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Abstract

Temperature is a universal cue and regulates many essential processes rang-
ing from enzymatic reactions to species migration. Due to the profound im-
pact of temperature on physiology and behavior, animals and humans have
evolved sophisticated mechanisms to detect temperature changes. Studies
from animal models, such as mouse, Drosophila, and C. elegans, have revealed
many exciting principles of thermosensation. For example, conserved molec-
ular thermosensors, including thermosensitive channels and receptors, act as
the initial detectors of temperature changes across taxa. Additionally, ther-
mosensory neurons and circuits in different species appear to adopt similar
logic to transduce and process temperature information. Here, we present
the current understanding of thermosensation at the molecular and cellular
levels. We also discuss the fundamental coding strategies of thermosensation
at the circuit level. A thorough understanding of thermosensation not only
provides key insights into sensory biology but also builds a foundation for
developing better treatments for various sensory disorders.
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INTRODUCTION

Many ancient cultures considered heat (fire) a classical element of nature (1). To quantify the heat
present in an object, modern sciences use temperature (defined by the third law of thermodynam-
ics) as a measure of the motions and vibrations of the particle constituents of the object. All bio-
chemical reactions have a temperature coefficient that refers to the rate of change of a biochemical
reaction as a consequence of temperature increase. As a result, temperature essentially regulates all
physiological processes of living organisms. For example, many essential enzymes have an optimal
temperature range for their enzymatic activities. In addition, temperature regulates development,
reproduction, aging, and the sex ratio of many species (2). Furthermore, temperature has a pro-
found impact on many animal behaviors ranging from acute thermal avoidance to hibernation and
animal migration (3).

Temperature sensation has been studied for over a century (4). In the late nineteenth cen-
tury, the prominent neurologist Charles-Edouard Brown-Séquard found that hemisection of the
spinal cord could lead to the loss of temperature sensation on the contralateral side (5), suggest-
ing an essential role of human spinal cord in temperature sensation. Since the 1920s, with the
development of amplifiers suitable for electrophysiological recording of nerve fibers (6), many
researchers started to record the electric signals induced by temperature changes in humans and
other mammals (7-10). These pioneering studies confirmed the involvement of the spinal cord
in sensing both cooling and warming. More importantly, they demonstrated the existence of cold
nerve fibers and warm nerve fibers and revealed that the unmyelinated C-fibers and thinly myeli-
nated AS-fibers convey the temperature information in ascending afferent pathways. Interestingly,
distinct types of nerve fibers can display different temperature sensitivities, ranging from painful
heat to noxious cold. More recently, genetic and physiological studies have identified multiple
types of temperature-sensitive ion channels and receptors on the cell membrane, which can con-
vert temperature cues into electrical signals and function as molecular thermometers (11, 12).

To detect temperature changes, animals have evolved sophisticated mechanisms that are cou-
pled with sensory physiology and energy metabolism (13). Simple organisms such as Caenorbabditis
elegans and Drosophila melanogaster rely on a few temperature-sensitive neurons to sense temper-
ature and initiate complex thermal behaviors, including thermotaxis and thermal avoidance (14).
For homeotherms like mammals, in general, thermosensitive primary sensory neurons located in
the dorsal root ganglia (DRG) and trigeminal ganglia (T'G) convey the temperature input from
the skin and viscera to the brain and then trigger thermosensory behaviors.

Thermosensation and thermoregulation are intuitively interconnected (13). In the meantime,
studies in model organisms have shown that temperature can have a major impact on the aging
process of both poikilotherms and homeotherms (15-18). As these topics were recently discussed
in several other review articles (13, 17), we focus on the molecular, cellular, and circuit mechanisms
of temperature sensation.

MOLECULAR THERMOSENSORS INVOLVED
IN TEMPERATURE SENSATION

A common principle of sensory biology is that various membrane ion channels and receptors act
as the initial detectors of environmental cues (3). The same logic applies to temperature sensation.
As temperature regulates nearly all biochemical reactions through thermodynamics, the Qy¢ coef-
ficient is typically used to measure the reaction rate change as a function of temperature increase
by 10°C (19). Although most temperature-insensitive enzymatic reactions and ion channel open-
ings have a Qy value of 1-3 (20), many temperature-sensitive ion channels display a remarkably
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high Qo value. Therefore, to define molecular temperature sensors, these molecules should
be activated or potentiated by temperature changes (either warming or cooling) and exhibit a
Q1o value >3. A heat sensor would be activated or potentiated by warming, while a cold sensor
should exhibit an elevated activity in response to cooling. In this section, we discuss the molecular
thermosensors involved in thermosensation based on their temperature sensitivity and activation

threshold.

Noxious Heat Sensors

TRPV], the founding member of the vanilloid subtype of TRP channels (a class of evolutionarily
conserved cation channels that were first identified in Drosophila; 21), is probably the best charac-
terized ion channel involved in sensing noxious heat (22). Initially cloned as a capsaicin receptor,
TRPV1 turns out to be activated by both chili pepper and heat (Figure 14) (22). Through can-
didate gene approaches, a large collection of heat sensors has been identified in mammals, nearly
all of which belong to the TRP channel family, including TRPV1, TRPV2, TRPV3, TRPV4,
TRPM2, TRPM3, TRPM4, TRPMS5, and TRPAI (23). Summaries of all of these heat sensors
are shown in Tables 1 and 2.

TRPV1 is highly expressed in TG and DRG sensory neurons, both of which play a pivotal
role in somatosensation (22). When expressed in heterologous expression systems, TRPV1 dis-
plays a steep temperature-dependent activation curve with the temperature activation threshold of
~42°C (22). Coincidently, 42-45°C is commonly considered as the threshold of heat pain for hu-
mans (24, 25). Thus, TRPV1 may simultaneously mediate two somatosensory modalities, temper-
ature sensation and pain. In line with this view, TRPV1 is a polymodal sensor that can be activated
or modulated by multiple exogenous and endogenous factors involved in temperature sensation
and pain, including heat, capsaicin, proton, and various inflammation-related G protein—coupled
receptors (Figure 1) (26, 27).

The important role of TRPV1 in mediating heat sensation is confirmed in vivo using Tipvl
knockout (KO) mice (28). Intriguingly, although 7ipvI KO mice only display modest behavioral
deficits in temperature discrimination >50°C, genetic ablation of TRPV1-positive cells essen-
tially abolished the temperature sensitivity above 37°C (28-30). This indicates that other noxious
heat sensors are present in TRPV1-positive cells. Indeed, many other temperature-sensitive ion
channels are coexpressed with TRPV1 in a subset of small-diameter primary afferent neurons, in-
cluding TRPA1, TRPM2, TRPM3, and anoctamin/TMEM16 (31-34). Among them, triple KO of
Trpvl, Trpm3, and Tipal, but not individual KO, selectively abolishes acute noxious heat (>50°C)
sensing without affecting warmth sensing, cold sensing, or mechanosensation, supporting that
TRPV1, TRPM3, and TRPA1 act redundantly in sensing noxious heat (35). Besides TRP chan-
nels, the calcium-activated chloride channel anoctamin 1 (ANO1/TMEMI16A) seems to be also
involved in sensing noxious heat (34). When expressed in HEK293T cells, ANO1 can be activated
by temperatures >44°C, and it features a Qy¢ value of ~20 (34). In DRG neurons, 78% of ANO1*
neurons also express TRPV1, indicating that ANO1 and TRPV1 might play a redundant role in
these neurons (34). Collectively, multiple ion channels expressed in small-diameter DRG neurons
participate in sensing noxious heat, which is understandable because noxious heat is an immediate
threat to life and redundant noxious heat sensors will ensure proper detection of this great danger.

Invertebrate animals such as Drosophila and C. elegans are great model systems to identify
and characterize molecular thermal sensors. Evolutionarily conserved TRP channels are also
important for temperature sensation in invertebrates. Painless, a TRPA channel in Drosophila,
is a noxious heat sensor both in vitro and in vivo (36, 37). painless mutant flies are defective in
nociceptive behaviors and Painless-expressing sensory neurons in painless mutant flies fail to
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Figure 1

Molecular thermosensors involved in temperature sensation. () Shown is the representative noxious heat
sensor TRPV1, which can be regulated by multiple environmental and endogenous stimuli, including heat
(>42°C), proton, and capsaicin. ()) TRPM2 plays an important role in sensing innocuous warmth (>35°C).
(¢) Mammalian TRPMS is the best-studied innocuous cool sensor (<27°C). (d) The ionotropic glutamate
receptor GLR-3/GluK2 might act as a noxious cold receptor in both C. elegans and mammals (<18°C).
Notably, GLR-3/GluK2 is a metabotropic cold receptor (G protein signaling mediates its role in cold
sensation), and the cold sensitivity of GLR-3/GluK2 is independent of its channel activity. (¢) Molecular
thermosensors may use both global conformation and local motif mechanisms to respond to temperature
changes. Abbreviation: ADPR, adenosine diphosphate ribose.

fire action potentials upon heat stimulation (>42°C) (36). When expressed in HEK293 cells,
Painless displays a temperature activation threshold of 42-44°C and Qy value of 28.5, and excised
membrane exhibits heat sensitivity with a similar activation threshold (37). Thus, Painless may
act as an intrinsic noxious heat sensor in flies.
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Table 1 Summary of molecular heat sensors in different model systems

Heat sensors Species Tact Q1o Remarks References
TRPV1 Mouse ~42°C >15 Mediate noxious heat sensation and 22,47,160
pain and warmth sensation
TRPM3 Mouse ~40°C ~7 Mediate noxious heat sensation and 32,35
pain
TRPA1 Mouse variable ~10 Mediate noxious heat sensation and 35,161
pain
ANO1 Mouse ~44°C 20 May play a redundant role in noxious 34
heat sensation
TRPV2 Mouse ~52°C ~100 Heat sensitive in vitro 95,162
No notable thermal phenotype in KO
mice
TRPM2 Mouse ~35°C ~15.6 Mediate warmth sensation, also a 33,48,49
redox sensor
STIM1 Mouse ~35°C 6.8 Act in skin keratinocytes to mediate 52
warmth sensation
TRPV3 Mouse ~32°C 33 Heat sensitive in vitro 42,46
No notable thermal phenotype in KO
mice
TRPV4 Mouse ~27°C ~10 Heat sensitive in vitro 44, 46
No notable thermal phenotype in KO
mice
TRPM4 Mouse ~15°C ~8 Heat sensitive in vitro 163
TRPMS Mouse ~15°C ~10 Contribute to the temperature effect 163
on perceived sweet taste
Painless Drosophila | 42-44°C ~29 Mediate heat-induced nocifensive 36,37
behavior in larvae
TRPA1 Drosophila | ~25°C ~9 [TRPA1(A)], A warmth sensor required for slow 54,105
~116 [TRPA1(B)] thermotaxis in flies
Also used as a thermogenetic tool in
flies
Gr28b(D) Drosophila | ~26°C ~25 A warmth sensor required for quick 56
thermotaxis in flies
Rhodopsins Drosophila | ND ND Important for thermal preference in fly | 58, 60
(Rh1, Rh5, larva
Rh6)
GCY-8, -18, C. elegans Varies with ~53 Mediate the warmth sensitivity of the 62
-23 cultivation AFD neuron
temperature

Abbreviations: KO, knockout; ND, not determined; 7., temperature activation threshold.

Although a large number (at least 17) of TRP channels are present in C. elegans, none of them
have been verified as a direct heat sensor (38). The TRPV channels OSM-9 and OCR-2 have been
shown to play a role in sensing noxious heat (~35-38°C) (39, 40). However, TRP channels are

known to be regulated by G protein signaling and many other intracellular signaling pathways.
Therefore, OSM-9 and OCR-2 might act as transduction channels downstream of the heat sensor.
To demonstrate that OSM-9 and/or OCR-2 are bona fide heat sensors, they need to be tested in
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Table 2 Summary of molecular cold sensors in different model systems

Cold sensors Species Tact Q1o Remarks References
TRPMS Mouse ~27°C 24 Cool sensor mediating cool sensation 65, 68
TRPCS Mouse ~25°C ~10 Cool sensitive in vitro 72
No notable thermal phenotype in KO mice
GC-G Mouse Over ND Cool sensing in Grueneberg ganglion 73
30°C
TRPA1 Mouse, Variable | ~10 Heat sensitive under physiological conditions, but cold 84, 161
human sensitive under oxidative stress conditions
GluK2 Mouse ~18°C ND Cold sensitive in vitro 86
Knockdown of GluK?2 suppresses noxious cold, but not
cool, sensation in DRG neurons
IR21a,-25a, Drosophila | ND ND May form a heteromeric cool sensor 76,77
-93a
TRPA1 C. elegans ~20°C ND Promotes longevity at low temperatures 15, 80, 148
GLR-3 C. elegans ~18°C ND A metabotropic cold sensor driving cold avoidance 86
behavior

Abbreviations: DRG, dorsal root ganglia; GC-G, guanylyl cyclase G; KO, knockout; ND, not determined; 7', temperature activation threshold.

heterologous expression systems. If OSM-9 and OCR-2 are direct heat-activated ion channels,
their expression should confer heat sensitivity.

Innocuous Warmth Sensors

Although several thermosensitive TRP channels have the temperature activation threshold in the
warm range in vitro, genetic evidence argues against their participation in sensing warmth un-
der physiological conditions. For example, TRPV3 is activated by temperatures >32-39°C, and
TRPV4 also responds to warmth (26-34°C) (41-45). However, Tipv3 and Tipv4 double KO mice
in a pure genetic background do not exhibit a notable defect in temperature sensation (46). Thus,
TRPV3 and TRPV4 may not be major players in warmth sensation. On the other hand, although
TRPV1 is well established to be activated by noxious heat, surprisingly, it is also involved in sens-
ing innocuous warmth in T'G neurons (47). It is possible that under physiological conditions,
modulators of TRPV1, as discussed above, shift the temperature sensitivity of TRPV1 to lower
temperatures, making it function as a warmth sensor. Nevertheless, it remains to be determined
whether TRPV1 is also required for sensing warmth in DRG sensory neurons.

TRPM2 features a temperature activation threshold of ~35°C and Q¢ value of ~15.6
(Figure 1b) (48). Through its expression in both peripheral and central nervous systems, TRPM2
contributes to sensing ambient and central warm temperatures, respectively (33, 49). A subset
of DRG sensory neurons expresses TRPM2 but not other known heat-activated TRPV1-4 or
TRPM3 channels (33). Compared to wild-type mice that typically avoid the innocuous warm
temperature of 38°C in the thermal preference test, Tipm2 KO mice exhibit no such avoidance,
showing that TRPM2 is involved in peripheral warmth sensation. Notably, a small portion (3%)
of DRG neurons in Tipm2 KO mice are still activated by warming, although they are insensitive to
agonists of heat-activated TRPV1-4 or TRPM3, indicating the presence of other warmth sensors
in the peripheral nervous system (33). On the other hand, while TRPM2 is considered a warmth
sensor in vivo, it surprisingly functions as a noxious heat sensor in a subpopulation of dissociated
DRG and TG neurons, as its activation threshold is elevated to the noxious heat range (>45°C)
in such neurons for unknown reasons (50, 51). Whether TRPM2 contributes to noxious heat
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sensation in vivo remains an open question. Besides TRPM2, the endoplasmic reticulum calcium
sensor STIMI acts in skin keratinocytes, but not sensory neurons, to mediate the peripheral
warmth sensation (52). In the brain, TRPM2 can be detected in the preoptic area (POA) of
the hypothalamus, an area known to play a central role in monitoring central temperatures
and thermoregulation (49). These TRPM2-expressing POA neurons can be activated by a
warm temperature of 38°C, and H,O; (a known agonist of TRPM2) greatly potentiates the
warming-induced calcium responses (49). During high-grade fever, TRPM2 may act as a brake
in the central thermoregulatory circuit to reduce core temperatures (49). Notably, while ~30%
of POA neurons are temperature sensitive, the expression of TRPM?2 is not limited to these
thermosensitive POA neurons (49, 53).

In Drosophila, TRPA1 is a warmth sensor and can be directly activated by temperatures over
25°C, which is the preferred temperature for flies (54, 55). Additionally, an ionotropic gustatory
receptor Gr28b(D) may also act as a warmth-activated ion channel in flies. Gr28b(D) has a tem-
perature activation threshold of ~26°C and Qg value of ~25 (56). Importantly, ectopic expres-
sion of Gr28b(D) in fly muscle or its heterologous expression in Xenopus oocytes confers innocu-
ous warmth sensitivity to these otherwise temperature-insensitive cells (56, 57), suggesting that
Gr28b(D) may not require other auxiliary components for its temperature sensitivity. Besides
TRPA1 and Gr28b(D), the Drosophila rhodopsin (Rh1, Rh5, and Rh6), phospholipase CB (PLCB),
and its downstream phosphoinositide metabolism enzymes are all involved in sensing innocu-
ous warmth in the range of 18-24°C (58-60). These rhodopsins might act as a warmth sensor in
Drosophila larvae, which then regulates TRPA1 through G protein signaling.

In C. elegans, the AFD neuron is arguably the best-studied heat-sensitive neuron (61). Inter-
estingly, several transmembrane guanylyl cyclases (GCY-8, GCY-18, and GCY-23) are required
for warmth sensing in the temperature range of 15-25°C, as their mutants greatly affect the tem-
perature sensitivity of AFD (62). Importantly, ectopic expression of GCY-18 and GCY-23 confers
temperature responses to chemosensory neurons and muscle cells, suggesting that these guanylyl
cyclases are warmth sensors (62). After activation by warming, guanylyl cyclases can catalyze the
conversion of GTP to the second messenger cGMP, which then acts as an agonist for the cGMP-
gated CNG channel TAX-2/TAX-4. Thus, TAX-2/TAX-4 acts as transduction channels in the
thermosensitive AFD neuron (61).

Innocuous Cool Sensors

Similar to heat sensors, the best-studied cold sensor TRPMS also belongs to the TRP channel
family (63, 64). Coincidently, TRPMS is the receptor for menthol, the cool sensation-inducing
substance found in peppermint (Figure 1¢) (63, 64). When expressed in heterologous expression
systems, TRPMS exhibits a temperature activation threshold of 25-27°C and Q¢ value of 24 (65).
TRPMS is endogenously expressed in a subpopulation of small-diameter DRG neurons and TG
neurons (66, 67). Trpm8 KO mice are defective in the temperature preference test within the cool
range (15-25°C) (68, 69). However, they still avoid contact with surfaces within the noxious cold
range (<15°C), and a subpopulation of DRG neurons in Tipm8 KO mice still exhibits cold sensi-
tivity (68, 69). Furthermore, TRPMS8" neuron-ablated mice display a more severe defect in cold
sensation compared to Tipm8 KO mice (70, 71). Therefore, the TRPM8-independent cold sen-
sor(s), particularly those sensing noxious cold, must exist in mammals. In addition to TRPMS,
TRPCS5 exhibits cold sensitivity in vitro and can be activated by cooling in the temperature range
of 37-25°C (72). However, no severe temperature phenotype is detected in Tipc5 KO mice (72),
suggesting that TRPCS5 may not be a major player in sensing cool temperatures in vivo. Besides
TRP channels, the transmembrane guanylyl cyclase G (GC-G) may directly respond to cooling
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and mediate the cool sensation in the mouse Grueneberg ganglion that is located at the rostral tip
of the nose (73). Therefore, transmembrane guanylyl cyclases can serve as molecular thermosen-
sors in both C. elegans and mammals.

Drosophila display robust avoidance behavior against cold temperatures (74). TRPP channels
Brivido1-3 were initially reported to be expressed in the aristal Cool Cells and important for
sensing low temperatures (25-11°C) in Drosophila (75). However, a more recent study showed
that these Brivido channels may not be required for the temperature sensitivity of aristal Cool
Cells (76). Instead, a group of ionotropic receptors (IRs), IR21a, IR25a, and IR93a, are expressed
in the aristal Cool Cells of adult flies to sense innocuous cool temperatures (76). In larval flies,
IR21a and IR25a are expressed in the dorsal organ Cool Cells, where they mediate cellular cooling
sensitivity and cool avoidance behavior (77). Importantly, misexpression of IR21a in Warm Cells
can confer cool sensitivity if IR25a is coexpressed (77). Thus, IR21a, IR25a, and IR93a might
act as heteromers in cool transduction. One interesting finding is that these IRs are required for
the morphogenesis of Cool Cells, and ectopic expression of IR21a in Warm Cells is sufficient to
transform their morphology to Cool Cell-like (76). Thus, these IRs appear to have an instructive
role in specifying the fate of thermosensory neurons. Since functional expression of these IRs in
heterologous systems was unsuccessful, alternative approaches are needed to verify whether they
can directly sense cooling. Notably, together with IR40a, IR25a and IR93a have also been shown
to be required for Drosophila hygrosensation (78, 79). Thus, different combinations of IRs may
mediate both cool sensation and hygrosensation.

In C. elegans, TRPA-1 is a cool receptor that can be activated by cooling at 20°C (80), the
standard laboratory cultivation temperature of C. elegans. TRPA-1 is endogenously expressed in
several sensory neurons and the intestine, where it mediates cold sensation and regulates longevity
(15, 81). Since ectopic expression of TRPA-1 in cold-insensitive C. elegans neurons and HEK293T
cells confers cold sensitivity (80), the C. elegans TRPA-1 seems to act as a cooling-activated ion
channel. Although the C. elegans intestine is typically not considered as an excitable organ, it is
highly cold sensitive even without neuronal input (15). The intestinal TRPA-1 plays an important
role in cool sensing, as the cooling-induced calcium response in the #pa-1 mutant background is
reduced but not diminished (15). Therefore, additional cold sensors must be present in C. elegans,
offering an opportunity to identify novel cold sensors using C. elegans as a model.

Noxious Cold Sensors

Mammalian TRPA1 was initially cloned as a noxious cold sensor and exhibits a cold temperature
activation threshold of ~17°C in vitro (31). However, there is a debate on the physiological role of
TRPALI in noxious cold sensation, as Tipal KO mice are largely normal in avoiding noxious cold
temperatures (82, 83). Paradoxically, recent work shows that TRPA1 contributes to noxious heat
rather than cold sensation in mice, suggesting mammalian TRPA1 as a heat sensor (35). Indeed,
purified human TRPAI, when reconstituted in lipid bilayer, is redox sensitive, acting as a heat
sensor under reducing conditions but functioning as a cold sensor under oxidative stresses (84).
It is possible that under physiological conditions, mammalian TRPAI mediates heat sensation in
vivo, whereas upon injury or under other inflammatory conditions, TRPA1 contributes to cold
allodynia (35, 85). Collectively, TRPA1 probably does not mediate acute noxious cold sensation
in mammals.

Previous efforts to identify temperature sensors mostly focused on the use of candidate gene
approaches, leading to the identification of a large number of thermosensitive TRP channels. This
approach, though highly successful in identifying heat sensors, has not been very fruitful in identi-
fying cold sensors. Those cold sensors not falling into the category of known thermosensors (e.g.,
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TRP channels) would thus have eluded detection. A recent study performed an unbiased forward
genetic screen to identify cold sensors in C. elegans. GLR-3, a kainate-type glutamate receptor, was
identified as a cold-sensing receptor in this screen (Figure 1d) (86). In addition to the intestine,
GLR-3 is expressed in the ASER sensory neuron and RIA interneurons (86). In ASER, GLR-3 is
required for its cold sensitivity (<18°C) and cold-induced avoidance response. Moreover, ectopic
expression of either GLR-3 or its mouse homolog GluK2 confers cold sensitivity to the otherwise
cold-insensitive C. elegans muscle cells. Furthermore, GLR-3 and its vertebrate homolog GluK2
from zebrafish, mouse, and human can all function as a cold-sensing receptor when expressed in
heterologous expression systems (86), strongly suggesting that GLR-3/GluK2 are evolutionarily
conserved cold sensors. An interesting feature of mammalian kainate-type glutamate receptors is
that they have both metabotropic and ionotropic functions (87). The channel activity of GLR-
3/GluK2 is not required for its cold sensitivity because channel-dead GLR-3/GluK2 mutants are
still cold sensitive. Instead, GLR-3/GluK2 relies on G protein signaling to transmit cold signals,
and ion channels acting downstream of G protein signaling may function as transduction channels
(86). Overall, these results identify GLR-3/GluK2 as a new type of metabotropic cold sensor.

In mouse DRG, GluK2 is expressed in a subset of small- to medium-diameter sensory neurons.
Intriguingly, siRNA knockdown of GluK2 in cultured DRG neurons specifically suppresses nox-
ious cold- but not cool temperature-induced calcium responses (86). Therefore, GluK2 may be
a noxious cold receptor in mammalian peripheral nervous systems. Nevertheless, further studies
are required to determine whether GluK2 functions as a noxious cold sensor in vivo.

Several two-pore domain potassium (K2P) channels such as TREK1, TREK2, and TRAAK are
expressed in sensory neurons and suppressed by low temperatures (88, 89). As the opening of these
K2Ps hyperpolarizes cells, cold-induced suppression of K2Ps will excite sensory neurons. Indeed,
Tirekl and Truak double KO mice are sensitized to noxious cold (20-10°C) (89). On the other hand,
unlike most voltage-gated sodium channels, Na, 1.8 in DRG neurons shows little inactivation at
low temperatures (90). As a result, Na, 1.8 is particularly important for transducing noxious cold
signals, and Na, 1.8 KO mice are largely insensitive to noxious cold (90). Nevertheless, K2P and
Na, 1.8 channels are general regulators of membrane excitability. Although they participate in
temperature sensation, they are typically not considered as bona fide thermosensors.

Activation Mechanisms of Molecular Thermosensors

While all temperature-sensitive ion channels can be activated or potentiated by temperature
changes, it is not clear whether temperature itself is the gating force. Indeed, both heat-activated
TRPV1 and cold-activated TRPMS were previously proposed to be gated by membrane voltage,
but not temperature (91). In this theory, temperature changes only potentiate the voltage-
dependent gating process (91). However, voltage was later shown to be a partial activator of
TRPV1 and TRPMBS (92). For full activation, voltage, temperature changes, and agonists are all
independently coupled to gate these thermosensitive TRP channels (92). In this regard, temper-
ature can indeed act as a gating force of temperature-sensitive ion channels. A key parameter to
understand the exceptional temperature sensitivity of molecular thermosensors is the change of
heat capacity (ACp) between the activation and inactivation conformations (19). The simplest
definition of heat capacity can be expressed as the increase in enthalpy with temperature Cp =
dH/dT. In theory, any part of a protein can contribute to ACp through solvation of hydrophobic
or hydrophilic residues. Namely, solvation of a hydrophobic residue increases ACp, whereas
that of a polar residue decreases it (93). An overall positive ACp will render the channel cold
sensitive, whereas a negative one makes it heat sensitive. Thus, molecular thermosensors might
use a global sensing mechanism to detect temperature changes, as many residues may contribute
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to ACp (Figure 1e). In support of this view, one can rationally design a temperature-sensitive ion
channel guided by structural biology and ACp calculation. The well-studied voltage-gated Shaker
potassium channel exhibits little temperature-dependent gating under normal conditions.
However, since the S1-S4 voltage-sensing domain (VSD) of the Shaker channel contains
water-accessible crevices, mutating different residues within the VSD to the ones with distinct
polarity can greatly change ACp and sensitize the channel to temperature changes (94). Remark-
ably, manipulating the hydrophobicity of several residues can make the Shaker channel either
heat sensitive or cold sensitive, supporting the heat capacity theory of temperature-sensitive ion
channels (19, 94).

Nonetheless, it should be noted that the global temperature-sensing mechanism does not rule
out the possibility that individual amino acid residues can play a predominant role in the tem-
perature sensitivity of molecular thermosensors, because it is plausible that certain residues or
intramolecular motifs can make a major contribution to ACp. Indeed, the pore turret and/or the
N-terminal region that links ankyrin repeats to the S1 helix of TPRV1 have been proposed to
contain intrinsic heat sensitivity (95-97). Additionally, heat activation, but not chemical activa-
tion or voltage modulation, of TRPV3 specifically requires its pore loop (98). Furthermore, the
C-terminal region and several nonconserved residues within the pore loop of TRPMS appear to
be particularly important for its cold sensitivity (99-101). Lastly, the N-terminal ATD domain of
GluK2 is required for its cold sensitivity, as mutating this domain abolishes the cold-evoked, but
not glutamate-evoked, response (86).

Is there an evolutionarily conserved temperature-sensing module in thermosensitive ion chan-
nels and receptors like the voltage-sensing S4 helix in voltage-gated potassium channels (19)?
Interestingly, the bacterial voltage-gated sodium channel BacNa, exhibits a strong temperature-
dependent gating through a temperature-dependent reversible structural transition in a C-
terminal “neck” domain proximal to the pore (102). Intriguingly, a similar architecture composed
of the channel pore domain and the proximal C-terminal coiled-coiled domain is also found in
TRPA1 and TRPMS (103, 104), raising the possibility that the neck domain proximal to the pore
mightactasa general temperature-sensing module (Figure 1¢). Nevertheless, not all temperature-
sensitive ion channels contain such a neck domain. Thus, if intramolecular temperature-
sensing modules are present in all temperature-sensitive ion channels, they may have evolved
independently.

Traditionally, the absolute temperature activation threshold (often obtained from heterolo-
gous expression studies) is commonly used to evaluate the temperature sensitivity of molecular
thermosensors, which is in line with the heat capacity (ACp)-dependent activation theory of
molecular thermosensors. However, an important concept to clarify for these thermosensors is
that their temperature sensitivity can be variable, depending on the experimental conditions,
protein modifications, species, and splicing isoforms. For example, different isoforms of Drosophila
TRPAI can range from highly heat sensitive to completely temperature insensitive (105). Another
good example is that the rodent TRPV1 with a typical heat activation threshold of 42°C becomes
active at 37°C at a moderately acidic cellular condition (26). Moreover, many inflammatory
factors can potentiate TRPV1 and shift its activation threshold to a lower temperature (~32°C)
by activating protein kinase C (106). Furthermore, phosphatidylinositol 4,5-bisphosphate (PIP,)
and other phospholipids are well established to be able to modulate the temperature activation
threshold of many thermosensitive TRP channels (100, 107). On the other hand, besides the
absolute temperature, the rate of temperature change may also modulate the activity of ther-
mosensors. Drosophila TRPA1 can detect the rate of temperature increase, as a faster heat ramp
induces a much larger cellular response in a TRPAl-dependent manner (108). Moreover, the
rate of temperature changes can also alter the activation threshold of thermosensitive channels,
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as the faster heat rate lowers the temperature activation threshold of Drosophila TRPA1 (108).
Therefore, physical factors can also affect the activation threshold. Nevertheless, the molecular
nature of this thermosensory feature is unclear because the rate of temperature change is typically
not considered in the heat capacity theory of temperature sensing. Meanwhile, it remains to be
determined whether other temperature-sensitive ion channels and receptors can also detect the
rate of temperature change. Together, these thermosensory features may allow a limited number
of molecular sensors to encode distinct temperature information, and a single temperature sensor
may encode different temperature cues when expressed in distinct tissues and cells under dif-
ferent physiological and pathophysiological conditions. Thus, we should consider the activation
threshold of a molecular thermosensor as a parameter that is actively regulated by many chemical,
physical, and genetic factors. A heat capacity-based model incorporating other parameters such as
the rate of temperature changes, variable activation threshold, and other regulatory mechanisms
may be needed to better explain the temperature sensitivity of molecular thermosensors.

CELLULAR AND CIRCUIT MECHANISMS OF TEMPERATURE
SENSATION

After activation, thermosensitive ion channels and receptors transduce the temperature input into
electrical signals, which are then transmitted through thermosensory circuits to trigger various
thermal behaviors. While a great amount of information on temperature sensation has been re-
vealed by studying mammalian thermosensory circuits, the powerful genetic tools in combination
with the simplicity of the nervous systems of model organisms can often discover in-depth circuit
mechanisms of sensory processing. Importantly, the fundamental logic of temperature sensation
tends to be similar across taxa. In this section, we discuss the cellular and circuit mechanisms of
temperature sensation in both mammals and invertebrate model organisms (i.e., Drosophila and

C. elegans).

Mammalian Thermosensation

In general, three layers of neuronal hubs are involved in mammalian temperature information
relay: peripheral thermosensory neurons, the superficial dorsal horn of the spinal cord, and
supraspinal centers of temperature information processing (Figure 2) (3). Peripheral thermosen-
sory neurons are pseudounipolar cells, and their cell bodies are clustered in either the DRG (in-
nervating the majority of the body) or TG (mainly innervating the head area). Early electro-
physiological recordings of peripheral nerve fibers demonstrated that distinct types of afferent
sensory neurons can respond to either heat, cold, or heat/cold (to a much lesser extent) (109-112).
These elegant studies also showed that the unmyelinated C-fibers and thinly myelinated A3-fibers
conduct noxious cold, cool, and noxious hot temperatures, whereas innocuous warmth is mainly
transduced by C-fibers (Figure 2) (113-116).

As discussed earlier, TRPV1 and TRPMS are the best characterized heat sensor and cold
sensor, respectively. Although exhibiting some overlapping expression at different developmen-
tal stages, TRPV1 and TRPMS are mostly expressed in separate populations of small-diameter
afferent neurons, which contribute to our sensory discrimination of heat versus cold (66, 67). In
mouse TG, multiple types of cold-sensitive neurons were found to express TRPMS, supporting
a key role of TRPMS in cool sensation in the TG (47). On the other hand, the vast majority
(~90%) of heat-sensitive TG neurons only respond to noxious heat (>43°C), while a small por-
tion (~10%) display graded responses to warming, ranging from innocuous warmth to painful
heat (47). These two distinct types of heat-sensitive neurons are generally referred to as nox-
ious heat sensors and innocuous warmth sensors, respectively. Similar to TG neurons, multiple
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Thermosensory circuits in mammals. Overall, three layers of neurons are involved in transmitting the
temperature information (color coded in green, purple, and blue, respectively) (127). Abbreviations: LP, lateral
parabrachial; POA, preoptic area; PoT, posterior thalamic; POm, posterior medial; VPL, ventral
posterolateral.

types of heat-sensitive and cold-sensitive DRG neurons exist. For example, some DRG neurons
only respond to noxious heat (50°C) but not innocuous warmth (38°C), while other DRG neu-
rons can respond to both (117). Another important feature of temperature-sensitive DRG neu-
rons is that most of them are polymodal sensors, as they can respond to both temperature and
mechanical stimuli (117). Collectively, temperature-sensitive afferent neurons are rather heteroge-
neous in their thermoresponsive patterns. Identifying additional cellular markers and temperature
sensors in thermosensory neurons is definitely needed to refine the cellular basis of temperature
sensation.

In the spinal cord, temperature-sensitive afferent neurons send their central-branch axon
mainly to the superficial laminae (lamina I and lamina II) of the dorsal horn. Notably, many
neuronal types are present in these laminae to transmit temperature information. For example,
primary thermosensory neurons form synapses with at least three different types of neurons in
lamina I: fusiform cells (responding to noxious heat and pinching), pyramidal cells (responding
to innocuous cold), and multipolar cells (responding to heat, cold, and pinching) (118, 119). Al-
though most primary sensory neurons exhibit some specificity toward temperature stimulation,
there is considerable cross talk of thermal inputs in the spinal cord. For instance, the capsaicin-
sensitive TRPV1™ primary neurons can suppress inhibitory interneurons (e.g., GABAergic sub-
stantia gelatinosa neurons) in the spinal cord to enhance the cold sensitivity through a disinhibition
mechanism (120-122).

Similar to DRG and TG neurons, spinal neurons have been studied for their temperature
sensitivity using functional calcium imaging. Notably, ablating TRPV1-expressing DRG neurons
greatly reduces (80% inhibition) the number of spinal neurons that respond to both 50°C
and 37°C, illustrating the essential role of TRPVI1-expressing sensory neurons in detecting
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both noxious heat and innocuous warmth (123). However, ablating TRPMS8-expressing DRG
neurons only selectively reduced the number of spinal neurons responding to cooling but not
to noxious cold (123). It would be interesting to determine whether GluK2-expressing DRG
neurons mediate the noxious cold sensation and, if so, the identity of their postsynaptic neurons
in the spinal cord. Another interesting observation from this study is that a significant number
of temperature-sensitive spinal neurons can respond to both heat and cold (123). These broadly
tuned spinal neurons might receive thermal inputs from multiple types of DRG neurons. Overall,
although the temperature information is clearly integrated and computed at the spinal cord level,
the cellular identities and local circuits of thermosensitive dorsal horn neurons are little known.

After synaptic activation by primary sensory neurons, the second-order spinal neurons then
compute and relay temperature information through the contralateral spinothalamic tract to
supraspinal centers for further information integration. In humans, the dorsal margins of the left
insular cortex and orbitofrontal cortex are activated by innocuous temperatures, while the ante-
rior cingulate cortex and posterior insula are activated by noxious temperatures (124). In rodents,
temperature-responding spinal neurons first project to several somatosensory nuclei in the tha-
lamus [i.e., ventral posterolateral (VPL), posterior medial (POm), and posterior thalamic (PoT)
nuclei] as well as the lateral parabrachial (LP) nucleus in the brainstem (Figure 2) (125-127).
Next, these thalamus and brainstem nuclei send projections to the cortex via different pathways
(Figure 2) (127). Taken together, distinct brain areas are employed to process the temperature
information of different ranges in mammals.

Drosophila Thermosensation

Drosophila larvae have a preferred growth temperature of 18-24°C. Under unfavorable tempera-
tures, larvae explore the temperature gradient and avoid both cool and warm temperatures during
thermotaxis (74). At the cellular level, the dorsal organ ganglion on each side of the body contains
three highly cool-sensitive neurons that are largely responsible for avoiding cool temperatures
(Figure 34) (128). Remarkably, these neurons can be activated by cooling as little as 0.005°C/s
(128). Two IRs, IR21a and IR25a, are expressed in the dorsal organ Cool Cells to act as the molec-
ular cool sensors in these neurons (77). For warmth sensation during thermotaxis, larvae rely on
TRPA1 expressed in a small number of central brain neurons (129). In addition to the thermotactic
behavior under innocuous temperatures, Drosophila larvae display a characteristic rolling escape
behavior upon noxious heat stimulation (~39°C) (36). The TRPA channel Painless is responsi-
ble for detecting noxious heat in the multiple dendritic neurons that tile the larval body wall (36)
(Figure 3a). However, the neural circuit downstream of sensory neurons in larval temperature
sensation is less understood.

In adult flies, the Anterior Cells in the head and three Warm Cells in the arista detect innocuous
warmth (>25°C), while Sacculus Cells in the antenna and three Cool Cells in the arista sense
innocuous cool temperatures (Figure 34) (130). At the molecular level, the Anterior Cells use
TRPA1, and Warm Cells employ Gr28b(D) as warmth sensors (56, 129). By contrast, the Cool
Cells use IR21a, IR25a, and IR93a as cooling sensors, while Sacculus Cells might use Brivido
channels and/or IRs to detect cool temperatures (75, 76). Notably, adult flies can exhibit two types
of avoidance behaviors upon warmth stimulation: the rapid (<1 min) avoidance on steep thermal
gradients and the slow (>20 min) avoidance on shallow thermal gradients. Mechanistically, the
peripheral Warm Cells mediate rapid thermotaxis while the internal Anterior Cells mediate slow
thermotaxis (56, 129). In addition to innocuous warmth sensation, adult flies exhibit the jumping
escape behavior upon noxious heat stimulation; however, little is known about the cellular basis
of this noxious heat avoidance behavior.
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Cellular and circuit mechanisms of temperature sensation in Drosophila and C. elegans. (#) Larval and adult flies use different
temperature-sensitive neurons for temperature sensation (130). (5) The neural circuit of temperature sensation in adult flies (131, 132).
(o) In C. elegans, the AFD neuron is the primary warmth-sensing neuron. Meanwhile, the head neuron ASER and the intestine are cold
sensitive through the cold sensors GLR-3 and TRPA-1, respectively. The other head neuron IL1 senses cooling through TRPA-1.

(d) The neural circuit of thermotaxis in C. elegans. Abbreviations: IR, ionotropic receptor; LN, local neuron; md, multiple dendritic; PN,
projection neuron.

Compared to mammals, the circuit mechanisms by which the fly brain processes thermal cues
are better understood. At the primary sensory neuron level, the Sacculus Cells, aristal Warm Cells,
and aristal Cool Cells all project to the posterior antennal lobe (PAL), where two distinct, but ad-
jacent, glomeruli represent warming and cooling temperature inputs, respectively (75, 131, 132).
In the PAL area, the second-order thermosensory projection neurons (PNs) form synapses with
primary sensory neurons and then relay temperature information to three higher-level brain cen-
ters: the mushroom body, the lateral horn, and the posterior lateral protocerebrum (Figure 35)
(131, 132). Interestingly, the cool temperature-responsive PNs may only receive synaptic inputs
from cooling-sensitive primary neurons but not warming-sensitive neurons (131). However, the
warm temperature-responsive PNs seem to form synapses with multiple types of neurons, includ-
ing warming-sensitive primary neurons, cooling-sensitive primary neurons, and cooling-sensitive
interneurons (131). Taken together, like mammals, adult flies use multiple brain regions to inte-
grate and compute thermosensory inputs from the antenna.
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C. elegans Thermosensation

Similar to flies, C. elegans exhibits both thermotaxis at innocuous temperatures and quick avoid-
ance at noxious temperatures. After worms are cultivated at certain temperatures (15-25°C) for a
long period (>4 h), they adopt this cultivation temperature (7¢) as the thermostatic set point (133).
Once placed on a thermal gradient, worms exhibit either positive thermotactic or negative thermo-
tactic behaviors to seek the 7¢ spot. After reaching the 7¢ location, worms then display isothermal
tracking. At the cellular level, the warmth-sensing AFD thermosensory neuron plays a central role
in temperature sensation (Figure 3¢), as the ablation of AFD greatly disrupts both positive and
negative thermotaxis (134, 135). Multiple signaling molecules mediate the temperature sensitiv-
ity of AFD, including the warmth-activated guanylyl cyclases GCY-8, GCY-18, and GCY-23, the
CNG transduction channel TAX-2/TAX-4, and the Ca**/calmodulin-dependent protein kinase 1
(61). Acting downstream of AFD, the first-layer interneuron AIY is a synaptic partner of multiple
sensory neurons, including AWA, AWC, ASI, and ASE (136, 137). Thus, AIY may integrate tem-
perature, olfactory, and gustatory cues. Ablation of AIY makes the worm cryophilic in thermotaxis
(134, 135). Interestingly, AFD can either excite or inhibit AIY through different synaptic mech-
anisms. ALY expresses a glutamate-gated chloride channel GLC-3, and glutamate released from
AFD can inhibit AIY through GLC-3 (138). Although the excitatory mechanism of AFD on ATY
is still unknown, AFD might use a neuropeptide to activate AlY, as multiple neuropeptides (e.g.,
FLP-6,NLP-7,NLP-21) are expressed in AFD, and the excitatory synaptic transmission between
AFD and AIY is disrupted in the #nc-31 mutant with defective neuropeptide release (139-141).
Besides AIY, two other interneurons, RTA and AIZ, have also been suggested to act downstream of
AFD in the thermotaxis circuit (Figure 3d), as ablation of RIA makes the worm cryophilic, while
AlZ-ablated worms are thermophilic (134). However, the essential role of RIA and AIZ in ther-
motaxis was recently questioned because the removal of these two interneurons seems not to have
a major impact on thermotactic behaviors (135). This discrepancy may be due to differences in ex-
perimental conditions. Alternatively, AFD and AIY are more important for thermotaxis, whereas
RIA and AIZ may play additional roles in mediating the isothermal tracking behavior. Further
analysis is clearly needed to clarify this issue. On the other hand, a recent study suggested that
depending on whether the current temperature is above or below the 7¢ and how big a differ-
ence there is between the current temperature and the 7¢, different sets of neurons and behavioral
components may be employed to steer the worms toward the 7¢, manifesting a context-dependent
action of thermosensory neural circuits (141). Notably, different thermal contexts can induce bidi-
rectional cellular responses in the first-layer interneuron AIB, suggesting a critical role of AIB in
context-dependent thermosensory behaviors (141).

Interestingly, the memory of 7¢ can last for hours (133). Again, AFD plays a key role in this tem-
perature memory (142-145). AFD only exhibits the warming-induced calcium transient when the
temperature is around the cultivation temperature, and the temperature threshold of this calcium
response varies, depending on the cultivation temperature (142, 143). Remarkably, isolated AFD
without any neuronal connections can still memorize the cultivation temperature, suggesting the
presence of single-cell temperature memory in AFD (144). Notably, although the thermosensory
behavioral memory lasts for several hours, AFD can adapt to a new holding temperature within
minutes (133, 146, 147). The synaptic plasticity between the AFD sensory neuron and the AIY
interneuron seems to determine the final outcome of cultivation temperature memory (145).

Cool temperatures are well established to extend life span in poikilotherms. Additionally,
recent studies have shown that low core body temperatures are correlated with longevity in
homeotherms such as rodents and humans (17, 18). In C. elegans, the cool sensor TRPA-1 acts
in both the IL1 sensory neuron and the intestine to promote longevity at cool temperatures
(Figure 3¢) (15, 148). Specifically, cooling activates TRPA-1 that is expressed in IL1 and the
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intestine, and both tissues contribute to the cold-promoted longevity in a DAF-16/FOXO-
dependent manner (15, 148). The activation of TRPA-1 in IL1 triggers glutamate release from
IL1, which then activates a downstream neuron, NSM. Next, NSM secretes the neurotransmitter
serotonin to activate the intestine through a serotonin receptor SER-7 (148). Thus, a thermosen-
sory circuit from IL1 to the intestine promotes C. elegans longevity at cool temperatures.

C. elegans exhibits avoidance behaviors in response to noxious temperature shock. At least three
sensory neurons are involved in sensing noxious heat, including AFD, FLP, and PHC (40). Inter-
estingly, these neurons use different ion channels to transduce noxious heat. Namely, AFD relies
on the CNG channel TAX-2/TAX-4, while FLP and PHC use the TRPV channels OSM-9 and
OCR-2 (40). However, none of these channels have been demonstrated to be directly activated
by heat. Therefore, the molecular sensor of noxious heat remains elusive in C. elegans. At the cir-
cuit level, AFD might act through the AIB interneuron, whereas PHC may act through PVC and
DVA to trigger noxious heat avoidance (40). For acute cold sensation, the peripheral chemosen-
sory neuron ASER mediates the cold shock—triggered reversals and turns (86). The other sensory
neuron PVD has also been suggested to promote turns in response to cooling (80). Interestingly,
optogenetic activation of PVD in fact suppresses rather than promotes turns by stimulating for-
ward movement (149, 150). Notably, GLR-3 acts as the cold sensor in the ASER neuron to trigger
cold avoidance behavior (86).

CODING PRINCIPLES IN TEMPERATURE SENSATION

While much progress has been made on the cellular and circuit mechanisms of temperature sen-
sation, several fundamental questions remain. For example, do thermosensory systems detect the
absolute temperature or temperature changes? How do primary sensory neurons encode the tem-
perature signal? How are temperature inputs processed at the circuit level and eventually repre-
sented in the brain as a thermal perception? After many decades of research, several coding prin-
ciples in temperature sensation have been recently revealed. In this section, we briefly discuss how
temperature information is encoded and processed in sensory neurons and thermosensory circuits.

Absolute Temperature Versus Temperature Changes

An important question of temperature coding is whether the thermosensory system detects abso-
lute temperatures or temperature changes. Interestingly, cold sensation and heat sensation might
utilize different mechanisms. In mice, both temperature-sensitive DRG neurons and spinal cord
neurons encode absolute skin temperatures during heat sensation (Figure 44) (117, 123). By con-
trast, cooling-sensitive neurons are often activated by the cooling process rather than fixed temper-
atures (117, 123). Thus, one model is that cold sensation may detect the decrease of temperature
in these cases (Figure 44). Notably, a similar coding strategy may also apply to Drosophila cool
sensation. The aristal Cool Cells are activated by cooling and inhibited by warming (76, 131).
Moreover, the firing frequency of Cool Cells is coupled to the change of temperature but not the
absolute temperature (76). In contrast to the aristal Cool Cells in adult flies, the cooling-sensitive
dorsal organ ganglion cells in larval flies do exhibit a defined low temperature activation thresh-
old (128). Moreover, unlike in the aristal Cool Cells, cold-induced cellular responses in dorsal
organ ganglion cells do not adapt (128). Thus, different cooling-sensitive neurons might be able
to encode both absolute temperatures and the decrease of temperature. Intriguingly, while cool
sensation is generally more indefinite than heat sensation, noxious cold sensation in humans is
commonly associated with a threshold of 15°C (151). Therefore, an interesting model on low
temperature sensation is that cool sensation detects temperature decreases, while noxious cold
sensation detects the absolute temperature on top of temperature decreases.
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The coding strategies of temperature sensation. (#) The cooling process but not the absolute low temperature seems to trigger cool
sensation, while the absolute high temperature activates spinal cord neurons and leads to heat sensation (123). For noxious cold
sensation, it is possible that both the cooling process and the absolute temperature are involved in thermal information processing.

() At the primary sensory neuron level, cold sensation might adopt a combinatorial coding strategy (N denotes nonresponding
neurons, and Y indicates responding neurons). By contrast, heat sensation employs a graded response strategy (117). Meanwhile, some
sensory neurons also exhibit graded responses upon cold stimulation (47). (c) In the thermal grill scenario, multiple
temperature-sensitive afferent fibers transmit innocuous cool and warm temperature information simultaneously, the cross talk of

which can eventually induce a burning hot perception in the brain.

Graded Coding Versus Combinatorial Coding

At the primary sensory neuron level, cooling- and warming-sensitive neurons might adopt dif-
ferent strategies to encode temperature stimuli. For example, in mouse DRG neurons, a digital-
like all-or-none signal seems to encode low temperatures, whereas an analog-like graded signal
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encodes high temperatures (117) (Figure 4b). Specifically, a growing number of DRG neurons
are recruited in heat sensation, and the peak amplitude of warming-induced calcium transients
increases with temperature (117). By contrast, different cooling temperatures activate distinct
groups of cold-sensitive neurons, and these neurons exhibit calcium transients of similar ampli-
tude even when temperature drops to different degrees (117). These observations suggest that
cooling-sensitive neurons in the DRG employ a combinatorial code, while warming-sensitive neu-
rons adopt a graded coding strategy. However, the same coding principles might not apply to TG
neurons, particularly for cooling-sensitive neurons. Specifically, the peak amplitude of cooling-
evoked calcium transients increases with temperature drops, and different cooling temperatures
can activate all major types of cooling-sensitive neurons, though the activation kinetics appear
different, arguing that cooling-sensitive neurons adopt a graded coding strategy in the TG (47).
This seems to be consistent with the observation that TRPM8-expressing neurons can sense both
innocuous cool and noxious cold temperatures (152), through the cool sensor TRPMS and the
elusive noxious cold sensor in these neurons, respectively. Thus, one possibility is that while a
graded coding strategy is utilized by warming-sensitive neurons, both graded and combinatorial
strategies may be adopted by cooling-sensitive neurons, depending on the type of sensory organs.

Specificity Theory Versus Pattern Theory

After activating primary sensory neurons, temperature cues are further processed at different levels
of the thermosensory circuit. For mammals, sensory-to-spinal transmission, spinal cord process-
ing, spinal-to-brain transmission, and brain processing all contribute to the final representation
of temperature cues in the brain. There are two popular theories on thermosensory coding at
the circuit level: specificity theory and pattern theory, both receiving strong experimental evi-
dence (153). Notably, these two coding theories may apply to both the peripheral and central ner-
vous systems. In the specificity theory, labeled lines of thermosensory transmission are thought to
specifically encode heat and cold in the central nervous system. In support of this view, ablation of
TRPMS8-positive sensory neurons in mice largely diminishes their cold sensitivity, but heat sen-
sation remains normal (152). By contrast, killing TRPV1-positive primary neurons greatly affects
heat sensation, but cool sensation stays normal (29). Similarly, Drosophila was also proposed to use
labeled lines for thermosensation. For example, the aristal Warm Cells and Cool Cells are acti-
vated by warming and cooling, respectively, and they send projections to the adjacent but distinct
thermosensory glomeruli in the PAL region (75). Notably, some thermosensitive afferent fibers
are polymodal nociceptors (153). As a result, a given stimulus might activate multiple labeled lines,
and a single labeled line might receive inputs from different stimuli. To some extent, this resem-
bles the strategy of olfactory information encoding where a given odorant can activate multiple
odorant receptors and a single odorant receptor may be sensitive to several odorants (154).

In contrast to the specificity theory, the pattern theory of temperature sensation considers that
the final perception of temperature is generated by a combination of inputs (population coding)
from multiple primary sensory afferents and cross talk occurs at different levels of thermosensory
circuits (153). Thus, according to the pattern theory, the uncoupling of temperature inputs
and temperature perception could occur and a temperature stimulus may be misinterpreted in
the brain, leading to temperature illusion (153). A famous example for the pattern theory of
temperature sensation is the synthetic heat or thermal grill phenomenon that was independently
discovered by Thunberg and Alrutz over a century ago (155). Specifically, the application of alter-
nating cold and warm tubing (thermal grill) or concurrent stimulation of cold and warm spots on
the human skin leads to noxious heat sensation. Mechanistically, the cooling-sensitive A3-fibers
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(a cold-labeled line) may mask other cooling-sensitive C-fibers, which evoke hot burning pain
(a heat pain-labeled line), by cross inhibition in the central nervous system (Figure 4¢). With
the concurrent activation of warming-sensitive C-fibers (a warmth-labeled line) that can block
the cooling-sensitive A3-fibers, the combination of cold and warm stimulation will give rise
to the sense of burning heat (Figure 4¢) (155). In addition to humans, the pattern theory of
temperature sensation may also apply to other species. A recent study argued that the labeled line
for innocuous warmth may not exist in mice. Instead, the innocuous warmth is encoded by the
combination of warm-activated C-fibers (expressing TRPM?2 and likely other warm-sensitive ion
channels) and warm-inhibited, cold-sensitive C-fibers (expressing TRPMS) (156). How does one
reconcile the specificity theory with the pattern theory in temperature sensation? One possibility
is that since the population coding strategy requires a more complex nervous system compared to
the dedicated labeled line strategy, labeled lines of thermosensory transmission might emerge first
during evolution. In higher species like humans, both mechanisms may coexist, and the population
coding strategy could be utilized to expand sensory modalities and promote sensory integration.
Another possibility is that as sensory information is mainly processed and integrated in the central
nervous system, the labeled line strategy might be more frequently used in the peripheral nervous
system, while the population coding is mainly utilized in the central nervous system.

CONCLUSION AND FUTURE DIRECTIONS

For both humans and animals, temperature sensation provides essential information on their en-
vironment. A key advance in our understanding of temperature sensation is the cloning and char-
acterization of diverse molecular thermosensors in different species. Among them, a group of
evolutionarily conserved thermosensitive TRP channels are arguably the most well-established
molecular thermosensors across species. Nevertheless, the molecular identities of some key tem-
perature sensors remain elusive. For example, the mammalian noxious cold sensor has not been
definitively identified. Moreover, a TRPM2-independent warmth sensor seems to exist in mam-
mals. Identifying these thermosensors will help bridge the knowledge gap in temperature sensa-
tion. On the other hand, model organisms provide an excellent platform to perform genetic screens
for novel players involved in temperature sensation. For instance, several IRs function as temper-
ature sensors in the peripheral nervous system of Drosophila. Since these IRs are insect specific
and thermosensation plays an important role in the host-seeking behavior of many disease-vector
insects (157-159), targeting these temperature-sensitive IRs may provide a new avenue for pest
control.

In both mammals and invertebrates, temperature information is relayed through several layers
of neurons. While considerable progress has been made in understanding the temperature sen-
sitivity of primary sensory neurons, how temperature information is computed and integrated in
the central nervous system is still an open question. For example, what are the synaptic partners of
DRG neurons in the spinal cord and how is the temperature information processed in the spinal
cord? How are spinal neurons projected to distinct brain regions, and how does the brain pro-
cess and encode temperature information? Finally, how is the thermosensory circuit connected to
thermoregulation and other physiological processes such as aging? Due to the complexity of the
mammalian nervous system, genetic and functional characterization of thermosensory circuits in
Drosophila and C. elegans may reveal some fundamental principles of temperature sensation.

Notably, some broadly tuned neurons in thermosensory circuits are sensitive to both warming
and cooling. Meanwhile, many temperature-sensitive neurons can be activated by other types of
stimuli such as mechanical forces and chemicals. Therefore, different somatosensory modalities
appear to be able to cross talk at the circuit level. Additional studies are required to reveal how
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temperature sensation can interact with pain, touch, and potentially itch. Understanding these
interactions may not only reveal novel mechanisms of sensory transduction and processing but
also provide important guidance for developing better treatment for sensory processing disorders
and pain.
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