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Abstract: Pain is universal and vital to survival. It is an essential component of our sense of touch; together, touch and 

pain have evolved to enable our awareness of the intricacies of our environment and to warn us of danger and possible in-

jury. There is a clear link between temperature sensation and pain—painful temperature sensations occur acutely and are a 

hallmark of inflammatory and chronic pain disorders of the nervous system. Mounting evidence suggests a subset of 

Transient Receptor Potential (TRP) ion channels activated by temperature (thermoTRPs) are important molecular players 

in acute, inflammatory and chronic pain states. Varying degrees of heat activate four of these channels (TRPV1-4), while 

cooling temperatures ranging from pleasant to painful activate two distantly related thermoTRP channels (TRPM8 and 

TRPA1). ThermoTRP channels are also chemosensitive, being activated and or modulated by plant-derived small mole-

cules and endogenous inflammatory mediators. All thermoTRPs are expressed in tissues essential to cutaneous thermal 

and pain sensation. This review examines the contribution of thermoTRP channels to our understanding of temperature 

and pain transduction at the molecular level.  
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TRP CHANNELS: A PRIMER 

 The detection of temperature and pain stimuli is initiated 
at the level of primary afferent neurons that terminate as free 
nerve endings embedded in target tissues such as the dermal 
and epidermal layers of the skin, the oral and nasal mucosa 
and joints. The cell bodies of these neurons originate from 
cranial nerve ganglia and dorsal root ganglia (DRG). They 
relay information regarding environmental stimuli to the 
central nervous system via central processes projecting to the 
dorsal horn of the spinal cord. The conduction properties of 
neurons that respond to stimuli such as heat, cold and me-
chanical pressure are characteristic of C- and A  fibers [91]. 
These neurons express the receptor tyrosine kinase trkA, are 
dependent on nerve growth factor (NGF) during develop-
ment and are peptidergic, expressing nociceptive markers 
such as calcitonin gene-related peptide (CGRP) and sub-
stance P (SP) [121]. A portion of these neurons express c-ret 
postnatally, are dependent on glial-derived neurotrophic fac-
tor (GDNF) and are non-peptidergic. Instead they are distin-
guished by their ability to bind the plant lectin, isolectin-B4 
(IB4) [95,133,164]. Until relatively recently, the mechanisms 
of how these sensory neurons detect thermal and pain stimuli 
were poorly understood.  

 Caterina et al. achieved a breakthrough in our molecular 
understanding of thermal and pain sensation by identifying 
the “capsaicin receptor” [24]. Hot chili peppers produce this 
deterrent vanilloid molecule, which induces a burning sensa-
tion when coming in contact with mucous membranes of the 
mouth and eyes. This biological effect results from the exci-
tation of a sub-population of nociceptive neurons [136]. The  
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subsequent long-lasting desensitization of these nociceptive 
fibers accounts for the analgesic effect of capsaicin and ex-
plain its utility in treating pain associated with chronic dis-
eases such as arthritis. Capsaicin has also been long-
recognized as an excellent pharmacological tool for the study 
of nociceptive neurons [155]. By utilizing capsaicin sensitiv-
ity as a readout in an expression cloning strategy, the search 
by Caterina et al. identified TRPV1 (Transient Receptor Po-
tential ion channel Vanilloid 1, formerly VR1). Heterologous 
expression of this cloned capsaicin receptor in naïve cells 
(Xenopus oocytes and Human Embryonic Kidney cells, 
HEK293) remarkably rendered them capsaicin-sensitive. In 
addition to activation by capsaicin, the cloned TRPV1 chan-
nel exhibited activation by noxious heat, with a thermal 
threshold of 42

o
C similar to native heat responses of cul-

tured DRG neurons [24]. 

 TRPV1 is the founding mammalian member of the super-
family of outwardly rectifying cation channels related to 
Drosophila TRP, first identified in fly photoreceptor mu-
tants. The TRP superfamily, of which there are invertebrate 
and vertebrate members, is divided into seven subfamilies: 
TRPC (Canonical), TRPV (Vanilloid), TRPM (Melastatin), 
TRPN (Nomp), TRPA (Ankyrin), and the more distantly 
related TRPP (Polycystin) and TRPML (Mucolipin) [96, 
113]. Members of the TRP superfamily have an extensive 
diversity of physiological functions, with a striking contribu-
tion to sensory biology. In a wide variety of organisms in-
cluding Drosophila, the nematode C. elegans, zebrafish 
(Danio rerio), rodents and humans they mediate sensory 
transduction in modalities such as vision, taste, olfaction, 
mechanosensation and thermosensation [2,33,51,85,131,143, 

148,150,160].  

 Since the discovery of TRPV1, five additional mammal-
ian TRP channels that are activated by specific temperature 
thresholds over the perceptible range have been identified 
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(dubbed thermoTRPs) [39,107]. Similar to TRPV1, ther-
moTRP channels are comprised of six predicted transmem-
brane domain segments and may form homo- or hetero-
tetrameric complexes (Fig. 1). They are Ca

2+
-permeable 

cation channels with a putative pore region between trans-
membrane segments five and six. The N- and C-termini are 
thought to be intracellular, with some thermoTRPs possess-
ing a variable number of ankyrin repeat domains in the N-
terminus (Fig. 1) [113]. The six mammalian thermoTRP ion 
channels derive from three diverse TRP subfamilies. In addi-
tion to TRPV1, three other TRPV subfamily members are 
activated by heat or warm stimuli of distinct thermal thresh-
olds; TRPV2 is activated by very high heat stimuli ( 52

o
C), 

while TRPV3 and TRPV4 are activated by warmth (33
o
C

and ~27-42
o
C respectively) [23,49,109,126,153,158]. Two 

distantly related to thermoTRPs are activated by relatively 
cool to cold stimuli: TRPM8 exhibits activation at or below 
room temperature ( 25

o
C) and TRPA1 at cold temperatures 

that approach the threshold of cold pain reported in human 
psychophysical tests (~15

o
C) [90,108,130]. Not only does 

each thermoTRP channel display distinct thermal activation 
thresholds, they are chemosensitive, displaying specific acti-
vation by plant-derived and synthetic compounds, many of 
which evoke thermal and pain sensations (Fig. 1). The ther-
moTRP channels are regulated by nerve injury and undergo 
direct activation (and/or modulation) by components of the 
"inflammatory soup". Altered thermoTRP activity via these 
mechanisms is thought to account for phenomena such as 
hyperalgesia (heightened response to a normally noxious 
thermal stimulus) and allodynia (pain response to a normally 
innocuous thermal stimulus). These channels also feature 
distinguishing biophysical properties and modulation by in-
tracellular signaling events. The sections that follow will 
examine each thermoTRP channel with respect to these 
properties, with an emphasis on what is known about their 
specific roles in pain mechanisms including acute, inflamma-
tory and chronic pain.  

TRPV1 AND NOXIOUS HEAT DETECTION 

 The most comprehensively characterized thermoTRP is 
TRPV1. As mentioned above, Caterina et al. first cloned and 
characterized TRPV1 as a cation channel directly gated by 
capsaicin and noxious heat ( 42

o
C). TRPV1 currents are 

blocked by capsazepine and ruthenium red [24]. Within the 
DRG and trigeminal ganglia, TRPV1 is most abundantly 
expressed in small diameter C-fibers that express CGRP, SP 
and IB4. It is also found within sensory fibers that innervate 
the viscera, urinary bladder and airways [17,42,43,76,93, 
139]. Consistent with the central projections of these neu-
rons, TRPV1 immunoreactivity is localized to CNS regions 
such as the superficial laminae (I and II) of the dorsal horn of 
the spinal cord and nucleus of the solitary tract [50,139]. 
Several studies also report low expression of TRPV1 in re-
gions of the brain. For example, TRPV1 is detected in ther-
moregulatory hypothalamic nuclei, which could explain the 
effect of TRPV1 agonists in lowering body temperature [92]. 
TRPV1 expression has also been detected in epithelial cells 
of both skin and urinary bladder, where TRPV1 appears to 
be required for proper bladder reflexes [16,17]. The function 
of TRPV1 in skin cells is unclear, but is discussed below 
[38,129]. 

Fig. (1). Schematic depiction of the six mammalian thermoTRP 

channels. Each channel subunit is made up of six putative trans-

membrane domains with a pore region between segments five and 

six. The N- and C-termini are thought to be intracellular. All ther-

moTRPs, except TRPM8, have a variable number of ankyrin repeat 

domains in the N-terminus. The C-termini of thermoTRPs also 

contain special features such as a TRP box or PDZ binding domain. 

All of the thermoTRPs display distinct thermal thresholds from 

very hot (TRPV2) to cold (TRPA1). Each thermoTRP is also acti-

vated by specific botanicals, endogenous and synthetic substances, 

some of which induce cutaneous thermal and pain sensations.
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 Two groups initially carried out targeted deletion of 
TRPV1 and behavioral studies of knockout (TRPV1-/-) mice 
[22,35]. Capsaicin-sensitivity of cultured sensory neurons as 
well as capsaicin-induced nociceptive behaviors are absent in 
mice lacking TRPV1, suggesting the channel is the sole re-
ceptor for this compound. However, responses to noxious 
heat stimuli are largely intact in TRPV1-/- mice, with 
blunted sensitivity becoming apparent only at temperatures 
>50

o
C. Moreover, a small proportion of heat-sensitive fibers 

(peak temperature of activation 47
o
C) and noxious-heat in-

duced c-Fos staining in spinal cord persist in TRPV1-/- mice 
[21]. Subsequent recordings from heat-sensitive fibers in 
skin-nerve and ex vivo preparations from TRPV1 mice-/- 
have been performed by other investigators [156,162]. Over-
all, these investigators have failed to detect differences in C-
fiber heat responses in TRPV1-/- mice compared to wild-
type. The conclusion from these studies is that TRPV1 acti-
vation alone does not account for all heat sensation. How-
ever, a highly significant result ascertained by the initial 
knockout studies is that TRPV1 is absolutely required for the 
development of inflammation-induced thermal hyperalgesia 
[22, 35]. Consistent with the sensitizing effects of the in-
flammatory agents mentioned below, mice lacking TRPV1 
do not develop heightened sensitivity to heat following ad-
ministration of Complete Freund's Adjuvant (CFA), Tumor 
Necrosis Factor-alpha, mustard oil or carrageenan [22,35, 
68].  

ROLE OF TRPV1 IN INFLAMMATION AND INJURY 

 In addition to noxious heat and capsaicin, TRPV1 is acti-
vated and/or modulated by a variety of stimuli implicated in 
nociception and inflammation. The channel is directly gated 
by resiniferatoxin (RTX, ultra-potent capsaicin analog) and 
acidic pH ( 5.9) [24,139]. Numerous components of the 
inflammatory soup sensitize TRPV1 so that it is active at 
body temperature, providing a plausible mechanism for heat 
hyperalgesia. In vitro studies show that TRPV1 is sensitized 
by a number of factors generated during inflammation in-
cluding mild acidification (pH 6.5), bradykinin (BK), prosta-
glandin E2 (PGE2), NGF and ATP (Fig. 1) [140,141]. Sensi-
tization of the channel by these factors occurs through PKA- 
and PKC-dependent phosphorylation [14,15,37,60,111,114, 
142]. For example PGE2, which increases the excitability of 
nociceptive neurons in response to several types of noxious 
stimuli, sensitizes TRPV1 via specific PKA-dependent phos-
phorylation [25,60,94]. In the naïve state, TRPV1 is inhib-
ited by endogenous phosphatidylinositol 4,5-bisphos-phate 
(PIP2) via interaction with the C-terminal domain of the 
channel. Activation of phospholipase C through NGF or BK 
signaling, for example, depletes cellular PIP2 and sensitizes 
the channel [28,112]. It was also recently reported that high 
concentrations of camphor, thought to be a specific activator 
of TRPV3, activates and strongly desensitizes TRPV1 [157]. 
Therefore camphor, similar to capsaicin, could be analgesic 
owing to its strong desensitization of TRPV1. Desensitiza-
tion is dependent on calmodulin binding to the C-terminus of 
TRPV1 and Ca2+-calmodulin-dependent kinase II releases 
this inhibition via phosphorylation [72,104]. There was also 
early speculation that TRPV1 is activated by endogenous 
ligands, contributing to hyperalgesia during inflammation. 
Several have been identified including lipoxygenase prod-

ucts, anandamide and N-arachidonoyl dopamine [27,40,63, 
125,165]. 

 In addition to the potentiating effects of inflammatory 
mediators via post-translational modification of TRPV1, 
pain sensitization may occur through augmented expression 
of TRPV1 in sensory neurons. The number of DRG neurons 
and peripheral terminals expressing TRPV1 is increased in 
inflamed tissues [7,62,120,161]. Also, increased TRPV1 
protein is transported specifically to peripheral terminals via
NGF-induced activation of p38 MAPK in response to CFA 
injection [67]. In nerve injury models, upregulated expres-
sion of TRPV1 is observed in uninjured ganglia and the an-
tagonist capsazapine alleviates resulting mechanical allo-
dynia and hyperalgesia. In humans, increased TRPV1 in vis-
ceral sensory afferents is associated with inflammatory 
bowel disease [57-59]. An underlying cause of abdominal 
pain associated with bowel disease is increased mechanical 
sensitivity induced by inflammation. A recent study of 
TRPV1-/- mice showed that TRPV1 is in part required for 
mechanical sensitivity and inflammation-induced hypersen-
sitivity in response to colon distention [69]. A complete 
summary of the many studies of TRPV1 is outside the scope 
of this review, but the topic has been thoroughly considered 
elsewhere [58,101,134,140,141]. Vigorous studies of TRPV1 
in rodent and human models of pain clearly demonstrate that 
this channel is a relevant therapeutic target. The channel is 
implicated in a variety of human diseases including os-
teoarthritis, gastrointestinal reflex disease, vulvodynia, and 
inflammatory disorders of the airways and urinary bladder 
[48,89,103,146].  

TRPV2 

 A bioinformatics approach to identify sequences related 
to TRPV1 identified TRPV2 (formerly VRL-1). Similar to 
TRPV1 (and TRPV3) TRPV2 is activated by 2-aminoethoxy-
diphenyl borate (2-APB) [61]. It is unresponsive to vanil-
loid-compounds, moderate heating or protons [23]. How-
ever, very high heat stimuli ( 52

o
C) evoke TRPV2 currents 

in heterologous systems, which similar to TRPV1 are 
blocked by ruthenium red (Fig. 1) [23]. Heat-evoked TRPV2 
currents are sensitizing, repeated subthreshold 40

o
C heat 

pulses shift the thermal threshold of TRPV2. Immunohisto-
chemical analyses of DRG neurons show that TRPV2 is ex-
pressed in myelinated medium- to large-diameter CGRP-
positive A -fibers and non-nociceptive A -fibers, distinct 
from cells expressing TRPV1 [1,24,87]. These latter A -
fibers are thought to contribute to neuropathic pain through 
sensitization to low-threshold mechanical stimuli [106]. In 
addition to expression in DRG sensory neurons, TRPV2 
immunoreactivity is observed in neuronal tissues including 
brain, cranial nerve ganglia and spinal cord [23,82]. In the 
spinal cord, TRPV2 staining is localized to laminae I and II, 
consistent with central projections of nociceptive A -fibers, 
and in the deeper laminae III/IV, consistent with targeting of 
A -fibers. The heat-response property and expression profile 
of TRPV2 correlate with a class of myelinated A -mechano- 
and heat-sensitive (AMH) fiber. Within the DRG there are 
two types of AMH fibers: type I AMHs respond to high heat 
of 53

o
C and type II to a threshold of 43

o
C. Therefore, in pri-

mary afferent nociceptors, TRPV2 is hypothesized to medi-
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ate high heat-evoked currents in type I AMH fibers, while 
TRPV1 mediates responses in capsaicin-sensitive C-fibers, 
which exhibit heat thresholds of approximately 43

o
C [91, 

144]. 

 Despite the correlation between the heat threshold of the 
cloned TRPV2 channel and that of noxious heat detection by 
type I AHMs, a direct role of TRPV2 in pain sensation re-
mains elusive. Acute behavioral responses to noxious heat 
have not been examined in the absence of this protein, as 
studies of TRPV2 knockout mice have not been reported. 
Also, TRPV2 likely has roles outside of nociception, which 
could confound knockout or knockdown studies. For in-
stance, TRPV2 immunoreactivity has been observed in nu-
merous non-neuronal tissues such as smooth and cardiac 
muscle cells. TRPV2 is reported to be stretch activated; me-
diating intracellular calcium influx in vascular smooth mus-
cle cells in response to swelling and stretch [65,66,78,99]. 
TRPV2 is also activated by insulin growth factor 1 (IGF-1), 
and through an IGF-1 dependent pathway, may contribute to 
cardiac muscle degeneration (Fig. 1) [73]. There is some 
evidence that TRPV2 could contribute to inflammatory pain. 
Previous studies have shown that NGF regulates the expres-
sion of TRPV1, leading to increased heat-sensitivity follow-
ing intraplantar injection of CFA in mice. A recent study 
identified a possible role of TRPV2 in contributing to in-
flammation-induced heat hyperalgesia independent of that 
mediated by NGF or TRPV1 [122]. First, intraplantar injec-
tion of CFA, but not NGF, leads to an increase in the number 
of TRPV2-expressing neurons suggesting that NGF drives 
up-regulation of TRPV1 but not TRPV2. Furthermore, while 
50

o
C hot plate responses are attenuated by RTX-mediated 

killing of TRPV1-expressing neurons, the latency of noci-
ceptive responses to 56

o
C hot plate after inflammation is not 

affected. Therefore, TRPV2 could mediate heat hyperalgesia 
at higher temperatures of 56

o
C, while TRPV1 is required for 

hyperalgesia at 50
o
C. 

WARMTH-ACTIVATED THERMOTRPS 

 Detection of temperatures in the innocuous warmth range 
is essential to homeostatic regulation of body temperature 
and maintaining comfort. In addition, otherwise pleasant 
warmth stimuli can become painful during inflammation or 
tissue injury (as in preferred bathing temperature with sun-
burn). A class of primary afferent neuron, distinct from those 
activated by noxious heat, detects warm temperature. Re-
cordings from single nerve fibers in the skin of several spe-
cies demonstrate two types of warmth-sensitive fibers; both 
types of fiber discharge regularly at normal skin temperature 
(~30-34

o
C) and continue firing as temperature rises to 45-

47
o
C. However, one type of fiber displays maximal firing 

rates at temperatures approaching 41
o
C, while the second 

type reaches peak discharge at 47
o
C [54,55]. Intriguingly, 

warmth responses are most readily observed in recordings 
from intact skin-nerve preparations, but rarely in dissociated 
DRG cultures. This seems to suggest warmth sensation re-
quires some relationship (anatomical and/or biochemical) be 
maintained between skin cells and peripheral nerve fibers. 
Remarkably, the cloned channel properties of two additional 
TRPV subfamily members (TRPV3 and TRPV4) that are 
enriched in skin cells (keratinocytes) mimic the responses of 
these warmth-sensitive fibers. Both channels have been tar-

geted and novel behavior assays employed to measure 
warmth-sensation in mice. The prominent expression of 
TRPV3 and TRPV4 in skin raises the interesting possibility 
that the skin itself, classically regarded as a protective bar-
rier, plays a role in thermosensation and pain. 

TRPV3 

 Peier et al. first identified mouse TRPV3 by utilizing a 
bioinfomatics approach [109]. The channel was identified 
and characterized in primates (monkey and human) a short 
time later by two other groups [126,158]. TRPV3 is acti-
vated by innocuous warming temperatures with a threshold 
of activation of ~33

o
C and is blocked by ruthenium red (Fig. 

1). In addition, TRPV3 exhibits sensitization to repeated heat 
stimuli and increasing responses to temperatures >33

o
C.

With prolonged stimulation TRPV3 currents are biphasic; 
sensitization occurs during the initial phase followed by a 
second phase of high current amplitude where outward recti-
fication is lost [29]. Similar to TRPV1, TRPV3 is chemosen-
sitive, activated by camphor and 2-APB [31,61,97,157]. In 
contrast to TRPV1, TRPV3 sensitizes to these chemical 
stimuli and cross-sensitization occurs when repeated heat 
and chemical pulses are sequentially applied. Therefore, in 
addition to transducing pure warmth sensation, the sensitiz-
ing property of TRPV3 could contribute to heightened sensi-
tivity to repeated stimuli. In the study by Peier et al., expres-
sion analyses using northern blot, in situ hybridization and 
immunohistochemical staining with an antibody raised against 
TRPV3 demonstrated that in mouse, TRPV3 is not detect-
able in DRG neurons; rather it is prominently expressed by 
keratinocytes within the skin [109]. The two subsequent 
studies of primate TRPV3 reported that TRPV3 is expressed 
in DRG and trigeminal sensory neurons in addition to skin, 
hypothalamus and several non-neuronal tissues [126,158]. In 
human DRG, TRPV3 was co-expressed with TRPV1 and 
interaction of the proteins in heterologous systems suggested 
TRPV1 and TRPV3 subunits could form heteromeric chan-
nels [126]. However, a more recent study using fluorescence 
resonance energy transfer and immunoprecipitation appro-
aches failed to detect heteromerization of TRPV1 and TRPV3 
[53]. Finally, another study detected TRPV3 immunoreactiv-
ity localized to human breast epithelium but not in sensory 
neurons innervating this tissue [45].  

TRPV4 

 TRPV4 was originally characterized by two groups as a 
TRP channel highly sensitive to changes in extracellular os-
molarity (activated by hypotonicity and inhibited by hyper-
tonicity)[83,132]. TRPV4 is also activated by warmth (~27-
35

o
C) and inhibited by ruthenium red (Fig. 1) [49,153]. 

TRPV4 responds to heat-stimuli with increasing amplitude 
as temperatures rise to 42

o
C and then declines as temperature 

is increased further. These characteristics approximate the 
electrophysiological nature of the type of warmth-sensitive 
fiber that reaches peak discharge around this temperature in 
skin-nerve recordings. Heat and osmolarity interact to modu-
late the activity of TRPV4: heat-evoked responses in hypo-
tonic conditions are larger than isotonic and are inhibited by 
hypertonicity. In addition, TRPV4 responses evoked by cell 
swelling are modest at 22

o
C and increased at 37

o
C [49]. 

Similar to the thermoTRPs discussed thus far, TRPV4 is 
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activated by synthetic and endogenous substances. The syn-
thetic phorbol ester, 4 PDD robustly activates TRPV4. 
TRPV4 is also activated by the endocanabanoid anandamide, 
arachadonic acid (AA) and cytochrome P-450 metabolites of 
AA (Fig. 1) [151,152]. Therefore a diverse array of stimuli 
can activate TRPV4 and studies demonstrate that although 
thermal, osmotic and chemical stimuli can act in a conver-
gent manner on TRPV4, they are also mechanistically sepa-
rable, acting through distinct signaling pathways and protein 
domains [149]. This appears to be a theme in thermoTRP 
activation and is discussed further below (see conclusions). 
Similar to TRPV3, whether TRPV4 is expressed in DRG 
sensory neurons is somewhat controversial. In situ hybridiza-
tion analyses have shown that TRPV4 mRNA is localized 
within sensory neurons, but immunhistochemical and im-
munoblot studies have not consistently shown expression at 
the protein level [49,83,84,135]. Consistent with a role in 
osmo- and thermoregulation, TRPV4 is expressed in several 
homeostatic regulatory centers of the brain including the 
vascular organ of the lamina terminalis and in the anterior 
and median preoptic areas of the hypothalamus [49,83]. It is 
also expressed in a diversity of peripheral tissues such as 
vascular endothelial cells, kidney and hair cells of the inner 
ear [83,159]. Finally, TRPV4 is prominently expressed in the 
epidermis where it is localized primarily within suprabasal 
keratinocytes [49]. 

THERMOTRPVS: SKIN-NERVE CONNECTION 

 Recent in vitro expression and electrophysiological 
analyses of cultured cells demonstrate that both TRPV3 and 
TRPV4 proteins are present in primary mouse keratinocytes 
and the mouse 308 keratinocyte cell line [30,97]. The pro-
portion of functional channels observed in these cells varies 
between studies, but demonstrate that skin cells exhibit a rise 
in intracellular Ca

2+
 in response to warmth and chemical 

stimuli via activation of TRPV3 and TRPV4. Two independ-
ent studies that performed electrophysiological recordings 
from mouse primary keratinocytes reveal distinct types of 
warmth-evoked currents characteristic of TRPV3 and TRPV4 
channels. In the first study, most keratinocytes exhibited 
desensitizing TRPV4-like currents with a thermal activation 
threshold of 32

o
C [30]. Currents attributed to TRPV4 activa-

tion were absent in cultured keratinocytes derived from 
TRPV4-/- mice. In the same study, a more rare type of re-
sponse was attributed to TRPV3-activation: currents sensi-
tized to repeated heat stimuli, were potentiated by 2-APB 
and persisted in TRPV4-/- mice. A more recent study carried 
out similar analyses in cultured primary keratinocytes from 
wildtype and TRPV3-/- mice [97]. In this study, sensitizing 
TRPV3-like currents were recorded in the majority of kerati-
nocytes (80%), while TRPV4-like currents were present in a 
minority (30%) of cells. In addition, the TRPV3 agonist 
camphor activated keratinocyte cells and potentiated warmth 
responses. Camphor- and warmth-induced sensitizing re-
sponses, but not desensitizing TRPV4-like currents, were 
absent in keratinocytes derived from TRPV3-/- mice. Collec-
tively these in vitro studies confirm that keratinocyte cells 
respond to warmth and chemical stimuli via specific activa-
tion of TRPV3 and TRPV4. Discrepancies in the proportion 
of TRPV3- and TRPV4-like currents observed may arise 
from differences in culture preparations.  

 The functional characterization of the roles of these 
channels in mediating thermal responsiveness of keratino-
cytes raises new questions of how neuronal and non-
neuronal elements within skin participate in temperature and 
pain sensation. For example, what are the mechanisms of 
how skin cells transmit stimuli to cutaneous sensory neurons 
via activation of these channels? An attractive area of inves-
tigation focuses on thermoTRP-mediated release of keratino-
cyte-derived diffusible factors that could affect the function 
of sensory neurons. Such a relationship has been demon-
strated for TRPV1 [110,128]. Although best characterized in 
sensory neurons, subsequent RT-PCR and immunostaining 
analyses showed that TRPV1 is detectable in human (but not 
mouse) primary keratinocytes and in the HaCaT (human 
keratinocyte-derived) cell line. Specific capsaicin-mediated 
activation of TRPV1 in these cells causes a rise in intracellu-
lar Ca

2+
, which is specifically blocked by the antagonist cap-

sazepine. Activation of TRPV1 also induces Ca
2+

-dependent 
release of the inflammatory mediators PGE2 and interleukin-
8, providing a possible mechanism for hyperalgesia induced 
by heat injury [128]. In an analogous fashion, TRPV1 ap-
pears to be required for mechanically-evoked release of ATP 
from urothelial and epidermal cells [17,32]. Could ATP be 
the communicating molecule in warmth sensation? A subset 
of DRG neurons express ATP-gated ion channel P2X3 and 
mice deficient in this channel exhibit subtle deficits in their 
ability to detect warmth. Whether TRPV3- and TRPV4-
expressing skin cells release ATP upon warmth-activation is 
an intriguing possibility that has been considered by several 
investigators [80,109]. Keratinocytes also release anti-
nociceptive molecules. For example, upon specific activation 
of the endothelin-B receptor, -endorphin is released from 
cultured keratinocyte cells, which could then affect pain sig-
naling via binding to -opioid receptors on sensory neurons 
[64,75]. Therefore, there is precedence that a molecule or 
molecules could be released upon thermoTRPV-mediated 
keratinocyte stimulation. Whether such molecules differ de-
pending on which thermoTRPV is activated and then spe-
cifically act downstream on warmth- vs. noxious heat-
encoding units is an intriguing possibility in terms of sensory 
coding. 

WHAT KNOCKOUTS TELL US OF WARMTH SEN-

SATION  

 Behavioral assays of noxious heat detection utilize high 
threshold stimuli to score nocifensive behaviors like shaking 
and licking of the paws. How do investigators measure re-
sponses to innocuous thermal stimuli where such types of 
behaviors would not be thought to occur? In terms of in-
nocuous thermal sensation, one must glean from behavioral 
tests what an animal "prefers". Ambient and surface tem-
perature gradients have been used to test thermal preference 
in rodents [20,41,115,154]. Rodents display a strong prefer-
ence for a relatively warm surface temperature of ~35

o
C. 

Factors such as circadian rhythm, drug and toxin injection 
and obesity can shift the thermal preference to warmer or 
cooler temperatures, suggesting that rodents are highly 
equipped to detect discrete changes in innocuous thermal 
stimuli. This ability is connected physiologically to a variety 
of homeostatic and metabolic processes and adapts depend-
ing both on the external environment and other factors that 
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impact physiology such as febrile state. Two recent studies 
utilized preference tests to examine the physiological roles of 
TRPV3 and TRPV4 in warmth and heat sensation in knock-
out mice [81,97]. Knockout animals of both channels are 
deficient in their ability to detect warmth, but intriguing dif-
ferences in warm-sensing behavior reveal subtle variations in 

the physiological roles of TRPV3 and TRPV4. 

 Moqrich et al. recently reported that TRPV3-/- mice are 
deficient in their ability to "choose" a warm surface in a two-
temperature choice test [97]. Similar to previous reports, this 
test reveals that wildtype mice prefer a warm surface (35

o
C) 

over one kept at room temperature (25
o
C) as indicated by the 

amount of time spent there. TRPV3 -/- mice do not discrimi-
nate between the two temperatures, spending a nearly 
equivalent time on both surfaces. The authors also used a 
thermal gradient to measure preference over a wider range of 
temperatures (15-55

o
C). During the two-hour gradient trial, 

wildtype mice display exploratory behavior during the first 
30-minute period. Consistent with thermal preference exhib-
ited in the two choice test, wildtype mice then spend the 
greater part of the next 30 minutes within the 30-38

o
C zone. 

TRPV3-/- mice on the other hand, explore as wildtype mice 
but then display a marked delay of 30 minutes in "choosing" 
the 30-38

o
C zone, not spending the majority of time there 

until the 60-90 minute-segment of the assay.  

 Another study has examined innocuous warmth sensation 
in TRPV4-/- mice using similar surface temperature tests 
[81]. In addition, they extended their studies to include 
analyses of physiological responses to changes in ambient 
temperature. It has been hypothesized that because TRPV4 is 
expressed in the anterior hypothalamus where central ther-
moregulatory centers reside, it could serve as a warmth-
sensitive channel in specialized neurons in this region that 
respond to changes in body temperature. However, diurnal 
fluctuations in body temperature are normal in TRPV4-/- 
mice and they are able to regulate body temperature nor-
mally in response to rapid ambient temperature change, sug-
gesting TRPV4 is dispensable in central thermosensation. 
Compatible with a role in peripheral warmth sensation how-
ever, TRPV4-/- mice differ from wildtype in their preference 
for surface temperature and in ways distinct from those ob-
served in TRPV3-/- mice. In a 2-hour thermal gradient assay, 
TRPV4-/- mice demonstrate a strong shift to warmer pre-
ferred surface temperature compared to wildtype littermates 
during the second 60-minute phase of the trial. To rule out 
the possibility that this shift occurrs due to increased avoid-
ance of noxious temperature at the extremes of the gradient 
and to test whether TRPV4-/- mice could discriminate be-
tween modestly warm surfaces, Lee et al. also performed a 
two temperature test in which mice were allowed to choose 
between either 30

o
C or 34

o
C surfaces. While wildtype mice 

are impartial to the two temperatures, TRPV4-/- mice favor 
the 34

o
C surface. Taken together, the data from these two 

assays demonstrate a drive in TRPV4-/- mice toward warmer 
surface temperatures compared to wildtype mice. Further-
more, although innocuous warmth behavioral assays show 
that knockout mice of either channel are impaired in their 
ability to discriminate among temperatures in the innocuous 
warm range, they are not completely deficient in their ability 

to sense warmth. This could be explained by compensatory 
and/or redundant contributions in warmth and heat sensation. 

ROLE OF WARMTH-ACTIVATED THERMOTRPVS 

IN ACUTE AND INFLAMMATORY PAIN 

 Responses to noxious heat are also impaired in TRPV3 
and TRPV4 knockout mice, suggesting these channels play a 
physiological role in the detection of high heat in addition to 
warmth [81,97]. Similar to the subtle heat phenotype ob-
served in TRPV1-/- mice, TRPV3-/- mice are deficient in 
thermal nociceptive behavioral responses to acute heat stim-
uli 50

o
C in hot plate and tail immersion assays [97]. How-

ever, unlike the severe deficit in thermal hyperalgesia caused 
by the absence of TRPV1, TRPV3-/- mice display normal 
nociceptive responses to radiant heat following CFA or 
bradykinin injection of the hindpaw. Two groups have stud-
ied the role of TRPV4 in mediating acute noxious heat detec-
tion and inflammatory thermal hyperalgesia by analyzing 
TRPV4-/- mice [81,138]. In the first study, acute noxious 
heat sensation of TRPV4-/- mice appears intact, with no sig-
nificant difference compared to wildtype in escape latencies 
in hot plate (35-50

o
C) or radiant heat tests [138]. In this same 

study, TRPV4-/- mice display longer escape latencies from 
hot plate compared to wildtype following hindpaw injection 
of carrageenan, indicating that TRPV4 plays a role in medi-
ating inflammation induced thermal hyperalgesia. However, 
a more recent study by Lee et al. reported that noxious heat 
sensation is impaired in TRPV4-/- mice, observing longer 
withdrawal latencies in tail immersion tests (~46

o
C) com-

pared to wildtype mice [81]. In addition, Lee et al. observed 
no differences in temperature selection behavior on the 
thermal gradient following CFA injection in TRPV4-/- vs.
wildtype mice, suggesting that TRPV4 is not required for 
thermal hyperalgesia. The discrepancies between these two 
studies could be due to differences between the hot plate 
escape, tail immersion and gradient assays and may depend 
on factors including rate of temperature change, genetic 
background and thermal sensitivity of anatomically distinct 
tissues. Taken together, the data from these studies are sug-
gestive of partially redundant functions of TRPV1, TRPV3 
and TRPV4 in acute noxious heat sensation.  

 Additional studies implicate TRPV4 channel in inflam-
matory and neuropathic pain [3-6]. TRPV4-/- mice show 
subtle impairment of osmotic regulation. TRPV4-/- mice are 
also reported to be deficient in behavioral responses to in-
tense tail pressure, suggesting that in addition to osmosens-
ing, the channel might function to transduce noxious me-
chanical stimuli [135]. In human pain models, subcutaneous 
injection of hyper- or hypotonic solutions produce pain sen-
sations described as diffuse and aching or sharp and prick-
ing, respectively [46,47]. Similarly in rodents, hindpaw in-
jection of these solutions induces nociceptive behavior and 
activates nociceptive C-fibers. These effects are enhanced by 
the inflammatory mediator PGE2. One group has utilized 
both antisense knockdown strategies and analysis of TRPV4-
/- mice to show that pain-related behaviors induced by injec-
tion of hypo- and hypertonic solutions are mediated in part 
by TRPV4 [5,6]. The same group has demonstrated a role of 
TRPV4 in a rat model of chemotherapy pain [4]. In cancer 
patients, tolerable doses of taxol (a tumor reducing drug) are 
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limited due to its induction of small fiber peripheral neuropa-
thy and resulting pain in the extremities. In rodents, chronic 
taxol treatment induces hyperalgesia in response to mechani-
cal stimuli and hypotonic solutions through enhancement of 
nociceptor transduction by the drug. Spinal administration of 
antisense oligonucleotides against TRPV4 reduce its expres-
sion in sensory nerves and attenuates hyperalgesia in re-
sponse to these stimuli, suggesting the channel plays a role 
in mechanical hyperalgesia induced in this model of neuro-
pathic pain. The authors further show that mechanical hyper-
algesia is not due to upregulation of TRPV4 in nerves but 
rather via interaction of the channel with integrin/Src tyro-
sine kinase signaling pathways [5]. 

OPEN QUESTIONS: MULTIPLE PLAYERS, MULTI-
PLE MECHANISMS 

 Collectively, results of TRPV1, TRPV3 and TRPV4 knoc-
kout studies raise important questions regarding the roles of 
thermoTRPVs in detection of temperatures above 25

o
C. The 

biophysical properties of each cloned channel are unique, 
exhibiting different thermal and chemical sensitivity and 
current responses to repeated stimuli. However, the thermal 
sensitivities of these channels are somewhat overlapping and 
they appear to mediate heat detection in vivo in both redun-
dant and distinct ways. How activation of thermoTRPVs 
lead to the perception of graded or continuous temperature 
increases from relatively warm to painfully hot remains un-
clear. Can these channels functionally compensate for one 
another? Do they function through convergent signaling 
pathways when activated over a broad range of warm to hot 
temperatures acutely and during inflammation? Partial ther-
mosensation in thermoTRPV knockout mice is intact sug-
gesting that combinatorial knockout approaches are war-
ranted. A recent study showed that thermoTRPVs might act 
in concert to increase neuropathic breast pain [45]. Breast 
pain is influenced in healthy women by estrogens, which 
regulate NGF mRNA levels in sensory neurons [127]. The 
authors hypothesized that estrogens and NGF could contrib-
ute to clinical breast pain by regulating the expression of ion 
channels such as TRPV1, a channel that in part mediates 
thermal hypersensitivity during inflammation. They per-
formed immunohistological analyses using antibodies against 
TRPV1, TRPV3, TRPV4 and NGF on breast tissues taken 
from healthy and diseased subjects. All three thermoTRP 
channels were significantly up-regulated in the pain group, 
either in nerve fibers (TRPV1 and TRPV4) or epidermal 
cells (TRPV3 and TRPV4). The intensity of expression cor-
related with the graded assessment of pain. Taken together 
these results suggest that altered expression of these chan-
nels, in both skin and nerve cells, could contribute to breast 
pain. In healthy women, variation in breast pain, as well as 
overall thermal sensitivity, occurs due to the cycling of es-
trogens. It is tempting to speculate that estrogens themselves 
could influence the signaling and/or expression of these 
channels and alter heat (or cold) tolerance across the men-
strual cycle. 

THERMOTRPS AND COLD SENSATION 

 Similar to innocuous warmth, sensations elicited by 
moderately cool stimuli are pleasant (like those from the 
breeze of a fan on a hot day). Very cold temperature how-

ever can cause pain and these pain sensations are qualita-
tively different from those we experience from very high 
temperature stimuli (consider reflexive withdraw from a hot 
surface vs. immersing the hand in very cold water). Cold 
pain is complex, described as burning, pricking or aching in 
quality, with acute pain components and pain which devel-
ops over time [36]. The activation of cold-receptive C- and 
A -fibers allows for the perception of decreases in skin tem-
perature by as little as 1

o
C across a broad range of tempera-

tures in the innocuous (cool) and noxious (painfully cold) 
range [19,26,123,124]. In terms of acute cold detection, 
healthy human subjects generally report pain sensations 
when skin temperature is locally cooled below 15

o
C. In neu-

ropathic conditions producing hypersensitivity to cooling 
stimuli (cold allodynia), cooling temperatures in the innocu-
ous range (15-30

o
C) become painful [163]. Two distantly 

related thermoTRP channels, TRPM8 and TRPA1 appear to 
contribute to our ability to detect cooling temperatures both 
in the innocuous and painful range (Fig. 1).  

TRPM8 

 Several decades of work encompassing early electro-
physiological recordings and subsequent calcium imaging 
studies resulted in the hypothesis that menthol (the cooling, 
mint-derived compound) and cold activate the same Ca

2+
-

permeable ion channel expressed by sensory neurons 
[56,117,119,147]. A search to identify this channel led to the 
discovery of TRPM8 (CMR1, cold and menthol receptor) by 
two independent groups [90,108]. One group utilized a ge-
nomics approach reasoning that sequence homologies to 
TRP channels might encode novel temperature-activated ion 
channels [108]. The other group (the same that identified 
TRPV1) utilized menthol-sensitivity in an expression-
cloning screen of a sensory neuron cDNA library [90]. When 
heterologously expressed, TRPM8 is activated by both men-
thol and cooling temperatures with a thermal activation 
threshold of ~25-28

o
C. Many biophysical features of the 

cloned TRPM8 channel closely resemble those of the native 
channel including adaptation to prolonged cold stimuli and a 
rise in the thermal activation threshold in the presence of 
menthol. In addition to menthol, TRPM8 is activated by a 
variety of naturally occurring and synthetic cooling agents 
including eucalyptol, spearmint, WS-3 and the ultra-cooling 
compound icilin (Fig.1) [10,13,90]. Therefore, similar to the 
"hot" sensations evoked by capsaicin, which activate heat-
sensing TRPV1, and the "warm" sensations of camphor in-
duced by TRPV3-activation, menthol is cooling by virtue of 
its activation of TRPM8. Consistent with the proportion of 
cool/menthol sensitive DRG and trigeminal neurons ob-
served in culture, in situ hybridization analysis shows that 
TRPM8 is expressed in approximately 10% of small-diameter 
C-fiber neurons. Consistent with its expression in a subset of 
pain- and temperature-sensing neurons, TRPM8 is not pre-
sent in trkA knockout mice [108]. However, TRPM8 mRNA 
does not co-localize with a panel of nociceptive markers 
including CGRP, SP, IB4 or TRPV1 [108]. Therefore, TRPM8 
appears to mark a small subset of temperature-sensing neu-
rons that are poorly characterized.  

 The in vivo expression pattern of TRPM8 does not appear 
to be maintained in culture as numerous investigators have 
observed menthol/capsaicin co-responsive DRG and tri-
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geminal ganglion neurons [8,90,116,147]. Initially, these 
observations led to the hypothesis that neurons expressing 
cold-activated TRPM8 and heat-activated TRPV1 transduce 
painful cold as well as heat and could contribute to phenom-
ena such as paradoxical cold (resulting from the discharge of 
cold fibers in response to high heat stimuli) [42]. However, 
the majority of subsequent studies that have used TRPM8 
antibodies do not detect co-localization of this channel  
with TRPV1. Therefore, capsaicin/menthol co-responsiveness 
observed in culture could result from dissociation and plating 
procedures. Alternatively Story et al. proposed that DRG 
neurons respond to both menthol and capsaicin only in the 
presence of NGF, but subsequent studies have observed this 
independent of growth factor content [8,130]. Additional 
discrepancies among laboratories studying thermoTRP re-
sponse profiles in DRG cultures have arisen and are dis-
cussed further below. Although culture studies provide an 
excellent tool to confirm that thermoTRP agonists are rele-
vant to sensory transduction, there may be an upper limit in 
the amount of information they provide.  

 It remains unclear whether TRPM8 functions in transduc-
ing noxious cold stimuli. Menthol evokes a non-painful cool-
ing sensation, but a recent study reports that high concentra-
tions of this compound (30%) decrease the cold pain thresh-
old and augment pain in response to suprathreshold stimuli 
[52]. It is difficult to say whether these high concentrations 
of menthol are relevant strictly to TRPM8 activation, but 
menthol might be useful in the study of the severity and 
dermatomal localization of cold allodynia in neuropathic 
pain patients. Moreover, although TRPM8 is first activated 
at relatively cool temperatures, current is sustained at lower, 
more noxious temperature [90,108]. It is therefore possible 
that TRPM8 could transmit sensations of cold pain. In addi-
tion to sensory neurons, TRPM8 is expressed in bladder 
urothelium and prostate and in these tissues heightened ex-
pression of the channel appears to correlate with cancer pain 
and progression, respectively [44,98,145]. Several stimuli 
appear to affect TRPV1 and TRPM8 in an opposite manner. 
Whereas TRPV1 is sensitized/activated by acidic pH and 
inhibited by PIP2, TRPM8 is conversely inhibited by acidic 
pH and activated by PIP2 [86,118]. The implications of the 
opposing modulatory effects on these two channels are inter-
esting in terms of pain transduction. It has also been pro-
posed that inflammation or nerve injury could induce up-
regulation of TRPM8 and/or ectopic expression in TRPV1 
neurons and contribute to hyperalgesia or cold allodynia. 
However recent studies failed to detect a change in TRPM8 
expression after inflammation or nerve injury [74,105]. 
Rather cold allodynia appeared to result from increased 
TRPA1 expression (discussed below). Ultimately whether 
TRPM8 plays a role in transducing signals of cold through-
out the pleasant to painful range will not be clear until 
knockout animals become available.  

FUNCTION OF TRPA1 IN COLD SENSATION 

 Some disagreement surrounds the physiological role(s) of 
TRPA1 (ANKTM1), a distantly related TRP channel [10, 
70,100,130]. This thermoTRP channel is characterized by a 
large number of N-terminal ankyrin repeats (predicted 16) 
and is the only mammalian member of the TRPA subfamily 
(Fig. 1). Story et al. initially reported that in heterologous 

expression systems, TRPA1 is activated over a broad range 
of temperatures with an average activation threshold ap-
proaching that of cold pain ( 17

o
C). TRPA1 is insensitive to 

menthol, but similar to TRPM8 is activated by the ultra-
cooling compound icilin [130]. Activation of TRPA1 by cold 
is inhibited by ruthenium red and camphor appears to inhibit 
basal currents of the channel [157]. In vivo expression analy-
ses of DRG show that TRPA1 mRNA is localized within a 
small subset of nociceptive C-fibers (and possibly thinly 
myelinated A -fibers) marked by CGRP and SP [130]. Ac-
cordingly, the TRPA1 population of DRG neurons does not 
overlap with TRPM8. Instead TRPA1-expressing neurons 
strikingly occur as a subset of TRPV1 neurons, suggesting 
first that TRPM8 and TRPA1 serve different roles in trans-
ducing cold stimuli and second, neurons that co-express 
TRPA1 and TRPV1 might function as polymodal nocicep-
tors (responding to both noxious cold and heat) [130].  

 While the in vivo expression pattern of TRPA1 in noci-
ceptive neurons is widely accepted, its activation by noxious 
cold is not without controversy (discussed further below). 
Two studies subsequent to that of Story et al. failed to repro-
duce noxious cold activation of TRPA1 in heterologous sys-
tems [70,100]. This could result from differences in cell 
types chosen for over-expression and also in the manner in 
which cold temperatures are applied (length of stimulus, rate 
of temperature change). Despite these discrepancies, multi-
ple recent studies demonstrate that TRPA1 comprises a mo-
lecular site of integration of multiple pain producing stimuli. 
It is specifically activated by multiple pungent derivatives 
from mustard oil (allyl isothiocyanates), cinnamon oil (cin-
namaldehyde) and garlic (allicin), all of which induce a sen-
sation of pain that is burning in quality [10,12,70,88]. Re-
cently, the highly toxic irritant acrolein, formed from the 
breakdown of air pollutants such as fumes from burning 
gasoline, was also reported to activate TRPA1 [11]. There-
fore, TRPA1 is acutely activated by a variety of chemicals 
all of which induce pain and irritation. Providing a potential 
mechanism whereby TRPA1 could contribute to inflamma-
tory pain, it robustly couples to BK signaling via the G-
protein-coupled BK receptor B2R in vitro [10]. 

 Although a role of TRPA1 in acute noxious cold detec-
tion in vivo remains unclear (see below) two recent studies 
from the same group have shown that TRPA1 contributes to 
cold hyperalgesia (heightened sensitivity to painful cold 
temperature) induced by inflammation and injury [74,105]. 
They examined the contribution of TRPA1 to this condition 
in models of inflammation (CFA injection) and nerve injury 
(spinal nerve ligation). Under these conditions, rodents dis-
play increased nociceptive behavior (number of paw lifts) in 
response to exposure to a 5

o
C cold plate. In both models, 

TRPA1 mRNA (but not TRPM8) is up-regulated. The stud-
ies also demonstrate that increased TRPA1 expression oc-
curs via NGF-induced p38 MAPK activation in noxious-cold 
activated neurons. Blocking this pathway attenuates cold 
hyperalgesia. Spinal administration of anti-NGF antibody, a 
p38 MAPK inhibitor or antisense TRPA1 all alleviate cold 
hyperalgesia. These studies clearly establish that TRPA1 
contributes to the pathogenesis of cold-hyperalgesia in vivo,
a condition common in patients suffering from neuropathic 
pain. 
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 Two groups have now independently generated lines of 
TRPA1 knockout mice and carried out cold-related behav-
ioral analyses, but whether TRPA1 contributes to acute nox-
ious cold detection in vivo remains unclear [11,79]. Both 
groups utilized acetone and cold plate tests as a measure of 
acute cold-sensing in wildtype and TRPA1-/- mice. While 
one study detected no behavioral deficits in response to cold 
stimuli, TRPA1-/- mice in the other study showed signifi-
cantly fewer paw lifts on a 0

o
C cold plate and reduced sensi-

tivity to evaporative cooling compared to wiltype mice. The 
studies differed in the way that behavioral tests were scored. 
That is, while TRPA1-/- mice do not differ from wildtype 
mice in paw withdrawal response latencies to the cold chal-
lenges as measured by Bautista et al., Kwan et al. observe 
that TRPA1-/- mice respond fewer times compared to wild-
type over the course of the assays. Which measure is most 
relevant to the detection of cold pain should be given careful 
consideration. Also, Kwan et al. included female TRPA1-/- 
mice in their analyses, which show a much more significant 
deficit in both tests compared to a modest trend toward di-
minished sensitivity in male TRPA1-/- mice. Gender differ-
ences in rodent and human pain sensitivity have been docu-
mented and may explain why cold pain phenotypes are more 
evident in female mice [77].  

ROLE OF TRPA1 IN CHEMICAL AND MECHANI-

CAL PAIN 

 Both studies of TRPA1-/- mice demonstrate that TRPA1 
is the major (if not sole) site of action of mustard oil. Mus-
tard oil (found in food garnishes such as wasabi and horse-
radish) causes acute nociceptive behavior as well as neuro-
genic inflammation. In a drinking test, Kwan et al. showed 
that TRPA1 deficient mice are less averse to water contain-
ing mustard oil, still consuming water (albeit less than nor-
mal) containing such high mustard oil concentrations that 
wildtype mice completely cease drinking [79]. In tests where 
mustard oil is applied to the hindpaw, both studies find that 
TRPA1 deficient mice do not respond with shaking and lick-
ing of the treated paw as in wildtype mice. Although signifi-
cant attenuation of pain behaviors is observed by both 
groups, one subtle difference is that Kwan et al. observe a 
low residual sensitivity to mustard oil in TRPA1-/- mice 
[11,79]. In addition to whether TRPA1 is activated by cold, 
there is some discrepancy regarding whether mustard oil is 
specific only to TRPA1 [10,70]. Several studies (including 
those of TRPA1-/- mice) have identified a population of cul-
tured DRG neurons activated by both mustard oil and cap-
saicin (presumed TRPA1/TRPV1 neurons). There are two 
conflicting reports on whether these neurons are also cold-
sensitive. Nevertheless, this population of mustard oil-
responsive neurons is absent in TRPA1-/- mice, while over-
all capsaicin sensitivity is intact. However, no mustard oil 
responses were present in cultures derived from TRPA1-/- 
mice in the study by Bautista et al., while a remaining subset 
of mustard oil-sensitive/capsaicin-insensitive neurons was 
present in the second study. This result resembles the obser-
vations reported by Bandell et al. who previously hypothe-
sized another receptor for mustard oil is present in DRG neu-
rons [10]. These inconsistencies are difficult to resolve, but 
differences in observations among laboratories could result 
from the caveats of DRG cultures previously discussed.  

 TRPA1 is expressed in hair cells within the inner ear and 
has been proposed as the mechanosensory transduction 
channel that mediates hearing [34]. However, TRPA1-/- 
mice are not deaf, suggesting another transduction channel in 
this somatosensory modality. It has also been hypothesized 
that TRPA1 possesses electrophysiological properties pe-
ripheral mechanonociceptors [100]. One study of TRPA1-/- 
mice (the same that reported a cold phenotype), found that 
mice deficient in TRPA1 exhibited reduced sensitivity to 
punctuate suprathreshold stimuli applied to the hindpaw (von 
Frey filaments) and to blunt pressure (Randall-Selitto test) 
[79]. Studies of TRPA1-/- mice also confirm an essential 
role of TRPA1 in the development of BK-induced mechani-
cal and thermal hyperalgesia. First, the threshold of me-
chanically induced pain after BK-mediated inflammation is 
significantly higher in TRPA1-/- mice compared to wildtype. 
Also, TRPA1 appears to act in cooperation with TRPV1 to 
excite nociceptors in response to BK and induce thermal 
hyperalgesia [11]. Intriguingly similar to TRPV1-/- mice, 
BK-induced thermal hyperalgesia is attenuated in TRPA1-/- 
mice. This could be due to functional coupling between 
TRPA1 and TRPV1 in neurons expressing both channels. 
Unlike TRPV1-/- mice, thermal hyperalgesia in response to 
CFA injection is preserved TRPA1-/- mice. Therefore it ap-
pears that TRPA1 is modulated by specific components of 
the inflammatory soup such as bradykinin. Taken together, 
the results of these studies demonstrate that TRPA1 is a key 
component of the pain pathway. Further study is necessary to 
understand its exact role in the detection of noxious cold 
stimuli. Perhaps more detailed analyses of thermal selection 
behavior (choice and gradient tests) will reveal more subtle 
roles of the channel. In addition, when TRPM8 knockout 
mice become available, side-by-side analysis of cold-related 
behavior in both strains and the generation of double knock-
out will surely be informative. 

CONCLUDING REMARKS 

 Intense work on the thermoTRP channels has demon-
strated their significant contribution to temperature and pain 
transduction. The thermal activation thresholds of these 
channels account for almost the entire range of perceptible 
temperatures and in many cases correlate well with the prop-
erties of native responses. However, other mechanisms of 
temperature sensation might be in play [39]. For example, 
Talavera et al. recently showed that warming temperatures 
(increasing temperatures from 15-35

o
C) activate two TRP 

channels from the Melastatin subfamily, TRPM4 and TRPM5 
[137]. TRPM5 was previously characterized as a calcium-
impermeable cation channel required to generate depolariza-
tion in taste receptor cells and mediate responses to sweet, 
umami and bitter taste. In this latest study, the authors show 
that TRPM5 is required for thermal modulation of activation 
of sensory neurons innervating the taste papillae in response 
to sweet stimuli. They hypothesize that this relationship 
could provide a mechanism for warmth enhancement of 
sweet taste reported by human subjects. Whether TRPM4 or 
TRPM5 function in thermosensation in sensory neurons in 
addition to gustatory neurons requires further investigation.  

 Recent studies have begun to further elucidate the mecha-
nisms of modulation and activation of these channels. For 
instance, what are the mechanisms of how varied stimuli 
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activate (or modulate) these channels? Previous studies 
demonstrated that a specific domain confers vanilloid-
sensitivity to TRPV1 [71]. Recent work using novel high-
throughput mutagenesis has shed light on TRPM8 channel 
gating, suggesting that the mechanisms of activation by men-
thol and cold are separable [9]. By using a chimeric protein 
approach, another recent study has demonstrated that the C-
terminal domains of TRPV1 and TRPM8 are necessary and 
sufficient to confer thermal sensitivity, PIP2 modulation and 
gating kinetics characteristic of either channel [18]. Adding 
further complexity to these multi-functional channels, Nilius 
and colleagues have proposed a "voltage connection" in the 
gating of TRP channels [102]. Recent work reveals that gat-
ing of both TRPM8 and TRPV1 is weakly voltage-dependent 
and that ligand activation shifts the activation curve of these 
channels to more physiological voltages. Whereas heat and 
capsaicin induced a leftward shift to more negative voltages, 
cold and menthol induce this effect on TRPM8. Thus, the 
open probability of TRPV1 channels is greater at high tem-
perature, while cold temperature has this effect on channel 
gating of TRPM8. Alternatively cold and voltage could gate 
TRPM8 via separate domains [18]. These studies have re-
vealed an intriguing thermodynamic property of TRPV1 and 
TRPM8 and whether similar mechanisms function to gate 
other thermoTRPs warrants further investigation. 

 In conclusion, we have only reached the threshold in our 
understanding of the ways in which modulation of these 
channels can exacerbate pain perhaps by altering nociceptor 
plasticity. A crucial next step is to move from the level of the 
primary afferent neuron and examine how thermoTRP chan-
nels affect processing at higher levels of the pain pathway. 
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