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Abstract: Receptor-type ion channels are critical for detection of noxious stimuli in primary sensory
neurons. Transient receptor potential (TRP) channels mediate pain sensations and promote a variety of
neuronal signals that elicit secondary neural functions (such as calcitonin gene-related peptide [CGRP]
secretion), which are important for physiological functions throughout the body. In this review,
we focus on the involvement of TRP channels in sensing acute pain, inflammatory pain, headache,
migraine, pain due to fungal infections, and osteo-inflammation. Furthermore, action potentials
mediated via interactions between TRP channels and the chloride channel, anoctamin 1 (ANO1), can
also generate strong pain sensations in primary sensory neurons. Thus, we also discuss mechanisms
that enhance neuronal excitation and are dependent on ANO1, and consider modulation of pain
sensation from the perspective of both cation and anion dynamics.
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1. Introduction

The ability to sense elements of the natural environment (including temperature, pH, pressure,
light, and noxious compounds) is critical for survival. Detection and response to environmental agents
and stimuli are frequently mediated by receptor-type plasma membrane proteins, particularly ion
channels that show versatile function in a range of organisms from prokaryotes to eukaryotes. Relative
to G-protein coupled receptors (GPCRs), ion channels can directly impact neural excitation by both
sensing natural stimuli and converting these signals into electrical changes to affect the polarization
state of the plasma membrane.

In this review, we focus on several transient receptor potential (TRP) channels that are specifically
activated by natural compounds and largely localize to primary sensory neurons. There are three types
of nerves in primary sensory neurons, including Aβ-, Aδ-, and C-fibers. Aβ-fibers are myelinated
afferent nerves that respond to innocuous mechanical stimuli. Aδ-fibers are also myelinated nerves,
but alternatively this nervous pathway responds to rapid noxious stimuli. C-fibers are nonmyelinated
nerves involved in slow pain [1]. The TRP channel superfamily comprises six subfamilies: TRP
vanilloid (TRPV), canonical (TRPC), mucolipin (TRPML), polycystin (TRPP), ankyrin (TRPA), and
melastatin (TRPM). Several TRP channels are expressed in small-size dorsal root ganglion (DRG) and
trigeminal ganglion (TG) neurons (C fibers and Aδ fibers) [2]. While TRPV1 and TRPA1 are considered
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to be the major receptors of this superfamily involved in nociception [3]. In particular, TRPV1 and
sensitized TRPA1 are activated by heat and cold, respectively, and as such are important for detection
of noxious temperature changes. Recently, TRPM3 involvement in heat sensation was also reported
in mice [4].

The calcium-activated chloride channel, anoctamin 1 (ANO1, also known as TMEM16A) [5–7],
was recently reported to be directly activated in DRG neurons by extremely rapid temperature
changes that reach noxious ranges [8,9]. ANO1 can also be activated immediately downstream
of Gq protein-coupled receptors (GqPCRs), including the bradykinin receptor, as evidenced by
direct interaction of ANO1 with inositol trisphosphate (IP3) receptors on endoplasmic reticulum
membranes [10]. Chloride channels typically function in neuronal suppression in the central nervous
system, in part because intracellular chloride concentrations are maintained at low levels by the
potassium–chloride co-transporter type 2 (KCC2). However, in DRG neurons, KCC2 expression is
either absent or very low, whereas expression of the sodium–potassium–chloride co-transporter type 1
(which is an important molecule in the chloride intake pathway) is high [11]. Thus, chloride efflux
through ANO1 activation is a key pathway for generation of neuronal excitation in many primary
sensory neurons.

Here, we summarize the physiological significance of TRP and ANO1 channels. First, we describe
current understanding of representative ion channels, namely TRPA1, TRPV1, and ANO1 (Part 1).
Second, we discuss the multiple functions of TRP channels and ANO1 (Part 2). Finally, we propose
the significance of those functions in clinical situations, including headache, migraine, and fungus
infection (Parts 3 and 4).

2. Basic Understanding of Ion Channels in Primary Sensory Neurons

2.1. TRPA1

2.1.1. TRPA1 Activation by Natural Ligands

TRPA1 is activated by many natural ligands such as allyl isothiocyanate (AITC),
tetrahydrocannabinol, cinnamaldehyde, allicin, diallyl sulfide, carvacrol, eugenol, gingerol, methyl
salicylate, capsiate, thymol, propofol, 1,4-cineole, oleocanthal, and carbon dioxide, and by membrane
extension and intracellular alkalization [12–26]. Moreover, TRPA1 is activated by calcium [27].
The magnitude of TRPA1 currents gradually increases during application of a given agonist, as
observed for the lagging peak current induced after application of -eudesmol from hops to HEK293
cells expressing human TRPA1 [28]. Although the precise mechanism of TRPA1 activation remains
unclear, covalent protein modification is involved. Carbons of AITC and N-methyl maleimide
covalently bind to cysteine in the N-terminus of TRPA1 to enhance channel activation, whereas
C-terminal lysine and arginine are important for AITC-mediated activation [29–31]. Menthol also has
agonistic effects on human and mouse TRPA1, although the effects are bimodal [32,33]. The agonistic
and antagonistic effects on mouse TRPA1 involves serine 876 and threonine 877 in the transmembrane
(TM)-5 region [33]. Interestingly, G878 is also important for TRPA1-mediated cold sensitivity in
rodents [34]. Rodent TRPA1 can be activated by cold stimulation and is involved in cold hyperalgesia
after application of complete Freund’s adjuvant (CFA) [35,36]. Although human TRPA1 does not
show a cold response, it nonetheless responds to cold at approximately 18 ◦C if oxidization with
dehydroxylation at proline 394 occurs [37].

2.1.2. TRPA1 in Pathological Conditions

TRPA1 activation induces hyperalgesia during inflammation because inflammatory factors (such
as bradykinin released by tissue injury) activate and sensitize TRPA1 in DRG neurons. In this pathway,
protein kinase A (PKA) and phospholipase C (PLC) are important for TRPA1 sensitization [38].
Adenosine triphosphate (ATP) is another important inducer in inflammatory pain. Pain sensations
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are enhanced via a similar pathway through activation of purinergic P2Y receptors expressed in DRG
neurons. Moreover, P2X receptors are involved in neuropathic pain via phospholipase A2 (PLA2)
signaling [39], which activates protein kinase C (PKC), and in turn sensitizes TRPA1 [40].

TRPA1 expression increases after application of nerve growth factor (NGF) and is inhibited by the
p38 mitogen-activated protein kinase (MAPK) inhibitor, SB203580. In DRG neurons, NGF released
from inflamed tissue phosphorylates p38, which subsequently enhances TRPA1 expression [36]. Thus,
the NGF–p38 MAPK–TRPA1 axis is one of the pathways that exacerbates TRPA1-mediated pain
sensation in DRG neurons. For example, gastric distension-induced visceral pain relies on activation
of both TRPA1 and p38 [41]. TRPA1 localization can be modified by pathological stimulation. TRPA1
localization to the plasma membrane is enhanced in forskolin-treated DRG neurons [42]. Further, in
mice, full-length TRPA1 positively translocates to the plasma membrane by co-expression of a TRPA1
splicing variant [43]. There are two TRPA1 splicing variants: TRPA1a is the full-length protein whereas
TRPA1b lacks exon 20, which encodes part of TM2 and the intracellular domain between TM2 and
TM3. TRPA1b has no ion channel activity but instead enhances TRPA1a translocation to the plasma
membrane. One-day of CFA treatment or partial sciatic nerve ligation (PSL) causes inflammatory
and neuropathic pain, respectively. In both cases, TRPA1a expression levels increase transiently.
Interestingly, TRPA1b expression levels significantly increase while TRPA1a expression reduces to
basal levels at five days after CFA treatment or PSL. As such, up-regulation of TRPA1a translocation
via TRPA1b overexpression causes a continuous pathological condition.

As with CFA, lipopolysaccharide (LPS) is also often used to induce the inflammatory condition.
LPS can activate Toll-like receptor (TLR)-4, and cause subsequent release of multiple cytokines from
immune cells [44]. The cytokine, tumor necrosis factor-alpha (TNF-α), enhances AITC-induced calcium
increases in nodose and jugular ganglion neurons from rats [45]. However, a recent report suggested
that LPS-induced calcium increases in nodose ganglion neurons from mice do not depend on TLR4,
even although the responses are reduced in TRPA1 knockout mice [46]. Altogether, these results suggest
that LPS directly activates TRPA1. Further, LPS increases single channel activity in TRPA1-expressing
CHO cells. Ultimately, this novel relationship between bacteria and primary sensory nerves suggests
that TRPA1 antagonists could be valuable for reducing pain induced by bacterial infections.

2.1.3. TRPA1 Activation by Reactive Oxygen Species and Hypoxia

In addition to thermal stimuli and environmental agents, TRPA1 is activated by reactive oxygen
species (ROS) such as hydrogen peroxide (H2O2) [47–49]. Responses to certain pathological conditions
involving increased ROS synthesis (such as dysesthesia in ischemia and reperfusion of blood flow)
are dependent on TRPA1 activity in mice [50]. Pain-related behavior due to dysesthesia is reduced
by activation of prolyl hydroxylase (PHD)-2 involving hydroxylation at proline. Under normoxic
conditions, TRPA1 steady status activity is maintained by PHD-mediated hydroxylation of proline
394, but under hypoxic conditions hydroxylation is inhibited and H2O2-induced TRPA1 activity is
enhanced [50]. In contrast, high concentrations of oxygen also activate TRPA1 by directly modifying
TRPA1 cysteines [51]. Collectively, these two functions allow TRPA1 to act as an oxygen sensor under
both hypoxic and hyperoxic conditions.

Side effects of the anti-cancer agent oxaliplatin include induction of various dysesthesias,
including peripheral nerve disorder and cold hyperalgesia. These dysesthesias are associated with
enhanced TRPA1 expression in DRG and PHD-induced modification of TRPA1 [52–54]. Moreover,
the oxaliplatin degradation product, oxalate, inhibits PHD and subsequently TRPA1 dehydroxylation,
and also promotes cold hypersensitivity upon activation of TRPA1 in response to ROS production
by mitochondria [37,55]. Mechanical allodynia associated with oxaliplatin treatment can be inhibited
by the TRPA1 antagonist, ADM_09 [56]. Together, these results clearly indicate the importance of the
relationship between TRPA1 and the PHD cascade, and also that TRPA1 could be targeted as part
of treatment for dysesthesia induced by ischemia and hypoxia, as well as drug-induced cold and
mechanical hyperalgesia.
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2.1.4. pH Sensing by TRPA1

The relationship between oxygen and pH is physiologically important because hypoxic conditions
caused by ischemia induce intracellular acidification. Neuronal death may occur upon low levels of
oxygen and glucose, as well as excessive release of glutamic acid from astrocytes, which induces a fatal
calcium influx in neurons. Intracellular pH of astrocytes is drastically reduced by lactic acid production
due to anaerobic respiration in response to hypoxia. Subsequent acidification induces glutamic acid
exocytosis led to brain damage [57]. Importantly, TRPA1 expressed in astrocytes may be activated
by acidification [58–60]. In addition, activation of TRPA1 expressed in oligodendrocytes can damage
myelin [61]. In contrast, intracellular alkalization also affects TRPA1 activity [26]. TRPA1 is activated
at approximately pH 8.0, and the alkalization-induced pain-related behavior is significantly reduced in
TRPA1 deficient mice. Consequently, the pH dependency of TRPA1 may be beneficial target for the
treatment of central nervous system diseases, not only pain.

2.1.5. Neural Networks Involving TRPA1-Mediated Pain Sensation

A-fiber and C-fiber primary sensory nerves govern fast and slow responses to pain, respectively.
Aδ-fibers (mid-sized DRG neurons) innervate lamina I and V, whereas C-fibers (small-sized DRG
neurons) innervate lamina I and II of the dorsal horn of the spinal cord [1]. C-fibers also contain
peptidergic and nonpeptidergic neurons. Peptidergic neurons contain substance P and CGRP, with
both peptides released upon neural excitation. TRPA1-positive neurons are immunoreactive for CGRP
in DRG neurons [15]. In healthy mice, these CGRP-positive neurons enhance heat sensation and
suppress cold sensation [62]. These findings suggest that TRPA1 in CGRP-positive DRG neurons
contributes less significantly to noxious cold sensation.

Neural transmission in the spinal cord can modify pain perception. Substantia gelatinosa (SG)
neurons in lamina II are important targets for investigation of how pain sensations are transmitted from
the periphery to the central nervous system. Initial understanding on in vivo SG neuronal responses
to peripheral stimulation is that SG neuronal activity mediated through non-N-methyl-D-aspartate
(non-NMDA) receptors is enhanced by mechanical stimuli, such as pinch and air flow, but not thermal
changes [63]. However, excitatory postsynaptic currents enhanced by capsaicin treatment are detected
in approximately 80% of SG neurons in slice patch-clamp recordings [64]. Interestingly, there is no
neuronal response to AITC alone (Figure 1).

Since AITC responses depend on both NMDA and non-NMDA receptors [65], TRPA1-mediated
pain signals are likely integrated with TRPV1-mediated pain signals in lamina II of the spinal cord.
Importantly, there are three types of DRG neurons: those that express both TRPA1 and TRPV1,
TRPA1 alone, or TRPV1 alone. Meanwhile, one study demonstrated that spinal TRPA1 activation by
intrathecal administration of the acetaminophen metabolite, N-acetyl-p-benzoquinone imine, enhanced
anti-nociception in the spinal cord of mice [66]. Therefore, components of TRPA1-mediated neural
systems may participate in pain reduction, while nociception by TRPA1 activation can function in
central termini of DRG neurons. For instance, TRPA1 activation by hepoxilin causes mechanical
allodynia in rats, whereas pinch-evoked SG neuronal excitation is reduced by increases in inhibitory
postsynaptic currents mediated by TRPA1 activation in vivo [67,68]. Thus, consideration of TRPA1
activation in the central nervous system may also be important for investigating pain mechanisms.
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Figure 1. Nociceptor populations in substantia gelatinosa (SG) neurons of lamina II, which
receive nociceptive inputs from dorsal root ganglion (DRG) neurons, no neurons respond only
to TRPA1-associated stimuli. Approximately 30% of SG neurons are double-positive to capsaicin (CAP)
and cinnamaldehyde (CA), 45% of SG neurons response to only CAP, and 25% of neurons show no effect
to either CAP or CA. There are calcitonin gene-related peptide (CGRP)-positive and -negative neurons
in peripheral sensory nerves. Most TRPV1–TMEM100–TRPA1 complexes and TRPV1–TRPA1–TRPM3
trios are expressed in CGRP-positive neurons. Anoctamin 1 (ANO1) is also expressed in CGRP-positive
neurons, however approximately 70% of ANO1-expressing neurons are CGRP-negative.

2.1.6. TRPA1 Activation by microRNA in the Central Nervous System

Although TRPA1 is expressed in both brain and spinal cord cells, whether it is activated via direct
or indirect pathways is unclear. In the central nervous system, only one obvious possibility exists
for direct activation of TRPA1 by an endogenous ligand, namely microRNA (miRNA). Among the
miRNAs present in cerebrospinal fluid, increased levels of let-7b are particularly associated with the
incidence of Alzheimer’s disease. Meanwhile, astrocytes can exacerbate symptoms associated with
amyloid-induced TRPA1 activation [69,70]. Let-7b activates TLR7, which is followed by cytotoxicity
and direct activation of TRPA1 [71]. Importantly, let-7b release is enhanced by formalin application
to DRG, while let-7b injection induces both nociceptive behavior and mechanical allodynia, which
are reduced in TRPA1- and TLR7-deficient mice. These results demonstrate a relationship between
let-7b and TRPA1 as a possible molecular mechanism of inflammatory symptoms in central nervous
system diseases.

2.2. TRPV1

Among TRP channels expressed in primary sensory neurons, TRPV1 is well-known for its
role in pain [3]. TRPV1 is mainly expressed in small DRG and TG neurons and is activated by
capsaicin, capsiate, camphor, allicin, 2-aminoethoxydiphenyl borate, anandamide, N-arachidonoyl
dopamine, resiniferatoxin, nitrogen oxide, low pH, noxious heat, hypertonicity, and the double-knot
toxin in tarantula venom [14,72–81]. Expression levels of TRPV1 are enhanced by NGF receptor
activation in DRG neurons, while TRPV1 is transported to peripheral termini [82]. TRPV1 activation
is enhanced upon phosphorylation by PKA and PKC via A-kinase anchor protein in DRG neurons
activated by GPCRs [83–86]. Due to the lowered thermal threshold of phosphorylated TRPV1
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at body temperature, allodynia can be caused by inflammatory pathways depending on GqPCR
activation. Many inflammatory factors, including prostaglandin E2, adenosine, ATP, bradykinin,
protease, and NGF, are released following tissue injury, with protein kinases activated downstream of
each GPCR [1]. In addition, the ionotropic ATP receptor, P2X, may also be involved in modulating
activity of protein kinases that target TRP channels, as evidenced by activation of cytosolic PLA2 by
P2X3 and P2X2/3 receptors during neuropathic pain [39]. Activated PLA2 can in turn activate PKC
to promote phosphorylation of TRP [40]. Taken together, these findings suggest that TRP channel
phosphorylation may be caused by both P2X and metabotropic P2Y receptor activation in primary
sensory neurons.

2.3. Anoctamin 1

ANO1 is a calcium-activated chloride channel [5–7]. Although the ANO family includes ten
subtypes, only ANO1 and ANO2 exhibit marked activity as calcium-activated chloride channels, and
conductance of ANO1 is larger than ANO2. The crystal structure of fungal ANO has recently been
determined at high resolution [87]. Furthermore, the dimer structure of mouse ANO1 (which contains
ten TM regions in one subunit) has been clarified by cryo-electron microscopy [88,89]. Accordingly,
the calcium binding site was shown to be encompassed by TM6 to TM8. Interestingly, each ANO1
subunit has one pore region surrounded by TM3 to TM8. Structural analysis showed that the dynamic
movement of TM6 may be critical for calcium-mediated channel opening.

Although ANO1 can be activated by global increases in intracellular calcium via activation of
voltage-gated calcium channels, ANO1 activation through GqPCR is also likely to be important due to
direct interactions between ANO1 and IP3R in endoplasmic reticulum calcium stores [10,90]. Therefore,
ANO1 is possibly involved in nociception induced by inflammatory factors such as bradykinin [91].
ANO1 is also activated by noxious heat in DRG neurons and induces a burning pain sensation [8]. These
characteristics may explain why chloride channel activity evokes neural excitation in primary sensory
neurons, in that higher intracellular chloride concentrations can be maintained as the equilibrium
potential in these cells is more positive than the resting potential in DRG neurons [11].

3. Collaboration of Ion Channels

Although each ion channel, including TRP channels, independently work as detectors of nociceptive
stimuli, some ion channels make physical or functional complexes that are critically involved in pain
sensation. In this part, we summarize ion channel interactions and nociceptor populations according
to recent reports (Figure 1).

3.1. TRPV1–TMEM100–TRPA1 Interaction

TRPV1 is co-expressed with TRPA1 in DRG neurons. Since TRPA1 activity is enhanced by
intracellular calcium, it had been thought that calcium influx through TRPV1 activation could affect
TRPA1 function. However, the TRPV1 entity reduces the probability of TRPA1 ion channel opening
accelerated by mustard oil [92]. It appears that TRPA1-associated pain is normally reduced by TRPV1
expression, which may be prevented by TMEM100 [92]. TMEM100 is a small membrane protein, and
its expression pattern highly overlaps with CGRP. Interestingly, TRPA1 almost co-localizes with TRPV1,
TMEM100, and CGRP in DRG neurons (Figure 1). Together, TRPV1, TRPA1, and TMEM100 form a
complex, and the interaction between TRPV1 and TRPA1 is suppressed by interposition of TMEM100.
Furthermore, a mutant peptide of TMEM100 (T100-Mut) can permeate the plasma membrane and
disturb correct binding of TMEM100, thereby inhibiting TRPA1-associated pain-related behavior.
This may provide a novel strategy for reducing pain sensation.

3.2. TRPV1–ANO1 Interaction

Approximately 80% of TRPV1-positive DRG neurons also express ANO1 by immunostaining [8,93].
To examine the function of this co-expression, we investigated whether these ion channels interact in
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a setting of acute pain induced by capsaicin. We found that capsaicin-induced currents in isolated
DRG neurons were suppressed by the ANO1 inhibitor, T16Ainh-A01 [94]. Although capsaicin-induced
action potentials were also inhibited by T16Ainh-A01, inhibition was observed in response to second
application of capsaicin (10 min after first capsaicin application). Some DRG neurons may not have
exhibited second action potentials, yet there were DRG neurons that did show action potentials in the
second application [93]. Another study showed that TRPV1 is desensitized by calmodulin binding.
Moreover, TRPV1 function spontaneously and fully recovered after one hour, while desensitization
was inhibited by TRPV1 phosphorylation [85]. Accordingly, the second response in some neurons
is thought to depend on random phosphorylation levels in each neuron. Nonetheless, T16Ainh-A01
almost completely inhibits these second action potentials. These results suggest that chloride efflux
elicited by ANO1 activation may accelerate depolarization to induce secondary action potentials,
and that ANO1 inhibition may be effective at reducing pain sensation. In fact, capsaicin-induced
pain-related behavior in mice is inhibited by T16Ainh-A01 [93]. Taken together, these findings indicate
that the TRPV1–ANO1 interaction is critical for sensation of noxious stimuli.

ANO1 is also co-expressed with TRPV1 in TG neurons and is functionally involved in heat
sensation [95,96]. In addition, TRPV1 and ANO1 expression levels are enhanced by estrogen in
female rats [97]. Based on these observations, the TRPV1–ANO1 interaction may be a crucial
target for pain therapies. According to a previous report, approximately 70% of ANO1-positive
neurons do not colocalize with CGRP [8]. Although contribution of the TRPV1–ANO1 interaction in
CGRP release is unknown, the TRPV1–ANO1 interaction may encompass the alternative side of the
TRPV1–TMEM100–TRPA1 interaction system (Figure 1).

3.3. Triple Conjugation of TRPV1, TRPA1, and TRPM3

TRPM3 is a heat sensitive TRP channel that functionally couples with TRPV1 and TRPA1 [98].
Although TRPM3-deficient mice show a delayed tail flick at 57 ◦C, the effect of TRPM3 alone on heat
sensation is unclear because tail flick behavior induced at 57 ◦C in TRPM3/TRPA1 double-deficient
mice is no different to wild-type mice [4]. However, triple conjugation of TRPV1, TRPA1, and TRPM3
is important for detecting the noxious heat environment [4]. Withdrawal latency of TRPM3-deficient
mice in the hot-plate test (50 ◦C) is the same as in wild-type mice [98]. Interestingly, this behavior
disappears in TRPV1/TRPA1/TRPM3 triple-deficient mice, while the other responses to nociceptive
stimuli are normal. Furthermore, wild-type and triple-deficient mice show a similar distribution on a
gradient temperature plate (from 5 to 50 ◦C). In addition, CGRP-expressing DRG neurons are involved
in heat sensation [62], and CGRP release from skin preparations is enhanced by the TRPM3 agonist,
CIM0216, which is the same as for capsaicin treatment [99]. These findings indicate that the likely
multiple function of TRPV1, TRPA1, and TRPM3 in peptidergic DRG neurons is to escape from a
noxious heat environment.

4. Headache and Migraine

Primary headaches (i.e., those that are not associated with another disorder) are one of the most
common causes of disability worldwide. The various types of headache include migraine, tension, and
trigeminal autonomic cephalalgia [100]. Migraine is a multifactorial and incapacitating neurovascular
disorder characterized by recurrent attacks of severe, unilateral, and throbbing headache, which can be
aggravated by routine physical activity and can last from several hours to several days [100]. Migraine
attacks often involve not only head pain, but also several premonitory and postdromal symptoms
that occur before the headache initiates and persist after the headache ends, respectively. These
symptoms are diverse and may include hypersensitivity to light, sound, smell, fatigue, neck stiffness,
yawning, mood change, nausea, vomiting, cutaneous allodynia, and transient visual disturbances
termed aura [101–104]. Migraine attacks can be triggered by many internal and external stimuli such
as stress, hormonal fluctuations, sleep disturbances, skipping meals, weather changes, and ingestion of
alcoholic beverage or certain types of food [105,106]. This multifactorial origin, as well as the variety
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of symptoms, have complicated identification of the underlying mechanisms of migraines. Although
the events that trigger migraines remain unknown, the pain phase of migraine headaches is thought
to involve activation and sensitization of primary afferent nociceptors that innervate the dural and
meningeal vasculature. Indeed, the trigeminovascular system (TGVS) is a key component in pain
initiation and transmission in migraine. Specifically, perivascular TG nerve endings are known to
release CGRP, which induces vasodilation of cranial blood vessels and degranulation of meningeal
mast cells, leading to neurogenic inflammation [107,108]. Interestingly, recent evidence indicated
that a variety of ion channels, including TRP channels, make important contributions to migraine
physiopathology (Figure 2 and Table 1). Several recent reviews discussed involvement of TRP channels
in migraine, confirming significant interest in these channels as molecular targets for treatment of
migraine [109–111]. In the following sections, we will discuss recent findings regarding TRP channels
in migraine.
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Figure 2. Transient receptor potential (TRP) channels in the trigeminovascular system and migraine
development. Migraine triggering events remain unknown and may be a central or peripheral process.
The precise order of events contributing to migraine pain is also debated. It is generally admitted that
activation and sensitization of primary afferent nociceptors that innervate the dural and meningeal
vasculature trigger both calcitonin gene-related peptide (CGRP)-induced vasodilatation and neurogenic
inflammation. Pain signals pass through the trigeminal nucleus caudalis, which relays signals to higher
order neurons in the thalamus and cortex (green arrows). A trigemino–parasympathetic or trigeminal
autonomic reflex arc passes through the sphenopalatine ganglion and is responsible for migraine pain
by mediating neurogenic inflammation (blue arrow). Central and peripheral sensitization (pink arrows)
may contribute to maintenance of pain signals and predispose to future migraine attacks. Transient
receptor potential (TRP) vanilloid 1 (TRPV1) and anoctamin 1 (ANO1) might be involved in initiation,
nociception, and sensitization processes of migraine. TRP ankyrin 1 (TRPA1) might be more relevant in
the initiation phase. There are few studies available on TRPV4 and TRP melastatin 8 (TRPM8), yet these
receptors might be important in pain signal transmission or neurogenic inflammation.
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Table 1. Roles of transient receptor potential (TRP) channels in migraine and their potential as
therapeutic targets. RNS: reactive nitrogen species, ROS: reactive oxygen species, TRPA1: transient
receptor potential ankyrin 1, TRPM8: transient receptor potential melastatin 8, TRPV1: transient
receptor potential vanilloid 1, TRPV4: transient receptor potential vanilloid 4.

Action Potential Endogenous Modulators Antagonists with
Potential Clinical Use

TRPV1

CGRP release and vasodilatation [112]
Sensitization of peripheral and central

neurons (during and between
migraine attacks) [113–117]

Alcohol [118]
Cortical spreading depression

(lowered pH in cortical neurons) [119]
Inflammatory mediators [113–115]

Estrogens [97]
Obesity-related mechanisms [120]

JNJ-38893777 [121]
JNJ-17203212 [121]

TRPA1 CGRP release and vasodilatation [122] Volatile irritants [123]
ROS and RNS [123] Compound 16-8 [124]

TRPV4 Cutaneous allodynia [125]
Nociception [126,127]

Mechanical force [126]
Formalin (directly or undirectly) [127] Compound 16-8 [124]

TRPM8
Genetic predisposition [128–132]

Anti- and pronociception (depending
on context) [133]

Unknown Unknown

4.1. TRPV1 as a Crucial Migraine Initiator

The first hint that TRPV1 is involved in migraine was demonstration of its co-expression with
CGRP in rat TG neurons [134,135] and mouse dural afferent neurons [136], suggesting a crucial role
for TRPV1 in migraine. Moreover, in rat dura mater, application of capsaicin is accompanied by
vasodilatation mediated by CGRP release from sensory afferent nerves [112]. Another substantial link
between migraine and TRPV1 was the demonstration that a frequent migraine trigger, ethanol, induced
neurogenic vasodilation via TRPV1 activation and subsequent CGRP release in the TGVS of guinea
pigs [118]. Although the triggering event that actually initiates a migraine attack remains elusive,
Meents et al., proposed that the premonitory aura exhibited by some migraineurs promotes endogenous
activation of TRPV1 [137]. Aura arises from a phenomenon called cortical spreading depression (CSD),
a short-lasting depolarization of cortical neurons that is known to increase extracellular concentrations
of H+, which can ultimately activate TRPV1 and induce CGRP release [119]. However, not all
migraineurs experience aura, indicating that other endogenous mechanisms likely contribute to TRPV1
activation within the dura. Hence, although TRPV1 is currently recognized as a key player in migraine
initiation, it is also likely involved in other phases and characteristics of migraine.

Sensitization of peripheral and central trigeminovascular neurons is usually observed following
migraine attack onset. Peripheral sensitization mediates the throbbing perception of a headache,
whereas sensitization of second-order neurons from the spinal trigeminal nucleus mediates cephalic
allodynia and muscle tenderness [138]. Sensitization of TG neurons may contribute to direct
sensitization of TRPV1, either by its increased activity or translocation to the cell membrane, or by
increased protein production. Interestingly, the cerebrospinal fluid of chronic migraineurs (i.e., patients
who have more than 15 migraine attacks per month) exhibit elevated levels of inflammatory mediators,
including NGF [139]. Bradykinin and prostaglandin E2 are inflammatory mediators also released
during neurogenic inflammation, and are commonly used in an animal model of headache to induce
a chronic state of trigeminal hypersensitivity [113–115]. As already noted, NGF can trigger TRPV1
translocation to the plasma membrane, while bradykinin and prostaglandin E2 can orchestrate TRPV1
phosphorylation, which lowers its activation threshold. Moreover, TRPV1 expression is up-regulated in
nerve fibers that innervate arteries in the scalp of chronic migraine patients [116]. Therefore, neurogenic
inflammation that occurs during migraine attacks likely contributes to sensitization by modulating
TRPV1 channel activity and expression.

Schwedt and colleagues proposed an interesting idea, namely that a state of persistent sensitization
is maintained in migraineurs that enable more ready firing of TGVS [117]. They hypothesized that a
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cyclical process of migraine headaches causes interictal sensitization that contributes to predisposition
to future migraine attacks. In their study, episodic and chronic migraineurs displayed enhanced
sensitivity to thermal stimulation (decreased heat and cold pain threshold and tolerance) during the
interictal period, compared with non-migraine controls. Such sensitization can partly be attributed to
TRPV1 and may also explain why migraine patients do not tolerate ambient temperature changes [140].
In the same manner, a recent study showed that migraine patients exhibit enhanced extracephalic
capsaicin-induced pain sensation during interictal periods, supporting the contribution of TRPV1 to
interictal sensitization [141].

Another characteristic of migraines is their difference in prevalence and perception between
men and women. Women are three-times more likely to suffer from migraine than men, and women
experience more frequent, longer-lasting, and more intense migraine attacks than men [142]. Higher
estrogen levels may in part be responsible for these differences. Interestingly, estrogen was recently
shown to increase pain sensation by up-regulating expression of TRPV1 and ANO1 in TG neurons
from female rats [97]. This could explain why women exhibit a higher susceptibility to migraine,
and suggests that potential interaction of TRPV1 and ANO1 in TG neurons may be involved in
migraine initiation.

Obesity has also been linked to migraine prevalence since it increases the risk of developing a
migraine. Further persons with obesity suffer from more frequent and severe headache attacks [143].
A study involving mice fed a high-fat diet showed that facial intradermal injection of lower capsaicin
doses are needed to induce photophobic behavior in obese mice compared to non-obese control
mice [120]. Also, cell size distribution among TRPV1-positive cultured TG neurons from obese mice
shifted towards larger cell diameters compared with control mice, and a higher capsaicin-induced
calcium influx was observed in these neurons. In another mouse model that induced obesity through
feeding of a high-fat and high-sucrose diet, dural application of capsaicin induced enhanced vasodilatory
and vasoconstrictor responses compared with control animals. Basal and capsaicin-induced CGRP
release from meningeal afferents was also increased [144]. These findings may explain why diet-induced
obesity is associated with TGVS sensitization, which might occur via TRPV1 modulation, although the
precise molecular mechanism is unclear.

4.2. TRPA1 as an Intriguing Migraine Contributor

TRPA1 is also co-expressed in CGRP-positive nociceptors [136,145] and has attracted significant
attention in the context of migraine pathophysiology due to its sensitivity to numerous exogenous and
endogenous compounds. Indeed, environmental irritants such as cigarette smoke or formaldehyde,
as well as ROS and reactive nitrogen species (RNS), can activate TRPA1 (for review see [123]). A link
with migraine can subsequently be readily deduced from the ability of these compounds to generate
headache. Appropriately, TRPA1 activation in trigeminal nerve endings located in the nasal mucosa are
suspected to trigger headache when irritants are inhaled. Indeed, intranasal administration of irritant
compounds in rats can induce CGRP release via TRPA1 activation and increase cerebral blood flow [122].
Similarly, intranasal administration of umbellulone, the volatile active compound from Umbellaria
californica, known as the “headache tree”, evokes TRPA1-mediated and CGRP-dependent neurogenic
meningeal vasodilation in mice [146,147]. In contrast, compounds known for their anti-headache
properties were shown to desensitize TRPA1. For example, stimulation of rat TG neurons with
parthenolide, a compound extracted from the feverfew herb (Tanacetum parthenium L.), which has
been used for centuries to reduce pain, fever, and headaches [148]), induced potent and prolonged
desensitization of TRPA1 channels, which rendered peptidergic neurons unresponsive to any stimulus
and unable to release CGRP [149]. Similar properties were observed for isopetasin, a major constituent
of extracts from butterbur, a plant known to have anti-migraine effects. Isopetasin visibly desensitized
TRPA1 in patch-clamp experiments with rat TG neurons, while it also inhibited nociception and
neurogenic dural vasodilatation mediated by TRPA1 in vivo [150].
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Another important migraine trigger is ROS. Several studies reported increased oxidative stress
in migraine patients both during headache attacks and in the interictal period (the period between
migraine attacks) [151–153]. As already noted, ROS are potent TRPA1 activators, and in a recent
study were shown to mediate the CSD responsible for aura [154]. In that study, exogenous H2O2

activated TRPA1 expressed in cortical neurons in mice brain slices, raising their susceptibility to CSD.
Conversely, endogenous ROS produced upon CSD development [155] activated TRPA1 expression in
TG neurons and mediated CGRP production, leading to a positive feedback loop that regulates cortical
susceptibility to CSD. Based on these findings, it was proposed that reducing ROS production together
with blockade of neuronal TRPA1 could help prevent stress-triggered migraine.

RNS can also act as TRPA1 agonists [79], and have been linked to headaches and migraine
development. Indeed, an increase in endogenous nitric oxide (NO) production is observed during
migraine attacks [156]. Eberhardt and colleagues reported that nitroxyl, generated by a redox reaction
between NO and hydrogen sulfide can trigger TRPA1 activation in the TGVS, leading to CGRP release
in the cranial dura mater of rats [145]. This pathway ultimately resulted in vasodilation and increased
meningeal blood flow, and could also account for the headache phase of a migraine attack. Similarly, the
well-known headache inducer, glyceryl trinitrate, targets TRPA1 in TG neurons to generate periorbital
oxidative stress and mechanical allodynia [157].

4.3. TRPM8 as a Familial Migraine Instigator

TRPM8 is found on both Aδ and C fiber afferents, and is important for the activation of peripheral
sensory neurons by cold temperature. It is activated at non-noxious cold temperatures (< 26 ◦C) and
by compounds that produce a cooling sensation such as menthol or eucalyptol [158,159]. While its role
as a cold sensor has been firmly established, it is not the case regarding its role in pain sensation. It is
still under debate whether TRPM8 reduces or exacerbates pain sensation, and the most recent view
on the matter is that TRPM8-expressing afferent fibers have the ability to both produce and alleviate
pain, and the outcome will be determined by context (see for review [133,160]). As such, TRPM8 has
begun to gather attention in the migraine field. A genetic predisposition to migraine is well-recognized:
migraineurs presenting a hereditary component account for 42% of patients with migraine, as shown in
studies on families and twins [161,162]. Migraine is genetically complex because many genetic variants
with small effects and environmental factors can confer migraine susceptibility [163]. However, several
genome-wide association studies from different cohorts identified single nucleotide polymorphisms
(SNPs) in the gene encoding TRPM8, suggesting an important role for this TRP channel in migraine
pathophysiology [128–132]. Several of these variants are located in regions involved in transcriptional
regulation and may therefore impact upon TRPM8 expression levels. Moreover, in calcium imaging
experiments, some TRPM8 SNP variants heterologously expressed in HEK293 cells showed alterations
of channel functionality [164]. Based on these results, TRPM8 variants identified in migraine patients
likely contribute to migraine pathology. In adult mice, TRPM8 is also expressed in dural trigeminal
nerve endings, albeit rather sparsely [136,165]. Age-dependent decreases in TRPM8 expression in TG
neurons appears to play a role in pathways that are differentially regulated with age, in that both the
density and number of branches of TRPM8-expressing fibers are comparable to CGRP-expressing fibers
in postnatal mouse dura. Specifically, both are reduced by half in adult mouse dura [165]. However,
the functional consequence of this reduction remains unclear.

Although TRPM8 is a well-established cold transducer, limited temperature fluctuations in the
skull suggest that this activity is less important in dural tissue. Thus, endogenous TRPM8 activators
within the dura are unknown. Similarly, whether TRPM8 activation within the dura has a pro-
or anti-nociception effect is unclear. The most recent studies yielded opposite results. Ren and
colleagues observed that dural application of menthol resulted in inhibition of nocifensive behavior in
a mouse migraine model induced by inflammatory mediators, suggesting an anti-nociceptive effect
of TRPM8 [165]. In contrast, dural application of icilin produced migraine-like behavior in mice,
such as cutaneous facial and hind paw allodynia. Pretreatment with the TRPM8 antagonist, AMG1161,
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attenuated these behaviors [133]. The contrary results obtained in these two studies may be due to the
model used: when activated alone, dural TRPM8 appears to have a pro-nociceptive effect, but when
activated together with inflammatory mediators, TRPM8 has an anti-nociceptive effect. Ultimately,
TRPM8 activation may act as a migraine initiator in the first instance, but have another role during
the neurogenic inflammation phase. Moreover, as suggested by Dussor and Cao, these different
outcomes might also reflect how TRPM8-expressing fibers project to central neurons as well as the
context dependence of TRPM8 activation [166]. More studies are needed to fully understand the role
of TRPM8 in dural afferents and migraine pathophysiology.

4.4. TRPV4 as an Indirect Migraine Modulator

TRP Vanilloid 4 (TRPV4) is a widely distributed cationic channel that participates in the
transduction of both physical (osmotic, mechanical, and heat) and chemical (endogenous, plant-derived,
and synthetic ligands) stimuli (see for review [126]). As a mechanosensitive channel, TRPV4 has
attracted increasing interest in the context of migraine. Indeed, headaches can be influenced by
changes in intracranial pressure. Recently, TRPV4 was shown to be expressed in dural afferents,
and its activation in the dura of freely-moving rats could produce migraine-like behavior such as
cutaneous allodynia [125]. Although dural afferents are known to be mechanically sensitive, whether
TRPV4 activation that contributes to migraine is due to mechanical stimulation or another endogenous
mechanism remains to be elucidated. Another study showed that both TRPV4 and TRPA1 can be
activated by the irritant formalin in the TGVS, and result in downstream MEK–ERK pathway activation
and pain behavior in mice [127]. However, whether formalin directly or indirectly activates TRPV4 is
unknown. Nevertheless, taken together, these findings suggest that TRPV4 could also be a promising
target for agents that provide relief from pain that originates in the trigeminal system.

4.5. TRP Channel Modulators for Acute Treatment of Migraine Attacks

As an initial line of investigation, TRPV1 agonists were considered as potential analgesics to treat
headaches. Intranasal applications of civamide and capsaicin were reported to alleviate headache pain
during migraine attack [167,168]. However, in most patients these agents caused severe side effects,
such as nasal burning and lacrimation, and thus impeded their clinical use for the treatment of acute
migraine. Instead, TRP channels antagonists show more promise as a novel approach to prevent or
treat acute migraine attacks. However, an initial clinical randomized trial conducted in 2009 showed
that TRPV1 channel blockers failed to treat migraine attacks. In this study, the compound SB-705498
did not relieve headache pain for up to 24 h post-dose [169]. Although this outcome does not exclude a
contribution of TRPV1 to migraine pathology, it indicates that selectively targeting TRPV1 alone is not
sufficient for acute treatment of migraine attacks. Another explanation for the lack of success with
TRPV1 channel blockers is that SB-705498 is largely ineffective in humans. Several other clinical trials
using this compound showed no or poor efficacy for treating different conditions. Notably, SB-705498
did not relieve itching arising from histamine-induced pruritus, prevent coughing in refractory chronic
cough, or alleviate symptoms elicited by cold, dry air in non-allergic rhinitis [170–172], despite
documented involvement of TRPV1 in these disorders. To date, no other clinical trials using TRP
channel antagonists have been performed for migraine, but numerous in vivo studies show their
potential for the development of new therapeutic strategies. Indeed, in a recent study, two TRPV1
antagonists, JNJ-38893777 and JNJ-17203212, reduced or even completely abolished capsaicin-induced
CGRP release from TG neurons in two different animal models of migraine [121]. These compounds,
used alone or together with other blockers of important molecular players, could be promising pain
relief medicines.

Interestingly, a new molecule, Compound 16-8, which specifically co-targets TRPV4 and TRPA1,
was developed based on the TRPV4 antagonist, GSK205 [124]. Compound 16-8 was reported to inhibit
both channels at sub-micromolar potency and also abolish formalin-induced trigeminal pain in an
in vivo model. This suggests that dual inhibitors may be more effective in treating pain elicited by
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several molecular players, such as pain that occurs in headaches and migraine induced by irritant
compounds. To date, no clinical study has focused on TRPV4. This may be due to limited research
concerning TRPV4, and the fact that dual inhibition strategies have not yet been considered for
the treatment of migraine. Moreover, although the contribution of ANO1 to pain mechanisms in
TG neurons is not fully elucidated [96] and interactions between TRP channels and ANO1 await
investigation in the TGVS, we contend that ANO1 in TG neurons likely behaves similarly to that seen
in DRG neurons. Thus, simultaneous blockage of TRP and ANO1 channels has potential to provide
strong pain relief from headache.

Although TRPM8 variants are associated with migraine susceptibility, whether therapeutic
strategies that target this channel should be agonists or antagonists, is unclear. As such, additional
information about the role of TRPM8 in migraine development is needed before new therapeutics that
focus on this channel can be pursued.

5. Infection and Immunity

Pain sensation is a negative stress for animals, and CGRP release from nociceptors exacerbates
symptoms. Conversely, we recently clarified that CGRP release dependent on TRPV1 and TRPA1
activity in DRG neurons is involved in bone protection during fungus infection. This phenomenon is
supported by several physiological mechanisms, including ATP release from keratinocytes, neural
excitation of sodium channel 1.8 (Nav1.8)-positive DRG neurons, and CGRP-dependent suppression
of osteoclasts activated via TNF-. Thus, in this part, we comprehensively describe the physiological
and pathological systems involved in cutaneous infection to bone inflammation (Figure 3).Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  14 of 25 
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Figure 3. Bone protection system from Candida infection. Bone disruption followed by inflammation is
worsened by overactive osteoclasts. Nociceptors suppress osteoclast development through calcitonin
gene-related peptide (CGRP) release. The process involves: (1) Candida albicans is activated in an
optimal environment (e.g., body temperature); (2) β-glucan released from pseudohyphae bind to
its receptor, dectin-1, on the plasma membrane of keratinocytes; (3) ATP release from keratinocytes
is enhanced through the phospholipase C (PLC) pathway; (4) neuronal excitation in voltage-gated
sodium channel 1.8 (Nav1.8)-positive dorsal root ganglion (DRG) neurons; and (5) CGRP release
from DRG neurons. Jun dimerization protein 2 (Jdp2) is activated by CGRP through a cAMP cascade
in myeloid cells. In turn, tumor necrosis factor-alpha (TNF-α release (which accelerates osteoclast
development) is suppressed. TNF-α-dependent inflammation is induced by the direct effect of β-glucan
on myeloid cells. Furthermore, the CGRP–cAMP axis in osteoclasts also inhibits over-development.
Thus, these pathways from skin to bone induce bone protection and inhibit bone inflammation during
fungus infection.
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5.1. Nociception by C. albicans

Candida albicans infections can cause skin or vulvar pain. Breast candidiasis is characterized
by severe pain around the nipple [173]. C. albicans in the vagina causes itching and mechanical
allodynia [174]. C. albicans can also enter skeletal tissue and induce painful bone infection [175].
Although C. albicans has algesic activity, the mechanisms by which this fungus triggers pain remains
completely unknown.

TLR4 expressed on myeloid cells are involved in recognition of fungal mannan and cytokine
production upon MyD88 and TIR-domain-containing adapter-inducing interferon-beta (TRIF)
activation. The fungal cell wall contains β-glucan and mannan on the intracellular and extracellular
face, respectively [176]. Surface exposure of β-glucan is sensed by dectin-1 [177]. Activated dectin-1
assembles as a multimeric complex and induces signaling via an ITAM-like motif, promoting formation
of CARD-9–Bcl-10–Malt-1 trimers (CBM trimer) and activation of the NLRP3–ASC–ICE complex
(NLRP3 inflammasome). CBM trimers and NLRP3 inflammasome activation are both required to
induce cytokine production [178].

Candidalysin was recently discovered and is the first fungal cytolytic peptide [179]. This peptide
may also contribute to the pathogenesis of fungal invasion. Pain induced by fungal infections is thought
to be caused by inflammation, but a recent study suggested that both Staphylococcus aureus-derived
N-formulated peptides andα-hemolysin can directly stimulate nociceptors [180]. Therefore, nociceptors
may be able to sense pathogens, but the underlying molecular mechanisms behind fungal nociception
remain unclear.

In the colonization phase, C. albicans forms yeast-like structures that are harmless because colony
growth is suppressed by host immunity and the natural antagonistic effects of microbial flora. When
the yeast form of C. albicans attaches to the skin of an immunocompromised host, budding growth is
immediately induced and the soluble β-glucan form is secreted. Notably, β-glucan-induced allodynia
is relatively severe compared with that induced by mannan and other pathological components
such as Candidalysin. Furthermore, dectin-1-deficient mice are completely unresponsive to C.
albicans or β-glucan-induced pain in a MyD88/TRIF/inflammasome-independent manner. Moreover,
we discovered that C. albicans induces acute pain by stimulating Nav1.8-positive nociceptors in
primary sensory neurons via the dectin-1-mediated PLCγ2–TRPV1/TRPA1 axis. β-Glucan also induces
allodynia, which is dependent on dectin-1-mediated ATP secretion from keratinocytes. Notably,
keratinocyte-derived extracellular ATP stimulates sensory neurons via P2X receptors. We also found
that mice deficient in the ATP transporter, vesicular nucleotide transporter (VNUT), are unresponsive
to β-glucan-induced allodynia, while the VNUT inhibitor clodronate has potent prophylactic potential
to target fungal nociceptive symptoms. Together, these findings suggest that ATP- or VNUT-targeted
therapies such as clodronate treatment may be a promising therapeutic option for treating pain or
allodynia associated with fungal infections [181].

5.2. Secondary Symptoms Following Nociception

Nociceptor innervation is seen in skin and bone. Although the function of nociceptors in the
osteo–immune system is unclear, ion channels in the DRG may be responsible for sensing noxious
stimuli [182]. During inflammation, pro-algesic cytokines derived from immune cells gradually
evoke allodynia, leading to production of neuropeptides such as CGRP [183], which in turn causes
vasodilatation, impaired insulin release, and enhanced Th17 cell function [184–186]. Meanwhile,
depletion of TRPV1-positive neurons or CGRP deficiency can lead to osteoporosis [187,188]. Thus,
nociceptors may modulate osteo–immune system activity, but how they influence pathogen-induced
inflammation and bone destruction in a physiological context remains unknown.

To investigate these questions, we injected LPS or β-glucan into the hind paw of
Nav1.8CreRosa26DTA mice, a nociceptor-deficient line. Notably, LPS-induced osteo-inflammation was
unaffected, suggesting that nociceptors do not affect TLR-induced osteo-inflammation. In contrast,
Nav1.8CreRosa26DTA mice injected with β-glucan exhibit severe skin inflammation and bone
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destruction, indicating that nociceptors are negative regulators of fungal osteo-inflammation. Similar
to Nav1.8CreRosa26DTA mice, TRPV1/TRPA1 double-deficient mice exhibit severe osteo-inflammation
in response to β-glucan, and this phenotype was rescued by CGRP administration. Notably, β-glucan
injection into the hind paws of both Nav1.8CreRosa26DTA and TRPV1/TRPA1 double-deficient mice
abolished serum CGRP, indicating that TRP channels acting as nociceptors are required for CGRP
induction. To address how CGRP inhibits osteo-inflammation, we assessed the effects of CGRP
on osteoclast formation and cytokine production. Intriguingly, we discovered that nerve-derived
CGRP inhibits osteoclast actin polymerization via cAMP induction, leading to impaired osteoclast
multinucleation. We also found that the CGRP-induced transcriptional repressor, Jun dimerization
protein 2, selectively blocks dectin-1-mediated pro-inflammatory cytokine production in myeloid cells
via direct inhibition of p65. These unexpected roles for β-glucan-stimulated nociceptors suggests the
existence of novel sensocrine pathways that may play a role in fungal osteo-inflammation [181].

6. Conclusions

Studies from the last two decades show the importance of TRP channels in pain sensations
caused by noxious temperatures and many chemicals. In particular, TRPA1 is activated in many
conditions and its activity evokes an extremely uncomfortable sensation. Therefore, TRPA1 may be a
crucial target for pain treatment, although TRPV1 contribution to more specific nociception cannot
be disregarded. While some pharmaceutical companies are already focused on the development of
TRPA1 and TRPV1 antagonists [189], ANO1 inhibition may also be effective in treating pain because
the role of ANO1 is akin to an amplifier, and its suppression does not generate a painless condition.
Namely, a level of nociception that is sufficient enough to sense damage for survival can be maintained
in an ANO1-blocked state, but not with shutdown of the detectors, i.e., TRP channels.

Sensory systems do not only detect noxious stimuli but also participate in the establishment
of inflammation or chronic pain. Neural excitation induces CGRP release from nociceptor termini,
inducing inflammation that can ultimately lead to sensitization of nociceptors. Therefore, inhibition of
CGRP release by suppression of TRP channel activity is expected to provide relief for intractable pain,
headache, and migraine. However, this strategy may result in dangerous secondary effects in some
diseases, including fungus infection. Bone is often disrupted in Candida infection, a situation induced
by osteoclast activity. It remains unclear why osteoclast activity is up-regulated during infection, but in
this case, CGRP release from nociceptors becomes beneficial by suppressing two pathways: TNF-α
release from myeloid cells and overactivation of osteoclasts. Thus, inflammation induced by CGRP is
not detrimental in some pathological conditions, yet targeting it for pain relief might not always be the
best strategy.

In fact, pain sensation negatively controls our physiological conditions, including our emotions.
Recent reports indicate that complete abolishment of pain induces a severe pathological condition to
our body. Therefore, we believe that the important point of pain management is to decrease pain to a
tolerable level, but one that is sufficient enough to maintain natural protection against tissue damage.
To develop this strategy, there is a need for the discovery of new TRP channels and ANO1 inhibitors
that could be used concomitantly and adjusted depending on each patient’s condition.

Author Contributions: Writing—Original Draft Preparation (Parts 1 and 2), Y.T.; Writing—Original Draft
Preparation (Parts 3 and 4), S.D. and K.M., respectively; Writing—Review & Editing, M.T.

Funding: This research was funded by Japan Society for the Prmotion of Science (JP17K15793 to Y.T.), Takeda
Science Foundation (to Y.T.), and Japan Society for the Prmotion of Science (JP18H02970, JP19K22712 to K.M.).

Acknowledgments: This paper was supported by the Showa University School of Medicine. We thank Rachel
James, from Edanz Group (www.edanzediting.com/ac) for editing a draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

www.edanzediting.com/ac


Int. J. Mol. Sci. 2019, 20, 3411 16 of 25

References

1. Basbaum, A.I.; Bautista, D.M.; Scherrer, G.; Julius, D. Cellular and molecular mechanisms of pain. Cell 2009,
139, 267–284. [CrossRef] [PubMed]

2. Vandewauw, I.; Owsianik, G.; Voets, T. Systematic and quantitative mRNA expression analysis of TRP
channel genes at the single trigeminal and dorsal root ganglion level in mouse. BMC Neurosci. 2013, 14, 21.
[CrossRef] [PubMed]

3. Julius, D. TRP channels and pain. Annu. Rev. Cell Dev. Biol. 2013, 29, 355–384. [CrossRef] [PubMed]
4. Vandewauw, I.; De Clercq, K.; Mulier, M.; Held, K.; Pinto, S.; Van Ranst, N.; Segal, A.; Voet, T.; Vennekens, R.;

Zimmermann, K.; et al. A TRP channel trio mediates acute noxious heat sensing. Nature 2018, 555, 662–666.
[CrossRef] [PubMed]

5. Caputo, A.; Caci, E.; Ferrera, L.; Pedemonte, N.; Barsanti, C.; Sondo, E.; Pfeffer, U.; Ravazzolo, R.;
Zegarra-Moran, O.; Galietta, L.J. TMEM16A, a membrane protein associated with calcium-dependent
chloride channel activity. Science 2008, 322, 590–594. [CrossRef] [PubMed]

6. Yang, Y.D.; Cho, H.; Koo, J.Y.; Tak, M.H.; Cho, Y.; Shim, W.S.; Park, S.P.; Lee, J.; Lee, B.; Kim, B.M.; et al.
TMEM16A confers receptor-activated calcium-dependent chloride conductance. Nature 2008, 455, 1210–1215.
[CrossRef] [PubMed]

7. Schroeder, B.C.; Cheng, T.; Jan, Y.N.; Jan, L.Y. Expression cloning of TMEM16A as a calcium-activated
chloride channel subunit. Cell 2008, 134, 1019–1029. [CrossRef] [PubMed]

8. Cho, H.; Yang, Y.D.; Lee, J.; Lee, B.; Kim, T.; Jang, Y.; Back, S.K.; Na, H.S.; Harfe, B.D.; Wang, F.; et al.
The calcium-activated chloride channel anoctamin 1 acts as a heat sensor in nociceptive neurons. Nat. Neurosci.
2012, 15, 1015–1021. [CrossRef] [PubMed]

9. Oh, U.; Jung, J. Cellular functions of TMEM16/anoctamin. Pflug. Arch. 2016, 468, 443–453. [CrossRef]
10. Jin, X.; Shah, S.; Liu, Y.; Zhang, H.; Lees, M.; Fu, Z.; Lippiat, J.D.; Beech, D.J.; Sivaprasadarao, A.; Baldwin, S.A.;

et al. Activation of the Cl- channel ANO1 by localized calcium signals in nociceptive sensory neurons
requires coupling with the IP3 receptor. Sci. Signal 2013, 6, ra73. [CrossRef]

11. Mao, S.; Garzon-Muvdi, T.; Di Fulvio, M.; Chen, Y.; Delpire, E.; Alvarez, F.J.; Alvarez-Leefmans, F.J.
Molecular and functional expression of cation-chloride cotransporters in dorsal root ganglion neurons during
postnatal maturation. J. Neurophysiol. 2012, 108, 834–852. [CrossRef] [PubMed]

12. Jordt, S.E.; Bautista, D.M.; Chuang, H.H.; McKemy, D.D.; Zygmunt, P.M.; Hogestatt, E.D.; Meng, I.D.;
Julius, D. Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel ANKTM1.
Nature 2004, 427, 260–265. [CrossRef] [PubMed]

13. Bandell, M.; Story, G.M.; Hwang, S.W.; Viswanath, V.; Eid, S.R.; Petrus, M.J.; Earley, T.J.; Patapoutian, A.
Noxious cold ion channel TRPA1 is activated by pungent compounds and bradykinin. Neuron 2004, 41,
849–857. [CrossRef]

14. Macpherson, L.J.; Geierstanger, B.H.; Viswanath, V.; Bandell, M.; Eid, S.R.; Hwang, S.; Patapoutian, A.
The pungency of garlic: activation of TRPA1 and TRPV1 in response to allicin. Curr. Biol. 2005, 15, 929–934.
[CrossRef] [PubMed]

15. Bautista, D.M.; Movahed, P.; Hinman, A.; Axelsson, H.E.; Sterner, O.; Hogestatt, E.D.; Julius, D.; Jordt, S.E.;
Zygmunt, P.M. Pungent products from garlic activate the sensory ion channel TRPA1. Proc. Natl. Acad. Sci.
USA 2005, 102, 12248–12252. [CrossRef] [PubMed]

16. Xu, H.; Delling, M.; Jun, J.C.; Clapham, D.E. Oregano, thyme and clove-derived flavors and skin sensitizers
activate specific TRP channels. Nat. Neurosci. 2006, 9, 628–635. [CrossRef] [PubMed]

17. Koizumi, K.; Iwasaki, Y.; Narukawa, M.; Iitsuka, Y.; Fukao, T.; Seki, T.; Ariga, T.; Watanabe, T. Diallyl sulfides
in garlic activate both TRPA1 and TRPV1. Biochem. Biophys. Res. Commun. 2009, 382, 545–548. [CrossRef]

18. Shintaku, K.; Uchida, K.; Suzuki, Y.; Zhou, Y.; Fushiki, T.; Watanabe, T.; Yazawa, S.; Tominaga, M. Activation
of transient receptor potential A1 by a non-pungent capsaicin-like compound, capsiate. Br. J. Pharmacol.
2012, 165, 1476–1486. [CrossRef]

19. Lee, S.P.; Buber, M.T.; Yang, Q.; Cerne, R.; Cortes, R.Y.; Sprous, D.G.; Bryant, R.W. Thymol and related alkyl
phenols activate the hTRPA1 channel. Br. J. Pharmacol. 2008, 153, 1739–1749. [CrossRef]

20. Fischer, M.J.; Leffler, A.; Niedermirtl, F.; Kistner, K.; Eberhardt, M.; Reeh, P.W.; Nau, C. The general anesthetic
propofol excites nociceptors by activating TRPV1 and TRPA1 rather than GABAA receptors. J. Biol. Chem.
2010, 285, 34781–34792. [CrossRef]

http://dx.doi.org/10.1016/j.cell.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/19837031
http://dx.doi.org/10.1186/1471-2202-14-21
http://www.ncbi.nlm.nih.gov/pubmed/23410158
http://dx.doi.org/10.1146/annurev-cellbio-101011-155833
http://www.ncbi.nlm.nih.gov/pubmed/24099085
http://dx.doi.org/10.1038/nature26137
http://www.ncbi.nlm.nih.gov/pubmed/29539642
http://dx.doi.org/10.1126/science.1163518
http://www.ncbi.nlm.nih.gov/pubmed/18772398
http://dx.doi.org/10.1038/nature07313
http://www.ncbi.nlm.nih.gov/pubmed/18724360
http://dx.doi.org/10.1016/j.cell.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18805094
http://dx.doi.org/10.1038/nn.3111
http://www.ncbi.nlm.nih.gov/pubmed/22634729
http://dx.doi.org/10.1007/s00424-016-1790-0
http://dx.doi.org/10.1126/scisignal.2004184
http://dx.doi.org/10.1152/jn.00970.2011
http://www.ncbi.nlm.nih.gov/pubmed/22457464
http://dx.doi.org/10.1038/nature02282
http://www.ncbi.nlm.nih.gov/pubmed/14712238
http://dx.doi.org/10.1016/S0896-6273(04)00150-3
http://dx.doi.org/10.1016/j.cub.2005.04.018
http://www.ncbi.nlm.nih.gov/pubmed/15916949
http://dx.doi.org/10.1073/pnas.0505356102
http://www.ncbi.nlm.nih.gov/pubmed/16103371
http://dx.doi.org/10.1038/nn1692
http://www.ncbi.nlm.nih.gov/pubmed/16617338
http://dx.doi.org/10.1016/j.bbrc.2009.03.066
http://dx.doi.org/10.1111/j.1476-5381.2011.01634.x
http://dx.doi.org/10.1038/bjp.2008.85
http://dx.doi.org/10.1074/jbc.M110.143958


Int. J. Mol. Sci. 2019, 20, 3411 17 of 25

21. Nishimoto, R.; Kashio, M.; Tominaga, M. Propofol-induced pain sensation involves multiple mechanisms in
sensory neurons. Pflug. Arch. 2015, 467, 2011–2020. [CrossRef] [PubMed]

22. Takaishi, M.; Fujita, F.; Uchida, K.; Yamamoto, S.; Sawada Shimizu, M.; Hatai Uotsu, C.; Shimizu, M.;
Tominaga, M. 1,8-cineole, a TRPM8 agonist, is a novel natural antagonist of human TRPA1. Mol. Pain 2012,
8, 86. [CrossRef] [PubMed]

23. Peyrot des Gachons, C.; Uchida, K.; Bryant, B.; Shima, A.; Sperry, J.B.; Dankulich-Nagrudny, L.; Tominaga, M.;
Smith, A.B., 3rd; Beauchamp, G.K.; Breslin, P.A. Unusual pungency from extra-virgin olive oil is attributable
to restricted spatial expression of the receptor of oleocanthal. J. Neurosci. 2011, 31, 999–1009. [CrossRef]
[PubMed]

24. Wang, Y.Y.; Chang, R.B.; Liman, E.R. TRPA1 is a component of the nociceptive response to CO2. J. Neurosci.
2010, 30, 12958–12963. [CrossRef] [PubMed]

25. Fujita, F.; Uchida, K.; Takayama, Y.; Suzuki, Y.; Takaishi, M.; Tominaga, M. Hypotonicity-induced cell swelling
activates TRPA1. J. Physiol. Sci. 2018, 68, 431–440. [CrossRef] [PubMed]

26. Fujita, F.; Uchida, K.; Moriyama, T.; Shima, A.; Shibasaki, K.; Inada, H.; Sokabe, T.; Tominaga, M. Intracellular
alkalization causes pain sensation through activation of TRPA1 in mice. J. Clin. Investing 2008, 118, 4049–4057.
[CrossRef] [PubMed]

27. Zurborg, S.; Yurgionas, B.; Jira, J.A.; Caspani, O.; Heppenstall, P.A. Direct activation of the ion channel TRPA1
by Ca2+. Nat. Neurosci 2007, 10, 277–279. [CrossRef] [PubMed]

28. Ohara, K.; Fukuda, T.; Okada, H.; Kitao, S.; Ishida, Y.; Kato, K.; Takahashi, C.; Katayama, M.; Uchida, K.;
Tominaga, M. Identification of significant amino acids in multiple transmembrane domains of human
transient receptor potential ankyrin 1 (TRPA1) for activation by eudesmol, an oxygenized sesquiterpene in
hop essential oil. J. Biol. Chem. 2015, 290, 3161–3171. [CrossRef]

29. Hinman, A.; Chuang, H.H.; Bautista, D.M.; Julius, D. TRP channel activation by reversible covalent
modification. Proc. Natl. Acad. Sci. USA 2006, 103, 19564–19568. [CrossRef]

30. Macpherson, L.J.; Dubin, A.E.; Evans, M.J.; Marr, F.; Schultz, P.G.; Cravatt, B.F.; Patapoutian, A. Noxious
compounds activate TRPA1 ion channels through covalent modification of cysteines. Nature 2007, 445,
541–545. [CrossRef]

31. Samad, A.; Sura, L.; Benedikt, J.; Ettrich, R.; Minofar, B.; Teisinger, J.; Vlachova, V. The C-terminal basic
residues contribute to the chemical- and voltage-dependent activation of TRPA1. J. Biochem. 2011, 433,
197–204. [CrossRef] [PubMed]

32. Karashima, Y.; Damann, N.; Prenen, J.; Talavera, K.; Segal, A.; Voets, T.; Nilius, B. Bimodal action of menthol
on the transient receptor potential channel TRPA1. J. Neurosci. 2007, 27, 9874–9884. [CrossRef] [PubMed]

33. Xiao, B.; Dubin, A.E.; Bursulaya, B.; Viswanath, V.; Jegla, T.J.; Patapoutian, A. Identification of transmembrane
domain 5 as a critical molecular determinant of menthol sensitivity in mammalian TRPA1 channels. J. Neurosci.
2008, 28, 9640–9651. [CrossRef] [PubMed]

34. Chen, J.; Kang, D.; Xu, J.; Lake, M.; Hogan, J.O.; Sun, C.; Walter, K.; Yao, B.; Kim, D. Species differences and
molecular determinant of TRPA1 cold sensitivity. Nat. Commun. 2013, 4, 2501. [CrossRef] [PubMed]

35. Story, G.M.; Peier, A.M.; Reeve, A.J.; Eid, S.R.; Mosbacher, J.; Hricik, T.R.; Earley, T.J.; Hergarden, A.C.;
Andersson, D.A.; Hwang, S.W.; et al. ANKTM1, a TRP-like channel expressed in nociceptive neurons, is
activated by cold temperatures. Cell 2003, 112, 819–829. [CrossRef]

36. Obata, K.; Katsura, H.; Mizushima, T.; Yamanaka, H.; Kobayashi, K.; Dai, Y.; Fukuoka, T.; Tokunaga, A.;
Tominaga, M.; Noguchi, K. TRPA1 induced in sensory neurons contributes to cold hyperalgesia after
inflammation and nerve injury. J. Clin. Investing 2005, 115, 2393–2401. [CrossRef]

37. Miyake, T.; Nakamura, S.; Zhao, M.; So, K.; Inoue, K.; Numata, T.; Takahashi, N.; Shirakawa, H.; Mori, Y.;
Nakagawa, T.; et al. Cold sensitivity of TRPA1 is unveiled by the prolyl hydroxylation blockade-induced
sensitization to ROS. Nat. Commun. 2016, 7, 12840. [CrossRef]

38. Wang, S.; Dai, Y.; Fukuoka, T.; Yamanaka, H.; Kobayashi, K.; Obata, K.; Cui, X.; Tominaga, M.; Noguchi, K.
Phospholipase C and protein kinase A mediate bradykinin sensitization of TRPA1: a molecular mechanism
of inflammatory pain. Brain 2008, 131, 1241–1251. [CrossRef]

39. Tsuda, M.; Hasegawa, S.; Inoue, K. P2X receptors-mediated cytosolic phospholipase A2 activation in primary
afferent sensory neurons contributes to neuropathic pain. J. Neurochem. 2007, 103, 1408–1416. [CrossRef]

40. Nishizuka, Y. Intracellular signaling by hydrolysis of phospholipids and activation of protein kinase C.
Science 1992, 258, 607–614. [CrossRef]

http://dx.doi.org/10.1007/s00424-014-1620-1
http://www.ncbi.nlm.nih.gov/pubmed/25301522
http://dx.doi.org/10.1186/1744-8069-8-86
http://www.ncbi.nlm.nih.gov/pubmed/23192000
http://dx.doi.org/10.1523/JNEUROSCI.1374-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21248124
http://dx.doi.org/10.1523/JNEUROSCI.2715-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20881114
http://dx.doi.org/10.1007/s12576-017-0545-9
http://www.ncbi.nlm.nih.gov/pubmed/28623463
http://dx.doi.org/10.1172/JCI35957
http://www.ncbi.nlm.nih.gov/pubmed/19033673
http://dx.doi.org/10.1038/nn1843
http://www.ncbi.nlm.nih.gov/pubmed/17259981
http://dx.doi.org/10.1074/jbc.M114.600932
http://dx.doi.org/10.1073/pnas.0609598103
http://dx.doi.org/10.1038/nature05544
http://dx.doi.org/10.1042/BJ20101256
http://www.ncbi.nlm.nih.gov/pubmed/20946100
http://dx.doi.org/10.1523/JNEUROSCI.2221-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17855602
http://dx.doi.org/10.1523/JNEUROSCI.2772-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815250
http://dx.doi.org/10.1038/ncomms3501
http://www.ncbi.nlm.nih.gov/pubmed/24071625
http://dx.doi.org/10.1016/S0092-8674(03)00158-2
http://dx.doi.org/10.1172/JCI25437
http://dx.doi.org/10.1038/ncomms12840
http://dx.doi.org/10.1093/brain/awn060
http://dx.doi.org/10.1111/j.1471-4159.2007.04861.x
http://dx.doi.org/10.1126/science.1411571


Int. J. Mol. Sci. 2019, 20, 3411 18 of 25

41. Kondo, T.; Sakurai, J.; Miwa, H.; Noguchi, K. Activation of p38 MAPK through transient receptor potential A1
in a rat model of gastric distension-induced visceral pain. Neuroreport 2013, 24, 68–72. [CrossRef] [PubMed]

42. Schmidt, M.; Dubin, A.E.; Petrus, M.J.; Earley, T.J.; Patapoutian, A. Nociceptive signals induce trafficking of
TRPA1 to the plasma membrane. Neuron 2009, 64, 498–509. [CrossRef] [PubMed]

43. Zhou, Y.; Suzuki, Y.; Uchida, K.; Tominaga, M. Identification of a splice variant of mouse TRPA1 that regulates
TRPA1 activity. Nat. Commun. 2013, 4, 2399. [CrossRef] [PubMed]

44. Palsson-McDermott, E.M.; O’Neill, L.A. Signal transduction by the lipopolysaccharide receptor, Toll-like
receptor-4. Immunology 2004, 113, 153–162. [CrossRef] [PubMed]

45. Hu, Y.; Gu, Q.; Lin, R.L.; Kryscio, R.; Lee, L.Y. Calcium transient evoked by TRPV1 activators is enhanced by
tumor necrosis factor-{alpha} in rat pulmonary sensory neurons. Am. J. Physiol. Lung Cell Mol. Physiol. 2010,
299, L483–L492. [CrossRef] [PubMed]

46. Meseguer, V.; Alpizar, Y.A.; Luis, E.; Tajada, S.; Denlinger, B.; Fajardo, O.; Manenschijn, J.A.;
Fernandez-Pena, C.; Talavera, A.; Kichko, T.; et al. TRPA1 channels mediate acute neurogenic inflammation
and pain produced by bacterial endotoxins. Nat. Commun. 2014, 5, 3125. [CrossRef] [PubMed]

47. Andersson, D.A.; Gentry, C.; Moss, S.; Bevan, S. Transient receptor potential A1 is a sensory receptor for
multiple products of oxidative stress. J. Neurosci. 2008, 28, 2485–2494. [CrossRef] [PubMed]

48. Bessac, B.F.; Sivula, M.; von Hehn, C.A.; Escalera, J.; Cohn, L.; Jordt, S.E. TRPA1 is a major oxidant sensor in
murine airway sensory neurons. J. Clin. Investing 2008, 118, 1899–1910. [CrossRef] [PubMed]

49. Sawada, Y.; Hosokawa, H.; Matsumura, K.; Kobayashi, S. Activation of transient receptor potential ankyrin 1
by hydrogen peroxide. Eur. J. Neurosci. 2008, 27, 1131–1142. [CrossRef] [PubMed]

50. So, K.; Tei, Y.; Zhao, M.; Miyake, T.; Hiyama, H.; Shirakawa, H.; Imai, S.; Mori, Y.; Nakagawa, T.;
Matsubara, K.; et al. Hypoxia-induced sensitisation of TRPA1 in painful dysesthesia evoked by transient
hindlimb ischemia/reperfusion in mice. Sci. Rep. 2016, 6, 23261. [CrossRef]

51. Takahashi, N.; Kuwaki, T.; Kiyonaka, S.; Numata, T.; Kozai, D.; Mizuno, Y.; Yamamoto, S.; Naito, S.;
Knevels, E.; Carmeliet, P.; et al. TRPA1 underlies a sensing mechanism for O2. Nat. Chem. Biol. 2011, 7,
701–711. [CrossRef] [PubMed]

52. Anand, U.; Otto, W.R.; Anand, P. Sensitization of capsaicin and icilin responses in oxaliplatin treated adult
rat DRG neurons. Mol. Pain 2010, 6, 82. [CrossRef] [PubMed]

53. Nassini, R.; Gees, M.; Harrison, S.; De Siena, G.; Materazzi, S.; Moretto, N.; Failli, P.; Preti, D.; Marchetti, N.;
Cavazzini, A.; et al. Oxaliplatin elicits mechanical and cold allodynia in rodents via TRPA1 receptor
stimulation. Pain 2011, 152, 1621–1631. [CrossRef] [PubMed]

54. Yamamoto, K.; Chiba, N.; Chiba, T.; Kambe, T.; Abe, K.; Kawakami, K.; Utsunomiya, I.; Taguchi, K. Transient
receptor potential ankyrin 1 that is induced in dorsal root ganglion neurons contributes to acute cold
hypersensitivity after oxaliplatin administration. Mol. Pain 2015, 11, 69. [CrossRef] [PubMed]

55. Bailey, S.R.; Mitra, S.; Flavahan, S.; Flavahan, N.A. Reactive oxygen species from smooth muscle mitochondria
initiate cold-induced constriction of cutaneous arteries. Am. J. Physiol. Heart Circ. Physiol. 2005, 289,
H243–H250. [CrossRef] [PubMed]

56. Nativi, C.; Gualdani, R.; Dragoni, E.; Di Cesare Mannelli, L.; Sostegni, S.; Norcini, M.; Gabrielli, G.; la Marca, G.;
Richichi, B.; Francesconi, O.; et al. A TRPA1 antagonist reverts oxaliplatin-induced neuropathic pain. Sci. Rep.
2013, 3, 2005. [CrossRef] [PubMed]

57. Beppu, K.; Sasaki, T.; Tanaka, K.F.; Yamanaka, A.; Fukazawa, Y.; Shigemoto, R.; Matsui, K. Optogenetic
countering of glial acidosis suppresses glial glutamate release and ischemic brain damage. Neuron 2014, 81,
314–320. [CrossRef]

58. Shigetomi, E.; Tong, X.; Kwan, K.Y.; Corey, D.P.; Khakh, B.S. TRPA1 channels regulate astrocyte resting
calcium and inhibitory synapse efficacy through GAT-3. Nat. Neurosci. 2011, 15, 70–80. [CrossRef] [PubMed]

59. Takahashi, N.; Mizuno, Y.; Kozai, D.; Yamamoto, S.; Kiyonaka, S.; Shibata, T.; Uchida, K.; Mori, Y. Molecular
characterization of TRPA1 channel activation by cysteine-reactive inflammatory mediators. Channels (Austin)
2008, 2, 287–298. [CrossRef] [PubMed]

60. De la Roche, J.; Eberhardt, M.J.; Klinger, A.B.; Stanslowsky, N.; Wegner, F.; Koppert, W.; Reeh, P.W.;
Lampert, A.; Fischer, M.J.; Leffler, A. The molecular basis for species-specific activation of human TRPA1
protein by protons involves poorly conserved residues within transmembrane domains 5 and 6. J. Biol. Chem.
2013, 288, 20280–20292. [CrossRef] [PubMed]

http://dx.doi.org/10.1097/WNR.0b013e32835c7df2
http://www.ncbi.nlm.nih.gov/pubmed/23222658
http://dx.doi.org/10.1016/j.neuron.2009.09.030
http://www.ncbi.nlm.nih.gov/pubmed/19945392
http://dx.doi.org/10.1038/ncomms3399
http://www.ncbi.nlm.nih.gov/pubmed/24008932
http://dx.doi.org/10.1111/j.1365-2567.2004.01976.x
http://www.ncbi.nlm.nih.gov/pubmed/15379975
http://dx.doi.org/10.1152/ajplung.00111.2010
http://www.ncbi.nlm.nih.gov/pubmed/20639352
http://dx.doi.org/10.1038/ncomms4125
http://www.ncbi.nlm.nih.gov/pubmed/24445575
http://dx.doi.org/10.1523/JNEUROSCI.5369-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18322093
http://dx.doi.org/10.1172/JCI34192
http://www.ncbi.nlm.nih.gov/pubmed/18398506
http://dx.doi.org/10.1111/j.1460-9568.2008.06093.x
http://www.ncbi.nlm.nih.gov/pubmed/18364033
http://dx.doi.org/10.1038/srep23261
http://dx.doi.org/10.1038/nchembio.640
http://www.ncbi.nlm.nih.gov/pubmed/21873995
http://dx.doi.org/10.1186/1744-8069-6-82
http://www.ncbi.nlm.nih.gov/pubmed/21106058
http://dx.doi.org/10.1016/j.pain.2011.02.051
http://www.ncbi.nlm.nih.gov/pubmed/21481532
http://dx.doi.org/10.1186/s12990-015-0072-8
http://www.ncbi.nlm.nih.gov/pubmed/26567040
http://dx.doi.org/10.1152/ajpheart.01305.2004
http://www.ncbi.nlm.nih.gov/pubmed/15764673
http://dx.doi.org/10.1038/srep02005
http://www.ncbi.nlm.nih.gov/pubmed/23774285
http://dx.doi.org/10.1016/j.neuron.2013.11.011
http://dx.doi.org/10.1038/nn.3000
http://www.ncbi.nlm.nih.gov/pubmed/22158513
http://dx.doi.org/10.4161/chan.2.4.6745
http://www.ncbi.nlm.nih.gov/pubmed/18769139
http://dx.doi.org/10.1074/jbc.M113.479337
http://www.ncbi.nlm.nih.gov/pubmed/23709225


Int. J. Mol. Sci. 2019, 20, 3411 19 of 25

61. Hamilton, N.B.; Kolodziejczyk, K.; Kougioumtzidou, E.; Attwell, D. Proton-gated Ca(2+)-permeable TRP
channels damage myelin in conditions mimicking ischaemia. Nature 2016, 529, 523–527. [CrossRef] [PubMed]

62. McCoy, E.S.; Taylor-Blake, B.; Street, S.E.; Pribisko, A.L.; Zheng, J.; Zylka, M.J. Peptidergic CGRPalpha
primary sensory neurons encode heat and itch and tonically suppress sensitivity to cold. Neuron 2013, 78,
138–151. [CrossRef] [PubMed]

63. Furue, H.; Narikawa, K.; Kumamoto, E.; Yoshimura, M. Responsiveness of rat substantia gelatinosa neurones
to mechanical but not thermal stimuli revealed by in vivo patch-clamp recording. J. Physiol. 1999, 521,
529–535. [CrossRef] [PubMed]

64. Uta, D.; Furue, H.; Pickering, A.E.; Rashid, M.H.; Mizuguchi-Takase, H.; Katafuchi, T.; Imoto, K.; Yoshimura, M.
TRPA1-expressing primary afferents synapse with a morphologically identified subclass of substantia
gelatinosa neurons in the adult rat spinal cord. Eur. J. Neurosci. 2010, 31, 1960–1973. [CrossRef]

65. Kosugi, M.; Nakatsuka, T.; Fujita, T.; Kuroda, Y.; Kumamoto, E. Activation of TRPA1 channel facilitates
excitatory synaptic transmission in substantia gelatinosa neurons of the adult rat spinal cord. J. Neurosci.
2007, 27, 4443–4451. [CrossRef] [PubMed]

66. Andersson, D.A.; Gentry, C.; Alenmyr, L.; Killander, D.; Lewis, S.E.; Andersson, A.; Bucher, B.; Galzi, J.L.;
Sterner, O.; Bevan, S.; et al. TRPA1 mediates spinal antinociception induced by acetaminophen and the
cannabinoid Delta(9)-tetrahydrocannabiorcol. Nat. Commun. 2011, 2, 551. [CrossRef] [PubMed]

67. Gregus, A.M.; Doolen, S.; Dumlao, D.S.; Buczynski, M.W.; Takasusuki, T.; Fitzsimmons, B.L.; Hua, X.Y.;
Taylor, B.K.; Dennis, E.A.; Yaksh, T.L. Spinal 12-lipoxygenase-derived hepoxilin A3 contributes to
inflammatory hyperalgesia via activation of TRPV1 and TRPA1 receptors. Proc. Natl. Acad. Sci. USA 2012,
109, 6721–6726. [CrossRef]

68. Yamanaka, M.; Taniguchi, W.; Nishio, N.; Hashizume, H.; Yamada, H.; Yoshida, M.; Nakatsuka, T. In vivo
patch-clamp analysis of the antinociceptive actions of TRPA1 activation in the spinal dorsal horn. Mol. Pain
2015, 11, 20. [CrossRef]

69. Lehmann, S.M.; Kruger, C.; Park, B.; Derkow, K.; Rosenberger, K.; Baumgart, J.; Trimbuch, T.; Eom, G.;
Hinz, M.; Kaul, D.; et al. An unconventional role for miRNA: let-7 activates Toll-like receptor 7 and causes
neurodegeneration. Nat. Neurosci. 2012, 15, 827–835. [CrossRef]

70. Lee, K.I.; Lee, H.T.; Lin, H.C.; Tsay, H.J.; Tsai, F.C.; Shyue, S.K.; Lee, T.S. Role of transient receptor potential
ankyrin 1 channels in Alzheimer’s disease. J. Neuroinflammation 2016, 13, 92. [CrossRef]

71. Park, C.K.; Xu, Z.Z.; Berta, T.; Han, Q.; Chen, G.; Liu, X.J.; Ji, R.R. Extracellular microRNAs activate nociceptor
neurons to elicit pain via TLR7 and TRPA1. Neuron 2014, 82, 47–54. [CrossRef] [PubMed]

72. Caterina, M.J.; Schumacher, M.A.; Tominaga, M.; Rosen, T.A.; Levine, J.D.; Julius, D. The capsaicin receptor:
a heat-activated ion channel in the pain pathway. Nature 1997, 389, 816–824. [CrossRef] [PubMed]

73. Tominaga, M.; Caterina, M.J.; Malmberg, A.B.; Rosen, T.A.; Gilbert, H.; Skinner, K.; Raumann, B.E.;
Basbaum, A.I.; Julius, D. The cloned capsaicin receptor integrates multiple pain-producing stimuli. Neuron
1998, 21, 531–543. [CrossRef]

74. Iida, T.; Moriyama, T.; Kobata, K.; Morita, A.; Murayama, N.; Hashizume, S.; Fushiki, T.; Yazawa, S.;
Watanabe, T.; Tominaga, M. TRPV1 activation and induction of nociceptive response by a non-pungent
capsaicin-like compound, capsiate. Neuropharmacology 2003, 44, 958–967. [CrossRef]

75. Xu, H.; Blair, N.T.; Clapham, D.E. Camphor activates and strongly desensitizes the transient receptor
potential vanilloid subtype 1 channel in a vanilloid-independent mechanism. J. Neurosci. 2005, 25, 8924–8937.
[CrossRef] [PubMed]

76. Gu, Q.; Lin, R.L.; Hu, H.Z.; Zhu, M.X.; Lee, L.Y. 2-aminoethoxydiphenyl borate stimulates pulmonary C
neurons via the activation of TRPV channels. Am. J. Physiol. Lung Cell Mol. Physiol. 2005, 288, L932–L941.
[CrossRef] [PubMed]

77. De Petrocellis, L.; Bisogno, T.; Maccarrone, M.; Davis, J.B.; Finazzi-Agro, A.; Di Marzo, V. The activity of
anandamide at vanilloid VR1 receptors requires facilitated transport across the cell membrane and is limited
by intracellular metabolism. J. Biol. Chem. 2001, 276, 12856–12863. [CrossRef] [PubMed]

78. Huang, S.M.; Bisogno, T.; Trevisani, M.; Al-Hayani, A.; De Petrocellis, L.; Fezza, F.; Tognetto, M.; Petros, T.J.;
Krey, J.F.; Chu, C.J.; et al. An endogenous capsaicin-like substance with high potency at recombinant and
native vanilloid VR1 receptors. Proc. Natl. Acad. Sci. USA 2002, 99, 8400–8405. [CrossRef]

79. Miyamoto, T.; Dubin, A.E.; Petrus, M.J.; Patapoutian, A. TRPV1 and TRPA1 mediate peripheral nitric
oxide-induced nociception in mice. PLoS ONE 2009, 4, e7596. [CrossRef]

http://dx.doi.org/10.1038/nature16519
http://www.ncbi.nlm.nih.gov/pubmed/26760212
http://dx.doi.org/10.1016/j.neuron.2013.01.030
http://www.ncbi.nlm.nih.gov/pubmed/23523592
http://dx.doi.org/10.1111/j.1469-7793.1999.00529.x
http://www.ncbi.nlm.nih.gov/pubmed/10581321
http://dx.doi.org/10.1111/j.1460-9568.2010.07255.x
http://dx.doi.org/10.1523/JNEUROSCI.0557-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17442829
http://dx.doi.org/10.1038/ncomms1559
http://www.ncbi.nlm.nih.gov/pubmed/22109525
http://dx.doi.org/10.1073/pnas.1110460109
http://dx.doi.org/10.1186/s12990-015-0021-6
http://dx.doi.org/10.1038/nn.3113
http://dx.doi.org/10.1186/s12974-016-0557-z
http://dx.doi.org/10.1016/j.neuron.2014.02.011
http://www.ncbi.nlm.nih.gov/pubmed/24698267
http://dx.doi.org/10.1038/39807
http://www.ncbi.nlm.nih.gov/pubmed/9349813
http://dx.doi.org/10.1016/S0896-6273(00)80564-4
http://dx.doi.org/10.1016/S0028-3908(03)00100-X
http://dx.doi.org/10.1523/JNEUROSCI.2574-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16192383
http://dx.doi.org/10.1152/ajplung.00439.2004
http://www.ncbi.nlm.nih.gov/pubmed/15653710
http://dx.doi.org/10.1074/jbc.M008555200
http://www.ncbi.nlm.nih.gov/pubmed/11278420
http://dx.doi.org/10.1073/pnas.122196999
http://dx.doi.org/10.1371/journal.pone.0007596


Int. J. Mol. Sci. 2019, 20, 3411 20 of 25

80. Nishihara, E.; Hiyama, T.Y.; Noda, M. Osmosensitivity of transient receptor potential vanilloid 1 is
synergistically enhanced by distinct activating stimuli such as temperature and protons. PLoS ONE 2011,
6, e22246. [CrossRef]

81. Bohlen, C.J.; Priel, A.; Zhou, S.; King, D.; Siemens, J.; Julius, D. A bivalent tarantula toxin activates the
capsaicin receptor, TRPV1, by targeting the outer pore domain. Cell 2010, 141, 834–845. [CrossRef] [PubMed]

82. Ji, R.R.; Samad, T.A.; Jin, S.X.; Schmoll, R.; Woolf, C.J. p38 MAPK activation by NGF in primary sensory
neurons after inflammation increases TRPV1 levels and maintains heat hyperalgesia. Neuron 2002, 36, 57–68.
[CrossRef]

83. Premkumar, L.S.; Ahern, G.P. Induction of vanilloid receptor channel activity by protein kinase C. Nature
2000, 408, 985–990. [CrossRef] [PubMed]

84. Tominaga, M.; Wada, M.; Masu, M. Potentiation of capsaicin receptor activity by metabotropic ATP receptors
as a possible mechanism for ATP-evoked pain and hyperalgesia. Proc. Natl. Acad. Sci. USA 2001, 98,
6951–6956. [CrossRef] [PubMed]

85. Schnizler, K.; Shutov, L.P.; Van Kanegan, M.J.; Merrill, M.A.; Nichols, B.; McKnight, G.S.; Strack, S.; Hell, J.W.;
Usachev, Y.M. Protein kinase A anchoring via AKAP150 is essential for TRPV1 modulation by forskolin and
prostaglandin E2 in mouse sensory neurons. J. Neurosci. 2008, 28, 4904–4917. [CrossRef] [PubMed]

86. Zhang, X.; Li, L.; McNaughton, P.A. Proinflammatory mediators modulate the heat-activated ion channel
TRPV1 via the scaffolding protein AKAP79/150. Neuron 2008, 59, 450–461. [CrossRef] [PubMed]

87. Brunner, J.D.; Lim, N.K.; Schenck, S.; Duerst, A.; Dutzler, R. X-ray structure of a calcium-activated TMEM16
lipid scramblase. Nature 2014, 516, 207–212. [CrossRef] [PubMed]

88. Dang, S.; Feng, S.; Tien, J.; Peters, C.J.; Bulkley, D.; Lolicato, M.; Zhao, J.; Zuberbuhler, K.; Ye, W.; Qi, L.; et al.
Cryo-EM structures of the TMEM16A calcium-activated chloride channel. Nature 2017, 552, 426–429.
[CrossRef]

89. Paulino, C.; Kalienkova, V.; Lam, A.K.M.; Neldner, Y.; Dutzler, R. Activation mechanism of the
calcium-activated chloride channel TMEM16A revealed by cryo-EM. Nature 2017, 552, 421–425. [CrossRef]

90. Jin, X.; Shah, S.; Du, X.; Zhang, H.; Gamper, N. Activation of Ca(2+) -activated Cl(-) channel ANO1 by
localized Ca(2+) signals. J. Physiol. 2016, 594, 19–30. [CrossRef]

91. Lee, B.; Cho, H.; Jung, J.; Yang, Y.D.; Yang, D.J.; Oh, U. Anoctamin 1 contributes to inflammatory and
nerve-injury induced hypersensitivity. Mol. Pain 2014, 10, 5. [CrossRef] [PubMed]

92. Weng, H.J.; Patel, K.N.; Jeske, N.A.; Bierbower, S.M.; Zou, W.; Tiwari, V.; Zheng, Q.; Tang, Z.; Mo, G.C.;
Wang, Y.; et al. Tmem100 Is a Regulator of TRPA1-TRPV1 Complex and Contributes to Persistent Pain.
Neuron 2015, 85, 833–846. [CrossRef] [PubMed]

93. Takayama, Y.; Uta, D.; Furue, H.; Tominaga, M. Pain-enhancing mechanism through interaction between
TRPV1 and anoctamin 1 in sensory neurons. Proc. Natl. Acad. Sci. USA 2015, 112, 5213–5218. [CrossRef]
[PubMed]

94. Namkung, W.; Phuan, P.W.; Verkman, A.S. TMEM16A inhibitors reveal TMEM16A as a minor component of
calcium-activated chloride channel conductance in airway and intestinal epithelial cells. J. Biol. Chem. 2011,
286, 2365–2374. [CrossRef] [PubMed]

95. Kanazawa, T.; Matsumoto, S. Expression of transient receptor potential vanilloid 1 and anoctamin 1 in rat
trigeminal ganglion neurons innervating the tongue. Brain Res. Bull. 2014, 106, 17–20. [CrossRef] [PubMed]

96. Suzuki, A.; Shinoda, M.; Honda, K.; Shirakawa, T.; Iwata, K. Regulation of transient receptor potential
vanilloid 1 expression in trigeminal ganglion neurons via methyl-CpG binding protein 2 signaling contributes
tongue heat sensitivity and inflammatory hyperalgesia in mice. Mol. Pain 2016, 12, 1744806916633206.
[CrossRef]

97. Yamagata, K.; Sugimura, M.; Yoshida, M.; Sekine, S.; Kawano, A.; Oyamaguchi, A.; Maegawa, H.; Niwa, H.
Estrogens Exacerbate Nociceptive Pain via Up-Regulation of TRPV1 and ANO1 in Trigeminal Primary
Neurons of Female Rats. Endocrinology 2016, 157, 4309–4317. [CrossRef]

98. Vriens, J.; Owsianik, G.; Hofmann, T.; Philipp, S.E.; Stab, J.; Chen, X.; Benoit, M.; Xue, F.; Janssens, A.;
Kerselaers, S.; et al. TRPM3 is a nociceptor channel involved in the detection of noxious heat. Neuron 2011,
70, 482–494. [CrossRef]

99. Held, K.; Kichko, T.; De Clercq, K.; Klaassen, H.; Van Bree, R.; Vanherck, J.C.; Marchand, A.; Reeh, P.W.;
Chaltin, P.; Voets, T.; et al. Activation of TRPM3 by a potent synthetic ligand reveals a role in peptide release.
Proc. Natl. Acad. Sci. USA 2015, 112, E1363–E1372. [CrossRef]

http://dx.doi.org/10.1371/journal.pone.0022246
http://dx.doi.org/10.1016/j.cell.2010.03.052
http://www.ncbi.nlm.nih.gov/pubmed/20510930
http://dx.doi.org/10.1016/S0896-6273(02)00908-X
http://dx.doi.org/10.1038/35050121
http://www.ncbi.nlm.nih.gov/pubmed/11140687
http://dx.doi.org/10.1073/pnas.111025298
http://www.ncbi.nlm.nih.gov/pubmed/11371611
http://dx.doi.org/10.1523/JNEUROSCI.0233-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18463244
http://dx.doi.org/10.1016/j.neuron.2008.05.015
http://www.ncbi.nlm.nih.gov/pubmed/18701070
http://dx.doi.org/10.1038/nature13984
http://www.ncbi.nlm.nih.gov/pubmed/25383531
http://dx.doi.org/10.1038/nature25024
http://dx.doi.org/10.1038/nature24652
http://dx.doi.org/10.1113/jphysiol.2014.275107
http://dx.doi.org/10.1186/1744-8069-10-5
http://www.ncbi.nlm.nih.gov/pubmed/24450308
http://dx.doi.org/10.1016/j.neuron.2014.12.065
http://www.ncbi.nlm.nih.gov/pubmed/25640077
http://dx.doi.org/10.1073/pnas.1421507112
http://www.ncbi.nlm.nih.gov/pubmed/25848051
http://dx.doi.org/10.1074/jbc.M110.175109
http://www.ncbi.nlm.nih.gov/pubmed/21084298
http://dx.doi.org/10.1016/j.brainresbull.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24792786
http://dx.doi.org/10.1177/1744806916633206
http://dx.doi.org/10.1210/en.2016-1218
http://dx.doi.org/10.1016/j.neuron.2011.02.051
http://dx.doi.org/10.1073/pnas.1419845112


Int. J. Mol. Sci. 2019, 20, 3411 21 of 25

100. Headache Classification Committee of the International Headache Society (IHS) The International
Classification of Headache Disorders, 3rd ed. Cephalalgia 2018, 38, 1–211. [CrossRef]

101. Laurell, K.; Artto, V.; Bendtsen, L.; Hagen, K.; Haggstrom, J.; Linde, M.; Soderstrom, L.; Tronvik, E.;
Wessman, M.; Zwart, J.A.; et al. Premonitory symptoms in migraine: A cross-sectional study in 2714 persons.
Cephalalgia 2016, 36, 951–959. [CrossRef] [PubMed]

102. Karsan, N.; Goadsby, P.J. Biological insights from the premonitory symptoms of migraine. Nat. Rev. Neurol.
2018, 14, 699–710. [CrossRef] [PubMed]

103. Kelman, L. The postdrome of the acute migraine attack. Cephalalgia 2006, 26, 214–220. [CrossRef] [PubMed]
104. Giffin, N.J.; Lipton, R.B.; Silberstein, S.D.; Olesen, J.; Goadsby, P.J. The migraine postdrome: An electronic

diary study. Neurology 2016, 87, 309–313. [CrossRef] [PubMed]
105. Fukui, P.T.; Goncalves, T.R.; Strabelli, C.G.; Lucchino, N.M.; Matos, F.C.; Santos, J.P.; Zukerman, E.;

Zukerman-Guendler, V.; Mercante, J.P.; Masruha, M.R.; et al. Trigger factors in migraine patients.
Arq. Neuropsiquiatr. 2008, 66, 494–499. [CrossRef]

106. Mollaoglu, M. Trigger factors in migraine patients. J. Health Psychol. 2013, 18, 984–994. [CrossRef]
107. Lassen, L.H.; Haderslev, P.A.; Jacobsen, V.B.; Iversen, H.K.; Sperling, B.; Olesen, J. CGRP may play a causative

role in migraine. Cephalalgia 2002, 22, 54–61. [CrossRef]
108. Olesen, J.; Diener, H.C.; Husstedt, I.W.; Goadsby, P.J.; Hall, D.; Meier, U.; Pollentier, S.; Lesko, L.M. BIBN 4096

BS Clinical Proof of Concept Study Group. Calcitonin gene-related peptide receptor antagonist BIBN 4096
BS for the acute treatment of migraine. N. Engl. J. Med. 2004, 350, 1104–1110. [CrossRef]

109. Benemei, S.; De Cesaris, F.; Fusi, C.; Rossi, E.; Lupi, C.; Geppetti, P. TRPA1 and other TRP channels in
migraine. J. Headache Pain 2013, 14, 71. [CrossRef]

110. Dussor, G.; Yan, J.; Xie, J.Y.; Ossipov, M.H.; Dodick, D.W.; Porreca, F. Targeting TRP channels for novel
migraine therapeutics. ACS Chem. Neurosci. 2014, 5, 1085–1096. [CrossRef]

111. Benemei, S.; Dussor, G. TRP Channels and Migraine: Recent Developments and New Therapeutic
Opportunities. Pharmaceuticals (Basel) 2019, 12, 54. [CrossRef] [PubMed]

112. Dux, M.; Santha, P.; Jancso, G. Capsaicin-sensitive neurogenic sensory vasodilatation in the dura mater of
the rat. J. Physiol. 2003, 552, 859–867. [CrossRef] [PubMed]

113. Oshinsky, M.L.; Gomonchareonsiri, S. Episodic dural stimulation in awake rats: a model for recurrent
headache. Headache 2007, 47, 1026–1036. [CrossRef]

114. Becerra, L.; Bishop, J.; Barmettler, G.; Kainz, V.; Burstein, R.; Borsook, D. Brain network alterations in the
inflammatory soup animal model of migraine. Brain Res. 2017, 1660, 36–46. [CrossRef] [PubMed]

115. Chen, N.; Su, W.; Cui, S.H.; Guo, J.; Duan, J.C.; Li, H.X.; He, L. A novel large animal model of recurrent
migraine established by repeated administration of inflammatory soup into the dura mater of the rhesus
monkey. Neural. Regen. Res. 2019, 14, 100–106. [PubMed]

116. Del Fiacco, M.; Quartu, M.; Boi, M.; Serra, M.P.; Melis, T.; Boccaletti, R.; Shevel, E.; Cianchetti, C. TRPV1,
CGRP and SP in scalp arteries of patients suffering from chronic migraine. J. Neurol. Neurosurg. Psychiatry
2015, 86, 393–397. [CrossRef]

117. Schwedt, T.J.; Krauss, M.J.; Frey, K.; Gereau, R.W.t. Episodic and chronic migraineurs are hypersensitive to
thermal stimuli between migraine attacks. Cephalalgia 2011, 31, 6–12. [CrossRef]

118. Nicoletti, P.; Trevisani, M.; Manconi, M.; Gatti, R.; De Siena, G.; Zagli, G.; Benemei, S.; Capone, J.A.;
Geppetti, P.; Pini, L.A. Ethanol causes neurogenic vasodilation by TRPV1 activation and CGRP release in the
trigeminovascular system of the guinea pig. Cephalalgia 2008, 28, 9–17. [CrossRef] [PubMed]

119. Lauritzen, M. Pathophysiology of the migraine aura. The spreading depression theory. Brain 1994, 117,
199–210. [CrossRef]

120. Rossi, H.L.; Broadhurst, K.A.; Luu, A.S.; Lara, O.; Kothari, S.D.; Mohapatra, D.P.; Recober, A. Abnormal
trigeminal sensory processing in obese mice. Pain 2016, 157, 235–246. [CrossRef]

121. Meents, J.E.; Hoffmann, J.; Chaplan, S.R.; Neeb, L.; Schuh-Hofer, S.; Wickenden, A.; Reuter, U. Two TRPV1
receptor antagonists are effective in two different experimental models of migraine. J. Headache Pain 2015,
16, 57. [CrossRef] [PubMed]

122. Kunkler, P.E.; Ballard, C.J.; Oxford, G.S.; Hurley, J.H. TRPA1 receptors mediate environmental irritant-induced
meningeal vasodilatation. Pain 2011, 152, 38–44. [CrossRef] [PubMed]

123. Benemei, S.; Fusi, C.; Trevisan, G.; Geppetti, P. The TRPA1 channel in migraine mechanism and treatment.
Br. J. Pharmacol. 2014, 171, 2552–2567. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/0333102417738202
http://dx.doi.org/10.1177/0333102415620251
http://www.ncbi.nlm.nih.gov/pubmed/26643378
http://dx.doi.org/10.1038/s41582-018-0098-4
http://www.ncbi.nlm.nih.gov/pubmed/30448858
http://dx.doi.org/10.1111/j.1468-2982.2005.01026.x
http://www.ncbi.nlm.nih.gov/pubmed/16426278
http://dx.doi.org/10.1212/WNL.0000000000002789
http://www.ncbi.nlm.nih.gov/pubmed/27335112
http://dx.doi.org/10.1590/S0004-282X2008000400011
http://dx.doi.org/10.1177/1359105312446773
http://dx.doi.org/10.1046/j.1468-2982.2002.00310.x
http://dx.doi.org/10.1056/NEJMoa030505
http://dx.doi.org/10.1186/1129-2377-14-71
http://dx.doi.org/10.1021/cn500083e
http://dx.doi.org/10.3390/ph12020054
http://www.ncbi.nlm.nih.gov/pubmed/30970581
http://dx.doi.org/10.1113/jphysiol.2003.050633
http://www.ncbi.nlm.nih.gov/pubmed/12949222
http://dx.doi.org/10.1111/j.1526-4610.2007.00871.x
http://dx.doi.org/10.1016/j.brainres.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28167076
http://www.ncbi.nlm.nih.gov/pubmed/30531083
http://dx.doi.org/10.1136/jnnp-2014-308813
http://dx.doi.org/10.1177/0333102410365108
http://dx.doi.org/10.1111/j.1468-2982.2007.01448.x
http://www.ncbi.nlm.nih.gov/pubmed/17888011
http://dx.doi.org/10.1093/brain/117.1.199
http://dx.doi.org/10.1097/j.pain.0000000000000355
http://dx.doi.org/10.1186/s10194-015-0539-z
http://www.ncbi.nlm.nih.gov/pubmed/26109436
http://dx.doi.org/10.1016/j.pain.2010.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21075522
http://dx.doi.org/10.1111/bph.12512
http://www.ncbi.nlm.nih.gov/pubmed/24206166


Int. J. Mol. Sci. 2019, 20, 3411 22 of 25

124. Kanju, P.; Chen, Y.; Lee, W.; Yeo, M.; Lee, S.H.; Romac, J.; Shahid, R.; Fan, P.; Gooden, D.M.; Simon, S.A.; et al.
Small molecule dual-inhibitors of TRPV4 and TRPA1 for attenuation of inflammation and pain. Sci. Rep.
2016, 6, 26894. [CrossRef] [PubMed]

125. Wei, X.; Edelmayer, R.M.; Yan, J.; Dussor, G. Activation of TRPV4 on dural afferents produces headache-related
behavior in a preclinical rat model. Cephalalgia 2011, 31, 1595–1600. [CrossRef] [PubMed]

126. Nilius, B.; Flockerzi, V. Mammalian transient receptor potential (TRP) cation channels. Preface. Handb.
Exp. Pharmacol. 2014, 223, v–vi. [PubMed]

127. Chen, Y.; Kanju, P.; Fang, Q.; Lee, S.H.; Parekh, P.K.; Lee, W.; Moore, C.; Brenner, D.; Gereau, R.W.T.;
Wang, F.; et al. TRPV4 is necessary for trigeminal irritant pain and functions as a cellular formalin receptor.
Pain 2014, 155, 2662–2672. [CrossRef] [PubMed]

128. Chasman, D.I.; Schurks, M.; Anttila, V.; de Vries, B.; Schminke, U.; Launer, L.J.; Terwindt, G.M.; van den
Maagdenberg, A.M.; Fendrich, K.; Volzke, H.; et al. Genome-wide association study reveals three susceptibility
loci for common migraine in the general population. Nat. Genet. 2011, 43, 695–698. [CrossRef]

129. Freilinger, T.; Anttila, V.; de Vries, B.; Malik, R.; Kallela, M.; Terwindt, G.M.; Pozo-Rosich, P.; Winsvold, B.;
Nyholt, D.R.; van Oosterhout, W.P.; et al. Genome-wide association analysis identifies susceptibility loci for
migraine without aura. Nat. Genet. 2012, 44, 777–782. [CrossRef]

130. Esserlind, A.L.; Christensen, A.F.; Le, H.; Kirchmann, M.; Hauge, A.W.; Toyserkani, N.M.; Hansen, T.;
Grarup, N.; Werge, T.; Steinberg, S.; et al. Replication and meta-analysis of common variants identifies a
genome-wide significant locus in migraine. Eur. J. Neurol. 2013, 20, 765–772. [CrossRef]

131. Sintas, C.; Fernandez-Morales, J.; Vila-Pueyo, M.; Narberhaus, B.; Arenas, C.; Pozo-Rosich, P.; Macaya, A.;
Cormand, B. Replication study of previous migraine genome-wide association study findings in a Spanish
sample of migraine with aura. Cephalalgia 2015, 35, 776–782. [CrossRef] [PubMed]

132. Anttila, V.; Wessman, M.; Kallela, M.; Palotie, A. Genetics of migraine. Handb. Clin. Neurol. 2018, 148,
493–503. [PubMed]

133. Burgos-Vega, C.C.; Ahn, D.D.; Bischoff, C.; Wang, W.; Horne, D.; Wang, J.; Gavva, N.; Dussor, G. Meningeal
transient receptor potential channel M8 activation causes cutaneous facial and hindpaw allodynia in a
preclinical rodent model of headache. Cephalalgia 2016, 36, 185–193. [CrossRef] [PubMed]

134. Ichikawa, H.; Sugimoto, T. VR1-immunoreactive primary sensory neurons in the rat trigeminal ganglion.
Brain Res. 2001, 890, 184–188. [CrossRef]

135. Bae, Y.C.; Oh, J.M.; Hwang, S.J.; Shigenaga, Y.; Valtschanoff, J.G. Expression of vanilloid receptor TRPV1 in
the rat trigeminal sensory nuclei. J. Comp. Neurol. 2004, 478, 62–71. [CrossRef] [PubMed]

136. Huang, D.; Li, S.; Dhaka, A.; Story, G.M.; Cao, Y.Q. Expression of the transient receptor potential channels
TRPV1, TRPA1 and TRPM8 in mouse trigeminal primary afferent neurons innervating the dura. Mol. Pain
2012, 8, 66. [CrossRef] [PubMed]

137. Meents, J.E.; Neeb, L.; Reuter, U. TRPV1 in migraine pathophysiology. Trends. Mol. Med. 2010, 16, 153–159.
[CrossRef]

138. Noseda, R.; Burstein, R. Migraine pathophysiology: anatomy of the trigeminovascular pathway and
associated neurological symptoms, CSD, sensitization and modulation of pain. Pain 2013, 154 (Suppl. 1),
S44–S53. [CrossRef]

139. Sarchielli, P.; Mancini, M.L.; Floridi, A.; Coppola, F.; Rossi, C.; Nardi, K.; Acciarresi, M.; Pini, L.A.; Calabresi, P.
Increased levels of neurotrophins are not specific for chronic migraine: Evidence from primary fibromyalgia
syndrome. J. Pain 2007, 8, 737–745. [CrossRef]

140. Yang, A.C.; Fuh, J.L.; Huang, N.E.; Shia, B.C.; Wang, S.J. Patients with migraine are right about their
perception of temperature as a trigger: time series analysis of headache diary data. J. Headache Pain 2015,
16, 533. [CrossRef]

141. You, D.S.; Haney, R.; Albu, S.; Meagher, M.W. Generalized Pain Sensitization and Endogenous Oxytocin in
Individuals With Symptoms of Migraine: A Cross-Sectional Study. Headache 2018, 58, 62–77. [CrossRef]
[PubMed]

142. Celentano, D.D.; Linet, M.S.; Stewart, W.F. Gender differences in the experience of headache. Soc. Sci. Med.
1990, 30, 1289–1295. [CrossRef]

143. Chai, N.C.; Scher, A.I.; Moghekar, A.; Bond, D.S.; Peterlin, B.L. Obesity and headache: part I–a systematic
review of the epidemiology of obesity and headache. Headache 2014, 54, 219–234. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/srep26894
http://www.ncbi.nlm.nih.gov/pubmed/27247148
http://dx.doi.org/10.1177/0333102411427600
http://www.ncbi.nlm.nih.gov/pubmed/22049072
http://www.ncbi.nlm.nih.gov/pubmed/25296415
http://dx.doi.org/10.1016/j.pain.2014.09.033
http://www.ncbi.nlm.nih.gov/pubmed/25281928
http://dx.doi.org/10.1038/ng.856
http://dx.doi.org/10.1038/ng.2307
http://dx.doi.org/10.1111/ene.12055
http://dx.doi.org/10.1177/0333102414557841
http://www.ncbi.nlm.nih.gov/pubmed/25388962
http://www.ncbi.nlm.nih.gov/pubmed/29478595
http://dx.doi.org/10.1177/0333102415584313
http://www.ncbi.nlm.nih.gov/pubmed/25944818
http://dx.doi.org/10.1016/S0006-8993(00)03253-4
http://dx.doi.org/10.1002/cne.20272
http://www.ncbi.nlm.nih.gov/pubmed/15334649
http://dx.doi.org/10.1186/1744-8069-8-66
http://www.ncbi.nlm.nih.gov/pubmed/22971321
http://dx.doi.org/10.1016/j.molmed.2010.02.004
http://dx.doi.org/10.1016/j.pain.2013.07.021
http://dx.doi.org/10.1016/j.jpain.2007.05.002
http://dx.doi.org/10.1186/s10194-015-0533-5
http://dx.doi.org/10.1111/head.13213
http://www.ncbi.nlm.nih.gov/pubmed/29094347
http://dx.doi.org/10.1016/0277-9536(90)90309-G
http://dx.doi.org/10.1111/head.12296
http://www.ncbi.nlm.nih.gov/pubmed/24512574


Int. J. Mol. Sci. 2019, 20, 3411 23 of 25

144. Marics, B.; Peitl, B.; Pazmandi, K.; Bacsi, A.; Nemeth, J.; Oszlacs, O.; Jancso, G.; Dux, M. Diet-Induced
Obesity Enhances TRPV1-Mediated Neurovascular Reactions in the Dura Mater. Headache 2017, 57, 441–454.
[CrossRef] [PubMed]

145. Eberhardt, M.; Dux, M.; Namer, B.; Miljkovic, J.; Cordasic, N.; Will, C.; Kichko, T.I.; de la Roche, J.; Fischer, M.;
Suarez, S.A.; et al. H2S and NO cooperatively regulate vascular tone by activating a neuroendocrine
HNO-TRPA1-CGRP signalling pathway. Nat. Commun. 2014, 5, 4381. [CrossRef] [PubMed]

146. Benemei, S.; Appendino, G.; Geppetti, P. Pleasant natural scent with unpleasant effects: cluster headache-like
attacks triggered by Umbellularia californica. Cephalalgia 2010, 30, 744–746. [CrossRef] [PubMed]

147. Nassini, R.; Materazzi, S.; Vriens, J.; Prenen, J.; Benemei, S.; De Siena, G.; la Marca, G.; Andre, E.; Preti, D.;
Avonto, C.; et al. The ‘headache tree’ via umbellulone and TRPA1 activates the trigeminovascular system.
Brain 2012, 135, 376–390. [CrossRef] [PubMed]

148. Levin, M. Herbal treatment of headache. Headache 2012, 52, 76–80. [CrossRef] [PubMed]
149. Materazzi, S.; Benemei, S.; Fusi, C.; Gualdani, R.; De Siena, G.; Vastani, N.; Andersson, D.A.; Trevisan, G.;

Moncelli, M.R.; Wei, X.; et al. Parthenolide inhibits nociception and neurogenic vasodilatation in the
trigeminovascular system by targeting the TRPA1 channel. Pain 2013, 154, 2750–2758. [CrossRef] [PubMed]

150. Benemei, S.; De Logu, F.; Li Puma, S.; Marone, I.M.; Coppi, E.; Ugolini, F.; Liedtke, W.; Pollastro, F.;
Appendino, G.; Geppetti, P.; et al. The anti-migraine component of butterbur extracts, isopetasin, desensitizes
peptidergic nociceptors by acting on TRPA1 cation channel. Br. J. Pharmacol. 2017, 174, 2897–2911. [CrossRef]

151. Tuncel, D.; Tolun, F.I.; Gokce, M.; Imrek, S.; Ekerbicer, H. Oxidative stress in migraine with and without aura.
Biol. Trace Elem. Res. 2008, 126, 92–97. [CrossRef] [PubMed]

152. Bockowski, L.; Sobaniec, W.; Kulak, W.; Smigielska-Kuzia, J. Serum and intraerythrocyte antioxidant enzymes
and lipid peroxides in children with migraine. Pharmacol. Rep. 2008, 60, 542–548. [PubMed]

153. Bernecker, C.; Ragginer, C.; Fauler, G.; Horejsi, R.; Moller, R.; Zelzer, S.; Lechner, A.; Wallner-Blazek, M.;
Weiss, S.; Fazekas, F.; et al. Oxidative stress is associated with migraine and migraine-related metabolic risk
in females. Eur. J. Neurol. 2011, 18, 1233–1239. [CrossRef] [PubMed]

154. Jiang, L.; Ma, D.; Grubb, B.D.; Wang, M. ROS/TRPA1/CGRP signaling mediates cortical spreading depression.
J. Headache Pain 2019, 20, 25. [CrossRef] [PubMed]

155. Shatillo, A.; Koroleva, K.; Giniatullina, R.; Naumenko, N.; Slastnikova, A.A.; Aliev, R.R.; Bart, G.; Atalay, M.;
Gu, C.; Khazipov, R.; et al. Cortical spreading depression induces oxidative stress in the trigeminal nociceptive
system. Neuroscience 2013, 253, 341–349. [CrossRef] [PubMed]

156. Sarchielli, P.; Alberti, A.; Codini, M.; Floridi, A.; Gallai, V. Nitric oxide metabolites, prostaglandins and
trigeminal vasoactive peptides in internal jugular vein blood during spontaneous migraine attacks. Cephalalgia
2000, 20, 907–918. [CrossRef] [PubMed]

157. Marone, I.M.; De Logu, F.; Nassini, R.; De Carvalho Goncalves, M.; Benemei, S.; Ferreira, J.; Jain, P.;
Li Puma, S.; Bunnett, N.W.; Geppetti, P.; et al. TRPA1/NOX in the soma of trigeminal ganglion neurons
mediates migraine-related pain of glyceryl trinitrate in mice. Brain 2018, 141, 2312–2328. [CrossRef] [PubMed]

158. McKemy, D.D.; Neuhausser, W.M.; Julius, D. Identification of a cold receptor reveals a general role for TRP
channels in thermosensation. Nature 2002, 416, 52–58. [CrossRef] [PubMed]

159. Peier, A.M.; Moqrich, A.; Hergarden, A.C.; Reeve, A.J.; Andersson, D.A.; Story, G.M.; Earley, T.J.; Dragoni, I.;
McIntyre, P.; Bevan, S.; et al. A TRP channel that senses cold stimuli and menthol. Cell 2002, 108, 705–715.
[CrossRef]

160. Weyer, A.D.; Lehto, S.G. Development of TRPM8 Antagonists to Treat Chronic Pain and Migraine.
Pharmaceuticals (Basel) 2017, 10, 37. [CrossRef]

161. Stewart, W.F.; Bigal, M.E.; Kolodner, K.; Dowson, A.; Liberman, J.N.; Lipton, R.B. Familial risk of migraine:
variation by proband age at onset and headache severity. Neurology 2006, 66, 344–348. [CrossRef] [PubMed]

162. Mulder, E.J.; Van Baal, C.; Gaist, D.; Kallela, M.; Kaprio, J.; Svensson, D.A.; Nyholt, D.R.; Martin, N.G.;
MacGregor, A.J.; Cherkas, L.F.; et al. Genetic and environmental influences on migraine: a twin study across
six countries. Twin. Res. 2003, 6, 422–431. [CrossRef] [PubMed]

163. De Boer, I.; van den Maagdenberg, A.; Terwindt, G.M. Advance in genetics of migraine. Curr. Opin. Neurol.
2019, 32, 413–421. [CrossRef] [PubMed]

164. Morgan, K.; Sadofsky, L.R.; Morice, A.H. Genetic variants affecting human TRPA1 or TRPM8 structure can
be classified in vitro as ‘well expressed’, ‘poorly expressed’ or ‘salvageable’. Biosci. Rep. 2015, 35, e00255.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/head.13033
http://www.ncbi.nlm.nih.gov/pubmed/28133727
http://dx.doi.org/10.1038/ncomms5381
http://www.ncbi.nlm.nih.gov/pubmed/25023795
http://dx.doi.org/10.1111/j.1468-2982.2009.01988.x
http://www.ncbi.nlm.nih.gov/pubmed/19732077
http://dx.doi.org/10.1093/brain/awr272
http://www.ncbi.nlm.nih.gov/pubmed/22036959
http://dx.doi.org/10.1111/j.1526-4610.2012.02234.x
http://www.ncbi.nlm.nih.gov/pubmed/23030536
http://dx.doi.org/10.1016/j.pain.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23933184
http://dx.doi.org/10.1111/bph.13917
http://dx.doi.org/10.1007/s12011-008-8193-9
http://www.ncbi.nlm.nih.gov/pubmed/18690416
http://www.ncbi.nlm.nih.gov/pubmed/18799823
http://dx.doi.org/10.1111/j.1468-1331.2011.03414.x
http://www.ncbi.nlm.nih.gov/pubmed/21518147
http://dx.doi.org/10.1186/s10194-019-0978-z
http://www.ncbi.nlm.nih.gov/pubmed/30841847
http://dx.doi.org/10.1016/j.neuroscience.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24036374
http://dx.doi.org/10.1046/j.1468-2982.2000.00146.x
http://www.ncbi.nlm.nih.gov/pubmed/11304026
http://dx.doi.org/10.1093/brain/awy177
http://www.ncbi.nlm.nih.gov/pubmed/29985973
http://dx.doi.org/10.1038/nature719
http://www.ncbi.nlm.nih.gov/pubmed/11882888
http://dx.doi.org/10.1016/S0092-8674(02)00652-9
http://dx.doi.org/10.3390/ph10020037
http://dx.doi.org/10.1212/01.wnl.0000196640.71600.00
http://www.ncbi.nlm.nih.gov/pubmed/16476932
http://dx.doi.org/10.1375/136905203770326420
http://www.ncbi.nlm.nih.gov/pubmed/14624726
http://dx.doi.org/10.1097/WCO.0000000000000687
http://www.ncbi.nlm.nih.gov/pubmed/30883436
http://dx.doi.org/10.1042/BSR20150108
http://www.ncbi.nlm.nih.gov/pubmed/26330615


Int. J. Mol. Sci. 2019, 20, 3411 24 of 25

165. Ren, L.; Dhaka, A.; Cao, Y.Q. Function and postnatal changes of dural afferent fibers expressing TRPM8
channels. Mol. Pain 2015, 11, 37. [CrossRef] [PubMed]

166. Dussor, G.; Cao, Y.Q. TRPM8 and Migraine. Headache 2016, 56, 1406–1417. [CrossRef] [PubMed]
167. Diamond, S.; Freitag, F.; Phillips, S.B.; Bernstein, J.E.; Saper, J.R. Intranasal civamide for the acute treatment

of migraine headache. Cephalalgia 2000, 20, 597–602. [CrossRef]
168. Fusco, B.M.; Barzoi, G.; Agro, F. Repeated intranasal capsaicin applications to treat chronic migraine.

Br. J. Anaesth. 2003, 90, 812. [CrossRef] [PubMed]
169. Chizh, B.; Palmer, J.; Lai, R.; Guillard, F.; Bullman, J.; Baines, A.; Napolitano, A.; Appleby, J. 702 A randomised,

two-period cross-over study to investigate the efficacy of the trpv1 antagonist sb-705498 in acute migraine.
Eur. J. Pain 2009, 13, S202a–S202. [CrossRef]

170. Gibson, R.A.; Robertson, J.; Mistry, H.; McCallum, S.; Fernando, D.; Wyres, M.; Yosipovitch, G. A randomised
trial evaluating the effects of the TRPV1 antagonist SB705498 on pruritus induced by histamine, and cowhage
challenge in healthy volunteers. PLoS ONE 2014, 9, e100610. [CrossRef]

171. Khalid, S.; Murdoch, R.; Newlands, A.; Smart, K.; Kelsall, A.; Holt, K.; Dockry, R.; Woodcock, A.; Smith, J.A.
Transient receptor potential vanilloid 1 (TRPV1) antagonism in patients with refractory chronic cough: A
double-blind randomized controlled trial. J. Allergy Clin. Immunol. 2014, 134, 56–62. [CrossRef] [PubMed]

172. Murdoch, R.D.; Bareille, P.; Denyer, J.; Newlands, A.; Bentley, J.; Smart, K.; Yarnall, K.; Patel, D. TRPV1
inhibition does not prevent cold dry air-elicited symptoms in non-allergic rhinitis. Int. J. Clin. Pharmacol.
Ther. 2014, 52, 267–276. [CrossRef] [PubMed]

173. Amir, L.H.; Donath, S.M.; Garland, S.M.; Tabrizi, S.N.; Bennett, C.M.; Cullinane, M.; Payne, M.S. Does Candida
and/or Staphylococcus play a role in nipple and breast pain in lactation? A cohort study in Melbourne,
Australia. BMJ Open 2013, 3, e002351. [CrossRef] [PubMed]

174. Farmer, M.A.; Taylor, A.M.; Bailey, A.L.; Tuttle, A.H.; MacIntyre, L.C.; Milagrosa, Z.E.; Crissman, H.P.;
Bennett, G.J.; Ribeiro-da-Silva, A.; Binik, Y.M.; et al. Repeated vulvovaginal fungal infections cause persistent
pain in a mouse model of vulvodynia. Sci. Transl. Med. 2011, 3, 101ra91. [CrossRef] [PubMed]

175. Gamaletsou, M.N.; Kontoyiannis, D.P.; Sipsas, N.V.; Moriyama, B.; Alexander, E.; Roilides, E.; Brause, B.;
Walsh, T.J. Candida osteomyelitis: analysis of 207 pediatric and adult cases (1970–2011). Clin. Infect. Dis.
2012, 55, 1338–1351. [CrossRef]

176. Gow, N.A.; van de Veerdonk, F.L.; Brown, A.J.; Netea, M.G. Candida albicans morphogenesis and host
defence: discriminating invasion from colonization. Nat. Rev. Microbiol. 2011, 10, 112–122. [CrossRef]
[PubMed]

177. Saijo, S.; Fujikado, N.; Furuta, T.; Chung, S.H.; Kotaki, H.; Seki, K.; Sudo, K.; Akira, S.; Adachi, Y.; Ohno, N.;
et al. Dectin-1 is required for host defense against Pneumocystis carinii but not against Candida albicans.
Nat. Immunol. 2007, 8, 39–46. [CrossRef]

178. Underhill, D.M.; Iliev, I.D. The mycobiota: interactions between commensal fungi and the host immune
system. Nat. Rev. Immunol. 2014, 14, 405–416. [CrossRef]

179. Moyes, D.L.; Wilson, D.; Richardson, J.P.; Mogavero, S.; Tang, S.X.; Wernecke, J.; Hofs, S.; Gratacap, R.L.;
Robbins, J.; Runglall, M.; et al. Candidalysin is a fungal peptide toxin critical for mucosal infection. Nature
2016, 532, 64–68. [CrossRef]

180. Chiu, I.M.; Heesters, B.A.; Ghasemlou, N.; Von Hehn, C.A.; Zhao, F.; Tran, J.; Wainger, B.; Strominger, A.;
Muralidharan, S.; Horswill, A.R.; et al. Bacteria activate sensory neurons that modulate pain and inflammation.
Nature 2013, 501, 52–57. [CrossRef]

181. Maruyama, K.; Takayama, Y.; Sugisawa, E.; Yamanoi, Y.; Yokawa, T.; Kondo, T.; Ishibashi, K.I.; Sahoo, B.R.;
Takemura, N.; Mori, Y.; et al. The ATP Transporter VNUT Mediates Induction of Dectin-1-Triggered Candida
Nociception. iScience 2018, 6, 306–318. [CrossRef] [PubMed]

182. Woolf, C.J.; Costigan, M. Transcriptional and posttranslational plasticity and the generation of inflammatory
pain. Proc. Natl. Acad. Sci. USA 1999, 96, 7723–7730. [CrossRef] [PubMed]

183. Rosenfeld, M.G.; Mermod, J.J.; Amara, S.G.; Swanson, L.W.; Sawchenko, P.E.; Rivier, J.; Vale, W.W.; Evans, R.M.
Production of a novel neuropeptide encoded by the calcitonin gene via tissue-specific RNA processing.
Nature 1983, 304, 129–135. [CrossRef] [PubMed]

184. Brain, S.D.; Williams, T.J.; Tippins, J.R.; Morris, H.R.; MacIntyre, I. Calcitonin gene-related peptide is a potent
vasodilator. Nature 1985, 313, 54–56. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12990-015-0043-0
http://www.ncbi.nlm.nih.gov/pubmed/26111800
http://dx.doi.org/10.1111/head.12948
http://www.ncbi.nlm.nih.gov/pubmed/27634619
http://dx.doi.org/10.1046/j.1468-2982.2000.00088.x
http://dx.doi.org/10.1093/bja/aeg572
http://www.ncbi.nlm.nih.gov/pubmed/12765904
http://dx.doi.org/10.1016/S1090-3801(09)60705-9
http://dx.doi.org/10.1371/journal.pone.0100610
http://dx.doi.org/10.1016/j.jaci.2014.01.038
http://www.ncbi.nlm.nih.gov/pubmed/24666696
http://dx.doi.org/10.5414/CP202013
http://www.ncbi.nlm.nih.gov/pubmed/24472402
http://dx.doi.org/10.1136/bmjopen-2012-002351
http://www.ncbi.nlm.nih.gov/pubmed/23474794
http://dx.doi.org/10.1126/scitranslmed.3002613
http://www.ncbi.nlm.nih.gov/pubmed/21937756
http://dx.doi.org/10.1093/cid/cis660
http://dx.doi.org/10.1038/nrmicro2711
http://www.ncbi.nlm.nih.gov/pubmed/22158429
http://dx.doi.org/10.1038/ni1425
http://dx.doi.org/10.1038/nri3684
http://dx.doi.org/10.1038/nature17625
http://dx.doi.org/10.1038/nature12479
http://dx.doi.org/10.1016/j.isci.2018.08.007
http://www.ncbi.nlm.nih.gov/pubmed/30240621
http://dx.doi.org/10.1073/pnas.96.14.7723
http://www.ncbi.nlm.nih.gov/pubmed/10393888
http://dx.doi.org/10.1038/304129a0
http://www.ncbi.nlm.nih.gov/pubmed/6346105
http://dx.doi.org/10.1038/313054a0
http://www.ncbi.nlm.nih.gov/pubmed/3917554


Int. J. Mol. Sci. 2019, 20, 3411 25 of 25

185. Pettersson, M.; Ahren, B.; Bottcher, G.; Sundler, F. Calcitonin gene-related peptide: Occurrence in pancreatic
islets in the mouse and the rat and inhibition of insulin secretion in the mouse. Endocrinology 1986, 119,
865–869. [CrossRef] [PubMed]

186. Mikami, N.; Watanabe, K.; Hashimoto, N.; Miyagi, Y.; Sueda, K.; Fukada, S.; Yamamoto, H.; Tsujikawa, K.
Calcitonin gene-related peptide enhances experimental autoimmune encephalomyelitis by promoting
Th17-cell functions. Int. Immunol. 2012, 24, 681–691. [CrossRef] [PubMed]

187. Ding, Y.; Arai, M.; Kondo, H.; Togari, A. Effects of capsaicin-induced sensory denervation on bone metabolism
in adult rats. Bone 2010, 46, 1591–1596. [CrossRef] [PubMed]

188. Huebner, A.K.; Schinke, T.; Priemel, M.; Schilling, S.; Schilling, A.F.; Emeson, R.B.; Rueger, J.M.; Amling, M.
Calcitonin deficiency in mice progressively results in high bone turnover. J. Bone Miner. Res. 2006, 21,
1924–1934. [CrossRef]

189. Kaneko, Y.; Szallasi, A. Transient receptor potential (TRP) channels: A clinical perspective. Br. J. Pharmacol.
2014, 171, 2474–2507. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1210/endo-119-2-865
http://www.ncbi.nlm.nih.gov/pubmed/3525125
http://dx.doi.org/10.1093/intimm/dxs075
http://www.ncbi.nlm.nih.gov/pubmed/22843730
http://dx.doi.org/10.1016/j.bone.2010.02.022
http://www.ncbi.nlm.nih.gov/pubmed/20193788
http://dx.doi.org/10.1359/jbmr.060820
http://dx.doi.org/10.1111/bph.12414
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Basic Understanding of Ion Channels in Primary Sensory Neurons 
	TRPA1 
	TRPA1 Activation by Natural Ligands 
	TRPA1 in Pathological Conditions 
	TRPA1 Activation by Reactive Oxygen Species and Hypoxia 
	pH Sensing by TRPA1 
	Neural Networks Involving TRPA1-Mediated Pain Sensation 
	TRPA1 Activation by microRNA in the Central Nervous System 

	TRPV1 
	Anoctamin 1 

	Collaboration of Ion Channels 
	TRPV1–TMEM100–TRPA1 Interaction 
	TRPV1–ANO1 Interaction 
	Triple Conjugation of TRPV1, TRPA1, and TRPM3 

	Headache and Migraine 
	TRPV1 as a Crucial Migraine Initiator 
	TRPA1 as an Intriguing Migraine Contributor 
	TRPM8 as a Familial Migraine Instigator 
	TRPV4 as an Indirect Migraine Modulator 
	TRP Channel Modulators for Acute Treatment of Migraine Attacks 

	Infection and Immunity 
	Nociception by C. albicans 
	Secondary Symptoms Following Nociception 

	Conclusions 
	References

