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Abstract

Migraine is among the most common diseases on earth and one of the most disabling, the latter
due in large part to poor treatment efficacy. Development of new therapeutics is dependent on the
identification of mechanisms contributing to migraine and discovery of targets for new drugs.
Numerous genome-wide association studies (GWAS) have implicated the transient receptor-
potential M8 (TRPM8) channel in migraine. This channel is predominantly expressed on
peripheral sensory neurons and is known as the sensor for cold temperature in cutaneous tissue but
is also expressed on deep visceral afferents where cold is not likely a stimulus. Consequently, a
number of alternative endogenous agonists have been proposed. Apart from its role in cold
sensation, TRPMS8 also contributes to cold allodynia after nerve injury or inflammation, and it is
necessary for cooling/menthol-based analgesia. How it might contribute to migraine is less clear.
The purpose of this review is to discuss the anatomical and physiological mechanisms by which
meningeal TRPM8 may play a role in migraine as well as the potential of TRPM8 as a therapeutic
target. TRPMB8 is expressed on sensory afferents innervating the meninges, and these neurons are
subject to developmental changes that may influence their contribution to migraine. As in viscera,
meningeal TRPM8 channels are unlikely to be activated by temperature fluctuations and their
endogenous ligands remain unknown. Preclinical migraine studies show that activation of
meningeal TRPM8 by exogenous agonists can both cause and alleviate headache behaviors,
depending on whether other meningeal afferents concurrently receive noxious stimuli. This is
reminiscent of the fact that cold can trigger migraine in humans but menthol can also alleviate
headache. We propose that both TRPM8 agonists and antagonists may be potential therapeutics,
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depending on how migraine is triggered in individual patients. In this regard, TRPM8 may be a
novel target for personalized medicine in migraine treatment.
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TRANSIENT RECEPTOR POTENTIAL (TRP) CHANNELS

TRP channels are a large family of non-selective cation channels that are expressed on the
plasma membrane as well as the membranes of intracellular organelles. Based on their
amino acid sequence homology, TRP channels are divided into six subfamilies including
TRPC, TRPM, TRPV, TRPA, TRPP, and TRPML.! They can be activated by a wide variety
of stimuli, including changes in temperature, osmolarity, pH as well as various natural
products.? Activation of TRPs allows the influx of Ca?* and Na™, resulting in membrane
depolarization as well as the activation of second messenger signaling cascades.? It is well
established that TRP channels participate in the sensory encoding of pain under both normal
and disease states.® Recent studies suggest that multiple TRP channels, including TRPV1,
TRPA1, TRPV1, and TRPMS, contribute to the pathophysiology of headache and may
represent novel targets for headache therapeutics.?

TRPM8 POLYMORPHISM AND MIGRAINE SUSCEPTIBILITY

Migraine is one of the most common neurovascular disorders with a strong genetic
component. One of the TRP channels, the transient receptor potential melastatin 8 (7RPMS),
has been consistently identified in several genome-wide association studies (GWAS) as one
of the migraine susceptibility genes in multiple cohorts.>—2 All three TRPMS single
nucleotide polymorphisms (SNPs) are associated with both migraine with and without aura,
and show little selectivity for any of the migraine characteristics.1? The SNPs rs7577262°
and rs101669425- are 7 kb and 950 bp upstream of the transcription start site for TRPM8
MRNA, respectively. Carriers of the rarer allele of rs10166942 (C;C or C;T) have a lower
risk of migraine, compared with those carrying two common alleles (T:T).6:8 Another SNP
rs17862920 is in the first intron of TRPMS gene.8 It remains to be tested whether and how
the three variants alter the TRPM8 expression level, as suggested by their locations in
regions involved in transcriptional regulation. However, a recent study suggests that some
TRPM8 SNP variants causing amino acid substitutions affect the expression level as well as
the function of TRPMS channels in cell lines,1! providing support for the idea that the
variants identified in migraine patients may indeed impact channel expression/function.

TRPMB8 channels are known to be activated by temperatures below 26°C as well as by
cooling agents such as menthol and icilin.312.13 Recent studies show that TRPM8 also
responds to a broad spectrum of endogenous and exogenous ligands (see below). Both
pharmacological blockade and genetic knockout experiments have revealed that TRPMS is
essential in the detection of cool to noxious cold temperatures as well as the discrimination
between warm and cold temperatures.14-1° Cold temperature is known to be a migraine
trigger,29 and more than 50% of migraine patients exhibit cold allodynia, with mean cold
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pain threshold shifted by about 12°C.21 Conversely, topical application of the TRPM8
agonist menthol offers pain relief in some migraine patients.22 Collectively, these studies
strongly suggest a role of TRPM8 channels in migraine pathogenesis.

THE EXPRESSION OF TRPM8 CHANNELS AND THE PROJECTION OF
TRPM8-EXPRESSING PRIMARY AFFERENT NEURONS

In mice, the expression of TRPM8 in primary afferent neurons (PANS) in the trigeminal
ganglion (TG) and dorsal root ganglion (DRG) starts around embryonic day 14.5 (E14.5)
and reaches the level found in adult PANs by E18.5.23 In adult mice, TRPMS is present in a
distinct population of small-diameter PANs. These neurons do not bind to the plant isolectin
B4 (1B4), a marker for non-peptidergic PANs in rodents. However, only a small percentage
of TRPMB8-containing PANs expresses the neuropeptide calcitonin gene-related peptide
(CGRP) and TRPV1 channels.14:24-26 The fraction of TG neurons expressing TRPM8
channels is similar between the three trigeminal divisions (~12%,27). Within the TRPM8-
expressing TG population, approximately half of the neurons are localized in the V3 division
of the TG, and the remaining half are distributed uniformly between the V1 and V2
divisions.2527 TRPMS is not expressed in sympathetic neurons in the superior cervical
ganglion and is sparsely expressed in the nodose ganglion.28-31 Thus, most TRPMS-
containing fibers represent projection of PAN axons to the target tissues.

PANSs expressing TRPM8 channels innervate many peripheral tissues that regularly receive
cold stimuli, including skin, oral cavity, teeth, taste buds, and cornea.23:24:32-34 | jps,
masticatory muscles, and temporomandibular joints are mostly devoid of TRPM8-expressing
fibers.34 Interestingly, TRPMS8 is also expressed in PANSs that project to deep tissues such as
colon and bladder.35-37 These nerve endings are usually not exposed to cool or cold
temperature that activates TRPMBS, raising the possibility that TRPMS8 in deep tissues and
visceral organs may respond to other endogenous ligands (see below for more detailed
discussion).

The projection of TRPM8-expressing fibers to the dura has been studied with a mouse line
expressing farnesylated enhanced green fluorescent protein (EGFPf) from one of the
TRPMS8 loci ( TRPMEECGFP#). Sparse innervation of the EGFP-positive, TRPM8-expressing
fibers are observed in some areas of the dura in adult mice.38 Interestingly, both the density
and the number of axonal branches of dural fibers expressing TRPM8 are decreased
substantially from postnatal day 2 (P2) to adulthood.3® The reduction occurs before the onset
of puberty (P25) in both male and female mice, and is independent of the expression and/or
the activation of TRPM8 channels per se. Conversely, the density and the number of
branches of CGRP-expressing dural fibers are comparable to those expressing TRPM8
channels at P2 and remain stable to adulthood. The density of TRPM8-expressing fibers
innervating the mouse cornea epithelium is significantly increased from P2 to adulthood.
These results suggest that TRPM8-expressing dural afferent fibers undergo unique cell- and
target tissue-specific axonal pruning during postnatal development. The underlying
mechanisms and the functional consequences of these changes are not clear at present.
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TRPMB8-expressing PANs innervate the dorsal horn of the spinal cord at approximately
E16.5 and confine the projection at the superficial laminae as in adult mice by P10.23
However, the neuronal circuits encoding cold sensation are not fully functional until P14 in
mice.23 It has been shown that TRPM8-expressing central projecting fibers are selectively
coupled to a subpopulation of neurons in the dorsal horn of the spinal cord.*° Both TRPMS-
positive DRG neurons and a subset of dorsal horn neurons express cadherin-8 (cad8,*0),
which mediates subtype-specific cell-cell adhesion. Morphological study reveals synapse
formation between the cad8-expressing PAN central terminals and cad8-expressing dorsal
horn neurons. Electro-physiological recording indicates that menthol selectively increases
the synaptic inputs to cad8-positive dorsal horn neurons and this effect is abolished in cad8
knockout mice, which exhibit a reduced sensitivity to cold temperature. Thus, cad8 is
essential for establishing the physiological coupling between TRPM8-expressing PANs and
their target neurons in the dorsal horn of the spinal cord. The functional relevance of the
connectivity is not yet clear, although TRPM8-expressing PANs play a complex role in
sensory signaling (see discussion below) and their connectivity within the dorsal horn may
contribute to these effects.

ENDOGENOUS LIGANDS FOR DURAL TRPMS8

The most obvious function for TRPMS8 on sensory nerve endings is in the detection and
transduction of environmental cold temperature. TRPM8 is also expressed on vagal afferent
neurons innervating the trachea and activation of the channel leads to afferent signaling.3!
Although the trachea is exposed to cold temperature when breathing cold air, which
similarly points to a role for the channel in cold detection, these studies nonetheless
demonstrate that TRPMS8 has functions outside of simple cold sensation and may contribute
to cold-induced autonomic responses. But it is not immediately clear why cold would be a
relevant stimulus for TRPM8 in the dura as temperature fluctuations inside the skull would
rarely reach levels necessary to activate this channel. The same could be said for the colon
and bladder but TRPMS8 is expressed on afferents innervating these tissues as well.3537 |t
could be the case that afferent signaling from the dura is necessary if the dura were to reach
cold enough temperatures as this would be a clear signal that one was in a potentially
damaging environment (ie, one that is substantially too cold). But this is highly speculative
and it is more likely that TRPM8 serves a function in the dura that is independent of cold
transduction. Additional functions have been demonstrated for this channel including in the
detection of volatile chemicals such as odorants®! or in changes in extracellular
osmolarity.#2 Detection of the former seems unlikely in the dura although osmolarity
changes may be important. Other endogenous ligands have been proposed including various
lipids, the growth factor artemin,*344 and even testosterone.*> The membrane
phosphoinositide PIP; is critical in the proper gating of the channel®:47 and it was recently
shown that an endogenous membrane protein known as phosphoinositide interacting
regulator of TRP (Pirt) is also an endogenous regulator of TRPM8 function.#8 In the case of
all of these activators and regulators, there is no clear link to headache with any of the
stimuli and the endogenous function of TRPMS8 in the dura remains unknown.
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THE ROLE OF TRPM8 CHANNELS IN SOMATIC AND VISCERAL PAIN

MODELS

Given that TRPMS8 is a non-selective cation channel, it is clear that channel activation leads
to depolarization of nerve endings and afferent input into the central nervous system. This is
undoubtedly the mechanism by which cool temperatures as well as cooling agents such as
menthol are sensed on the skin. There are distinct sub-populations of TRPM8-expressing
sensory neurons that respond to cool/cold and menthol. Some of these neurons have
properties consistent with nociceptors, and are preferentially activated by noxious cold
temperatures. The majority of them co-express TRPV1, TRPAL, tetrodotoxin-resistant Na*
channels as well ATP receptors.26:49:50 Others have non-nociceptive properties, and are
activated at lower menthol concentrations or at cooling temperature range. Their response
properties and intracellular signaling pathway engagement following stimulation are
different.31:49.51 Consistent with the physiological data, numerous behavioral studies have
shown that activation of TRPMB8 is necessary for the responses to cool and cold temperatures
as well as cooling agents under normal conditions.14-16:52.53 TRPMS is also essential for the
expression of cold hypersensitivity after inflammation and nerve injury.14.15.52-56
Administration of TRPM8 antagonists, knockout of the TRPM8 gene, or ablation of
TRPMB8-expressing PANs effectively attenuate cold pain associated with tissue and/or nerve
injury.1719 Conversely, ablation of PANs expressing CGRP enhances TRPM8-mediated
behavioral responses to cold in mice.%’

But cooling and TRPMS8 activators are well known to be analgesic, thus the popularity of
menthol-based topical therapeutics for a variety of pain conditions. Preclinical studies have
shown that application of menthol to the skin decreases activity of dorsal horn neurons to
noxious heat and also decreases behavioral responses to noxious heat.>8:59 Behaviorally,
menthol effectively diminishes pain behavior elicited by chemical stimuli, noxious heat, and
inflammation.16:18 Of note, TRPM8-mediated analgesia in the hot plate test is blocked by
naloxone, suggesting activation of endogenous opioid-dependent analgesic pathways.18 In
addition, there is anti-nociceptive efficacy of TRPMB8 activators in models of nerve
injury.17.60.61 The ability of cold temperature to produce anti-nociceptive responses in mice
after nerve injury is eliminated in the absence of TRPM8,17 demonstrating a requirement for
this channel in the analgesic responses to cold and likely menthol. TRPMB8 has also been
shown to form complexes with the 5-HT-1B receptor in PANs, and amplifies the analgesic
effects of both TRPMS8 activators and 5-HT-1B agonists in tissue-and nerve-injury models
in rats.52

Taken together, TRPM8-expressing afferent fibers appear to have the ability to both produce
and alleviate pain and context may determine which is ultimately produced (Fig. 1).
Supporting this notion are preclinical studies using an operant behavioral model showing
that activation of TRPM8 alone can produce behavioral signs of nociception but activation
of TRPMS8 can decrease the nociceptive responses due to concurrent TRPV1 activation.53
These data are consistent with Klein et al above (ie, where menthol decreases responses to
noxious heat) and suggest that when TRPM8 is activated alone, the resulting sensation is
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either cool or cold pain (depending on stimulus magnitude) but when TRPM8 is activated in
the presence of other noxious stimuli, the result is analgesia.

In visceral pain models, activation of TRPM8 also exhibits both pro- and anti-nociceptive
effects. AMTB, a TRPM8 antagonist, significantly attenuates bladder distension-induced
nociceptive reflex in rats, suggesting that activation of TRPM8 contributes to overactive
bladder and painful bladder syndrome.54 Conversely, activation of TRPMS8 by icilin
attenuates inflammatory responses in mouse models of colitis.5° Single fiber recordings of
colonic afferents show that topical application of icilin desensitizes afferents to mechanical
and chemical stimuli,35 suggesting that the analgesic effect of TRPMS8 activation may occur
at the level of PAN. So in addition to the complex actions of TRPM8 in cutaneous tissues,
this channel appears to also have a dual role in nociceptive signaling from deep tissue.

IS ACTIVATION OF TRPM8 WITHIN THE DURA PRO- OR ANTI-
NOCICEPTIVE?

One of the biggest questions related to determining a role for TRPM8 in migraine is whether
activation of TRPM8 within the meninges leads to an increase or a decrease in pain.
Although the endogenous ligand for TRPM8 within the dura is not known, activation of the
channel is nonetheless likely to depolarize nerve endings and initiate afferent input. It is not
clear whether TRPM8-expressing dural afferent fibers have the properties of nociceptors
and/or non-nociceptors. As discussed above, activation of TRPM8-expressing dural afferents
is not necessarily pronociceptive (or pro-sensory) despite the initiation of afferent input.
Ultimately it is the central connections of these neurons that determines their function and
central connections of this population of afferents are unique compared with other sensory
afferents.56 Consequently, processing/perception of input from TRPM8-expressing dural
afferents may have unique features and may also depend on context (Fig. 1).

Most relevant to migraine are two recent studies examining the effects of TRPM8 activation
in experimental preclinical models of this disorder. In one of these studies, the TRPM8
activator icilin was applied to the dura of rats which caused cutaneous allodynia that was
blocked by co-administration of sumatriptan or a nitric-oxide synthase inhibitor.5”
Consistent with the discussion above, this finding suggests that activation of dural TRPM8
alone produces pro-nociceptive behavior. In contrast, when dural TRPM8 was activated with
menthol in mice, the effects were anti-nociceptive.3? Importantly in the latter study, TRPM8
was not activated alone but was activated concurrently with inflammatory mediator
application to the dura. So again consistent with the discussion above, when TRPM8 is
activated in the presence of other stimuli, the result is anti-nociceptive. These preclinical
headache studies, along with pain studies from the spinal system, paint a complex picture of
the role of TRPM8-expressing PANS in sensory perception where the final result of
activation of these neurons is context dependent. Ultimately, it remains unclear how
activation of TRPM8 within the meninges contributes to the pathophysiology of migraine. It
is also unclear whether this role is restricted to episodic migraine (<15 headache days/
month) or whether it may also contribute to chronic migraine (15 or more headache days/
month).
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TRPM8 AS A THERAPEUTIC TARGET FOR NON-HEADACHE DISORDERS

Interest in development of TRPM8-modulating drugs is not unique to migraine as either
activators or blockers have been suggested as therapeutics for other pain states and disorders.
As discussed above, TRPM8 is thought to mediate cold allodynia in a variety of neuropathic
pain states so not surprisingly there is interest in TRPM8 antagonists for neuropathic pain.58
It should be noted however that TRPM8 agonists have also been shown to have efficacy in
preclinical neuropathic pain models®* and topical menthol was recently reported to provide
pain relief to patients with chemotherapy-induced peripheral neuropathy.®9 In addition, a
recent study found that the TRPM8 antagonist AMG2850 did not have efficacy in either an
inflammatory or neuropathic preclinical pain model’9 causing some uncertainty for the
efficacy of TRPM8 therapeutics (at least antagonists) in non-headache pain.

Outside of pain, one prominent area of interest for TRPMS8 as a therapeutic target is in the
control of bladder function, specifically in bladder filling and voiding mechanisms. Several
studies have shown activation of bladder TRPM8 decreases volume of bladder filling and
decreases voiding intervals’1:72 while antagonists cause the opposite effects, leading to the
possibility of TRPM8 antagonists as therapeutics for conditions such as overactive bladder.
Two recent preclinical studies further support this concept, one using menthol as a TRPM8
activator to increase activity of mechanically sensitive bladder afferents while the other used
a newly characterized TRPM8 antagonist, DFL23448, to attenuate overactive bladder
symptoms.”3:.74 There is also interest in TRPMS as a therapeutic target for cancer’® as
channel expression has been demonstrated in numerous tumor types.”® However, it remains
unclear at this point how to target the channel as activation of TRPM8 can either promote
tumor survival or decrease tumor viability, depending on the tumor. Finally, menthol is
widely used as an antitussive agent, implicating TRPM8 in cough reflexes.”” Here, it is
thought that TRPM8 agonists may have efficacy for cough. However, cold temperature is
also known to promote asthmatic symptoms’® and as described above, activation of TRPM8
excited vagal afferents from the airways that may contribute to broncho-constrictive
responses.3!

Based on the above rationale, new TRPM8-modulating molecules have been developed and
characterized in the last several years (for excellent tables summarizing older or more
commonly used TRPM8 agonists and antagonists see’>76 and®8). Recent examples of novel
TRPM8 modulators include compounds 12 (inhibitor) and 21 (activator),”8 and the blockers
PF-05105679,79 AMG2850,70 compound 4580 (this compound is the same as AMG1161
in%7), RQ-00203078,81 another compound 12,82 and DFL23448.73 Interestingly, a recent
report from a team at Amgen used commercially available TRPM8 antibodies that recognize
epitopes on the extracellular surface as antagonists to block channel function.83 Use of one
of these antibodies as an antagonist (ACC-049) was able to block multiple modes of channel
activation (eg, cold, menthol, and icilin) in both cell lines and DRG neurons providing proof
of concept that antagonist antibodies for TRPM8 can potentially be developed. Together,
these studies highlight the continuing interest in drug development for TRPMS.

One important aspect related to the development of TRPM8-based therapeutics, regardless
of whether they are tested for migraine, overactive bladder, or other indications, is the
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concern over adverse effects of these drugs. Little information exists from human clinical
trials with TRPM8 modulators (outside of natural products such as menthol) so it is still
unclear what, if any, problems will occur with these drugs. But given the role for TRPM8 in
the variety of biological/pathological systems described above, one could speculate that a
TRPMS8 modulator used for migraine may cause adverse effects in the bladder, airways, and
possibly a contribution to tumor survival. There would also likely be some impairment in the
ability to sense cold temperatures, although for an acute migraine therapeutic that is only
taken a few times/month this may not be an issue. In addition, it has been shown
preclinically that block of TRPMS8 can decrease core body temperature by approximately
1°C8485 raising concerns of hypothermia with TRPMS antagonists, but the decrease in body
temperature does not occur after repetitive dosing. A recent clinical study in 32 subjects
found that PF-05105679 did not raise core body temperature at doses that blocked pain in
the cold pressor test.86 While no other major adverse events were reported in this study,
minor events included oral hypoesthesia and dysgeusia, and some subjects (23-36%,
depending on dose) reported a paradoxical hot sensation in the face and upper body that was
intolerable in two cases. It still remains to be determined what adverse events would occur in
larger patient populations and with repetitive dosing.

REMAINING QUESTIONS AND FUTURE OF TRPM8 AS A MIGRAINE DRUG

TARGET

Many questions still remain surrounding the role of TRPM8 in migraine. These questions
cover the following anatomic/functional areas: (1) the postnatal pruning of TRPMS8-
expressing dural afferent fibers in mice occurs between P16-21, right before the onset of
puberty (P25). This coincides with the increase in migraine prevalence from childhood to
early adulthood in humans.8” Whether a similar postnatal change of TRPM8-expressing
meningeal fibers occur in humans and, if so, whether and how it contributes to the increase
in migraine prevalence merits further study. (2) Retrograde-labeling of TRPM8-expressing
dural afferent neurons in adult mice has not been successful,2’ likely due to the sparse
innervation and the lack of extensive axonal branches of these fibers. Efforts need to be
made to bypass this technical hurdle to label TRPM8-expressing dural afferent neurons/
fibers (possibly using genetic tools) for both physiological and morphological studies. For
example, knowing the abundance of nociceptive vs non-nociceptive neurons within the
TRPMB8-expressing meningeal afferent population will help elucidate the role of TRPM8 in
migraine pathophysiology. In addition, studies where TRPM8-expressing meningeal
afferents are either selectively activated or silenced (using opto- or chemogenetics) would
allow for additional preclinical studies that can better tease apart a role for these fibers in
events contributing to migraine. (3) A critical missing piece in uncovering how TRPM8 may
contribute to migraine is to know whether channel activation in the meninges occurs alone or
in the presence of other events. Whether dural inflammation is present at the time of TRPM8
activation can determine how the afferent fibers influence headache. (4) Uncovering more
information on the endogenous activator of TRPM8 within the meninges can help to
determine whether it is likely that the channel is activated alone or whether it would only be
activated along with other events. This can also help determine the approximate magnitude
of the activation, which is important in understanding which sub-population of TRPM8
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afferents might be activated. (5) More work is needed to determine whether extracranial
TRPMB8-expressing fibers play a role in cold-triggered migraine and/or migraine-induced
cold allodynia. Some meningeal afferents may issue collaterals that innervate the periosteum
through sutures on the skull.88:89 Whether or not these fibers include TRPM8-expressing
dural afferents remains to be tested. (6) Whether TRPMB8 plays a role in episodic or chronic
migraine (or both) should be examined. Fortunately, animal models of chronic migraine
exist, 2091 so preclinical experiments can shed light on this question.

Several questions related to drug development for TRPM8 as a migraine therapeutic also
remain to be answered. (1) The most important question related to TRPM8 drugs for
migraine is whether these drugs would need to be agonists or antagonists. As mentioned
above, cold can trigger migraine attacks and patients report cold allodynia during migraines,
but there are also reports of cold and menthol application having therapeutic efficacy for
migraine. At this point it is largely unclear which direction channel activity should change
for efficacy. This determination would be helped by a better understanding of the points
raised above, namely whether activation of TRPM8 in the meninges is pro- or anti-
nociceptive and what conditions determine these effects. (2) Possible pruning of TRPM8-
expressing fibers could impact drug efficacy. If TRPM8 expression within the dura of adult
humans is minimal, there may not be sufficient target available for channel agonists/
antagonists to modulate. (3) A better understanding of how variants in TRPM8 contribute to
channel function/expression is critical. Related to the points above, it will not be clear
whether TRPM8-based migraine drugs need to be agonists or antagonists until the effects of
these gene variants on channel function/expression/contribution to migraine are known. (4)
Determining whether TRPM8-based therapeutics would have efficacy as acute agents or
would need to be taken daily as preventative agents is an important question to resolve.
Similarly, answering whether these drugs would have efficacy for episodic vs chronic
migraine would help determine treatment protocols. (5) Would potential adverse events limit
the utility of these drugs as is commonly the case with many current migraine therapeutics.

Taken together, the studies listed above strongly suggest a contribution of TRPMS to
migraine. Given the current lack of efficacious therapeutics for this highly prevalent and
extremely disabling disorder, a better understanding of how TRPM8 contributes to migraine
may lead to the development of new therapeutics based on modulation of TRPMS8 activity.
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Fig. 1.
TRPMS8 activation in the dura can be pro- or anti-nociceptive. Panel A shows that activation

of TRPM8-expressing fibers (blue) in the absence of other stimuli causes afferent signaling
into the trigeminal nucleus caudalis (TNC), activation of second-order neurons that project
into the brain, and ultimately to the perception of pain. Panel B shows that activation of
TRPMB8-expressing fibers (orange) in the presence of ongoing activation of other TG
nociceptors (red) by stimuli such as inflammation can inhibit nociceptive signaling. The
inhibition of nociceptive afferent signaling by TRPMB8-expressing fibers can either be via
direct inhibition of TG nociceptor central terminals (orange to red) or by activation of
inhibitory TNC interneurons (yellow) that synapse onto nociceptor afferents or onto second-
order TNC projection neurons. [Color figure can be viewed at wileyonlinelibrary.com]
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