. Yet the majority of preclinical studies of TRPs in orofacial pain as 

summarized above were performed on males. Future work should consider the hypothesis in 

both sexes because it is invalid to assume that data obtained in male subjects will generalize 

to females. Interestingly, a recent transcriptomic study with the RNA-seq assay revealed that 

there are 963 sex-dependent differential expression of genes in TG, including TRPV4 with a 

significantly higher expression in female vs. male mice [124]. Although there were no 

significant differences in the expression of TRPM8+ TG neurons between sexes, TRPM8+ 

TG neurons derived from female mice demonstrated distinct differences from male mice in 

their responses to the TRPM8 agonist menthol and differences in voltage gated sodium and 

potassium currents [125]. It has been suggested that TRP channels could be potential targets 

for sex-related differences in migraine pain [126], but whether TRPs in other forms of 

orofacial pain are also sex-dependent needs further elucidation.

Fourth, humans generally rank head and facial pain as much more severe and emotionally 

draining than body pain [127-132]. However, the in-depth neural mechanisms underlying the 

affective component of orofacial pain remains largely unknown. Distress, anxiety, fear, 

depression, and disrupted sleep are emotional dimensions of pain that are not directly 

resulting from neural activation of canonical sensory afferents via the spino–thalamic tract 

that feeds into cortical somatosensory circuits. Instead, these sensory-related afferent signals 

are relayed by the less-studied and less well-understood affective pain pathway [133-135]. It 

processes nociceptive afferent information from second-order relay neurons to the lateral 

parabrachial nucleus (PBL) which in turn projects to emotional and instinctive control 

centers in the brain. We recently discovered that a subset of TG sensory neurons directly 

projects to the lateral parabrachial nucleus (PBL), which then projects to several key 

emotion- and instinct-related centers in the brain [8]. The PBL was found critical for 

relaying the primary TG afferents that subsequently evoke the unpleasantness of pain. 

Surprisingly, this was not the case for afferents of the DRG, i.e. DRG sensory neurons did 

not provide direct monosynaptic input to the PBL neurons. In addition, we discovered that 

TRPV1+ afferents were a major source of TG inputs to PBL (TG→PBL) and provided a 

monosynaptic excitatory afferent signal to PBL-nociceptive neurons. We also found that 

selective activation of TRPV1+ afferent terminals in PBL induced robust aversive behaviors, 

whereas their silencing significantly attenuated trigeminally-mediated acute irritant pain [8]. 

These findings suggest that this novel circuit TG→PBL might provide a neural substrate for 
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heightened craniofacial affective pain. Whether and how the TG→PBL direct connection 

contributes to the affective component of chronic orofacial pain is under investigation in our 

lab.

Lastly, while many TRP channels have been strongly suggested to contribute to orofacial 

pain, there are still some inconsistent findings either in functional expression or pain 

regulation as described above. More studies are needed to fully understand their roles and 

mechanisms in orofacial pain.
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Fig. 1. 
A schematic depiction of the novel emotional pain circuit that emanates from trigeminal 

ganglion afferents, as recently described [8]. Previous understanding indicates that the pain-

relaying impulse projects to the trigeminal spinal nucleus caudalis (Sp5C) where it is 

synaptically relayed to the PBL. The hitherto unknown direct plug-in provides a direct 

connection to the PBL, from where it is relayed to emotional processing centers of the brain.
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Table 1

TRPs in TMJD pain.

Localization in relevant 
tissues Dysregulation in relevant tissues Pain regulation

TRPV1

TG neurons innervating the 
TMJ, masseter muscle, 
synovial lining cells of joint 
of rats [17, 18, 20, 21]
Synovial tissues of human 
TMJ [19]

Upregulated in cultured rat synoviocytes by 
LPS [24], in rat TG and hippocampus after 
CFA injection into TMJ [25, 26], and in TG 
after CFA injection into rat masseter muscle 
[28] or mouse TMJ [22]
Unchanged in amygdala, prefrontal cortex, 
and thalamus after CFA injection into rat 
TMJ [25]

Capsaicin injection into the masseter muscle causes 
pain in rats [20] or human [29]
Inhibition or knockout of TRPV1 attenuates 
mechanical hyperalgesia, spontaneous pain, and 
bite force reduction-caused by CFA injection into 
masseter muscle in rats [28, 31, 32]
Ablation of TRPV1-expressing TG afferents 
attenuates spontaneous pain and bite force 
reduction-caused by CFA injection into masseter 
muscle in rats [32]
Inhibition of TRPV1 in hippocampus attenuates 
mechanical allodynia-caused by CFA injection into 
TMJ [25] or masseter muscle [26] in rats

TRPV4

TG neurons innervating 
mouse TMJ [22] and 
fibroblast-like synoviocytes 
of rat TMJ [23]

Upregulated in TG neurons after CFA 
injection into mouse TMJ [22]
Downregulated in TG neurons after CFA 
injection into rat masseter muscle [28]

Intraarticular injection of TRPV4 agonists into 
TMJ causes mechanical allodynia in rats [23]
Inhibition or knockout of TRPV4 attenuates bite 
force reduction-caused by CFA injection into 
mouse TMJ [22]

TRPA1

TG neurons innervating 
masseter muscle of rats [20]

Upregulated in astrocytes of trigeminal 
caudal nucleus after CFA injection into rat 
TMJ [27] and in TG after CFA injection into 
mouse TMJ [22] or rat masseter muscle [28]

Mustard oil injection into the masseter muscle 
causes nocifensive pain and mechanical 
hyperalgesia in rats [20]
Inhibition of TRPA1 attenuates mechanical 
hyperalgesia caused by CFA injection into 
masseter muscle in rats [30]
Inhibition or knockout of TRPA1 attenuates 
spontaneous pain-caused by CFA injection into 
masseter muscle in rats [31]
Inhibition of TRPA1 does not attenuate bite force 
reduction-caused by CFA injection into masseter 
muscle in rats [31]

Other 
TRPs

TRPV2, TRPV3, TRPM2, 
TRPM3, TRPM8 in mouse 
TG [22]
TRPV2, TRPV3, TRPM2, 
TRPM3, TRPM8, TRPC3, 
TRPC4, TRPC6, and 
TRPC7 in mouse or rat TG 
[28]

TRPM3 and TRPM8 are upregulated, but 
TRPV2, TRPV3, TRPM2, TRPC3, TRPC4, 
TRPC6 and TRPC7 remained unchanged in 
TG after CFA injection into rat masseter 
muscle [28]
TRPM3 and TRPM8 remain unchanged in 
TG after CFA injection into mouse TMJ [22]

Unknown
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Table 2

TRPs in trigeminal neuropathic pain.

Localization in relevant 
tissues Dysregulation in relevant tissues Pain regulation

TRPV1

TG neurons [40-46], 
cervical spinal cord and 
medulla in rats [41]

Upregulated in TG [40, 41], cervical spinal 
cord and medulla [41], and trigeminal 
spinal nucleus [42] after IoN-CCI in rats
Upregulated in regenerated myelinated 
large-sized TG neurons after IAN in rats 
[44, 45]
Upregulated in in larger-sized neurons but 
downregulated in small- to medium-sized 
neurons after pIONL in rats [43]

Inhibition of TRPV1 suppresses thermal pain, but not 
mechanical pain, induced by pIONL in rats [43]
Inhibition of TRPV1 or ablation of TRPV1-
expressing TG afferents attenuates mechanical 
hyperalgesia induced by IoN-CCI in mice [52]
Silencing of TRPV1-expressing TG afferents 
alleviates mechanical hyperalgesia induced by IAN in 
rats [45, 54]
Ablation of TRPV1-expressing TG afferents 
attenuates heat and cold hyperalgesia induced by 
IoN-CCI in rats [57]
Ablation of TRPV1-expressing TG afferents 
attenuates mechanical hyperalgesia, secondary 
hyperalgesia, and ongoing pain induced by IoN-CCI 
in mice [58]
Topical capsaicin application relieves self-reported 
pain in postherpetic neuralgia patients [59, 60]

TRPV2 TG neurons in rats [50] Upregulated in TG neurons after pIONL in 
rats [50]

Unknown

TRPV4 TG neurons and trigeminal 
spinal nucleus in rats or 
mice [22, 50]

Upregulated in TG neurons after pIONL in 
rats [50]

Inhibition of TRPV4 attenuates pIONL-induced 
mechanical allodynia in rats [50]

TRPA1

TG neurons, trigeminal 
spinal nucleus, cervical 
spinal cord, and medulla in 
rats [41, 42,49]

Upregulated in TG, cervical spinal cord, 
medulla [41] and trigeminal spinal nucleus 
[42] after IoN-CCI in rats
Unchanged in infraorbital nerve or TG after 
IoN-CCI in rats [50]

Inhibition of TRPA1 attenuates mechanical allodynia 
induced by IoN-CCI in rats [41]
Knockout or inhibition of TRPA1 attenuates 
spontaneous pain, mechanical, cold and chemical 
hypersensitive pain behaviors-induced by IoN-CCI 
[49]

TRPM3 In trigeminal spinal 
subnucleus caudalis in rats 
[51]

Upregulated in trigeminal spinal subnucleus 
caudalis after IoN-CCI in rats [51]

Unknown

TRPM8 TRPM8 in TG [40] and 
trigeminal spinal 
subnucleus caudalis in rats 
[42]

Upregulated in TG [40] and trigeminal 
spinal subnucleus caudalis [42] after IoN-
CCI in rats

Subcutaneous injection of menthol into rat cheek 
augments cold pain-induced by IoN-CCI [64]
Inhibition of TRPM8 with capsazepine reduces cold 
pain-induced by IoN-CCI [64]
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Table 3

TRPs in dental pain.

Localization in relevant tissues Dysregulation in relevant tissues Pain regulation

TRPV1

Dental primary afferent neurons of rats 
[68-72]
Dental pulp nerve fibers of human 
permanent teeth [73-75]
Odontoblasts of rat and human teeth 
[77,78]

Upregulated in dental pulp nerve fibers 
of human carious teeth [75]
Upregulated in TG after LPS injection 
into mouse dentine [69]
Upregulated in the orthodontic force-
stimulated pulps of rat molars [98]

Ablation of TRPV1-expressing TG 
afferents or knockout of TRPV1attenuates 
spontaneous pain and bite force-evoked 
pain in a mouse model of orthodontic tooth 
movement [99]
Inhibition of TRPV1 attenuates mechanical 
allodynia and thermal hyperalgesia in a 
mouse model of CFA injection into the 
molar [100]
Inhibition of TRPV1 reduces spontaneous 
pain but does not affect mechanical 
allodynia in a rat model of intraoral wire-
induced mucositis [101]

TRPV2 Dental primary afferents of rats 
[70,79,80], mouse and rat [81] and 
human [82] odontoblasts

Unknown Unknown

TRPV3 human odontoblasts [82] Unknown Unknown

TRPV4 Mouse and rat odontoblasts [81]
Human dental pulp nerves [83]

Upregulated in dental pulp nerves of 
human teeth with pulpitis [83]

Inhibition of TRPV4 attenuates mechanical 
allodynia in a rat model of intraoral wire-
induced mucositis [101]

TRPA1

Dental primary afferent neurons of mice 
[84]
Dental pulp nerve fibers and odontoblast-
like cells of human [85]
Not expressed in odontoblasts or their 
processes of human healthy permanent 
teeth [89].
Not expressed in rat odontoblasts [90]

Upregulated in TG in response to 
experimental exposure of the dental 
pulp of rats [86]
Upregulated in the myelinated nerve 
fibers of human teeth with pulpitis [85]
Upregulated in odontoblasts and their 
process in human carious teeth [87,88]

Inhibition of TRPA1 attenuates orthodontic 
spontaneous pain in a rat model of loaded 
orthodontic force to teeth [102]

TRPM7 Rat odontoblasts [94,95] Unknown Unknown

TRPM8

Dental primary afferent neurons of rat 
[71] and mice [84], rat [92] and human 
odontoblasts [89, 91], pulpal nerves of 
human teeth [93]

Downregulated in dental pulp nerves of 
human teeth with pulpitis [93]

Unknown
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