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Chapter 9
TRP Channels in Cold Transduction

Alejandro González, Gonzalo Ugarte, Ricardo Piña,  
María Pertusa and Rodolfo Madrid

Abstract  In the somatosensory system, cold thermoreceptor neurons and cold noci-
ceptors are responsible for the detection of environmental low temperatures. The 
underlying machinery is far from simple; it is a result of the participation of several 
classes of transduction and voltage-gated ion channels that functionally coexist to 
give shape to the cold-induced receptor potential and subsequent action potential 
firing in response to cold stimulation. The cold-induced electrical responses begin 
in the free nerve endings of these sensory neurons, where a subgroup of thermo-
sensitive Transient Receptor Potential channels (thermoTRPs) plays a critical role. 
These channels have evolved as molecular thermal sensors activated by a wide 
range of cold temperatures, and they have been proposed as key elements of the 
transduction machinery responsible for detection of environmental cold in primary 
somatosensory neurons. In this chapter, we summarize the most important func-
tional properties of the primary sensory neurons involved in cutaneous cold detec-
tion, and the corresponding role of the thermoTRP channels TRPM8, TRPA1 and 
TRPC5 in cold transduction.

Keywords  Cold transduction · TRPM8 · TRPA1 · TRPC5 · Primary sensory 
neurons · TRP channels



186 A. González et al.

9.1 � Introduction

Primary sensory neurons of the peripheral somatosensory system are responsible 
for converting a wide range of environmental physical and chemical stimuli into 
electrical signals. Sensory signals begin at the nerve endings of these pseudounipo-
lar neurons that innervate the skin and exposed mucosae, which home the molecular 
machinery necessary for the detection and transduction of these stimuli into a recep-
tor potential (Fig. 9.1). The soma of primary somatosensory neurons is located in 
the dorsal root ganglia (DRG) and trigeminal ganglia (TG). These neurons project 
one axonal branch peripherally innervating the skin and mucosae, and the other 
branch centrally to dorsal horn neurons at the spinal cord and brain stem nuclei, 

Fig. 9.1   Sensory innervation of the skin. a. Simplified schematic representation of the different 
primary sensory neurons innervating the skin. b. In the dorsal root ganglion at right, the somas 
of the different subclasses of primary sensory neurons that project to dorsal horn are represented 
in different colors. The nerve ending of a cold thermoreceptor neuron (CTN) is shown in the left 
panel. The site of cold transduction (terminal) is depicted as separated from the site of action 
potential generation and propagation. In this scheme, TRPM8 is the most prominent channel, rep-
resenting its contribution to cold sensing. Kv1.1-1.2 channels (the molecular counterpart of the 
break potassium current IKD ), TREK-1/TRAAK and TASK-3 background potassium channels are 
also important components of the molecular machinery underlying cold temperature transduction. 
HCN1 and, to a lower extent, HCN2 channels (the molecular counterpart of Ih current) contribute 
to give shape to the net electrical response to temperature reductions in primary somatosensory 
neurons. The heat- and capsaicin-activated TRPV1 channel is also expressed in a large subpopula-
tion of CTNs (~ 25 %); TRPA1 is only expressed in a small subpopulation of CTNs (~ 5 % of the 
TRPM8-expressing neurons). Although depicted, further studies are necessary to determine the 
role of TRPC5 in cold transduction. Among Nav channels, Nav1.8 channels are critical to allow 
impulse generation in primary sensory neurons at very low temperatures
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where the information is transmitted towards the central integrative areas of the 
brain.

TG and DRG comprise a variety of neurons responding to a wide range of me-
chanical stimuli, chemical agents of different nature, and temperature, and the acti-
vation of functional subpopulations of the primary sensory neurons evoke diverse 
sensations of touch, itch, irritation, cold, heat and pain. Thus, primary somatosenso-
ry receptors can be divided into cold and warm thermoreceptors, mechanoreceptors 
and nociceptors. Based on the intensity of the stimuli necessary to initiate a sensory 
signal, primary somatosensory neurons can be separated into low-threshold and 
high-threshold receptors. Under this general classification, low-threshold receptor 
neurons correspond to thermoreceptors (cold and warm) and low-threshold mecha-
noreceptors, whereas high-threshold receptors correspond to nociceptors, which in-
clude polymodal nociceptors and mechanonociceptors (Fig. 9.1a).

The wide diversity of cold sensations that arise from the exposure of the skin and 
mucosae to environmental temperature reductions varies from comfortable cold to 
intense pain, depending on the intensity of the thermal stimulus. The perception of 
cold as an innocuous temperature drop takes place when the surface of the skin is 
cooled by as little as 1 °C, or even less, and cold normally feels painful or noxious at 
temperatures below 15 °C. The detection of innocuous and noxious cold is mediated 
by cold thermoreceptors and nociceptors respectively, expressing a large variety of 
transduction and voltage-gated channels. These channels work concertedly in gen-
erating the cold-induced receptor potential and subsequent action potential firing in 
response to an environmental temperature decrease. In the last years, the identifica-
tion of ion channels with a strong thermal sensitivity, including several cold- and 
heat-activated members of the superfamily of Transient Receptor Potential (TRP) 
(also called thermoTRP channels), has shed light on the molecular mechanisms un-
derlying the diverse sensory modalities that emerge from the activation of distinct 
sets of peripheral receptors, including cold-sensitive neurons (Vriens et al. 2014).

9.2 � Cold Thermoreceptor and Cold Nociceptor Neurons

In mammals, cold thermoreceptor neurons (CTNs) correspond to subpopulations 
of small diameter unmyelinated primary afferent C-fibers and medium diameter 
thinly myelinated Aδ-fibers, in a proportion that varies among different species and 
somatic territories (Hensel and Zotterman 1951b; Iriuchijima and Zotterman 1960; 
Hensel 1981; Heppelmann et al. 1990). CTNs show a wide range of temperature 
thresholds, and can be separated into low-threshold and high-threshold cold-sensi-
tive neurons, the latter having a role in the detection of cold discomfort under physi-
ological conditions (Belmonte et al. 2009). At a normal skin temperature of 33 °C, 
cold thermoreceptors detecting and encoding innocuous or moderate cold typically 
exhibit spontaneous electrical activity, mainly in a beating (regular) pattern of ac-
tion potential firing. The firing of these exquisitely temperature-sensitive neurons 
increases in response to temperature reductions of less than 1 °C, and is reduced 
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by heating. These cold afferents are sensitized by micromolar concentrations of 
the natural cold-mimetic compound menthol (Hensel and Zotterman 1951a; Brock 
et al. 2001). Cold thermoreceptor neurons comprise about 8–15 % of the neuronal 
population in DRG and TG.

The functional properties of primary somatosensory neurons that respond to in-
nocuous and moderate cold have been extensively characterized by Ca2+-imaging, 
patch-clamping and extracellular recordings in several somatic territories (Fig. 9.2). 
In culture, these neurons respond to cooling with a depolarizing inward current. 
The depolarization induces an increase in the action potential firing followed by 
a rise in intracellular Ca2+ concentration that depends on external Ca2+ . In CTNs, 

Fig. 9.2   Calcium imaging and electrophysiological tools in the study of thermal responses in 
cold thermoreceptor neurons. a. Transmitted and pseudocolor ratiometric [Ca2+]i images cultured 
trigeminal neurons showing the effects of cold and menthol on its intracellular calcium concentra-
tion. Note that the same neurons are sensitive to both stimuli (Madrid and Viana, unpublished). 
Scale bar in left panel, 15 µm. b. Left, simultaneous recording of membrane current using patch 
clamp technique ( top trace) and bath temperature ( bottom trace) during a cooling ramp from 34 
to 22 °C in a cold-sensitive trigeminal neuron (Vhold = − 60 mV). Right, simultaneous recording 
of membrane potential ( top trace) and bath temperature during a cooling ramp in a cold-sensi-
tive neuron recorded in current-clamp mode (Ihold = 0 pA) (González and Madrid, unpublished). 
c. Extracellular recording of nerve terminal impulses (NTI) activity in a corneal cold-sensitive 
neuron in response to cooling (González and Madrid, unpublished; Scheme at left modified from 
Parra et al. 2010)
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intracellular Ca2+ increases in response to cold stimulation are mainly due to the 
activation of voltage-gated Ca2 + channels during action potential firing. As a con-
sequence, there is a tight correlation between temperature threshold for firing of 
action potentials and for [Ca2+]i elevations in each individual neuron (Viana et al. 
2002; Madrid et al. 2006) (Fig. 9.3a). Canonical CTNs fire short duration action 
potentials (~ 1 ms at the half-amplitude of the depolarizing phase) (Fig. 9.3b) and 
are characterized by a low rheobase current and by the presence of a prominent 
hyperpolarization-activated current (Ih), mediated by HCN1 and, to a lower extent, 
HCN2 channels (Reid et al. 2002; Viana et al. 2002; Madrid et al. 2006, 2009; Orio 
et al. 2009, 2012).

As mentioned before, the vast majority of cold thermoreceptor neurons are 
sensitive to menthol, a natural cyclic terpene alcohol that induces cold sensations 

Fig. 9.3   The intracellular calcium increase in response to cold in cultured cold-sensitive neurons 
depends on the action potential firing. a. Left, simultaneous recording of [Ca2+]i signals ( top trace), 
action currents ( middle) and bath temperature ( bottom) during a cooling ramp in a cold-sensitive 
neuron in culture, recorded in cell-attached condition. Right, scatter plot of thresholds for action 
potential firing and [Ca2+]i signals in response to cooling in 14 cold-sensitive neurons (each neuron 
has been color coded). The dotted line represents the unity line (González and Madrid, unpub-
lished). b. Left, typical voltage responses ( upper traces) to 500 ms hyperpolarizing and depolariz-
ing current pulses ( lower traces) of a trigeminal CTN. Note the fast repetitive discharge, the strong 
sag and the presence of rebound firing (in green). The first action potential of the train ( orange 
arrow) is shown at right (González and Madrid, unpublished)
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(Hensel and Zotterman 1951a). Menthol sensitivity in cold-sensitive fibers (and 
cold-sensitive cultured neurons) is manifested as an increase in the action potential 
firing frequency in response to this so-called cooling compound at 33 °C. Expressed 
differently, menthol shifts the temperature threshold of the cold-induced response to 
higher temperatures. This is not a trivial point, since high-threshold cold-sensitive 
neurons that do not respond to menthol at 33 °C could be erroneously classified as 
menthol-insensitive cells (Fig. 9.4).

CTNs maintain an ongoing firing activity at normal skin temperature (33 °C), 
suggesting a tone of excitatory input of CTNs to the central cells where they syn-
apse. This basal activity has been attributed to a temperature-dependent rhythmic 
oscillation of the membrane potential (Braun et  al. 1980) (See also Chap. 10 by 
Orio and Olivares in this book). After the action potential firing frequency in re-
sponse to a temperature drop reaches the peak (dynamic response), it slowly de-
creases to a lower sustained rate at the new temperature (static response) (Hensel 
and Iahn 1973) (see Fig. 10.3 in Chap. 10 of this book). The amplitude and rate of 
change of the cold-induced response is proportional to the rate and magnitude of 
the temperature decrease. The firing changes gradually from a beating to a bursting 
pattern at lower temperatures, and when the temperature is raised back, the electri-
cal activity transiently silences with the rewarming process (Hensel and Iahn 1973; 
Darian-Smith et al. 1973).

In contrast to cold thermoreceptor neurons, C- and Aδ-nociceptors responding to 
intense cold are silent at normal temperature of the skin, and fire only in response to 
temperatures below 15 °C. These neurons fire wide action potentials (> 2 ms at the 
half-amplitude) with an inflection (or hump) in the falling phase, and also respond 
to other modalities of noxious stimuli (Bessou and Perl 1969; Croze et al. 1976; 

Fig. 9.4   Differential menthol sensitivity in low- and high-threshold cold thermoreceptor neu-
rons. a. Simultaneous recordings of cold-induced [Ca2+]i and bath temperature in two cold-sen-
sitive neurons with different temperature thresholds ( low-threshold (LT-CS) and high-threshold 
(HT-CS)) during two consecutive cooling ramps, in control condition and in the presence of 
100  μM menthol. Note that in the low-threshold CSN menthol evoked a robust [Ca2+]i rise at 
34 °C, while in the HT-CS neurons menthol only shifted the threshold of cold induced response to 
higher temperatures. b. Dot plot summarizing the effect of 100 μM menthol on cold threshold in 
86 trigeminal cold-sensitive neurons in culture. The neurons activated by 100 μM menthol at 34 °C 
are marked by a magenta star. The menthol-insensitive neurons are marked by a green triangle. 
(Modified from Madrid et al. 2009)
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LaMotte and Thalhammer 1982; Campero et al. 1996; Simone and Kajander 1996, 
1997; Craig et al. 2001). Interestingly, additional nociceptors are excited with larger 
temperature reductions. Moreover, almost all primary somatosensory neurons re-
spond to cold temperatures below 0 °C, complicating the determination of the exact 
percentage of cold nociceptors in the peripheral somatosensory system (Simone and 
Kajander 1996, 1997; Campero et al. 2001).

In primary somatosensory neurons, TTx-insensitive Nav1.8 sodium channels are 
critical for noxious cold response. Unlike the TTx-sensitive Na+ channels, whose 
slow inactivation is potentiated by cold, the inactivation of Nav1.8 is largely cold-
insensitive. Thus, Nav1.8 channels allow the impulse generation of nociceptive neu-
rons at very low temperatures (Zimmermann et al. 2007). In addition, the increase 
in membrane resistance and the decrease in the activation threshold of the Na+ cur-
rents induced by cold augment the membrane potential change in response to a 
depolarizing stimulus.

9.3 � TRPM8 Channels in Cold Transduction

9.3.1 � Molecular Cloning of TRPM8 and Expression in 
Primary Sensory Neurons

TRPM8 is the 8th member of the Melastatin-related family of TRP channels. The 
encoding gene was originally identified by its expression in normal prostate epithe-
lial cells and prostate carcinomas, and the full-length cDNA of human TRPM8 was 
formerly called trp-p8 (Tsavaler et al. 2001). The transcript corresponds to a 1104 
amino acid protein with a marked homology to some members of the TRP channels 
superfamily. The expression of this protein in primary somatosensory neurons was 
not reported until 2002, when TRPM8 was cloned by two groups independently, 
and characterized as a cold- and menthol-activated ion channel (McKemy et  al. 
2002; Peier et al. 2002). In order to identify the putative cold and menthol receptor 
protein(s) responsible for cold and menthol sensitivity of CTNs, McKemy and co-
workers constructed a cDNA expression library of trigeminal ganglia. They carried 
out a functional screening with this material, transfecting HEK293 cells with dis-
crete cDNA pools obtained from this library. Using calcium imaging in isolated cells 
that exhibited intracellular calcium rises in response to menthol, they were able to 
identify a single cDNA sequence that conferred both menthol and cold sensitivity to 
these normally cold-insensitive cells, and classified it as a TRP channel (McKemy 
et al. 2002). Peier and colleagues, on the other hand, used a different strategy. Rea-
soning that the cold- and menthol-sensitive receptor could be a protein related to the 
recently cloned heat- and capsaicin-activated channel TRPV1 (Caterina et al. 1997), 
they searched directly for TRP-like proteins in genomic DNA databases looking for 
putative exons with similarity to the S4 and S6 transmembrane domains of TRPV1. 
One of these sequences was used to design primers to amplify a fragment of a puta-
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tive TRP channel from a DRG cDNA library, and by using a rapid amplification of 
cDNA ends-PCR (RACE-PCR) in combination with an exon-prediction software, 
they obtained the full length sequence of the protein (Peier et al. 2002).

The TRPM8 channel is robustly expressed in trigeminal and dorsal root ganglia. 
TRPM8-positive neurons, corresponding to ~ 8–15 % of the neurons of these sen-
sory ganglia, exhibit a relatively diverse neural and biochemical phenotype. These 
neurons show immunoreactivity to peripherin, a marker of C-fibers, and intermedi-
ate filament NF200, a marker of Aδ fibers. Furthermore, TRPM8 is co-expressed to 
a variable extent with nociceptive markers such as calcitonin gene-related peptide 
(CGRP), substance P, artemin receptor GFRα3 and the nociceptive channel TRPV1 
(Viana et al. 2002; Babes et al. 2004; Okazawa et al. 2004; Xing et al. 2006; Ta-
kashima et  al. 2007; Dhaka et  al. 2008; Axelsson et  al. 2009; Parra et  al. 2010; 
Zimmermann et al. 2011; Lippoldt et al. 2013). The NGF receptor TrkA is also ex-
pressed in a large subpopulation of TRPM8-positive neurons, and mediates the in-
crease in cold-sensitivity of CTNs induced by this growth factor (Babes et al. 2004). 
A fraction of cold- and menthol-sensitive neurons also responds to proinflammatory 
mediators such as bradykinin, histamine and prostaglandin E2, with a reduction of 
its sensitivity to agonists (Linte et al. 2007; Zhang et al. 2012). On the other hand, 
non-peptidergic primary sensory neurons that bind isolectin B4 do not show sig-
nificant expression levels of TRPM8 (Takashima et al. 2007).This neurochemical 
phenotype is in line with a sensory role of TRPM8 channels beyond innocuous cold 
thermosensation.

9.3.2 � Functional Properties and Modulation of TRPM8 
Channels

As mentioned before, TRPM8 is a nonselective cationic channel activated by cold, 
by natural and artificial cooling compounds such as menthol and icilin, and by volt-
age (for recent reviews, see (Babes et al. 2011; Latorre et al. 2011; McCoy et al. 
2011; Yudin and Rohacs 2012; Almaraz et al. 2014; Madrid and Pertusa 2014). Ion 
substitution experiments show a low discrimination of this channel among monova-
lent cations, but a significantly higher permeability for calcium ions ( PCa/PNa = 3.2; 
PK/PNa = 1.1; PCs/PK = 1.2) (McKemy et al. 2002). Both cold and menthol increase 
the open probability of the channel. Activation of TRPM8 by cooling-mimetic com-
pounds such as menthol explains the refreshing sensation evoked by natural and 
artificial activators of this channel, widely used in many toiletries. Interestingly, 
higher concentrations of menthol can evoke sensations of irritation and burning 
pain, probably due to the activation of TRPA1 channels in nociceptors (Karashima 
et al. 2007). TRPM8 shows a strong outward rectification at depolarized membrane 
potentials and an estimated single channel conductance of 60–90 pS depending on 
temperature. It is directly activated by cold, with a Q10 temperature coefficient as 
high as 25. Activation of the TRPM8 channel by low temperatures and by most of 
its natural and artificial agonists is related to a shift in its voltage-activation curve 
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to more negative voltages. This shift results in an increase in the open probability of 
the channel at physiologically relevant membrane potentials in response to thermal 
and chemical stimulation (Brauchi et al. 2004; Voets et al. 2004, 2007b).

TRPM8 is a homotetramer, where each subunit consists of six transmembrane 
domains with the N- and C- termini facing the cytosolic side of the plasma mem-
brane (Fig. 9.5a). As in other members of the TRP channels family, the C-terminal 
domain of TRPM8 contains a TRP domain (Clapham 2003; Montell 2005). This do-
main plays an important role in its modulation by phosphatidylinositol 4,5-bispho-
sphate (PI(4,5)P2) (Rohacs et al. 2005) (see below). The coiled-coil motif located 
in the distal C-terminal domain plays an important role in the tetramerization and 
function of the channel (Erler et al. 2006; Tsuruda et al. 2006; Phelps and Gaudet 
2007). Several regions have recently been described in the N-terminal domain as 
relevant for both cold and menthol sensitivity and proper folding and assembly of 
the channel protein (Pedretti et al. 2009; Pertusa et al. 2014). The pore module con-
sists of the S5 and S6 domains and the interconnecting loop, where the selectivity 
filter is located. A unique N-glycosylation, at asparagine 934 facilitates the segrega-
tion of the channel to lipid rafts (Morenilla-Palao et al. 2009). This N-glycosylation 
site is flanked by two cysteine residues that form a conserved double cysteine motif 
(C929 and C940), which is essential for channel function (Dragoni et  al. 2006). 
N-glycosylation of TRPM8 occurs in both native and recombinant channels, and it 
has a direct effect on their biophysical properties. The membrane potential for half-
maximal activation (V1/2) of the channel carrying the single point mutation N934Q 
is 60 mV more positive than the wild type channel, shifting the mean temperature 
threshold of the cold response to lower temperatures (Pertusa et  al. 2012) (see 
Chap. 3 by Pertusa and Madrid in this book).

Fig. 9.5   Schematic representation of a TRPM8, TRPA1 and TRPC5 channel subunit. Left,  
TRPM8. Middle, TRPA1. Right, TRPC5. Each subunit presents six transmembrane domains, and 
the N- and C-terminal tails are located in the intracellular side of the plasma membrane. The most 
conspicuous functional domains and residues are indicated. Temperature-activation ranges and 
typical chemical activators are also depicted
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Mean cold thresholds over 30 °C can be found in corneal cold-sensitive nerve 
endings and cultured CTNs, as opposed to a mean value of 25 °C observed in trans-
fected hippocampal neurons or HEK293 cells heterologously expressing TRPM8 
(Reid et al. 2002; Viana et al. 2002; de la Peña et al. 2005; Madrid et al. 2006, 2009; 
Malkia et al. 2007). At the same temperature, the V1/2 by equivalent cold stimulation 
is ~ 140 mV more negative in native TRPM8 than in recombinant channels. This re-
sults in a significantly lower thermal excitation threshold of CTNs compared to the 
heterologous expression systems such as HEK293 cells (Malkia et al. 2007). Thus, 
the activation of TRPM8 at physiological membrane potentials results in larger in-
ward currents in cold-sensitive neurons than in recombinant systems. Interestingly, 
it has been reported different temperature activation threshold and menthol sensitiv-
ity among TRPM8 orthologs, which is coincident with the mean body temperature 
in endothermic animals and tuned to the environmental temperature of its ecologi-
cal niche in ectotherms (Myers et al. 2009). Recently, Fujita and coworkers have 
also reported that warm ambient temperatures shift the cold threshold of TRPM8 to 
higher temperatures (Fujita et al. 2013).

Charge-neutralizing mutations of positively charged residues in the S4 trans-
membrane segment and the S4-S5 linker of TRPM8 cause a decrease in its voltage 
dependence, suggesting that this region may be part of the voltage sensor (Voets 
et  al. 2007a). Nevertheless, despite the advances in the study of the voltage and 
temperature dependence of TRPM8, and in contrast to its activation by cooling 
compounds, both the precise location of the voltage sensor and the molecular deter-
minants of the temperature sensitivity remain elusive.

Functional and biophysical properties of TRPM8 can be finely tuned by diverse 
mechanisms, including lipid-protein interactions, protein-protein interactions, acti-
vation of intracellular cascades of second messengers and post-translational modi-
fications such as phosphorylation and N-glycosylation. These mechanisms can in-
fluence its contribution to cold sensing under physiological and physiopathological 
conditions (see (Almaraz et al. 2014; Madrid and Pertusa 2014) for recent reviews; 
see also Chap. 3 by Pertusa and Madrid in this Book). In fact, both cold and men-
thol responses of TRPM8 are reduced by its basal association with lipid rafts at the 
plasma membrane (Morenilla-Palao et al. 2009). Although still unexplored, these 
results suggest that the association of TRPM8 with specific membrane microdo-
mains may affect the targeting and trafficking dynamics of this channel in the nerve 
endings of cold-sensitive neurons. On the other hand, PI(4,5)P2 is a critical cofactor 
for TRPM8 activation, and the positions K995, R998 and R1008 within the TRP 
domain appear to mediate the interaction of this lipid with the channel (Rohacs et al. 
2005). PI(4,5)P2 is able to activate TRPM8 in the absence of other physical and 
chemical stimuli (Liu and Qin 2005; Rohacs et al. 2005). Similarly to cold and cool-
ing compounds, positive modulation of TRPM8 by PI(4,5)P2 seems to be related 
to a shift in the V1/2 value of voltage activation towards more negative membrane 
potentials (Daniels et al. 2009).

Desensitization of TRPM8 to sustained cold and menthol stimulation strongly 
depends on extracellular Ca2 +  (McKemy et al. 2002). It has been suggested that 
this property is related to a depletion of PI(4,5)P2 of the plasma membrane. Cal-
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cium entry through TRPM8 activates Ca2+-dependent PLC, reducing the sensitiv-
ity of the channel to thermal and chemical stimulation by diminishing PI(4,5)P2 
levels (Daniels et al. 2009). Sarria and coworkers on the other hand have proposed 
that tachyphylaxis in response to repetitive stimulation of TRPM8 would be medi-
ated by PLC-dependent hydrolysis of PI(4,5)P2 and the activation of a PKC/Protein 
Phosphatase 1 cascade, and that the desensitization by single sustained stimulation 
of the channel would depend on calmodulin activation and PI(4,5)P2 availability 
(Sarria et al. 2011).

TRPM8 channel function can be also modulated by different protein kinases 
(see Chap. 3 by Pertusa and Madrid in this Book). These intracellular modulatory 
mechanisms could explain the desensitization of the channel induced by inflam-
matory mediators. Thus, it has been suggested that bradykinin reduces the cold 
and menthol responses of TRPM8 though the activation of Gq protein and PKC-
dependent mechanisms, respectively (Premkumar et  al. 2005; Linte et  al. 2007). 
Nevertheless, recently Zhang and coworkers proposed an alternative explanation, 
suggesting that the inhibition of TRPM8 activity is due to a direct interaction of the 
Gαq subunit with the channel, independent of the signaling pathway downstream of 
Gαq-coupled receptors (Zhang et al. 2012).

9.3.3 � TRPM8 as the Main Molecular Entity in Cold 
Transduction

In CTNs, the depolarizing inward cold-induced current (Icold) is the main respon-
sible for the excitatory receptor potential in response to temperature reductions. Icold 
displays a biophysical and pharmacological profile consistent with a depolarizing 
current depending on the TRPM8 channel. This current exhibits outward rectifica-
tion and can be fully suppressed by BCTC, a potent blocker of TRPM8 (Madrid 
et al. 2006).

CTNs display a wide range of temperature thresholds. This differential thermal 
sensitivity is to a large extent determined by the functional counterbalance of two 
conductances with opposite effects on temperature-dependent excitability. Dif-
ferential functional expression of TRPM8 (the main responsible for the excitatory 
cold-activated current) and Kv1.1-1.2 Shaker -like potassium channels (responsible 
for the excitability break current IKD) is intimately linked to the thermosensitive 
phenotype of individual CTNs. The fast-activating slow-inactivating outward IKD 
current dampens the effect of the cold-induced depolarizing TRPM8-dependent 
current, shifting the temperature threshold of the neuron to higher values, reducing 
the net response of the CTN to temperature reductions. Interestingly, pharmacologi-
cal suppression of IKD induces cold-sensitivity in cold-insensitive neurons (Viana 
et al. 2002). It is important to mention here that a fraction of cold-sensitive neurons 
does not express TRPM8, suggesting the presence of other mechanisms. Closure 
of thermosensitive background K + channels TREK-1 and TRAAK by tempera-
ture drops also contributes to increase the excitability of CTNs neurons under cold 
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stimulation (Reid and Flonta 2001; Viana et al. 2002; Noel et al. 2009). Recently, 
TASK-3 and Kv7.2-7.3 potassium channels have also been proposed as modulators 
of cold-sensitivity in TRPM8-expressing neurons (Vetter et  al. 2013; Morenilla-
Palao et al. 2014).

The use of genetically modified mice has been critical to unveil the role of 
TRPM8 in sensing innocuous and noxious cold. Mice lacking functional expression 
of TRPM8 were developed by three groups independently (Bautista et  al. 2007; 
Colburn et  al. 2007; Dhaka et  al. 2007), and all three TRPM8 knockout strains 
presented a strongly impaired cold sensitivity. TRPM8 knockout mice failed to dis-
criminate between cold and warm environments. These mice exhibited a clearly 
reduced avoidance to cold in two-temperature tests and in thermotaxis assays of 
temperature gradients, when compared to wild type animals (Bautista et al. 2007; 
Colburn et al. 2007; Dhaka et al. 2007). Molecular ablation of the TRPM8 chan-
nel also reduced the behavioral responses to cooling agents and abolished their re-
sponse to systemic stimulation with icilin, one of the strongest chemical agonists of 
TRPM8 (Dhaka et al. 2007). Using calcium imaging techniques in cultured primary 
sensory neurons, Bautista and coworkers additionally found that TRPM8 knockout 
animals showed a strong decrease in the incidence and magnitude of cold-induced 
responses (Bautista et al. 2007). Extracellular recordings of single sensory fibers re-
vealed that both low- and high-threshold cold-sensitive primary afferents have im-
paired responses to temperature reductions. Cold-sensitive C-fibers from TRPM8 
knockout mice also display lower basal action potential firing, but no effect on their 
general excitability (Bautista et al. 2007). Accordingly, basal firing of corneal CTNs 
and their responses to cold and menthol are virtually absent in TRPM8 knockout 
mice and proportionally reduced in heterozygous animals (Parra et al. 2010). Thus, 
not only the static and dynamic responses to temperature drops, but also the ongo-
ing spontaneous activity of CTNs is largely dependent of the functional expression 
level of the cold- and menthol-activated channel TRPM8.

More recently, Knowlton and coworkers demonstrated that selective ablation of 
TRPM8-expressing neurons yielded animals with an even higher cold insensitivity 
in both innocuous and noxious range than observed in TRPM8 knockout animals 
(Knowlton et al. 2013). This result not only supports a critical role of TRPM8-ex-
pressing neurons in cold sensing, but also suggests the participation of other molec-
ular mechanisms in cold-detection. Animals that lack TRPM8-expressing neurons 
have normal mechanical and heat sensitivity, suggesting that these neurons could 
be largely dispensable for other somatosensory modalities (Knowlton et al. 2013). 
Using a similar ablation strategy to eliminate TRPM8-expressing neurons but in 
adult mice, Pogorzala and coworkers demonstrated that this approach strongly re-
duced the responses of these animals to cold in a wide range of low temperatures 
(Pogorzala et al. 2013).

Summarizing, molecular, cellular, biophysical and behavioral studies support a 
key role of TRPM8 in the molecular and neural machinery responsible for cold 
sensing in a wide range of low temperatures.
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9.4 � TRPA1 Channels in Cold Transduction

9.4.1 � Molecular Cloning of TRPA1 and Expression in 
Primary Sensory Neurons

Transient Receptor Potential Ankiryn 1 channel (TRPA1) , first identified in hu-
man fibroblasts and liposarcoma cells (Jaquemar et al. 1999), is the only member 
of the subfamily of TRPA channels found in mammals. A similar bioinformatic ap-
proach used in the molecular cloning of TRPM8 (Peier et al. 2002) was used by Pa-
tapoutian and his group to design primers for obtaining the full-length TRPA1 from 
mouse TG cDNA, encoding a 1115 amino acid protein (Story et al. 2003). TRPA1 
was originally described as an ion channel activated by intense cold (< 17 °C) (Story 
et al. 2003). TRPA1 works as a sensor of cell threat, responding to a plethora of 
structurally diverse pungent and noxious compounds, and nowadays it is seen as 
the main molecular entity in the somatosensory system responsible for the detection 
of irritant and potentially harmful substances. The TRPA1 channel also plays an 
important role as regulator of neuropeptide release and neurogenic inflammation, 
and is considered a promising molecular target for new analgesic and anti-inflam-
matory drugs (for reviews see (Bautista et al. 2006; Baraldi et al. 2010; Nilius et al. 
2012; Zygmunt and Hogestatt 2014)). Moreover, TRPA1 functions as a detector 
of potentially toxic compounds throughout the animal kingdom, implying that it 
emerged early in evolution (Kang et al. 2010; Macpherson and Patapoutian 2010).

The proportion of sensory neurons expressing TRPA1 in sensory ganglia varies 
from one report to another, with observations ranging from 3.6 to 56.7 % (Story 
et al. 2003; Jordt et al. 2004; Kobayashi et al. 2005; Nagata et al. 2005). TRPA1 can 
be found in both peptidergic (substance P- and CGRP-positive) and non-peptidergic 
(IB4-positive) primary sensory neurons (Hjerling-Leffler et al. 2007; Barabas et al. 
2012). The channel colocalizes with the heat-activated polymodal channel TRPV1 
in a subpopulation of nociceptors, while its co-expression with TRPM8 channels in 
cold thermoreceptor neurons is very low, comprising about 5 % of TRPM8-express-
ing cells (Story et al. 2003; Jordt et al. 2004; Parra et al. 2010).

The particularly high threshold for the activation of TRPA1 by cold tempera-
tures, along with its expression in nociceptive neurons, makes it a strong candidate 
as the molecular entity responsible for transducing painful cold.

9.4.2 � Functional Properties and Modulation of TRPA1 Channels

TRPA1 is most likely a homotetramer, with each subunit having a topology of six 
transmembrane segments (S1-S6), a putative pore loop and selectivity filter be-
tween S5 and S6, and large cytoplasmic N- and C- terminal domains (Fig. 9.5b). 
TRPA1 is highly permeable to Ca2+ , with a PCa/PNa of 5.8 and 17 % of the in-
ward current carried by Ca2+ ions measured under physiological ionic conditions 
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(Karashima et al. 2010). TRPA1 is also activated by voltage, showing a shift in its 
voltage dependence in response to agonists toward more negative membrane poten-
tials (Karashima et al. 2007; Zurborg et al. 2007). In cell-attached patches, TRPA1 
shows conductances of ~ 65 pS and ~ 110 pS in the inward and outward directions 
respectively under physiological conditions. In the absence of divalent cations, 
TRPA1 shows a linear I-V relationship with a slope conductance of ~ 120 pS (see 
(Nilius et al. 2011)). In heterologously expressed TRPA1 channels, cold produces 
an exponential increase in the open probability, which is accompanied by an impor-
tant decrease in single channel conductance and an increase in the mean open time 
(Sawada et al. 2007; Karashima et al. 2009).

The molecular nature of TRPA1 agonists is remarkably diverse. The TRPA1 
agonists include active ingredients in many natural compounds commonly used 
as spices in cooking: cinnamaldehyde present in cinnamon (Bandell et al. 2004), 
isothiocyanates in mustard oil, wasabi, and horseradish (Bandell et al. 2004; Jordt 
et al. 2004), allicin and diallyldisulfide in garlic (Bautista et al. 2005; Macpherson 
et al. 2005) and methyl salicylate in winter green oil (Bandell et al. 2004) are some 
examples. Noxious compounds like acrolein (in smoke and tear gas) (Bautista et al. 
2006), ∆9-tetrahydrocannabinol (in marijuana) (Jordt et al. 2004), as well as irritant 
compounds generated endogenously during inflammatory, oxidative and nitrative 
stress responses, such as 4-hydroxynonenal, 15-deoxy-∆12,14-prostaglandin J2 and 
nitrooleic acid, have also been reported as activators of TRPA1 (Trevisani et  al. 
2007; Macpherson et  al. 2007b; Taylor-Clark et  al. 2008, 2009), just to name a 
few. Many agonists of TRPA1 are electrophilic compounds that activate the channel 
through covalent modification of cysteine or lysine residues (Hinman et al. 2006; 
Macpherson et al. 2007a; Takahashi et al. 2008; Bang and Hwang 2009). In con-
trast, non-electrophilic compounds that activate TRPA1 bind to the channel in a 
non-covalent manner (Karashima et al. 2007; Fajardo et al. 2008; Talavera et al. 
2009; Nilius et al. 2012).

Ca2 + ions modulate TRPA1 function. The N-terminal domain of this channel 
contains an EF-hand Ca2 + binding motif between Ankyrin Repeat Domain (ARD) 
11 and 12, which has been related with Ca2 +-dependent modulation (Doerner et al. 
2007; Zurborg et al. 2007). Ca2+ ions in the micromolar range induce a concentra-
tion-dependent leftward shift in the V1/2 toward physiologically relevant membrane 
potentials, enhancing the channels’ chemical responses (Doerner et al. 2007; Zur-
borg et al. 2007). However, later studies suggest that apparently EF-hand motif is 
not required for this phenomenon (Wang et al. 2008).

Furthermore, it has been shown that activation and desensitization of TRPA1 
channels in response to cold and chemical agonists are modulated by Ca2+ ions 
(Wang et al. 2008; Karashima et al. 2009). Thus, when Ca2+ is present, the current 
elicited by addition of the potent TRPA1 agonist mustard-oil shows a rapid acti-
vation and further desensitization. In the absence of Ca2+, both processes are still 
present but with higher rise and decay time constants. An alternative Ca2+ binding 
site has been proposed within a cluster of acidic residues in the distal C-terminus of 
TRPA1, that has been found to be important for Ca2+-mediated modulation of the 
agonist-induced responses (Sura et al. 2012).
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9.4.3 � TRPA1 as a Molecular Determinant in Noxious Cold 
Sensitivity

Cold-sensitivity of mammalian TRPA1 has been matter of intense debate. The semi-
nal study of Story and co-workers described that mammalian cell lines and Xeno-
pus oocytes expressing recombinant TRPA1 channels responded to intense cooling 
(Story et al. 2003). However, these results were not corroborated by similar experi-
ments carried out by Jordt and co-workers one year later (Jordt et al. 2004). These 
authors studied thermal and chemical responses of cultured TG neurons, and they 
did not find a direct correlation between the cells responding to mustard oil and to 
noxious cold (Jordt et al. 2004). Later studies have argued either in favour (Bandell 
et al. 2004; Kwan et al. 2006; Sawada et al. 2007; Karashima et al. 2009) or against 
(Zurborg et al. 2007; Knowlton et al. 2010; Dunham et al. 2010) the cold sensitivity 
of TRPA1 and its contribution to cold sensing in vivo.

An alternative gating mechanism has been proposed, where the thermal sensi-
tivity of TRPA1 would be an effect of cold-induced intracellular Ca2+-increases 
required for channel activation in HEK293 cells (Zurborg et al. 2007; Caspani and 
Heppenstall 2009). Nevertheless, Karashima and co-workers found that heterolo-
gously expressed TRPA1 channels were able to respond to cold in a Ca2+-indepen-
dent fashion (Karashima et  al. 2009). This cooling activation followed the same 
scheme of shifting V1/2 to more negative voltages, described as a general mecha-
nism of thermal activation for other thermoTRP channels (Karashima et al. 2009).

It has been recently reported that differences in cold-sensitivity of TRPA1 chan-
nels, which appears to be largely species-dependent since mouse and rat TRPA1 
can be activated by cold in heterologous expression systems but not its orthologous 
of monkey and human, would be related to differences in a single residue within 
the S5 domain. Moreover, this residue (G878 in rodent and V875 in primate) also 
appears underlie the different effects of menthol on the channel observed across 
species (Chen et al. 2013). Interestingly, Jabba and coworkers recently reported that 
three single point mutations (S250, M258 and D261) switch mouse TRPA1 chan-
nels from cold- to hot-sensitive without affecting its chemical sensitivity (Jabba 
et al. 2014).

The contribution of TRPA1 to cold-sensing in vivo has been studied using ge-
netically modified animals. Thermal sensitivity of two different lines of transgenic 
TRPA1 null mice has been evaluated. Bautista and coworkers developed a TRPA1-
deficient mouse through deletion of the putative pore-loop domain of the channel 
(Bautista et al. 2006). On the other hand, Kwan and coworkers, generated a TRPA1 
null mouse deleting the exons downstream of the pore region, by insertion of an 
IRES cassette and polyadenylation sequences (Kwan et al. 2006). Although disrup-
tion of the TRPA1 gene abolishes the behavioral responses to chemical activators of 
the channel, it has no mayor effects in the response or prevalence of cold-sensitive 
neurons (Bautista et al. 2006; Kwan et al. 2006). Bautista and coworkers found that 
behavioral responses to noxious and innocuous cold stimuli between knockout and 
control mice were similar. In contrast, other studies using knockout mice show low-
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er sensitivity to noxious and innocuous cold stimuli than wild type animals (Kwan 
et  al. 2006; Gentry et  al. 2010). Using the TRPA1 knockout mice developed by 
David Corey and his group, Karashima and coworkers reported a decreased cold 
sensitivity of null mutant mice, supporting the idea that TRPA1 plays a role in nox-
ious cold detection in vivo (Karashima et al. 2009). A recent study on the TRPA1 
knockout mice developed by Kwan and coworkers showed a considerable loss of 
nerve endings in the skin compared to wild type animals, which may account for the 
reduced responses to mechanical and cold stimuli of these mice in vivo (Andersson 
et al. 2013).

On the other hand, it has also been suggested that TRPA1 is a mediator of hyper-
sensitivity to cold under pathological conditions (del Camino et al. 2010; Chen et al. 
2011). It has also been reported that TRPA1 could play a role defining the thermal 
threshold in heat nociception (Hoffmann et  al. 2013). In cultured vagal sensory 
neurons, Fajardo and coworkers showed a clear overlap between cold sensitivity 
of these neurons and TRPA1 pharmacology, and a large reduction in the population 
of cold-sensitive neurons from nodose ganglia in TRPA1 knockout mice compared 
with wild-type animals (Fajardo et al. 2008).

Thus, TRPA1 emerges as a critical component of the molecular machinery in-
volved in the response to noxious agents in primary somatosensory neurons, with 
an important role in the release and detection of inflammatory mediators, and a 
species-dependent contribution to cutaneous thermal sensitivity under physiologi-
cal conditions

9.5 � TRPC5 Channel in Cold Transduction

Transient Receptor Potential Canonical 5 (TRPC5) (Fig. 9.5c) is a Ca2+ -permeable 
nonselective cation channel predominantly expressed in central nervous system, 
but is also found in primary somatosensory neurons and other cells and tissues, 
including vascular smooth muscle cells, endothelial cells, T-lymphocytes, mono-
cytes cardiac cells, adrenal medulla, mammary glands and yolk sac, among oth-
ers (reviewed by (Jiang et  al. 2011; Zholos 2014)). This channel was cloned by 
Okada and colleagues in 1998 and formerly named TRP5 (Okada et al. 1998). Its 
full length mRNA sequence was obtained from the screening of a Oligo(dT)-primed 
cDNA library constructed with poly(A) RNA from adult mouse brain. This channel 
shows a wide diversity of opening mechanisms and activators. TRPC5 is mainly ac-
tivated through receptors coupled to Gq, PLC and/or Gi proteins, but can be directly 
activated by a large list of agonist of the most diverse nature. This channel may 
also open in a store-dependent manner that requires other partner proteins, includ-
ing other TRP channels (see (Zholos 2014)). It has been reported that TRPC5 also 
displays cold sensitivity in the mild to intense cold range (Zimmermann et al. 2011). 
Heterologous expression of TRPC5 in HEK293 cells generates cold-sensitive cat-
ion currents at temperatures below 37 °C that can be potentiated by the PLC-Gq cas-
cade activated by carbachol (Zimmermann et al. 2011). In addition to its sensitivity 
to cold, the expression pattern of this thermoTRP channel in primary somatosensory 
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neurons also pointed to a role in cold thermotransduction. Specifically, this channel 
is expressed in ~ 32 % of mouse DRG neurons of small and medium diameter, in 
the nerve endings, axons and soma of these neurons, and in the regions I/II/III of 
superficial laminae of the dorsal horn of the spinal cord (Zimmermann et al. 2011).

A TRPC5 deficient mouse strain was developed by Riccio and co-workers in 
2009, using a targeting construct that allows the deletion of the genomic region 
encoding amino acids 412–459 of the TRPC5 gene and the introduction of a frame 
shift and a stop codon (Riccio et  al. 2009). Calcium imaging experiments using 
cultured DRG neurons from TRPC5 knockout mice revealed a significant reduc-
tion in the percentage of cold-sensitive neurons, with a decrease in both the men-
thol-sensitive and the menthol-insensitive populations of cold-responding neurons 
(Zimmermann et al. 2011). These results are in agreement with the reduction in the 
total population of TRPM8-possitive neurons detected by immunostaining. How-
ever, in several behavioral tests, TRPC5 knockout mice have no impairment in their 
responses to cold in a wide range of temperatures, suggesting that TRPC5 is not 
required for innocuous and noxious cold detection (Zimmermann et al. 2011). The 
authors suggest that cold-sensitivity of TRPC5 could be involved in other adapta-
tions, such as localized metabolic changes, vascular changes, retraction of neurites, 
or initiation of transcriptional programs, rather than cold thermotransduction.

9.6 � Concluding Remarks

In summary, an increasing number of cellular, molecular, electrophysiological and 
behavioral studies support the idea that, among the thermoTRP channels activated 
by cold temperatures, TRPM8 is the main component of the molecular machinery 
responsible for cold sensitivity in primary somatosensory neurons. The uncontest-
ed involvement of TRPM8 in innocuous cold transduction is also being extended 
nowadays to noxious cold detection. TRPA1 appears to have a species-dependent 
contribution to cutaneous noxious-cold sensing under physiological conditions, and 
it is critical to the cold-sensitivity of visceral vagal afferents. On the other hand, 
further studies are necessary to determine if TRPC5 has a significant contribution to 
cold sensing. The molecular basis underlying cold-sensitivity of these thermoTRP 
channels is an exciting open question, and the whole picture of the role that these 
cold-activated thermoTRP channels play beyond thermosensation is still emerging.
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