'," frontiers

in Cellular Neuroscience

REVIEW
published: 06 October 2021
doi: 10.3389/fncel.2021.744702

OPEN ACCESS

Edited by:

Merab G. Tsagareli,

Ivane Beritashvili Center

for Experimental Biomedicine, Georgia

Reviewed by:

Karen Litwa,

East Carolina University, United States
Janos Szabadiics,

Institute of Experimental Medicine
(MTA), Hungary

*Correspondence:
J. A. Lamas
antoniolamas@uyvigo.es

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Cellular Neurophysiology,

a section of the journal

Frontiers in Cellular Neuroscience

Received: 20 July 2021
Accepted: 08 September 2021
Published: 06 October 2021

Citation:

Rueda-Ruzafa L, Herrera-Pérez S,
Campos-Rios A and Lamas JA (2021)
Are TREK Channels Temperature
Sensors?

Front. Cell. Neurosci. 15:744702.
doi: 10.3389/fncel.2021.744702

Check for
updates

Are TREK Channels Temperature
Sensors?

Lola Rueda-Ruzafa?t, Salvador Herrera-Pérez'3, Ana Campos-Rios’? and
J. A. Lamas™2*

T CINBIO, Laboratory of Neuroscience, University of Vigo, Vigo, Spain, ? Laboratory of Neuroscience, Galicia Sur Health
Research Institute (ISGS), Vigo, Spain, ° Grupo de Neurofisiologia Experimental y Circuitos Neuronales, Hospital Nacional de
Parapléjicos, SESCAM, Toledo, Spain

Internal human body normal temperature fluctuates between 36.5 and 37.5°C and it is
generally measured in the oral cavity. Interestingly, most electrophysiological studies on
the functioning of ion channels and their role in neuronal behavior are carried out at room
temperature, which usually oscillates between 22 and 24°C, even when thermosensitive
channels are studied. We very often forget that if the core of the body reached that
temperature, the probability of death from cardiorespiratory arrest would be extremely
high. Does this mean that we are studying ion channels in dying neurons? Thousands
of electrophysiological experiments carried out at these low temperatures suggest
that most neurons tolerate this aggression quite well, at least for the duration of the
experiments. This also seems to happen with ion channels, although studies at different
temperatures indicate large changes in both, neuron and channel behavior. It is known
that many chemical, physical and therefore physiological processes, depend to a great
extent on body temperature. Temperature clearly affects the kinetics of numerous events
such as chemical reactions or conformational changes in proteins but, what if these
proteins constitute ion channels and these channels are specifically designed to detect
changes in temperature? In this review, we discuss the importance of the potassium
channels of the TREK subfamily, belonging to the recently discovered family of two-pore
domain channels, in the transduction of thermal sensitivity in different cell types.

Keywords: TREK channels, temperature sensors, potassium channels, DRG, nodose ganglion

INTRODUCTION

The last large family of potassium channels discovered, two-pore domain potassium channels
(K2P), is composed of 6 subfamilies of which the so-called TREK (TWIK-1 related K channels)
is modulated by a large number of physiological stimuli, including temperature. Importantly the
broad expression of this subfamily includes the sensory components of the autonomic, peripheral
and central nervous systems, in particular the nodose, trigeminal and dorsal root ganglia, besides
other places related with temperature homeostasis such as the hypothalamus (Fink et al., 1996,
1998; Maingret et al., 2000; Meadows et al., 2000, 2001; Hervieu et al., 2001; Matsumoto et al., 2001;
Medhurst et al., 2001; Talley et al., 2001; Gu et al., 2002; Alloui et al., 2006; Kang and Kim, 2006;
Kang et al., 2006; Yamamoto et al., 2009; Cadaveira-Mosquera et al., 2012; Lamas, 2012; Pereira
et al.,, 2014; Conti, 2018; Ferndndez-Fernandez et al., 2018; Viatchenko-Karpinski et al., 2018).
A pending issue in this regard is determining the expression of TREK channels in the terminals

Frontiers in Cellular Neuroscience | www.frontiersin.org 1

October 2021 | Volume 15 | Article 744702


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2021.744702
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fncel.2021.744702
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2021.744702&domain=pdf&date_stamp=2021-10-06
https://www.frontiersin.org/articles/10.3389/fncel.2021.744702/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Rueda-Ruzafa et al.

TREK Channels and Temperature

(nerve endings) of thermoreceptor neurons where the first stage
of sensory transduction takes place. Traditionally, the cells that
transduce the different stimuli are called sensory receptors, so
that the cells that capture changes in temperature are called
temperature receptors or thermoreceptors. With the discovery of
the molecular mechanism for uptake of stimuli, the first molecule
that detects the stimulus is often called a receptor, so the term
thermoreceptor has become confusing. Along this review, the ion
channels that detect the thermal stimulus are called sensors or
detectors, that is, thermosensors or thermodetectors and the cells
expressing them thermoreceptors.

In mammals, control of the central region temperature is
essential for survival. Drastic variations in thermal homeostasis
range have been associated with feverish, inflammatory,
hypothermic and hyperthermic processes (Bouchama et al,
1991; Planas et al, 1995). Pyrogens entrance into the blood
in a febrile process generates an immune response carried
mainly by macrophages, which produce proinflammatory
cytokines that stimulate the production of prostaglandin E2
(PGE2) in hypothalamus, inducing cAMP release, which
in turn raises the level of the hypothalamic thermostat to
around 39°C (Dinarello, 1999). Although the peripheral
temperature control is less life threatening, the most studied
system is that of capturing the skin temperature through
the dorsal root ganglion afferents (mainly A-delta and
C fibers). This system, although less critical, is essential
because it provides information on the ambient temperature
rather than on the body itself. In recent years, the interest
in the mechanism of thermal information uptake by the
autonomic nervous system has increased, especially by
the sensory neurons of the nodose ganglion. In this case
the information, although for the most part unconscious,
comes from internal organs such as the viscera and the
central nervous system and should be critical to keep internal
temperature constant.

Both, the broad distribution of TREK channels and their
great sensitivity to temperature changes make these channels
clear candidates to be good temperature sensors, similar to
what happens with some cationic transient receptor potential
channels (TRPs). In this article, we will review the molecular
and cellular mechanisms underlying this important function
of TREK channels.

Q10 AND TEMPERATURE RANGES

The first member of the TREK subfamily discovered was
TREK1, and in the seminal article by Fink et al. (1996)
the biophysical properties of this channel were studied in
injected oocytes and transfected COS cells at room temperature.
The same approach was used when TRAAK (Fink et al,
1998) and TREK2 (Bouchama et al., 1991) were revealed.
However, after their discovery, all three members (TREKI,
TREK2, and TRAAK) were demonstrated to be strongly
sensitive to temperature. The first mention of TREK temperature
sensitivity was introduced for TREK1 by Maingret and coauthors
(Maingret et al., 2000).

Now it is generally accepted that the activity of all three TREK
channels is essentially absent at temperatures below ~10°C, very
low at room temperature (22-24°C), increases gradually when
increasing bath temperature, is strong (about half-maximum) at
physiological temperatures (~30°C), maximum at about 40 °C
and then decreases again (Maingret et al., 2000; Kang et al.,
2005; Kang and Kim, 2006; Zhang et al., 2008; Noél et al,
2009; Schneider et al., 2014; Woo et al,, 2019). Importantly, the
effect of increasing temperature is not voltage-dependent, but
heat-activated TREK1 currents (37°C) show a strong outwardly
rectifying current/voltage (IV) relationship reversing at the
equilibrium potential for potassium and the same is true for
TREK2 and TRAAK (Maingret et al., 2000; Kang et al., 2005;
Bagriantsev et al., 2012; Woo et al., 2016).

We should keep in mind that the temperature range
that affects individual ion channels does not always match
with the temperature range at which these channels affect
animal behavior. When we talk about animals, we usually
talk about four thermal sensations to which four temperature
ranges have been assigned. Although the temperature ranges
may vary from one author to another, the following are
representative: cold (—10 to 15°C), cool (16 to 30°C), warm
(31 to 42°C) and hot (43 to 60°C) (Lamas et al, 2019).
Cold and hot temperatures may be noxious or painful and
hence aversive. Interestingly, leak currents observed in dorsal
root ganglion (DRG) neurons at room- (22 °C) and warm-
temperatures (30°C) can be suppressed by TREK-channel
blockers like riluzole and norfluoxetine, at 14°C the effect of
these blockers was negligible as TREK channels were already
closed by cold temperatures (Viatchenko-Karpinski et al., 2018).
Puzzling, temperature activation (37°C) produced a strong
reduction in norfluoxetine sensitivity of heterologously expressed
TREK2 currents, indicating that the effect of fluoxetine may
be very different at 37°C compared with room temperature
(McClenaghan et al., 2016).

The activity of ion channels is often modified by changes in
temperature, but how sensitive does a channel need to be in order
to be considered a thermosensor? There is general agreement
that there is a special dependence on temperature when Q10
exceeds a value of about 3 (warm sensitive) or is well below 1
(cool sensitive) (Brauchi et al., 2004; Wechselberger et al., 20065
Vriens et al., 2014; Wang and Siemens, 2015; Conti, 2018; Buijs
and McNaughton, 2020). When dealing with TREK1 channels,
a temperature increment of 10°C enhances TREK1 currents by
~7-9 fold, being more sensitive in the range 32-37°C and similar
or even higher (~20 fold) sensitivities to temperature were
reported for TREK2 and TRAAK (Maingret et al., 2000; Kang
etal,, 2005). It is important to say that all these characteristics can
be observed in heterologously expressed (COS, HEK, oocytes)
or native (cerebellar neurons, DRG neurons, cardiac myocytes,
astrocytes) TREK channels and in most recording configurations,
saving excised patches (see section “Molecular Mechanism”)
(Maingret et al., 2000; Kang et al., 2005; Kang and Kim, 2006;
Kreneisz et al., 2009; Kucheryavykh et al., 2009; Bagriantsev et al.,
2012). It is worth noting that other K2P channels, like TASK or
THIK, have not shown a comparable temperature dependency
(Rajan et al., 2001; Kang et al., 2005; Bagriantsev et al., 2011).
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WARM AND HOT
C-Fibers

Using an isolated skin-saphenous nerve preparation, Alloui et al.
showed that slowly conducting C-fibers, from control mice,
increased the firing of action potentials when the temperature was
increased (20 s heating ramps from 30 to 50°C). Additionally,
C-fibers from TREKI1 knockout (KO) mice fired more action
potentials, in response to heat ramps, than their wild counterparts
(Alloui et al., 2006). The same was confirmed in TREK2-KO,
triple-KO (TREK1/TREK2/TRAAK-KO) (Pereira et al., 2014),
TRAAK-KO and TREK1/TRAAK-KO mice (Noél et al., 2009).
Interestingly, in TREK2-KO mice the firing of C-fibers is affected
only below 40°C (warm temperatures) but C-fibers from triple-
KO mice still keep the firing enhancement at hot temperatures
(40-50°C), indicating that TREK2 must deal with warm but not
with hot temperatures. For a summary of these data and those
that follow, see Table 1.

The threshold for heat induced spike firing was also lower
in TREK1-KO mice (36 against 42°C), suggesting that TREK1
may be involved in the transduction of noxious heat, similar
results were obtained in TRAAK-KO and double KO mice
(TREK1/TRAAK-KO) (Alloui et al., 2006; Noél et al., 2009).
The threshold was also reduced for TREK2- and triple-
KO (~35°C) mice when compared with wild mice (~40°C)
(Pereira et al., 2014).

Also the percentage of C-fibers responding to warming
(30 to 50°C) was increased in TREKI-KO, TRAAK-KO,
TRAAK/TREK1-KO mice (Alloui et al., 2006; Noél et al., 2009),
TREK2-KO and triple-KO showing an increased proportion of
heat-sensitive (50°C) C-fibers (Pereira et al., 2014).

Although not all combinations of KO mice have been tested
(Table 1), existing data indicate that a reduction in TREK
channels has at least three effects on type C afferent fibers. Firstly,
the percentage of afferents that respond to warming/heating
increases. Secondly, the firing threshold using a heating ramp
decreases. Finally, the number of action potentials triggered when
the afferents are heated increases. All these compared to the heat
response of C-fibers from wild mice.

It has recently been shown that the Ranvier nodes of the
Ap-afferents of the trigeminal nerve express TREK1 and TRAAK
channels, but not TREK2 (Kanda et al., 2019). The leakage
current through these channels and their open probability clearly
increases when passing from 24 to 35°C. On the contrary,
reducing the temperature from 24 to 10°C reduces the activity
of the TREK channels and the amplitude of the leakage current.
It would be interesting to know if the TREK channels of the
nodes influence in any way the capture of thermal information.
At the moment we know that the reduction in temperature (35 to
15) progressively reduces the conduction velocity of trigeminal
afferents, probably due to the reduction in the activity of the
TREK channels of the node of Ranvier.

DRG Neurons
The cell bodies of the C fibers are located in the dorsal root and
trigeminal ganglia and, accordingly, the percentage of cultured

DRG neurons responding (calcium influx) to noxious heat (30
to 50°C) strongly increased from 34% in wild type (WT) to
64% in TREK1-KO, 60% in TRAAK-KO and 74% in double
KO mice (Noél et al., 2009). Interestingly, the TREK2 activator
T2A3 reduced the increase in calcium normally observed in
DRG neurons in response to aversive temperatures (40°C)
(Dadi et al., 2017). As expected, these data corroborated the data
obtained in C-fibers with similar temperature ranges.

It was also reported that TREK channels contributed about
85% of the potassium background current present in DRG
neurons at 37°C, interestingly the major contributors were
TREK2 channels (69%) followed by TREK1 (12%) and TRAAK
(3%) (Kang and Kim, 2006). Consistently, TREK2 knockdown
(siRNA C) has been shown to depolarize small rat DRG neurons
by about 10 mV, suggesting a major role of TREK2 channels
on the resting membrane potential (RMP) at 37 °C (Acosta
et al, 2014). However, at 24°C, TREK channels showed a
very low activity and other K2P channels (TRESK) became
more relevant at the resting level (Kang and Kim, 2006; Rivas-
Ramirez et al., 2020a). The reason why different authors disagree
on which of the two channels, TREK1 or TREK2 is more
abundant in DRG neurons is unknown. It has been suggested
that the difference in species and age of the animals used or the
presence/absence of nerve growth factor (NGF) in the culture
medium could account for this difference (Alloui et al., 2006). It is
possible that the different techniques used (electrophysiological,
neuroanatomical and/or molecular biology techniques) are also
involved in this controversy.

Nodose Ganglion

Deep thermoreceptors of the collect thermal
information through sensory neurons with somas located
in the nodose ganglion (NG) and this information ascend
to the hypothalamus via the nucleus of the solitary tract
(Morrison et al, 2008; Romanovsky et al., 2009). To our
knowledge, the relationship among NG neurons, TREK channels
and temperature has not been investigated, however, the
presence of TREK channels in most NG neurons has been
reported (Zhao et al., 2010; Cadaveira-Mosquera et al., 2012;
Fernandez-Fernandez et al., 2018).

viscera

Central Structures

As we have said above, the hypothalamus is a central structure
that plays an essential role in the regulation of information related
to temperature. The hypothalamus contains a good number of
thermosensitive neurons dedicated to detect the temperature
of the hypothalamus itself (Abe et al,, 2003; Tabarean et al.,
2005; Conti, 2018). Most of these thermosensitive neurons
fired spontaneously and were considered warm sensitive, a low
percentage were cold sensitive. In a first approach the expression
of TREKI in the hypothalamus was reported to be very low (Fink
etal., 1996), but the same group reported later a good expression
of this channel in regions of the hypothalamus implicated
in thermoregulation like preoptic and anterior hypothalamus.
TRAAK channels have also been reported to have a low
expression in the hypothalamus (Fink et al., 1998; Wechselberger
etal., 2006). Although there may be some discrepancy in relation
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TABLE 1 | Summary of the effects of knocking out TREK channels in c-fibers, DRG neurons and freely moving animals when changing temperature.

TREK1 KO TREK2 KO TRAAK KO TREK1/TRAAK KO TREK2/TRAAK KO TREK1/TREK2/TRAAK KO References
C-fibers: n° AP, Temp.: 4 4 1 1 4 Alloui et al., 2006;
30-50°C Pereira et al., 2014
C-fibers: n° AP, Temp.: — 4 Pereira et al., 2014
40-50°C
C-fibers: Firing Threshold N N 1 N Alloui et al., 2006;

Temp.: 30-50 °C

% C-fibers responding to A A 1 1
warming Temp.: 30-50°C

% DRG responding to heat 4 4 1
Temp.: 50 °C

Tail withdrawal. Latency 1 ) 1
Temp.: 40-50 °C

Tail withdrawal. Latency N

Temp.: 44-46°C

Hot Plate. Latency — 1 —

Temp.: 50-52 52-56°C

Tail-flick reflex. Latency J

Temp.: 40-42°C

% DRG responding to cold — — 0
Temp.: 10°C

C-fibers n° AP, Temp.: — 4 1
31->10°C

% C-fibers responding to — A — 1
cold

Temp.: 31 to 10°C

Tail withdrawal. Latency — | 0 1
Temp.: 20-25°C

Tail withdrawal. Latency —
Temp.: 5-15°C
Cold plate. Latency — — 1

Temp Perefernce test. Time

at 30°C 25-30°C

Oxaliplatin neuropathic 1
model. Cold

hypersensitivity

Pereira et al., 2014;

Noél et al., 2009

4 Alloui et al., 2006;
Pereira et al., 2014;

Noél et al., 2009

Noél et al., 2009

Alloui et al., 2006;
Pereira et al., 2014

1 Noél et al., 2009

1 Alloui et al., 2006;
Pereira et al., 2014;
Noél et al., 2009

1 Pereira et al., 2014

Noél et al., 2009

4 Alloui et al., 2006;
Pereira et al., 2014;
Noél et al., 2009
4 Descoeur et al., 2011;
Pereira et al., 2014

1 Alloui et al., 2006;
Pereira et al., 2014;

Noél et al., 2009;
Descoeur et al., 2011

N Pereira et al., 2014

Alloui et al., 2006;
Pereira et al., 2014;
Noél et al., 2009;
Descoeur et al., 2011
4 Noél et al., 2009;
Descoeur et al., 2011
— Pereira et al., 2014

1:increase, |: decrease, —: no effect.
C-fibers: n° AR, Temp.: 31- >.

to the degree of expression or the neuronal type, there is general
agreement in the presence of the three members of the TREK
family in the hypothalamus (Lamas, 2012).

Behavioral Tests

TREK1-KO mice are hypersensitive to thermal pain between 46
and 50°C (short tail withdrawal latency) (Alloui et al., 2006).
Although the range of temperatures is no completely clear,
both TRAAK-KO and TRAAK/TREK1-KO mice showed heat
hyperalgesia (Noél et al., 2009). It should be taken in mind
that TREK channels are active at normal skin temperatures and

contribute to the RMP of sensory neurons. Interestingly, TREK2-
KO seems to affect the withdrawal latency only below 46°C
(44-46°C), suggesting again that TREK2 may be important in the
warm range of temperatures while TREK1 and TRAAK would be
more implicated at hot temperatures (Pereira et al., 2014).
TREK2-KO and triple-KO showed a similar enhancement
of sensibility to warm unaversive temperatures (~40-42°C, tail
flick reflex) (Pereira et al., 2014). It is not clear why TREK1-
KO or TRAAK-KO mice do not show increased sensibility
in the hot-plate test like the TREK1/TRAAK-KO does (Alloui
et al., 2006; Noél et al., 2009), but compounds enhancing the
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activity of TREK1 channels have been shown to display analgesic
activity using the same test (Vivier et al., 2017). Also TREK2-
KO behaved like WT mice in the hot-plate test at 50-52°C
while the triple KO mice showed a clear thermal hypersensitivity
(Pereira et al., 2014).

In summary TREK channels seem to be more important for
heat/pain transduction in the range of ~35 to 45°C (Alloui
et al., 2006; Honore, 2007). It has been proposed that the heat-
induced hyperpolarization produced by the activation of TREK
channels may serve as a counterbalance for the heat-induced
depolarization resulting from the activation of TRPV1 channels,
and hence playing an important role in heat sensing (Figure 1)
(Schneider et al., 2014). Accordingly, all three TREK channels
have been shown to co-localize strongly with thermosensitive
TRP channels in trigeminal and dorsal root ganglion cells (Nealen
et al., 2003; Yamamoto et al., 2009; La et al., 2011).

COOL AND COLD

C-Fibers

C-fibers from TREK1-KO responded (increasing action potential
firing) much like those from wild mice when a cold stimulus was
applied to the skin (31 to 10°C) (Alloui et al., 2006). However,
it has been strongly suggested that TREK channels could be
good cold sensors (Maingret et al,, 2000; Kang et al., 2005;
Wechselberger et al., 2006). Supporting this suggestion, double
KO, but not the single TREKI1- or TRAAK-KO mice, showed
an increased percentage of C-fibers responding to cold stimuli
(30 to 10°C) and the firing of action potentials of these C-fibers
was increased when compared with those obtained from wild
type mice (Noél et al., 2009). Similarly, both TREK2-KO and
triple-KO mice showed an increase in the percentage of C-fibers
responding to cold and in their firing rate (Pereira et al., 2014).

DRG Neurons

When cooling cultured rat DRG neurons from 32 to 20°C
a depolarization of about 10 mV, occasionally accompanied
of action potential firing, occurs in 25 % of them (Reid and
Flonta, 2001). It has been reported that this depolarization
is due to the inhibition of a background potassium current
called 1.4, and that this current could be transported through
TREK1 channels (Reid and Flonta, 2001). Consistently, Maingret
et al. reported intense TREK1 staining in small and medium
sized DRG neurons (Maingret et al., 2000) and later, a good
expression of all three members of the TREK subfamily was
shown in small sized DRG neurons (Viatchenko-Karpinski
et al., 2018). Similarly, a small percentage (~10 %) of cultured
mouse trigeminal ganglion neurons are activated (increase of
intracellular calcium, depolarization and action potential firing)
by lowering temperature, this sensitivity was present in small
diameter neurons (Viana et al., 2002). Voltage clamp experiments
demonstrated that the increase in excitability provoked by
cooling involved the closure of a resting potassium current,
probably transported by TREK1 channels (Viana et al., 2002).
Accordingly, TREK1 channels seems to be better expressed than
TREK2 and TRAAK in DRG neurons (Alloui et al., 2006).

It is accepted that about 25% of small diameter DRG neurons
are activated by cold (12°C, calcium influx) (Noél et al., 2009),
this percentage falls to 10% of the neurons of the mouse
DRG in culture (Vetter et al., 2013). Interestingly, sympathetic
neurons of the superior cervical ganglion and many DRG/TG
neurons can be intrinsically activated by cold stimuli through a
mechanism not depending on TRP (TRPMS, TRPA1) channels
(Thut et al., 2003; Smith et al., 2004; Munns et al., 2007; Buijs
and McNaughton, 2020). Similarly, c-Fos activity is increased
in Grueneberg ganglion neurons when mice pups are exposed
to 22°C for 2 h and this effect is weaker in TREK1-KO mice
but independent of TRPs (Stebe et al, 2014). Although the
basis of this behavior is not totally understood, the presence of
TREK channels may contribute to it (Reid and Flonta, 2001;
Viana et al., 2002; Munns et al., 2007; Cadaveira-Mosquera et al.,
2011, 2012; Vetter et al., 2013; MacDonald et al., 2020; Rivas-
Ramirez et al., 2015, 2020a,b). Consistently, mice lacking both
TREK1 and TRAAK channels (but not those lacking only one
of them) showed a percentage of small diameter DRG neurons
responding to cold higher (54%) that their wild counterparts
(Noél et al., 2009). On the contrary, experiments carried out in
rat TG neurons suggested that TREK1 may not have a prominent
role in cold transduction (Thut et al., 2003).

Nodose Ganglion

A large fraction of rat and mouse nodose neurons are
activated (Intracellular calcium increase, depolarization and
action potential firing) by cold stimuli (Fajardo et al., 2008).
Although the cationic TRPA1 channels seem to play a major role
in this activation, the expression of TREK channels at this level
could be relevant and deserves to be investigated.

Central Structures

The three members of the TREK subfamily are expressed in
the hippocampus (Talley et al., 2001; Lamas, 2012) and cooling
evoked network activation in this structure has been ascribed to
the presence of TREK channels, mainly to the closure of TREK1
channels (de la Pena et al., 2012).

Behavioral Tests

When lowering temperature and looking at behavioral tests,
the latency in the tail withdrawal test and the response in the
cold plate assay were comparable between single TREKI- or
TRAAK-KO and WT mice (Alloui et al., 2006; Noél et al,
2009). On the contrary, the double KO (TREK1/TRAAK-KO)
showed increased sensitivity to cold in the cold plate and thermal-
preference assay (Noél et al., 2009; Descoeur et al., 2011). Also,
TREK2-KO and triple-KO mice showed an increased sensitivity
(lower latency) to temperatures of 20-25°C, being stronger in
triple-KO (Pereira et al., 2014). Interestingly, when using noxious
cold temperatures (5-15°C) in a tail immersion test, only the
triple-KO but not the TREK2-KO showed lower latencies than
wild-type mice (Pereira et al., 2014), suggesting that TREK2 may
be important in the cool range of temperatures, but not for the
sensitivity to noxious cold. Similar to what happens with heat
sensitivity, the TREK1 and TRAAK channels seem to be related
to the uptake of stimuli in the cold range (aversive), whereas
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TRP CHANNELS OPEN AT VARIOUS TEMPERATURES
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FIGURE 1 | Dual role of TREK channels in thermosensation. At physiological temperature (37°C), TREK channels are maximally activated, allowing K+ to pass
through them and generating a hyperpolarizing leak current. Temperature decrease and noxious heat processes reduce the TREK channels open probability, hence
increasing excitability. By contrast, transient receptor potential (TRP) channels activated by heating and cooling are different entities and their activity is minimal

around 30°C.

Temperature (°C) 30

I I |
40 50

the TREK2 would regulate the uptake of stimuli in the cool
temperature range (harmless).

Neuropathic Cold

In a neuropathic model, it has been shown that double KO
(TREK1/TRAAK-KO) mice showed a high cold hypersensitivity
when compared with WT or TRAAK-KO mice (Noél et al,
2009). In the same line, it has been proposed that cold
hypersensitivity and allodynia induced by oxaliplatin, a cancer
chemotherapy (Beijers et al, 2015), is due at least in part
to the reduction in the expression of TREK1 and TRAAK
channels (Descoeur et al., 2011; Poupon et al., 2018). Indeed,
allodynia provoked by oxaliplatin is very similar to that observed
in TREK1/TRAAK-KO mice and oxaliplatin cannot further
enhance the allodynia produced by the double KO (Descoeur
et al, 2011). Interestingly, oxaliplatin did not modified the
temperature (30-20°C) preference of TREK2-KO and triple-
KO mice (Pereira et al., 2014). When dealing with colder
temperatures (15-17°C, cold plate), oxaliplatin exacerbated the
perception of cold in TREK2-KO but not in triple-KO mice
(Pereira et al., 2014).

Riluzole, an activator of TREK channels (Duprat et al., 2000;
Lesage et al., 2000; Cadaveira-Mosquera et al., 2011; Fernandez-
Fernéandez et al., 2018; Lamas and Fernandez-Fernandez, 2019),
reduced the nociceptive response to cold temperatures in WT,
TREK2-KO and TRAAK-KO but not in TREK1 and triple-KO
mice (Poupon et al, 2018). Riluzole has also been shown to

prevent the oxaliplatin-induced cold-hypersensitivity by acting
on TREK1 channels, as this analgesic effect was lost in TREK1-
KO mice and in animals treated with spadin, a TREK1 inhibitor
(Poupon et al,, 2018). Notwithstanding, it should be taken
in mind that both the sensitivity to cold and the oxaliplatin
hypersensitivity are lost in TRPM8-KO mice and that the
expression of other thermosensitive channels may also be altered
by oxaliplatin (Descoeur et al., 2011).

MOLECULAR MECHANISM

Temperature increase in the range of 24 to 42°C do not
affect the single channel conductance of TREK channels, but
it clearly increases the open probability and reduces the open-
time duration (Kang et al., 2005). The C-terminal region of
TREKI seems to be the main temperature-sensing element in
TREKI1 channels because partial deletion of this terminal (A103)
or substitution of the C-terminal region for that of TASK1
strongly reduces the activation of the channel by heat (Maingret
et al., 2000; Bagriantsev et al, 2011, 2012). On the contrary
deletion of the N-terminal zone did not affect temperature
stimulation (Maingret et al., 2000). Interestingly, replacement
of TREK2 C-terminal with that of TASK3 did not reduced
its thermosensitivity (Kang et al., 2005) but deletion of the
C-terminal domain strongly reduced its temperature sensitivity
(McClenaghan et al., 2016).
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Besides the important role of the C-terminal domain for
TREK1 heat sensitivity, it has been proposed that the C-type
gate mediates temperature sensitivity of TREK1 and TREK2.
This hypothesis, deeply reviewed by Schneider, suggests that the
intracellular C-terminal domain works as the sensor capturing
the information of the thermal stimulus and transfers it to
the extracellular C-type gate through the M4 transmembrane
segment and that this mechanism could be shared by other (i.e.,
mechanical) stimuli (Bagriantsev et al., 2011, 2012; Schneider
et al., 2014). These studies have also suggested that mutations
in the M4 segment reduced the response of TREK1 channels to
temperature by uncoupling the sensor (intracellular C-terminal
region) from the gating apparatus (extracellular C-type gate)
(Bagriantsev et al., 2011).

The C-terminal end of TREK is also required for its
sensitivity to various pharmacological agonists and physical
stimuli (Maingret et al., 1999). Although information about
TREK channel behavior at temperatures close to physiological
(32-37°C) is very scarce, we know that at 37°C all three
members of the subfamily respond to arachidonic acid, pH
changes and membrane stretch, when they are recorded in
cell-attached (with the electrode attached to the membrane) or
inside out (exposing the cytosolic side to the bath medium)
patches, much like they do at room temperature (Kang et al.,
2005; Kang and Kim, 2006). To our knowledge, most of
the inhibitors and activators of TREK channels work in a
similar way at room temperature and at 30°C (Cohen et al,
2009; Kreneisz et al.,, 2009). TREK1 channels are activated by
membrane stretch, this activation is greatly amplified when the
temperature is increased (about 10-fold by 20°C), interestingly,
such an effect is lost when the channels are recorded in
excised patches (Maingret et al., 2000). Actually, it has been
suggested that temperature and stretch may act synergistically
and share the same mechanism to increase the activity of
TREK channels, acting on the C-terminal domain and hence
regulating the C-type gate (Schneider et al., 2014). On the other
hand, the enhancement of TREK1 currents by temperature is
strongly reduced by an increase in external osmolarity (Maingret
et al, 2000). Native TREK2 currents in cortical astrocytes
have been shown to increase with temperature. This increment
was much bigger in astrocytes subjected to simulated ischemia
(Kucheryavykh et al., 2009). These and other data strongly
indicate a complex interaction among different modulators
of TREK channel activity, interaction that deserves to be
investigated more deeply.

Surprisingly, all TREK channels fail to be activated by
increasing temperature when they are recorded in excised
outside-out (the cytosolic side of the cell is in contact with the
pipette solution) or inside-out configurations. This indicates that
thermal modulation of TREK1, TREK2 and TRAAK needs the
cell to be intact and suggests the participation of an internal
“second messenger” (Maingret et al., 2000; Kang et al., 2005;
Honore, 2007). Accordingly, all TREK1, TREK2 and TRAAK
keep their thermosensitivity (in the range of 24 to 42°C) when
recorded in cell-attached patches (Maingret et al., 2000; Kang
et al.,, 2005). Whether the channels themselves are temperature
sensitive remains to be unequivocally demonstrated.

Interestingly, the activation of protein kinase A (PGE-cAMP-
PKA) and resulting phosphorylation of Ser333 reduces the
enhancement of TREK1 currents when increasing temperature
(Maingret et al,, 2000). On the contrary, intracellular ATP
did not affect the increase of heterologously expressed TREK2
currents provoked by changing temperature from 26 to 37°C
(Woo et al., 2016).

CONCLUDING REMARKS AND
PERSPECTIVES

Due to the discovery of the molecular mechanisms that take
place in the thermal stimuli reception, the traditional term
thermoreceptor has become a confusing concept to refer to
the neurons responsible for the thermal transduction. As
we have clarified in the introduction, a thermoreceptor is a
sensory receptor that transduces the specific stimuli caused by
temperature changes, and the first molecule that detects the
thermal stimulus is called thermosensor or thermodetector.

Another type of confusion can be caused by using the terms
“heat receptor” and “cold receptor.” Generally, a neuron is called
a heat receptor if it increases its excitability (firing frequency)
when increasing the temperature, if this happens when the
temperature is lowered, we would call it a cold receptor. Can
we use the same reasoning to talk about sensors? If so, a cold
sensor should increase the activity (open probability) when
lowering temperature. Paradoxically, the TREK channels increase
their activity (opening probability) with increasing temperature,
but they are often called cold sensors (Maingret et al., 2000).
This is explained because they are potassium channels open
at physiological temperatures and that they hyperpolarize the
thermoreceptor when activated. A cold thermoreceptor should
increase its excitability when the temperature decreases and
TREK channels reduce their activity, hence transporting cold
information (Buijs and McNaughton, 2020). In summary a heat
sensor activates a cold receptor.

To understand how TREK and cold sensitive TRP channels
can cooperate to sense cold stimuli let’s assume that at
physiological temperature, about 30 °C, the activity of TREK
channels is reasonably high (Figure 1), while the activity of
cold sensitive TRPs (and TRPs in general) is very low (Noél
et al., 2009). In this situation both channel types, if coexpressed,
would tend to drive the cold receptor far from the threshold
and hence we would expect the receptor to be hyperpolarized
and silent. When the temperature is reduced (from 30 to 10°C),
TREK channel activity would fall to zero and the activity of
cold sensitive TRPs would strongly increase. At this point, both
channels tend to depolarize the cold thermoreceptor which in
turn should increase firing and send the information to the next
step. It seems clear that both TREK1 and TRAAK are important
to regulate the excitability of DRG thermosensitive neurons as
removal of both is necessary to observe a clear effect in the process
of cold sensing.

Table 1 summarizes what happen in TREK KO models, but
what should we expect to happen in a complete TREK-KO mice?
In the receptors from KO mice, at 30°C the lack of TREK
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channels would cease to exert a hyperpolarizing effect, which
would be maintained exclusively by the lack of activity of
the TRPs and other background channels. It would then
be expected that at 30°C the thermoreceptor would slightly
increase its activity. At 10°C, however, the situation in the
two models (WT and TREK-KO) should be similar since in
both cases the TREK channels are out of play and the TRP
channels are activated. This hypothesis could explain the higher
number of action potentials observed in the C fibers of KO
mice when cooling, since they would have a higher basal
firing before cooling.

Apart from their role as thermosensors in thermoreceptor
neurons, TREK channels, due to their wide expression, contribute
to the maintenance of the RMP and to the control of
excitability in a good number of cell types not related to
general thermoreception. Chick embryonic atrial myocytes
show a rather positive RMP (around —20 mV) at room
temperature, increasing the temperature to 35°C hyperpolarized
these cells to —70 mV due to the activation of TREK-like
(TREK1 and TREK2) potassium channels (Zhang et al., 2008).
Surprisingly, cultured DRG neurons from TREKI-KO mice
were reported to show the same RMPs than the neurons
obtained from WT animals, unfortunately this experiment was
carried out at room temperature and not repeated at more
physiological temperatures (Alloui et al., 2006). It is worth
noting that the contribution of TREK channels to the RMP
maintenance cannot be fully appreciated at room temperature
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since they have practically no activity in these conditions
(Rivas-Ramirez et al., 2020a).

We have more and more evidence of the importance of TREK
channels as thermosensors, however, most of the studies carried
out to investigate other important roles of these channels have
been carried out at room temperature. We should make an effort
to reinvestigate the importance of these channels at temperatures
closer to what these channels are subjected to in a living organism.
A central and still open question is whether TREK channels are
just regulating neuronal excitability or they really represent a
cold-transduction mechanism.
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