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Abstract

Over a decade and a half of intensive study has shown that the Transient Receptor Potential family 

ion channels TRPV1 and TRPM8 are the primary sensors of heat and cold temperatures in the 

peripheral nervous system. TRPV homologues and TRPA1 are also implicated, but recent genetic 

evidence has diminished their significance in thermosensation and suggests that a number of 

newly identified thermosensitive channels, including TRPM3, two-pore potassium channels, and 

the chloride channel Ano1, require further consideration. In addition to novel thermostransducers, 

recent genetic and pharmacological approaches have begun to elucidate the afferent neurocircuits 

underlying temperature sensation, continuing the rapid expansion in our understanding of the 

cellular and molecular basis of thermosensation that began with the discovery of TRPV1 and 

TRPM8.

INTRODUCTION

The ability to detect temperature change enables mammals to find suitable thermal climes, 

maintain core body temperature, and perceive painful (nociceptive) stimuli. This important 

process is initiated in peripheral terminals of dorsal root (DRG) or trigeminal ganglia (TG) 

neurons where the intensity and quality of these stimuli are converted into neural activity 

and conveyed to the CNS. Thermosensory afferents fall into four subtypes based on their 

temperature response range; from innocuous warm (30°C–43°C) to noxious heat (>43°C), 

innocuous cool (15°C – 30°C) to painful cold (< 15°C). Over the last decade and a half, ion 

channels of the TRP family have been recognized as the principle detectors of thermal 

stimuli in the peripheral nervous system [1], yet recent genetic analyses in mice finds that 

some of these channels’ roles in acute thermosensation are limited at best, suggesting that 

other molecular mechanisms underlying thermosensation are yet to be identified. Here, we 

discuss these recent results, as well as describe several newly identified candidate 
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thermostransducers and their putative roles in thermotransduction. In spite of these new 

observations, a select few channels relevant to thermosensation have been used as molecular 

gateways to study the cellular basis of thermosensation, with recent evidence supporting the 

presence of distinct afferent labeled lines for heat and cold sensation, a topic discussed 

herein.

Are TRPV channels required to heat sensation?

The landmark discovery of the heat-activated channel TRPV1 as the receptor for capsaicin, 

the pungent ingredient in chili peppers that produces a sensation of heat, provided the first 

insights into the molecular basis for thermotransduction [2]. TRPV1 expression, its 

temperature threshold of 43°C, gating mechanisms [3], and other functional properties 

clearly show its major role in noxious heat perception (for review see [4]). However, mice 

lacking TRPV1 channels (Trpv1−/−), while less-sensitive to extreme heat, still retain 

moderate heat sensitivity, with the most profound phenotype being a total absence of 

inflammatory thermal hyperalgesia [5,6].

What then underlies TRPV1-independent heat sensation? TRPV1 homologues, such as 

TRPV2, TRPV3, and TRPV4 are also heat-sensitive when expressed heterologously, with 

TRPV2 activated above 52°C [7], and both TRPV3 (which is expressed in keratinocytes) 

and TRPV4 responsive to warmth (~26–34°C) [8–10]. However, cellular and behavioral 

heat responses are normal in Trpv2−/− mice, and no additional thermosensory deficits occur 

when both TRPV1 and TRPV2 are absent [11*]. Warm preference and acute heat responses 

were initially reported to be impaired in Trpv3−/− and Trpv4−/− mice [12,13]. However, 

preliminary knockout characterizations were performed on mixed strain mice, which can 

strongly influence animal behaviors. Indeed, no deficiencies were recently observed in 

Trpv3−/− and Trpv4−/− animals on pure genetic backgrounds, nor any differences in mice 

lacking both channels [14*]. These findings suggest that previous reports of thermosensory 

deficits were strain-dependent, and what underlies the differences in heat evoked behaviors 

between different mouse strains remains to be determined.

Are there other heat receptors?

The diminishing the significance of TRPV2–4 in heat sensation suggest the existence of 

additional thermosensors, leading many to test the thermosensitivity of other TRP channels. 

However, only TRPM3 (melastatin), which is expressed in ~80% of DRG and TG neurons, 

has thermosensory properties in vitro and in vivo [15**]. Warmth (30–35°C) evokes 

TRPM3 currents and potentiates agonist-evoked (pregnenolone sulfate; PS) responses in 

vitro. PS induces nociceptive behaviors in wildtype mice and Trpm3−/− animals are less 

sensitive to noxious heat and deficient in inflammatory thermal hyperalgesia, a phenotype 

remarkably similar to Trpv1−/− mice [5,6,15]. TRPM3 is an intriguing channel requiring 

further study due to its many alternatively-spliced isoforms, role in modulating insulin 

release and the secretion of inflammatory cytokines, and a novel, agonist-dependent dual 

permeation pathway [16].

TRP-independent candidate thermosensors have recently emerged. For example, the Ca2+-

activated Cl− channel Anoctamin 1 (ANO1) is activated by noxious heat (>44°C), even in 
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the absence of intracellular Ca2+, and acute and pathological heat-evoked behaviors are 

reduced in mice with sensory neuron-specific deletion of Ano1, or when the channel is 

blocked pharmacologically [17**,18*]. In addition, Orai channels cluster with stromal 

interacting molecule 1 (STIM1) upon depletion of intracellular Ca2+ stores, thereby leading 

to channel gating and store-operated Ca2+ currents. Surprisingly, heat (>35°C) also induces 

STIM1 clustering which leads to Orai channel activation when temperatures reduce [19], yet 

it remains to be elucidated if such a mechanism leads to changes in somatosensory 

responses. When taken as a whole, the molecular basis for heat sensation is diverse and 

future studies into the role of these newly described thermosensors, and others yet to be 

found, should expand our understanding of mammalian thermosensation (Figure 1).

Molecular basis of cold transduction

The number of molecules linked to cold reception is small compared to heat, but as with the 

chili pepper, the first insights were obtained via a naturally occurring plant product, 

menthol, the cooling mimetic of mint. TRPM8 was cloned based on its sensitivity to 

menthol and is activated at temperatures below 26°C, with currents increasing in a largely 

linear manner into the noxious range (<15°C) [20,21]. Trpm8−/− mice are insensitive to 

innocuous cool temperatures and partially deficient in response to noxious cold, but retain 

some cold sensitivity [22–25**].

TRPA1 (ankyrin), a channel expressed in a subset of TRPV1+ neurons, was initially 

observed to be cold-activated (~17°C threshold) [26]. However, the role of TRPA1 as a 

noxious cold-sensor is controversial as others fail to observe cold activation, and the channel 

is robustly activated by a plethora of agonists that are not perceived as cold (for review see 

[4]). Furthermore, agonist-evoked currents are ~20-fold larger than cold currents [1], and 

TRPA1 channels have distinct thermosensory functions in different species [4]. Studies of 

Trpa1−/− mice are inconclusive as well [27–30], and the preponderance of evidence 

suggests TRPA1 plays no role in acute cold sensation. However, endogenous and exogenous 

TRPA1 agonists induce cold hypersensitivity, and cold potentiates agonist-evoked TRPA1 

currents [30], suggesting that TRPA1 channels play an important role in cold pain after 

injury (Figure 2).

TRPM8 is also involved in both inflammatory and neuropathic pain, but is unique in that it’s 

both pro- and anti-nociceptive. Cooling and menthol are known analgesics, and require 

TRPM8 channels and neurons [22,25,31]. Paradoxically, injury-induced cold sensitization is 

reduced when TRPM8 is blocked or absent [24,25,32,33], and the signal transduction 

pathways leading to cold hypersensitivity have been poorly described [24,25,34,35]. Many 

proalgesics work via G-protein coupled receptors which inhibit TRPM8 gating by direct 

binding of the Gαq subunit (Figure 2), a process that is proposed to diminish cooling 

analgesia [36*]. To date, only artemin, a glial cell-line derived neurotrophic factor-like 

ligand, has been found to induce TRPM8-dependent cold hypersensitivity [37*]. Of note, the 

artemin-specific receptor GFRα3 is expressed in the subset of TRPM8 neurons expressing 

TRPV1 which, when considered in the context of the inhibitory actions of other proalgesic 

receptors, suggest the presence of distinct TRPM8-neural circuits that are either proalgesic 

or analgesic.
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Are there other cold sensors? TRPC5 is reportedly cold-sensitive between 37°C and 25°C, 

but neuronal cold-activated TRPC5 currents have yet to be recorded [38]. Moreover, 

Trpc5−/− mice show no deficits in cold sensation, although there is a decrease in cold-

sensitive DRG neurons in these animals, a phenotype that is likely due to a reduction in 

TRPM8 expression. It is also worth noting that while heat induces STIM1/Orai1 clustering, 

subsequent cooling is required for channel gating [19]. Thus, it remains to be determined if 

either of these newly identified temperature sensitive molecules serve any appreciable role 

in cold transduction.

Reception or transduction?

Thermosensation is also modulated by channels that establish the threshold membrane 

voltage for action potential firing. For example, the two-pore K+ (K2P) channels TREK1, 

TREK2, and TRAAK are moderately sensitive to warmth and modulate sensitivity over 

largely non-overlapping temperatures. Trek1−/− and Traak−/− mice display heat 

hyperalgesia from 46–50°C, whereas mice lacking both channels are sensitized to cold from 

20–10°C [39,40]. Conversely, Trek2−/− mice show normal sensitivity to extreme heat or 

cold, but are sensitized to moderate temperatures (warmth: 40–46°C; cooling 25–20°C) 

[40*]. Mice lacking all three K2P channels show broad thermal hypersensitivity, suggesting 

that these channels work to dampen excitability in different temperature ranges. 

Furthermore, they are down-regulated in a model of chemotherapeutic-induced neuropathic 

pain that displays cold hypersensitivity, a phenotype also observed in mice lacking the 

related K2P channel TASK-3 [34,41].

Sodium conductances are also linked to control of cold perception. Cold typically inhibits 

neuronal excitability, partly by increasing voltage-dependent inactivation of voltage-gated 

sodium (Nav) channels. However, inactivation of the tetrodotoxin (TTX)-resistant channel 

Nav1.8 is resistant to cold, and Nav1.8−/− mice display reduced cold sensitivity, properties 

suggesting Nav1.8 is the primary impulse generator in the cold [42]. Similarly, neuropathic 

cold hypersensitivity is attenuated by Nav1.6 antagonists [43]. Taken together, these studies 

show that, as with any biological system, the molecular mechanisms underlying 

thermotransduction are complex and likely utilize many functionally overlapping or 

redundant molecules.

Cellular basis for thermosensation

The identification of thermosensory molecules has provided a genetic inroad that enables the 

dissection of the cellular circuitry of temperature. For example, genetic ablation of Nav1.8+ 

neurons, which account for 75% of DRGs, resulted in reduced inflammatory heat 

hyperalgesia, but strikingly no deficits in acute heat-evoked behaviors [44]. Moreover, these 

mice were deficient in noxious cold-evoked behaviors, but responded normally to innocuous 

cool temperatures. Conversely, a phenotype similar to Trpv1−/− mice was found when these 

cells were synaptically-silenced by conditional deletion of the glutamate transporter VGlut2 

[45,46]. Thus, Nav1.8+ afferents appear to serve a partial role in mammalian 

thermosensation.
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In contrast, when similar approaches targeted TRPV1+ neurons directly, heat sensation was 

largely abolished. Mice in which TRPV1-lineage neurons are genetically ablated are 

thermally insensitive, a phenotype significantly more severe than Trpv1−/− mice [47]. 

Embryonically, TRPV1 is expressed in ~90% of all afferents, including those fated to 

express TRPM8 and TRPA1, suggesting these animals to be a general model of de-

afferentation and not specifically relevant to TRPV1-neuron function in the adult. This is 

consistent with a total absence of heat-evoked behaviors, but normal cold responses, in mice 

in which TRPV1+ afferents were ablated genetically or pharmacologically in adulthood [47–

49**]. Similarly, electrically silencing TRPV1+ afferents by channel-specific uptake of a 

cell-impermeant Nav channel blocker also abolished heat responses [50], suggesting that 

TRPV1+ afferents account for the cellular basis for heat thermosensation.

Genetic ablation of TRPM8-neurons also found robust deficits in cold sensation beyond that 

of Trpm8−/− mice, a phenotype particularly evident at noxious cold temperatures [25]. 

Moreover, mice lacking both TRPV1 and TRPM8 neurons are largely thermally-insensitive 

[49], results showing that these neurons constitute the cellular neurocircuit underlying 

temperature, at least at the level of the afferent neuron. Of note the latter study did observe 

minor behaviors at temperature extremes, responses absent when neurons expressing the 

Mas-related GPCR Mrgprd were ablated with both TRPM8 and TRPV1 fibers [49]. 

Ablation of the Mrgprd cohort alone had no effect on thermal responses [48,49], suggesting 

an even more complex coordination of thermosensory and non-thermosensory afferents in 

mouse behaviors.

CONCLUSION

The discovery of additional temperature-activated channels expands our understanding of 

the basis for thermosensitivity in mammals. Particularly for heat, it is clear that other TRPV 

channels cannot account for the residual heat sensitivity observed in Trpv1−/− mice, and 

additional heat sensors must complement TRPV1’s function. Nevertheless, the more 

profound phenotype observed in TRPV1 or TRPM8 cell-ablated mice compared to channel-

only deletion confirms that these are the cell populations responsible for thermosensitivity 

and that within these populations there are additional molecules mediating thermosensation. 

Furthermore, temperature-sensitive K+ and Na+ channels provide a mechanism for fine-

tuning the activity of the primary thermosensors. Thus, while the cellular basis of 

thermosensation is founded on two neural populations, its mechanism at the molecular level 

is mediated by an array of ion channels that, in combination with the primary sensors 

TRPV1 and TRPM8, determine the net response. Elucidating the details of how these 

additional channels behave in relation to each other will provide crucial insight into the 

molecular and cellular basis of thermosensation.
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Highlights

• Genetic evidence questions the importance of many thermally-sensitive ion 

channels

• Candidate thermosensors provide novel molecular mechanisms for 

thermosensation

• TRPV1 and TRPM8 neurons constitute the cellular basis for thermosensation
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Figure 1. Molecules mediating thermosensation
The sensations of heat and cold are transduced by distinct subsets of sensory neurons 

characterized by their expression of TRPV1 and TRPM8, respectively. Ion channels like 

TRPM3 and ANO1 also contribute to heat detection. Similarly, TRPM8-independent 

molecular mechanisms of cold-sensitivity include cold-activated channels like TRPC5. Even 

though the role of the TRPA1 channel as a cold sensor is controversial, it contributes to cold 

hypersensitivity in pathological conditions. Furthermore, the differential expression of Na+ 

and K+ channels, like Nav1.6, Nav1.8, TREK1/2, TRAAK and TASK3 modulates the 

temperature thresholds of TRPV1- and TRPM8-expressing sensory afferents. In addition to 

neurons, keratinocytes expressing the temperature-sensitive TRPV3 and TRPV4 channels 

may contribute, but recent evidence questions their role in thermosensation.
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Figure 2. Mechanisms of thermal hypersensitivity
Proalgesic agents, released from epithelium or immune cells or from nerve terminals 

neurogenically, modulate neuron activity by binding to their receptors, which then influence 

neuron activity through downstream effects. TRPV1 mediates heat hyperalgesia by 

becoming sensitized downstream of a large number of inflammatory mediators. TRPA1 is 

involved in heat, cold and mechanical hyperalgesia after injury, both by being activated by 

channel agonists and by perpetuating neurogenic inflammation. TRPM8/TRPV1 co-

expressing neurons are sensitized to cold by NGF and artemin, while non-TRPV1 

expressing TRPM8 neurons (involved in sensing innocuous cool and cold-mediated 

analgesia) are inhibited by certain inflammatory mediators. Cold hyperalgesia also occurs as 

a result of the downregulation of “excitability breaks” such as the K2P class of K+ channels.
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