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The detection of ambient cold is critical for mammals, who use this information to avoid tissue damage by cold and to maintain stable body temperature. The transduction of information about the environmental cold is mediated by cold-sensitive ion channels expressed in peripheral sensory nerve endings in the skin. Most transduction mechanisms for detecting temperature changes identified to date depend on transient receptor potential (TRP) ion channels. Mild cooling is detected by the menthol-sensitive TRPM8 ion channel, but how painful cold is detected remains unclear. The TRPA1 ion channel, which is activated by cold in expression systems, seemed to provide an answer to this question, but whether TRPA1 is activated by cold in neurons and contributes to the sensation of cold pain continues to be a matter of debate. Recent advances have been made in this area of investigation with the identification of several potential cold-sensitive ion channels in thermosensory neurons, including two-pore domain potassium channels (K2P), GluK2 glutamate receptors, and CNGA3 cyclic nucleotide-gated ion channels. This mini-review gives a brief overview of the way by which ion channels contribute to cold sensation, discusses the controversy around the cold-sensitivity of TRPA1, and provides an assessment of some recently-proposed novel cold-transduction mechanisms. Evidence for another unidentified cold-transduction mechanism is also presented.
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INTRODUCTION

All biological processes are affected by temperature, so to maintain optimal function in the face of external thermal challenges it is crucial for animals to detect the temperature both of their bodies and the environment, and to react appropriately. The somatosensory neurons that sense external temperature are pseudo-unipolar cells whose cell bodies are located in the dorsal root ganglia (DRG), located alongside the spinal cord. Activation of thermal transduction mechanisms in the sensory nerve endings of these neurons leads to depolarization and consequently firing of action potentials along the axons that carry information about the intensity and duration of the stimulus to the spinal cord. This information is then relayed to the brain via the spinothalamic tract (Palkar et al., 2015).

Cold activation of peripheral nerves can produce one of two sensations: moderate innocuous cold produces a sensation of pleasant coolness, while noxious cold produces a sensation of pain that triggers reflexes allowing animals to avoid tissue damage. Information about the cold is conducted by thinly myelinated Aδ-fibers and unmyelinated C-fibers. There are two types of cold-sensitive C-fiber: low-threshold fibers that are activated around 28°C and fire action potentials at a high rate, producing a sensation of coolness; and high-threshold fibers, also typically heat- and mechano-sensitive, that are activated around 5°C and fire action potentials at a slow rate, producing a sensation of pain (Grossmann et al., 2009). Several recent reviews have covered aspects of the molecular basis of cold sensation in mammals (Himmel and Cox, 2017; Lamas et al., 2019; MacDonald et al., 2020). In this review, we focus on the detection of external cold temperature mediated by peripheral somatosensory nerve fibers. Figure 1 outlines the main mechanisms that have been proposed to date.
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FIGURE 1. Overview of molecular mechanisms that have been proposed to underlie responses to cold in primary somatosensory neurons. Bottom left: potential sensory mechanisms triggered by mild non-noxious cooling, down to around 23°C, include TRPC5 [‘Transient Receptor Potential Canonical 5 (TRPC5) ” section], TRPM8 [“Transient Receptor Potential Melastatin 8 (TRPM8)” section], ENaC channels [“Epithelial Sodium Channels (ENaC)” section] and members of the K2P two-pore potassium channel family [“Two-Pore Domain Potassium Channels (K2P)” section]. Bottom middle: the cyclic nucleotide-gated channel CNGA3 has been proposed to be activated by cold down to 22°C [“Cyclic Nucleotide-Gated Channel Alpha 3 (CNGA3)” section]. Bottom right: noxious cold below 22°C has been proposed to activate TRPA1 [“Transient Receptor Potential Ankyrin 1 (TRPA1)” section], possibly via activation of an unknown channel (see arrows]. A recent article proposes that the glutamate receptor GluK2 [“Glutamate Ionotropic Receptor Kainate Type Subunit 2 (GluK2)” section] may trigger cold responses that are G-protein mediated, possibly by modulating an unknown channel (see arrows). Top right: expression of the Nav1.8 sodium channel may allow the cold sensation to continue down to very low temperatures (“Modulation of Cold Responses by Background Potassium Currents” section). Top left: sensory neuronal excitability can be modulated by the activity of members of the Kv1 potassium channel family, which are not directly cold-sensitive themselves (“Mechanisms Transmitting Cold Responses” section).





COLD-SENSITIVE TRP CHANNELS

Most sensory transduction is mediated by ion channels. For example, mechanosensation is mediated by Piezo ion channels (Coste et al., 2010) and sour taste is sensed by acid-sensing ion channels (ASICs; Lingueglia, 2007). The main sensors of temperature in the nervous system are ion channels of the transient receptor potential (TRP) family. TRP channels have six transmembrane domains and are permeable to cations, such as Na+, K+, and Ca2+ (Julius, 2013). When thermosensitive TRP channels are activated by temperature, they open to allow cations into the cell, which depolarizes the membrane, leads to the generation of action potentials that signal the sensation to the CNS, and also causes a rise in the intracellular calcium concentration, either by direct Ca2+ influx through the calcium-permeable TRP channels themselves, or by triggering activation of voltage-gated Ca2+ channels (Palkar et al., 2015).

The temperature-sensitivity of ion channels can be determined by measuring their Q10 value, which is defined as the change in current passing through the ion channel resulting from a 10°C change in temperature. Most ion channels have a Q10 value between 1 and 3, while thermo-sensitive ion channels are defined as those having a Q10 value greater than three. According to this definition, the cold-sensitive TRP channels are TRPM8, TRPA1, and TRPC5 (Wang and Siemens, 2015).


Transient Receptor Potential Melastatin 8 (TRPM8)

TRPM8 is a non-selective cationic channel that can be activated by cold between 25°C and 18°C, with a Q10 value of 24 (McKemy et al., 2002; Peier et al., 2002; Brauchi et al., 2004). TRPM8 may be gated directly by cold, but is also weakly voltage-gated and cold could activate the channel by shifting its voltage-dependent activation curve in a positive direction relative to the level of the resting membrane potential (McKemy et al., 2002; Brauchi et al., 2004; Voets et al., 2004; Karashima et al., 2007; Zakharian et al., 2010). Direct activation of TRPM8 by cold in neurons was confirmed via overexpression in mouse hippocampal neurons, which renders them cold-sensitive (de la Peña et al., 2005). The TRPM family of ion channels also contains the warmth-sensitive TRPM2 ion channel, which is closely related to TRPM8, but other members of this family are thermally-insensitive (Togashi et al., 2006; Tan and McNaughton, 2016).

Consistent with its range of thermal activation in vitro, TRPM8 also plays an important role in the sensation of non-noxious cool temperatures in vivo. For example, TRPM8 deficient mice have attenuated responses to the evaporative cooling assay, However, these mice can still sense noxious cold (Bautista et al., 2007; Dhaka et al., 2007). Even TRPM8/TRPA1 double KO mice display no deficits in noxious cold sensation (Brenner et al., 2014). Other studies, on the other hand, have reported that TRPM8 is required for both neural and behavioral responses to noxious cold in mice (Knowlton et al., 2010, 2011). On balance, TRPM8 plays a clear role in the sensation of non-noxious cool temperatures but is not the only cold transduction mechanism. Which other candidates have been proposed?



Transient Receptor Potential Canonical 5 (TRPC5)

TRPC5 is a nonselective cationic channel that is activated in expression systems by a fall in temperature in the range between 25–37°C, with a Q10 value of ~10 (Okada et al., 1998; Zimmermann et al., 2011). The channel was found to contribute to cold responses of DRG neurons in vitro, but TRPC5 KO mice displayed no difference in temperature preference compared to WT mice (Zimmermann et al., 2011), suggesting that the ion channel is not involved to any significant extent in physiological cold-sensation.



Transient Receptor Potential Ankyrin 1 (TRPA1)

TRPA1 is a nonselective cationic channel that can be activated by cold below 17°C in some expression systems, with a Q10 value of ~10 (Story et al., 2003; Sawada et al., 2007; Karashima et al., 2009). TRPA1 can be activated by various other noxious stimuli, including toxic bacterial products and environmental irritants (Viana, 2016). hTRPA1 inserted in lipid bilayers is activated by both cold and heat, conferring a U-shaped thermal sensitivity (Moparthi et al., 2014, 2016). However, recombinant rat and human TRPA1 when overexpressed in human embryonic kidney (HEK293) cells failed to respond to a 5°C cold stimulus, suggesting that the cold-sensitivity of TRPA1 was not intrinsic but resulted from a variable factor present in some cells but not others (Jordt et al., 2004; Nagata et al., 2005). hTRPA1 can be directly activated by [Ca2+]i (Doerner et al., 2007; Zurborg et al., 2007; Moparthi et al., 2020), so some of these contradictory findings could be explained by indirect activation of TRPA1 via a background Ca2+ influx caused by cooling. Such a background cold-activated [Ca2+]i increase has been observed in most cell lines (Caspani and Heppenstall, 2009).

Experiments addressing the cold-sensitivity of TRPA1 in neuronal cell cultures also remain inconclusive. One study found that TRPA1 was expressed by 46.5% of rat DRG neurons, but only 3.6% of DRG neurons responded to a noxious cold stimulus (Jordt et al., 2004). Similarly, 96% of TRPA1-expressing rat trigeminal ganglion (TG) neurons did not respond to a 5°C cold stimulus, as measured by in vitro Ca2+ imaging (Jordt et al., 2004). These experiments indicate that the expression of TRPA1 alone is not sufficient to generate cold responses. Additionally, neurons of TRPM8 KO mice that remained cold-sensitive in the absence of TRPM8, did not respond to the TRPA1 agonist mustard oil, showing that TRPA1 does not underlie their cold responses (Bautista et al., 2007). Only a small percentage of cold-sensitive mouse trigeminal neurons were activated by TRPA1 agonists (Madrid et al., 2009). In another study, only 8% of TRPA1-expressing DRG neurons responded to a 4°C cold stimulus in mice, showing that TRPA1 expression alone does not render neurons cold-sensitive, but the amplitude of the cold-activated Ca2+ influx in these neurons was reduced after application of the selective TRPA1 antagonist HC030031, suggesting that TRPA1 does contribute to their cold responses (Memon et al., 2017). Unfortunately, the authors did not provide data regarding the size of this decrease, which makes it difficult to conclude that TRPA1 was solely responsible for the observed Ca2+ influx. Therefore, these results do not prove that TRPA1 is directly cold-sensitive and the results could still be explained by indirect activation of TRPA1 via a background cold-activated Ca2+ influx, as suggested previously (Caspani and Heppenstall, 2009).

Behavioral studies using TRPA1 KO mice also report conflicting results. TRPA1 KO mice were indistinguishable from WT littermates in the two-plate thermal choice test (Bautista et al., 2006, 2007). Others have reported that TRPA1 did contribute to cold-sensation, but only in female mice (Kwan et al., 2006), or only in male mice (Winter et al., 2017). Another study found no significant difference between the responses of both male and female TRPA1/TRPM8 double KO mice when compared to their TRPM8 KO littermates (Brenner et al., 2014).

Others report that TRPA1 KO mice did exhibit a partial deficit in cold thermo-sensation, but only during some cold stimulus protocols (Karashima et al., 2009). TRPA1 may contribute, not to cold-sensation, but to cold hypersensitivity (del Camino et al., 2010; Tsagareli et al., 2019).it may not be required for any neural or behavioral responses to cold (Knowlton et al., 2010). An in vivo Ca2+ imaging study of the DRG showed no difference in responses to mild or intense cooling between TRPA1 KO and WT mice (Ran et al., 2016). In rats, the TRPA1 agonist cinnamaldehyde applied to the skin did not sensitize noxious cold-evoked hind limb withdrawal but did sensitize noxious heat withdrawal mediated by C-fibers (Dunham et al., 2010). In agreement, TRPA1 in mammalian somatosensory neurons has recently been found to be heat-sensitive in at least some neurons (Vandewauw et al., 2018), echoing its heat-activation in the exquisitely heat-sensitive thermal sensors of pit vipers (Gracheva et al., 2010; Chen et al., 2013). Furthermore, TRPA1 mediates itch-related heat hyperalgesia in mice (Tsagareli et al., 2019). Taken together, these studies indicate that TRPA1 is not a key contributor to physiological cold-sensation.




EVIDENCE FOR ALTERNATIVE COLD TRANSDUCTION MECHANISMS

There are two populations of cold-sensitive neurons in the rat DRG responding to decreases of temperature between 32–12°C. One population (>70% of cold-sensitive neurons) is sensitive to the TRPM8 agonist menthol and therefore presumably expresses TRPM8, and a second population is not sensitive to menthol (Babes et al., 2004). Furthermore, knockout of TRPM8 in mice caused only a partial reduction in the number of DRG neurons that responded to cooling (14.9% to 7.6%; Dhaka et al., 2007). Therefore, another cold-sensitive mechanism must be present in mouse somatosensory neurons. These observations cannot be explained by the presence of TRPA1, because a third of cold-sensitive mouse DRG neurons lack both TRPM8 and TRPA1 channels (Munns et al., 2007).

The sympathetic nervous system is also intrinsically cold-sensitive. Postganglionic sympathetic neurons of the mouse superior cervical ganglion (SCG) can be directly activated by cold <16°C (Smith et al., 2004; Munns et al., 2007). A physiological function for this sensory mechanism has not yet been identified. Sympathetic nerves trigger cold defense mechanisms, such as cutaneous vasoconstriction, shivering thermogenesis, and brown adipose tissue thermogenesis (Morrison, 2016). Perhaps the thermo-sensitive properties of sympathetic neurons serve to enhance these functions. Around 60% of mouse SCG neurons express a cold-sensitive ion channel whose activation results in an influx of Ca2+. The Ca2+ influx is not activated by the TRP channels agonists menthol or mustard oil and so cannot be either TRPM8 or TRPA1 (Munns et al., 2007). Similarly, the cold-sensitivity of TG neurons that innervate the dental pulp is not mediated by either TRPM8 or TRPA1 (Michot et al., 2018). These studies suggest that there are at least two mechanisms of cold transduction: TRPM8, and an unknown Ca2+ influx mechanism that is not TRPA1.

Apart from TRP channels, a few other types of ion channel have been proposed to function as cold sensors, including two-pore domain potassium channels (K2P; Maingret et al., 2000; Kang et al., 2005), epithelial sodium channels (ENaC; Askwith et al., 2001), GluK2 glutamate receptors (Gong et al., 2019), and CNGA3 cyclic nucleotide-gated ion channels (Feketa et al., 2020). The possible contribution of these ion channels to cold sensation will now be discussed. A comparison of the thermosensitive properties of these ion channels is provided in Supplementary Table S1.


Epithelial Sodium Channels (ENaC)

The constitutively active Na+ current of human cationic epithelial sodium channels (ENaC) can be potentiated by cold lower than 23–25°C with a Q10 value of 4.4 in heterologous cells and mouse DRG neurons, but only in the presence of protons (Askwith et al., 2001). Therefore, these channels could potentially play a role in cold transduction by depolarizing the membrane and triggering action potential firing. However, this hypothesis is challenged by the finding that the ENaC antagonist amiloride did not affect cold-activated currents in rat DRG neurons (Reid and Flonta, 2001).



Two-Pore Domain Potassium Channels (K2P)

The K2P family consists of 15 genes that together make an important contribution to the native K+ background leak currents observed in many neurons. The main function of K2P channels is to control membrane excitability by setting the resting membrane potential (Enyedi and Czirják, 2010). These channels may form a cold transduction mechanism as follows: K2P channels are normally open at physiological temperatures but some close when exposed to cold, thus causing net depolarization of the cell; the membrane potential may thus reach the threshold, opening NaV and CaV channels, and generating action potentials.

Of the K2P channels, mTREK1, rTREK1, rTREK2, hTREK2, rTRAAK, mTASK3, hTASK3, and mTRESK are thermosensitive (Lesage et al., 2000; Maingret et al., 2000; Kang et al., 2005; Morenilla-Palao et al., 2014; Castellanos et al., 2020). in vitro, the deletion of TREK1 or TRAAK alone does not affect cold-sensitivity, but a double KO increases the percentage of cold-sensitive mouse DRG neurons from 24% to 54%. Notably, this mechanism mostly affects neurons that do not express TRPM8 or TRPA1 (Noël et al., 2009). In contrast, TASK3 is enriched in a subpopulation of mouse TRPM8-expressing neurons where it shifts the cold-activation threshold from 29.9°C to 28°C (Morenilla-Palao et al., 2014).

KO mice have been generated to establish the function of these channels in vivo. TREK1 and TRAAK KO mice have no obvious phenotype (Heurteaux et al., 2004; Alloui et al., 2006; Noël et al., 2009), but TREK1/TRAAK double KO mice are more sensitive to cold in the cold plate assay and temperature preference test (Noël et al., 2009). Similarly, both TREK2 and TRESK KO mice have a somewhat enhanced sensitivity to moderately cool temperatures (Pereira et al., 2014; Guo et al., 2019; Castellanos et al., 2020). The studies summarized above suggest a role for K2P channels in thermosensation. Whether the inhibition of the background K+ current mediated by these channels solely modulates neuronal excitability or constitutes a cold-transduction mechanism in isolation, needs further study.



Glutamate Ionotropic Receptor Kainate Type Subunit 2 (GluK2)

A recent genetic screen has put forward another candidate cold sensor by showing that the glutamate receptor GLR-3 is necessary for cold-avoidance behavior in Caenorhabditis elegans (Gong et al., 2019). GLR-3 is both an ionotropic and metabotropic receptor, coupled to the inhibitory protein Gi/o. The mammalian homolog GluK2 also responds to cold <18°C when overexpressed in Chinese Hamster Ovary (CHO) cells as measured by Ca2+ imaging, and this Ca2+-influx is reduced in mouse DRG neurons treated with mGluk2 siRNA in vitro. Curiously, the observed cold-activated Ca2+-influx was shown to be independent of the ionotropic function of GluK2 itself. Furthermore, it was abolished in the absence of extracellular Ca2+, indicating that this Ca2+ increase is not mediated by Ca2+-release from intracellular stores. Therefore, it must be mediated by another unidentified membrane channel present in all cell types tested, including CHO, COS-7, Hela, and DRG neurons (Gong et al., 2019). The molecular pathway by which the activation of an inhibitory Gi/o-coupled receptor such as Gluk2 can lead to activation of a Ca2+ channel needs further study.



Cyclic Nucleotide-Gated Channel Alpha 3 (CNGA3)

Another novel candidate for the unidentified cold sensor is the cation channel CNGA3. CNGA3 is not directly gated by cold, but its activation by cGMP can by potentiated by cold below 22°C, with a Q10 value of 6.5 (Feketa et al., 2020). The cation channel CNGA3 was first discovered to be cold-sensitive in Grünenberg ganglion neurons, located in the vestibule of the murine nose (Stebe et al., 2014). These neurons transduce coolness via a cGMP cascade (Mamasuew et al., 2010). Additionally, CNGA3 is responsible for cold responses of a subpopulation of neurons in the thermoregulatory center of the hypothalamus in mice (Feketa et al., 2020). Interestingly, CNGA3 is also enriched in a subpopulation of cold-sensitive DRG neurons (Luiz et al., 2019). Further research is needed to determine whether CNGA3 contributes to cold responses in these neurons.



Modulation of Cold Responses by Background Potassium Currents

The temperature threshold of cold-sensitive neurons is determined not only by the expression of cold transduction channels but can also be modulated by a cold-insensitive “excitability brake current,” IKD, carried by K+ ions, which controls neuronal excitability (Viana et al., 2002). IKD has been reported to play a role in cold-sensitive mouse neurons expressing either TRPM8 or TRPA1 (Madrid et al., 2009; Memon et al., 2017). It is thought to be mediated by KV1 channels, as it can be blocked by dendrotoxins (Madrid et al., 2009; Teichert et al., 2014). When activated, IKD causes hyperpolarisation of the sensory nerve, making it less sensitive to depolarization by cold-sensitive ion channels.



Mechanisms Transmitting Cold Responses

Transmission of the sensation of extreme cold to the CNS has been the subject of two interesting studies. Zimmermann et al. (2007) found that while many mechanisms mediating exonal excitability were inhibited by strong cold, activation of the sodium channel NaV1.8 was maintained, with the result that conduction of action potentials, and hence the sensation of noxious cold, was maintained in normal mice but was lost in mice in which NaV1.8 had been deleted (Zimmermann et al., 2007; Abrahamsen et al., 2008). A more recent article found, in contrast, that NaV1.8 was in general not expressed in the same neurons as the cold sensor TRPM8, nor in neurons responding to cold down to 5°C. Moreover, the deletion of NaV1.8 had little effect on cold responses until the temperature had reached strongly noxious levels (<5°C; Luiz et al., 2019). Both articles agree, though, that responses to extreme cold (<5°C) are ablated by the deletion of NaV1.8.




CONCLUDING REMARKS

Cold is sensed by specialized sensory nerve endings in the periphery. In these nerve endings, a combination of ion channels is responsible for transducing the sensation of cold. The role of TRPM8 in innocuous cold sensation has been well established, but which combination of cold transduction molecules is responsible for the sensation of noxious cold remains unclear. The vexed question of whether TRPA1 accounts for any fraction of noxious cold sensation has entertained the field for the last decade or more. It is clear at least that TRPA1 is not the only noxious cold sensory mechanism, because: (a) cold-sensitive neurons remaining after deletion of TRPM8 do not in general express TRPA1; (b) most TRPA1-expressing neurons are not cold-sensitive; and (c) mice still exhibit strong cold-aversive responses after deletion of both TRPM8 and TRPA1. On balance, it seems clear that any contribution of TRPA1 to noxious cold sensation is small, and other mechanisms must exist.

Several studies provide evidence for the presence of an unidentified Ca2+ influx mechanism activated by noxious cold in vitro (Smith et al., 2004; Munns et al., 2007; Gong et al., 2019). Novel candidates for this mechanism have been proposed recently, none of which belong to the TRP ion channel family. Each of these discoveries raises further questions: (a) K2P channels make a major contribution to the neuronal resting potential, and action potentials can be initiated when the activity of these channels is suppressed by cold. Do K2P channels form an independent cold transduction mechanism, or do these channels function exclusively to modulate cold responses? (b) GluK2, which appears to act both as an ionotropic glutamate receptor and as a metabotropic cold sensor, has recently been suggested as a novel cold-sensitive mechanism. But how can activation of an inhibitory G protein-coupled receptor such as GluK2 lead to action potential firing? and (c) The cGMP-gated receptor CNGA3 has also recently emerged as a candidate cold sensor in the vomeronasal organ of rodents. By which pathway might CNGA3 mediate cold transduction in somatosensory nerves? Answering these questions is crucial for completing our understanding of the mechanisms that underlie cold sensation. Future research may provide a much-needed target for pharmaceutical intervention in patients that suffer from hypersensitivity to cold, such as those with fibromyalgia, chemotherapy-induced cold hypersensitivity, and dental cold hypersensitivity.



AUTHOR CONTRIBUTIONS

TB and PM wrote the manuscript.



FUNDING

This work was supported by a grant from the Wellcome Trust to PM (205006/Z/16/Z).



ACKNOWLEDGMENTS

We thank Bruno Vilar, and Larissa Garcia Pinto for critically reading the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2020.00262/full#supplementary-material.



REFERENCES

Abrahamsen, B., Zhao, J., Asante, C. O., Cendan, C. M., Marsh, S., Martinez-Barbera, J. P., et al. (2008). The cell and molecular basis of mechanical, cold, and inflammatory pain. Science 321, 702–705. doi: 10.1126/science.1156916

Alloui, A., Zimmermann, K., Mamet, J., Duprat, F., Noel, J., Chemin, J., et al. (2006). TREK-1, a K+ channel involved in polymodal pain perception. EMBO J. 25, 2368–2376. doi: 10.1038/sj.emboj.7601116

Askwith, C. C., Benson, C. J., Welsh, M. J., and Snyder, P. M. (2001). DEG/ENaC ion channels involved in sensory transduction are modulated by cold temperature. Proc. Natl. Acad. Sci. U S A 98, 6459–6463. doi: 10.1073/pnas.111155398

Babes, A., Zorzon, D., and Reid, G. (2004). Two populations of cold-sensitive neurons in rat dorsal root ganglia and their modulation by nerve growth factor. Eur. J. Neurosci. 20, 2276–2282. doi: 10.1111/j.1460-9568.2004.03695.x

Bautista, D. M., Jordt, S. E., Nikai, T., Tsuruda, P. R., Read, A. J., Poblete, J., et al. (2006). TRPA1 mediates the inflammatory actions of environmental irritants and proalgesic agents. Cell 124, 1269–1282. doi: 10.1016/j.cell.2006.02.023

Bautista, D. M., Siemens, J., Glazer, J. M., Tsuruda, P. R., Basbaum, A. I., Stucky, C. L., et al. (2007). The menthol receptor TRPM8 is the principal detector of environmental cold. Nature 448, 204–208. doi: 10.1038/nature05910

Brauchi, S., Orio, P., and Latorre, R. (2004). Clues to understanding cold sensation: thermodynamics and electrophysiological analysis of the cold receptor TRPM8. Proc. Natl. Acad. Sci. U S A 101, 15494–15499. doi: 10.1073/pnas.0406773101

Brenner, D. S., Golden, J. P., Vogt, S. K., Dhaka, A., Story, G. M., and Gereau, R. W. (2014). A dynamic set point for thermal adaptation requires phospholipase C-mediated regulation of TRPM8 in vivo. Pain 155, 2124–2133. doi: 10.1016/j.pain.2014.08.001

Caspani, O., and Heppenstall, P. A. (2009). TRPA1 and cold transduction: an unresolved issue? J. Gen. Physiol. 133, 245–249. doi: 10.1085/jgp.200810136

Castellanos, A., Pujol-Coma, A., Andres-Bilbe, A., Negm, A., Callejo, G., Soto, D., et al. (2020). TRESK background K+ channel deletion selectively uncovers enhanced mechanical and cold sensitivity. J. Physiol. 598, 1017–1038. doi: 10.1113/JP279203

Chen, J., Kang, D., Xu, J., Lake, M., Hogan, J. O., Sun, C., et al. (2013). Species differences and molecular determinant of TRPA1 cold sensitivity. Nat. Commun. 4:2501. doi: 10.1038/ncomms3501

Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., et al. (2010). Piezo1 and Piezo2 are essential components of distinct mechanically activated cation channels. Science 330, 55–60. doi: 10.1126/science.1193270

de la Peña, E., Mälkiä, A., Cabedo, H., Belmonte, C., and Viana, F. (2005). The contribution of TRPM8 channels to cold sensing in mammalian neurones. J. Physiol. 567, 415–426. doi: 10.1113/jphysiol.2005.086546

del Camino, D., Murphy, S., Heiry, M., Barrett, L. B., Earley, T. J., Cook, C. A., et al. (2010). TRPA1 contributes to cold hypersensitivity. J. Neurosci. 30, 15165–15174. doi: 10.1523/JNEUROSCI.2580-10.2010

Dhaka, A., Murray, A. N., Mathur, J., Earley, T. J., Petrus, M. J., and Patapoutian, A. (2007). TRPM8 is required for cold sensation in mice. Neuron 54, 371–378. doi: 10.1016/j.neuron.2007.02.024

Doerner, J. F., Gisselmann, G., Hatt, H., and Wetzel, C. H. (2007). Transient receptor potential channel A1 is directly gated by calcium ions. J. Biol. Chem. 282, 13180–13189. doi: 10.1074/jbc.m607849200

Dunham, J. P., Leith, J. L., Lumb, B. M., and Donaldson, L. F. (2010). Transient receptor potential channel A1 and noxious cold responses in rat cutaneous nociceptors. Neuroscience 165, 1412–1419. doi: 10.1016/j.neuroscience.2009.11.065

Enyedi, P., and Czirják, G. (2010). Molecular background of leak K+ currents: two-pore domain potassium channels. Physiol. Rev. 90, 559–605. doi: 10.1152/physrev.00029.2009

Feketa, V. V., Nikolaev, Y. A., Merriman, D. K., Bagriantsev, S. N., and Gracheva, E. O. (2020). CNGA3 acts as a cold sensor in hypothalamic neurons. Elife 9:e55370. doi: 10.7554/eLife.55370

Gong, J., Liu, J., Ronan, E. A., He, F., Cai, W., Fatima, M., et al. (2019). A cold-sensing receptor encoded by a glutamate receptor gene. Cell 178, 1375.e11–1386.e11. doi: 10.1016/j.cell.2019.07.034

Gracheva, E. O., Ingolia, N. T., Kelly, Y. M., Cordero-Morales, J. F., Hollopeter, G., Chesler, A. T., et al. (2010). Molecular basis of infrared detection by snakes. Nature 464, 1006–1011. doi: 10.1038/nature08943

Grossmann, L., Gorodetskaya, N., Teliban, A., Baron, R., and Jänig, W. (2009). Cutaneous afferent C-fibers regenerating along the distal nerve stump after crush lesion show two types of cold sensitivity. Eur. J. Pain 13, 682–690. doi: 10.1016/j.ejpain.2008.09.004

Guo, Z., Qiu, C. S., Jiang, X., Zhang, J., Li, F., Liu, Q., et al. (2019). TRESK K+ channel activity regulates trigeminal nociception and headache. eNeuro 6:ENEURO.0236-19.2019. doi: 10.1523/eneuro.0236-19.2019

Heurteaux, C., Guy, N., Laigle, C., Blondeau, N., Duprat, F., Mazzuca, M., et al. (2004). TREK-1, a K+ channel involved in neuroprotection and general anesthesia. EMBO J. 23, 2684–2695. doi: 10.1038/sj.emboj.7600234

Himmel, N. J., and Cox, D. N. (2017). Sensing the cold: TRP channels in thermal nociception. Channels 11, 370–372. doi: 10.1080/19336950.2017.1336401

Jordt, S. E., Bautista, D. M., Chuang, H. H., McKemy, D. D., Zygmunt, P. M., Hogestatt, E. D., et al. (2004). Mustard oils and cannabinoids excite sensory nerve fibres through the TRP channel ANKTM1. Nature 427, 260–265. doi: 10.1038/nature02282

Julius, D. (2013). TRP channels and pain. Annu. Rev. Cell Dev. Biol. 29, 355–384. doi: 10.1146/annurev-cellbio-101011-155833

Kang, D., Choe, C., and Kim, D. (2005). Thermosensitivity of the two-pore domain K+ channels TREK-2 and TRAAK. J. Physiol. 5641, 103–116. doi: 10.1113/jphysiol.2004.081059

Karashima, Y., Damann, N., Prenen, J., Talavera, K., Segal, A., Voets, T., et al. (2007). Bimodal action of menthol on the transient receptor potential channel TRPA1. J. Neurosci. 27, 9874–9884. doi: 10.1523/JNEUROSCI.2221-07.2007

Karashima, Y., Talavera, K., Everaerts, W., Janssens, A., Kwan, K. Y., Vennekens, R., et al. (2009). TRPA1 acts as a cold sensor in vitro and in vivo. Proc. Natl. Acad. Sci. U S A 106, 1273–1278. doi: 10.1073/pnas.0808487106

Knowlton, W. M., Bifolck-Fisher, A., Bautista, D. M., and McKemy, D. D. (2010). TRPM8, but not TRPA1, is required for neural and behavioral responses to acute noxious cold temperatures and cold-mimetics in vivo. Pain 150, 340–350. doi: 10.1016/j.pain.2010.05.021

Knowlton, W. M., Daniels, R. L., Palkar, R., McCoy, D. D., and McKemy, D. D. (2011). Pharmacological blockade of TRPM8 ion channels alters cold and cold pain responses in mice. PLoS One 6:e25894. doi: 10.1371/journal.pone.0025894

Kwan, K. Y., Allchorne, A. J., Vollrath, M. A., Christensen, A. P., Zhang, D. S., Woolf, C. J., et al. (2006). TRPA1 contributes to cold, mechanical, and chemical nociception but is not essential for hair-cell transduction. Neuron 50, 277–289. doi: 10.1016/j.neuron.2006.03.042

Lamas, J. A., Rueda-Ruzafa, L., and Herrera-Pérez, S. (2019). Ion channels and thermosensitivity: TRP, TREK, or both? Int. J. Mol. Sci. 20:2371. doi: 10.3390/ijms20102371

Lesage, F., Terrenoire, C., Romey, G., and Lazdunski, M. (2000). Human TREK2, a 2P domain mechano-sensitive K+ channel with multiple regulations by polyunsaturated fatty acids, lysophospholipids, and Gs, Gi, and Gq protein-coupled receptors. J. Biol. Chem. 275, 28398–28405. doi: 10.1074/jbc.m002822200

Lingueglia, E. (2007). Acid-sensing ion channels in sensory perception. J. Biol. Chem. 282, 17325–17329. doi: 10.1074/jbc.r700011200

Luiz, A. P., MacDonald, D. I., Santana-Varela, S., Millet, Q., Sikandar, S., Wood, J. N., et al. (2019). Cold sensing by NaV1.8-positive and NaV1.8-negative sensory neurons. Proc. Natl. Acad. Sci. U S A 116, 3811–3816. doi: 10.1073/pnas.1814545116

MacDonald, D. I., Wood, J. N., and Emery, E. C. (2020). Molecular mechanisms of cold pain. Neurobiol. Pain 7:100044. doi: 10.1016/j.ynpai.2020.100044

Madrid, R., de la Peña, E., Donovan-Rodriguez, T., Belmonte, C., and Viana, F. (2009). Variable threshold of trigeminal cold-thermosensitive neurons is determined by a balance between TRPM8 and Kv1 potassium channels. J. Neurosci. 29, 3120–3131. doi: 10.1523/JNEUROSCI.4778-08.2009

Maingret, F., Lauritzen, I., Patel, A. J., Heurteaux, C., Reyes, R., Lesage, F., et al. (2000). TREK-1 is a heat-activated background K+ channel. EMBO J. 19, 2483–2491. doi: 10.1093/emboj/19.11.2483

Mamasuew, K., Michalakis, S., Breer, H., Biel, M., and Fleischer, J. (2010). The cyclic nucleotide-gated ion channel CNGA3 contributes to coolness-induced responses of Grueneberg ganglion neurons. Cell. Mol. Life Sci. 67, 1859–1869. doi: 10.1007/s00018-010-0296-8

McKemy, D. D., Neuhausser, W. M., and Julius, D. (2002). Identification of a cold receptor reveals a general role for TRP channels in thermosensation. Nature 416, 52–58. doi: 10.1038/nature719

Memon, T., Chase, K., Leavitt, L. S., Olivera, B. M., and Teichert, R. W. (2017). TRPA1 expression levels and excitability brake by KVchannels influence cold sensitivity of TRPA1-expressing neurons. Neuroscience 353, 76–86. doi: 10.1016/j.neuroscience.2017.04.001

Michot, B., Lee, C. S., and Gibbs, J. L. (2018). TRPM8 and TRPA1 do not contribute to dental pulp sensitivity to cold. Sci. Rep. 8:13198. doi: 10.1038/s41598-018-31487-2

Moparthi, L., Kichko, T. I., Eberhardt, M., Högestätt, E. D., Kjellbom, P., Johanson, U., et al. (2016). Human TRPA1 is a heat sensor displaying intrinsic U-shaped thermosensitivity. Sci. Rep. 6:28763. doi: 10.1038/srep28763

Moparthi, L., Moparthi, S. B., Wenger, J., and Zygmunt, P. M. (2020). Calcium activates purified human TRPA1 with and without its N-terminal ankyrin repeat domain in the absence of calmodulin. Cell Calcium 90:102228. doi: 10.1016/j.ceca.2020.102228

Moparthi, L., Survery, S., Kreir, M., Simonsen, C., Kjellbom, P., Högestätt, E. D., et al. (2014). Human TRPA1 is intrinsically cold- and chemosensitive with and without its N-terminal ankyrin repeat domain. Proc. Natl. Acad. Sci. U S A 111, 16901–16906. doi: 10.1073/pnas.1412689111

Morenilla-Palao, C., Luis, E., Fernandez-Pena, C., Quintero, E., Weaver, J. L., Bayliss, D. A., et al. (2014). Ion channel profile of TRPM8 cold receptors reveals a role of TASK-3 potassium channels in thermosensation. Cell 8, 1571–1582. doi: 10.1016/j.celrep.2014.08.003

Morrison, S. F. (2016). Central neural control of thermoregulation and brown adipose tissue. Auton. Neurosci. Basic Clin. 196, 14–24. doi: 10.1016/j.autneu.2016.02.010

Munns, C., AlQatari, M., and Koltzenburg, M. (2007). Many cold sensitive peripheral neurons of the mouse do not express TRPM8 or TRPA1. Cell Calcium 41, 331–342. doi: 10.1016/j.ceca.2006.07.008

Nagata, K., Duggan, A., Kumar, G., and García-Añoveros, J. (2005). Nociceptor and hair cell transducer properties of TRPA1, a channel for pain and hearing. J. Neurosci. 25, 4052–4061. doi: 10.1523/JNEUROSCI.0013-05.2005

Noël, J., Zimmermann, K., Busserolles, J., Deval, E., Alloui, A., Diochot, S., et al. (2009). The mechano-activated K+ channels TRAAK and TREK-1 control both warm and cold perception. EMBO J. 28, 1308–1318. doi: 10.1038/emboj.2009.57

Okada, T., Shimizu, S., Wakamori, M., Maeda, A., Kurosaki, T., Takada, N., et al. (1998). Molecular cloning and functional characterization of a novel receptor-activated TRP Ca2+ channel from mouse brain. J. Biol. Chem. 273, 10279–10287. doi: 10.1074/jbc.273.17.10279

Palkar, R., Lippoldt, E. K., and McKemy, D. D. (2015). ScienceDirect The molecular and cellular basis of thermosensation in mammals. Curr. Opin. Neurobiol. 34, 14–19. doi: 10.1016/j.conb.2015.01.010

Peier, A. M., Moqrich, A., Hergarden, A. C., Reeve, A. J., Andersson, D. A., Story, G. M., et al. (2002). A TRP channel that senses cold stimuli and menthol. Cell 108, 705–715. doi: 10.1016/s0092-8674(02)00652-9

Pereira, V., Busserolles, J., Christin, M., Devilliers, M., Poupon, L., Legha, W., et al. (2014). Role of the TREK2 potassium channel in cold and warm thermosensation and in pain perception. Pain 155, 2534–2544. doi: 10.1016/j.pain.2014.09.013

Ran, C., Hoon, M. A., and Chen, X. (2016). The coding of cutaneous temperature in the spinal cord. Nat. Neurosci. 19, 1201–1209. doi: 10.1038/nn.4350

Reid, G., and Flonta, M.-L. (2001). Cold current in thermoreceptive neurons. Nature 413, 480–480. doi: 10.1038/35097164

Sawada, Y., Hosokawa, H., Hori, A., Matsumura, K., and Kobayashi, S. (2007). Cold sensitivity of recombinant TRPA1 channels. Brain Res. 1160, 39–46. doi: 10.1016/j.brainres.2007.05.047

Smith, M. P., Beacham, D., Ensor, E., and Koltzenburg, M. (2004). Cold-sensitive, menthol-insensitive neurons in the murine sympathetic nervous system. Neuroreport 15, 1399–1403. doi: 10.1097/01.wnr.0000126559.35631.54

Stebe, S., Schellig, K., Lesage, F., Breer, H., and Fleischer, J. (2014). The thermosensitive potassium channel TREK-1 contributes to coolness-evoked responses of grueneberg ganglion neurons. Cell. Mol. Neurobiol. 34, 113–122. doi: 10.1007/s10571-013-9992-x

Story, G. M., Peier, A. M., Reeve, A. J., Eid, S. R., Mosbacher, J., Hricik, T. R., et al. (2003). ANKTM1, a TRP-like channel expressed in nociceptive neurons, is activated by cold temperatures. Cell 112, 819–829. doi: 10.1016/s0092-8674(03)00158-2

Tan, C.-H., and McNaughton, P. A. (2016). The TRPM2 ion channel is required for sensitivity to warmth. Nature 536, 460–463. doi: 10.1038/nature19074

Teichert, R. W., Memon, T., Aman, J. W., and Olivera, B. M. (2014). Using constellation pharmacology to define comprehensively a somatosensory neuronal subclass. Proc. Natl. Acad. Sci. U S A 111, 2319–2324. doi: 10.1073/pnas.1324019111

Togashi, K., Hara, Y., Tominaga, T., Higashi, T., Konishi, Y., Mori, Y., et al. (2006). TRPM2 activation by cyclic ADP-ribose at body temperature is involved in insulin secretion. EMBO J. 25, 1804–1815. doi: 10.1038/sj.emboj.7601083

Tsagareli, M. G., Nozadze, I., Tsiklauri, N., and Gurtskaia, G. (2019). TRPA1 channel is involved in SLIGRL-evoked thermal and mechanical hyperalgesia in mice. Med. Sci. 7:62. doi: 10.3390/medsci7040062

Vandewauw, I., De Clercq, K., Mulier, M., Held, K., Pinto, S., Van Ranst, N., et al. (2018). A TRP channel trio mediates acute noxious heat sensing. Nature 559:E7. doi: 10.1038/s41586-018-0100-8

Viana, F. (2016). TRPA1 channels: molecular sentinels of cellular stress and tissue damage. J. Physiol. 594, 4151–4169. doi: 10.1113/JP270935

Viana, F., de la Peña, E., and Belmonte, C. (2002). Specificity of cold thermotransduction is determined by differential ionic channel expression. Nat. Neurosci. 5, 254–260. doi: 10.1038/nn809

Voets, T., Droogmans, G., Wissenbach, U., Janssens, A., Flockerzi, V., and Nilius, B. (2004). The principle of temperature-dependent gating in cold- and heat-sensitive TRP channels. Nature 430, 748–754. doi: 10.1038/nature02732

Wang, H., and Siemens, J. (2015). TRP ion channels in thermosensation, thermoregulation and metabolism. Temperature 2, 178–187. doi: 10.1080/23328940.2015.1040604

Winter, Z., Gruschwitz, P., Eger, S., Touska, F., and Zimmermann, K. (2017). Cold temperature encoding by cutaneous TRPA1 and TRPM8-carrying fibers in the mouse. Front. Mol. Neurosci. 10:209. doi: 10.3389/fnmol.2017.00209

Zakharian, E., Cao, C., and Rohacs, T. (2010). Gating of transient receptor potential melastatin 8 (TRPM8) channels activated by cold and chemical agonists in planar lipid bilayers. J. Neurosci. 30, 12526–12534. doi: 10.1523/JNEUROSCI.3189-10.2010

Zimmermann, K., Leffler, A., Babes, A., Cendan, C. M., Carr, R. W., Kobayashi, J. I., et al. (2007). Sensory neuron sodium channel Nav1.8 is essential for pain at low temperatures. Neuroforum 13, 100–101. doi: 10.1038/nature05880

Zimmermann, K., Lennerz, J. K., Hein, A., Link, A. S., Kaczmarek, J. S., Delling, M., et al. (2011). Transient receptor potential cation channel, subfamily C, member 5 (TRPC5) is a cold-transducer in the peripheral nervous system. Proc. Natl. Acad. Sci. U S A 108, 18114–18119. doi: 10.1073/pnas.1115387108

Zurborg, S., Yurgionas, B., Jira, J. A., Caspani, O., and Heppenstall, P. A. (2007). Direct activation of the ion channel TRPA1 by Ca2+. Nat. Neurosci. 10, 277–279. doi: 10.1038/nn1843

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Buijs and McNaughton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml


Contents





		Cover



		The Role of Cold-Sensitive Ion Channels in Peripheral Thermosensation



		Introduction



		Cold-Sensitive Trp Channels



		Transient Receptor Potential Melastatin 8 (Trpm8)



		Transient Receptor Potential Canonical 5 (Trpc5)











		Evidence For Alternative Cold Transduction Mechanisms



		Epithelial Sodium Channels (Enac)



		Two-Pore Domain Potassium Channels (K2p)



		Glutamate Ionotropic Receptor Kainate Type Subunit 2 (Gluk2)



		Cyclic Nucleotide-Gated Channel Alpha 3 (Cnga3)



		Modulation Of Cold Responses By Background Potassium Currents











		Concluding Remarks



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material

















OPS/images/crossmark.jpg





OPS/images/fncel-14-00262-g001.gif
Nerve ending

T
37.23°C





OPS/images/cover.jpg
, frontiers
In Cellular Neuroscience

The Role of Cold-Sensitive lon
Channels in Peripheral
Thermosensation









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





