Temperature’ - e Taylor & Francis

MULTI BIOMEDICAL JOURNAL]

Temperature

ISSN: 2332-8940 (Print) 2332-8959 (Online) Journal homepage: http://www.tandfonline.com/loi/ktmp20

TRP ion channels in thermosensation,
thermoregulation and metabolism

Hong Wang & Jan Siemens

To cite this article: Hong Wang & Jan Siemens (2015) TRP ion channels in
thermosensation, thermoregulation and metabolism, Temperature, 2:2, 178-187, DOL:
10.1080/23328940.2015.1040604

To link to this article: http://dx.doi.org/10.1080/23328940.2015.1040604

© 2015 The Author(s). Published with
license by Taylor & Francis Group, LLCHong
Wang and Jan Siemens

ﬁ Accepted author version posted online: 26
May 2015.

N
[:J/ Submit your article to this journal &

||I| Article views: 790

A
h View related articles &'

@ View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=ktmp20

(Download by: [Universitaetsbibliothek Heidelberg] Date: 22 October 2015, At: 01:52 )



http://www.tandfonline.com/action/journalInformation?journalCode=ktmp20
http://www.tandfonline.com/loi/ktmp20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/23328940.2015.1040604
http://dx.doi.org/10.1080/23328940.2015.1040604
http://www.tandfonline.com/action/authorSubmission?journalCode=ktmp20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ktmp20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/23328940.2015.1040604
http://www.tandfonline.com/doi/mlt/10.1080/23328940.2015.1040604
http://crossmark.crossref.org/dialog/?doi=10.1080/23328940.2015.1040604&domain=pdf&date_stamp=2015-05-26
http://crossmark.crossref.org/dialog/?doi=10.1080/23328940.2015.1040604&domain=pdf&date_stamp=2015-05-26

Downloaded by [Universitaetshibliothek Heidelberg] at 01:52 22 October 2015

PRIORITY REVIEW |
Temperature 2:2, 178-187; April/May/June 2015; Published with license by Taylor & Francis Group, LLC

TRP ion channels in thermosensation,
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anterior hypothalamus; Tb, body core temperature; TG, trigeminal ganglion; TRP, transient receptor potential.

In humans, the TRP superfamily of cation channels includes 27 related molecules that respond to a remarkable
variety of chemical and physical stimuli. While physiological roles for many TRP channels remain unknown, over the
past years several have been shown to function as molecular sensors in organisms ranging from yeast to humans. In
particular, TRP channels are now known to constitute important components of sensory systems, where they
participate in the detection or transduction of osmotic, mechanical, thermal, or chemosensory stimuli. We here
summarize our current understanding of the role individual members of this versatile receptor family play in
thermosensation and thermoregulation, and also touch upon their immerging role in metabolic control.

Introduction

The founding member of the Transient Receptor Potential
ion channel family was first discovered by Craig Montell and col-
leagues in Drosophila, where it constitutes a central component
of the visual transduction cascade in fly photoreceptors.'

There are 6 TRP subfamilies: “canonical” TRPCs (TRPC1-
7), “vanilloid” TRPVs (TRPV1-6), “melastatin-like” TRPMs
(TRPM1-8), “polycystin” TRPPs (TRPP2, TRPP3, TRPP5),
“mucolipin” TRPMLs (TRPML1-3), and “ankyrin-rich” TRPA
(TRPA1). Hallmark features of all TRPs are a similar transmem-
brane topology that is comprised of 6 (S1-S6) transmembrane
domains and a cation-permeable pore region between S5 and S6.
Sequence and length of the intracellular N- and C-termini vary
significantly among different TRP members.”

Gating of several TRP ion channels has been found to display
steep temperature dependence in the physiological temperature
range. The Q10 value, defined here as the change in current ampli-
tude upon a temperature increase of 10 degrees, has been widely
used to characterize the degree of temperature sensitivity of ion
channels. Most ion channels exhibit a Q10 value between 1 and
3.2 On the other hand, 11 mammalian TRP ion channels -when
heterologously expressed- have Q10 values that are either larger
than 5 (warm-sensitive) or lower than 0.2 (cold sensitive). By these
criteria, TRPV1—4 and TRPM2-5 are warm-sensitive,"
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while TRPMS8, TRPA1 and TRPC5 have been found to be cold
sensitive ion channels (Fig. 1).141

Temperature sensitivity alone does by itself not infer that
these ion channels are functionally relevant temperature detec-
tors. Two additional criteria have been used as filters to single
out relevant molecular temperature detectors: (i) expression of
TRP channels in tissues and at sites that are relevant to detect
temperature change and (ii) thermosensory (or thermoregulatory)
phenotypes in genetically tractable organisms such as knock-out
mice or mutant flies and worms.

Both criteria are not as straight forward to apply as it might
seem. Temperature receptors residing in the skin (or in neuro-
nal processes that innervate the skin) are likely to experience
the largest temperature changes to be physiologically relevant.
However, smaller temperature changes within the body cavity,
intestine, central nervous system and other tissues that occur
as part of metabolic changes, increased (neuronal) activity or
inflammatory responses (such as fever) are clearly physiologi-
cally -and pathologically- relevant and are very likely moni-
tored by sensory mechanisms. These types of interoceptive
temperature receptors have largely remained elusive. One rea-
son for the lack of knowledge is that exact whereabouts and
molecular markers for these temperature sensitive structures
are not known. Thus it is currently not clear if TRP channels
have a role in interoceptive temperature detection.
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Figure 1. Temperature Sensitive (TRP) lon Channels. (A) The cartoon illustrates the different ion-selectivity and current directionality of temperature-sen-
sitive ion channels that reside in primary afferent sensory neurons detecting warm and cold temperatures, respectively. Modified with permission from
ref. 51. (B) The graphs schematically depict temperature activation curves of warm/hot sensitive ion channels (upper panel) and cold sensitive channels
(lower panel) that are found in primary afferent temperature-sensitive sensory neurons as depicted in (A).

Along similar lines, TRP channel knockout models have been
extensively studied in the context of environmental temperature
stimuli such as heat- and cold-pain assays and preference tests.'®
However, it is possible that putative temperature phenotypes have
not yet been identified, simply because these models have not been
tested in the context of more tissue specific (or internal) temperature

changes.

TRP Channels in Thermosensation

When applying the aforementioned criteria and when focus-
ing on environmental temperature detection, only a few

Table 1. Thermosensation in vivo

“Thermo-TRPs” pass the test and have thus far been implicated
in thermosensation (Table 1).

The only TRP channel for which there is broad agreement
about its central role in temperature detection is TRPMS8. Three
research groups independently identified a crucial function for
TRPMS in detecting cool to cold temperatures (between ~15°C
and ~30°C) in a number of different physiological and behavior
tests.!” 2% TRPMS is expressed in a subset of small to medium
diameter dorsal root ganglia (DRG) sensory neurons that inner-
vate the skin. Additionally, TRPMS is also found in trigeminal
ganglion (TG) sensory neurons that innervate (among other areas
in the head and neck region) the eye and cornea. Interestingly,
cooling of the cornea as a consequence of evaporation has been

Channel Findings References

TRPM8 TRPM8 plays a crucial role in detecting cool to cold temperature in vivo. 17-20

TRPC5 No obvious deficit in cold-sensitivity is observed in TRPC5 null mice 25

TRPV1 TRPV1 mainly contributes to inflammatory (heat) pain rather than basal thermosenstion 4,26,29 and 31

TRPM3 TRPM3 mediates avoidance to noxious heat and imflammatory hyperalgesia. 13

TRPA1 TRPA1 is involved in detecting noxious cold temperature 43 and 44
TRPAT is not a noxious cold sensor in vivo. 45 and 46
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shown to trigger tearing in a TRPM8-dependent manner.”' Thus
TRPMS, likely via detecting temperature changes, contributes to
proper moistening of the cornea.

Interestingly, tuning of sensory neurons to a range of different
(cold) temperatures appears not to be regulated by the mere pres-
ence (or expression level) of the TRPMS8 receptor, but is gov-
erned by combinatorial expression of other (potassium) ion
channels such as Task-3 (KCNK9), Kvl (KCNA) and Kv7
(KCNQ) ion channels, that control and modulate cold-induced
excitability (Fig. 1).2224

Cold-induced gating of another TRP ion channel, TRPCS5,
has recently been reported.”> However, ablation of the TRPC5
gene did not result in detectable cold-sensitivity defects in stan-
dard mouse behavior tests. Future studies will tell whether this
ion channel is required for (more restricted) tissue specific or con-
text-specific cold detection.

TRPV1 knock-out mice appear to have a subtle phenotype
in acute heat sensation, exemplified by their difficulties in
detecting noxious temperatures in tail immersion assays.”®
Pharmacological inhibition of TRPV1 in human subjects also
reduces their ability to detect painful heat stimuli.”””*® Gener-
ally, however, TRPV1 knockout mouse models appear to
have only minor difficulties in detecting hot temperatures,*’
suggesting that other mechanisms participate in heat
detection.

In this regard it is interesting to note that an alternatively
spliced variant of TRPV1, that is present in vampire bat sensory
neurons, is tuned to a lower temperature threshold of around
30°C which has been correlated with exquisite heat sensitivity
allowing the animal to target warm-blooded prey.*”

Contrary to the mild thermosensory phenotype in TRPV1
knock-out mice under basal physiological conditions, it is well
established that TRPV1 plays a dominant role in heat detection
when the receptor is sensitized in the context of inflammation
and tissue injury: A diverse group of disparate inflammatory
mediators dramatically decrease the temperature threshold for
TRPV1 and increase the response magnitude of the ion channel,
thereby producing heat hyperalgesia and inflammatory
pain.4’26’29’3 132 Sensitization of the capsaicin receptor empha-
sizes its pathological property. This feature has promoted the
receptor to become a prime target for analgesic drug develop-
ment. However, blocking TRPV1 activity triggers severe advers
effects such as hyperthermia,?* demonstrating that TRPV1 -at
least acutely- affects core body temperature, as discussed below.

For analegsic therapy it would thus be more desirable to spe-
cifically inhibit sensitization of the receptor while leaving normal
homeostactic activity of the ion channel intact. A recent study
demonstrates that this might be feasable. By engaging a non
canonical GABA/GABAB pathway, TRPV1 sensitzation is spe-
cifically counteracted while basal activity of the receptor is left
intact.”

Recently, TRPM3 has been found to constitute a heat-sensi-
tive ion channel expressed in DRG and TG sensory neurons that
contributes to heat nociception. The TRPM3 knockout pheno-
type bears some similiarity to the TRPV1 knockout phenotype.'”
It will be interesting to test whether TRPM3 and TRPV1
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synergistically participate in heat nociception, potentially even in
combinations with other (non-TRP) warm/heat-sensitive ion
channels and proteins. In this regard it is very interesting to note
that the chloride channel Anoctamin 1 has been demonstrated to
be also activated by noxious heat and to also participate in heat
nocic:eption.3 637

Albeit TRPM2 and TRPM4 are temperature-sensitive ion
channels, no thermosensory phenotype has yet been reported for
either receptor knock-out mouse model. The temperature sensi-
tivity of TRPMS5 has been reported to modulate taste percep-
tion,"" but whether this property of TRPMS5 is relevant in any
other sensory or homeostatic context is currently unknown.

For other members of the TRPV family, notably TRPV2, 3
and 4, variable results have been reported. Initial findings sug-
gested that TRPV3 and TRPV4 knockout mice have defects in
detecting warm tempertures in behavior paradigms.”®** How-
ever, more recent data refute these results and suggest that these
phenotypes are highly dependent on the genetic background. In
these studies, even TRPV3 - TRPV4 double knock-out mice
only have very subtle deficits in temperature preference and heat
avoidance assays.*”#! Similarly, TRPV2 deficient mice do not
display any aberrant thermosensation.**

Arguably the most contentious member of the TRP channel
family in regards to thermosensation in mice is TRPA1. While
some studys find TRPAI to contribute to cold sensation,*®%*
others find no evidence for TRPAI’s involvement in cold ther-
mosensation iz vivo.*>*¢

Interestingly, in other species, such as insects and reptiles there
is evidence that TRPAL is required for detecting warm/hot (but
not cold) temperatures.wéo Thus, albeit doubts remain about
the temperture sensitivity of human and mouse TRPA1, there is
accumulating evidence that TRPA1 in other species functions as
temperature sensor.

Collectively these studies show that for none of the TRP chan-
nels (maybe with the exception of TRPMS) a dominant -or uni-
versal- function in environmental temperature detection has been
found. Rather, these studies suggest that particular TRP channels
are recruited (and are exquisitely tuned) for thermosensation in a
(i) species-specific, (ii) tissue-specific and (iii) context-specific
manner. This feature is perhaps best exemplified by TRPV1 and
TRPALI, as discussed above.

One possible reason for the lack of a universal thermosensory
phenotype is that many temperature-sensitive TRP (and non-
TRP-) receptors detect overlapping temperatures in the warm to
hot range (Fig. 1).>°">? Therefore, individual TRP channel
knockout models (and even double knock-out mice) might not
display strong temperature phenotypes as extensive compensation
by redundant temperature detectors takes place. In the context
of heat nociception this is exemplified by the overlapping expres-
sion and temperature sensitivities of TRPV1, TRPM3 and
Anoctamin 1 (Fig. 1).

It is important to note that other (non-TRP) ion channels are
also intrinsically temperature sensitive and can modulate temper-
ature activation of sensory neurons. In particular, it has been
found that, similar to TRP channels, the 2-pore potassium chan-

nels TRAAK (KCNK4), TREK1 (KCNK2), and TREK2
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Figure 2. Simplified cartoon depicting thermoregulatory pathways.
Peripheral thermoreceptors detect environmental and visceral tempera-
tures and report these to the hypothalamus. Hypothalamic temperature
receptors detect internal temperature. The thermoregulatory center ini-
tiates heat-loss or heat-gain responses in peripheral organs.

(KCNK10) cover a broad range of the physiological relevant
temperature range (Fig. 1). It has been demonstrated that these 3
2-pore channels are important for inhibiting temperature sensi-
tive neurons, as mice deficient for these ion channels are hyper-
sensitive to temperature stimuli.?*°%%%

Additionally, it is very well possible, that other, non-ion
channel proteins play a role in thermosensation. For example
it has been shown that a temperature stimulus (>35°C) trig-
gers stiml clustering with Orai ion channels to mediate store
operated Ca®" entry.”® If and in what context this tempera-
ture-sensitive phenomenon plays a physiological role awaits
future studies.

Peripheral DRG and TG neurons constitute the principle sen-
sory system that relays environmental temperature information to
spinal and supra-spinal CNS areas (Fig. 2). This, for one, allows
the initiation of protective reflexes that prevent tissue damage.
Additionally, this system is also required for our conscious per-
ception of thermal stimuli that allows us to qualify these stimuli
as painful (noxious), innocuous or pleasant.”>>¢

Temperature pathways branch off from the spinothalamic
tract and reach (via passage of parabrachial structures) the hypo-
thalamus -the key center for thermoregulation.”” While it has
been shown that peripheral temperature sensors innervating the
skin contribute to thermoregulation and maintenance of temper-
ature homeostasis,”® it is less clear if other types of (interoceptive)

www.tandfonline.com

peripheral temperature sensors provide information for
thermoregulation.

Thermoregulatory Functions of TRPs

In the context of thermoregulation, we here distinguish 2 dif-
ferent types of mechanisms: (1) peripheral TRP channels that are
activated and affect body temperature by modulating the auto-
nomic system and (2) TRP channels in the central nervous sys-
tem that directly influence the detection of CNS temperature
and/or the integration of the thermoregulatory afferent signals.
Since both peripheral and central pathways interact at multiple
-and often unknown- levels, careful experimentation and controls
are necessary to establish the roles of specific TRP channels and
their actions in different parts of the nervous system.

To name one example, global TRPV1 knockout mice reveal
the involvement of the ion channel in acute thermoregula-
tion.”*>® However, besides its robust and specific expression in
the DRG sensory neurons, limited TRPV1 expression has been
found in some brain structures and smooth muscle cells,® as
well as peripheral tissues including adipocytes,®! the vascular sys-
tem® and the gastrointestinal tract.® It is therefore currently
unclear at what sites TRPV1 contributes to thermoregulation.
Furthermore, the thermoregulatory role of TRPV1 is further
confounded by its function in regulating metabolism.®* There-
fore, tissue-specific genetic, pharmacogenetic and/or optogenetic
manipulations constitute potential useful future approaches to
dissect and define the molecular mechanisms underlying
thermoregulation.

We will now first focus on peripherally mediated
thermoregulation.

Peripherally mediated thermoregulation

Several thermosensitive TRP ion channels do not only play an
important role in detecting ambient temperature change but also
in regulating core body temperature (Table 2).°°

Major efforts have been made to elucidate the mechanisms by
which TRPV1 and TRPMS8 channels modulate Tb in the past
decades.

Long before the TRPV1 channel was cloned, systemic capsai-
cin administration has been found to decrease the core body tem-
perature, an effect largely due to pronounced peripheral
vasodilation.®® Additionally it was found that capsaicin-induced
ablation of sensory fibers rendered animals sensitive to heat chal-
lenges.®” After the discovery of the TRPV1 ion channel,” we
obtained a deeper understanding of its role in thermoregulation
only subsequent to the identification of selective antagonists. In
opposite to TRPV1 activation, inhibition of the ion channel
leads to hyperthermia in animal models as well as humans.*?
When peripherally restricted TRPV1 antagonists are adminis-
tered via intragastric application, an increase of Tb is also
observed in mice, dogs and }1umans,33’68 demonstrating that
TRPV1 expressed at peripheral sites contributes to thermoregula-
tion. Several lines of evidence support the notion that tonically
active TRPV1 in abdominal viscera influences core body
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Table 2. Thermoregulation

Channel Findings References

TRPV1 Tonically activated TRPV1 in the abdominal viscera regulates core body temperature.TRPV1 knockout mice 33,68, 69,91 and 121
maintain normal core body temperature.In the preoptic area of the hypothalamus, TRPV1 is upregulated
by HSF1 in LPS-induced fever.

TRPM8 Tonic peripheral TRPM8 activity maintains core body temperature. TRPM8 expression is detected in a subset 73,74 and 99
of temperature-sensitive PV+ neurons in the anterior hypothalamus.

TRPA1 TRPA1 is not a temperature sensor involved in regulating body temperature. 78 and 79

TRPV3 TRPV3 does not play a role in maintaining core body temperature. 80

TRPV4 TRPV4 activity does not influence the core body temperature. TRPV4 immunoreactivity has been found 98 and 99

in the neuropil of the preoptic area and the PV+ neurons in the anterior hypothalamus.

temperature and that antagonizing TRPV1 promotes vasocon-
striction, thermogenesis and modulation of thermoregulatory
neurons in the hypothalamus,®”° TRPV1 antagonist-induced
hyperthermia is mainly associated with autonomic cold-defense
effectors without triggering the heat-seeking behavior of the ani-
mal.®” Among the antagonists studied, it appeared that preferen-
tially those inhibitors of TRPV1 trigger hyperthermia 7z vivo
that block proton-induced activation of TRPV1.”" For example,
the compound JYL1421 blocks proton activation of dog and
monkey TRPV1 but not of rat TRPV1.°® Concomitantly, the
TRPV1 inhibitor produced hyperthermia in dogs and monkeys
but failed to increase body temperature in rats. Although the ini-
tial exposure to an antagonist leads to hyperthermia, the hypo-
thermic response is blunted by repetitive dosing of the same
antagonist.3 ?

These exciting pharmacological experiments implicating
TRPV1 in thermoregulation were subsequently humbled by the
phenotype of the TRPV1 knock-out mice:***’ TRPV1 knockout
mice have a normal core body temperature compared to controls.
However, it was found that the TRPV1 mutant animals display
increased vasoconstriction and locomotion, which suggests that
different thermoeffector organs are engaged in the knock-out ani-
mals compared to wild-type controls. When aged, the knockout
mice also become obese,”””? revealing a connection of TRP ion
channels to metabolic regulation.

These data are consistent with an acute and transient effect of
TRPV1 on core body temperature but argue for a minor role of
the ion channel in regulating core temperature at steady state or
-alternatively- for robust compensatory pathways that substitute
for loss of the receptor in the knock-out animals.

It is interesting to note that perception of heat pain is also not
abolished in TRPV1 knockout mice and that other mechanisms
and pathways are contributing to this sensory modality.”” As
mentioned above, heat-gated ion channels such as Anoctamin
1,°° TRPM3'? as well as 2-pore potassium channels contribute
to the detection of painfully hot stimuli and it will be interesting
to decipher whether they also influence core body temperature.

In line with capsaicin-induced hypothermia, activation of the
cold receptor TRPMS, has the opposite effect to TRPV1 activa-
tion: the topical application of the TRPMS8 agonist menthol trig-
gers autonomic responses such as hyperthermia, oxygen
consumption, shivering-like muscle activity and tail skin vaso-
constriction as well as heat-seeking behavior.”” Several selective
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TRPMS antagonists have been tested 77 vivo. These substances
induce dose-dependent hypothermia in mice and rats. The hypo-
thermic effect is entirely TRPMS8 dependent and thus is absent
in TRPMS8 knock-out mice.”* Repetitive stimulation with a
TRPMS antagonist also results in a tachyphylactic response
pattern and subsequent exposures produce a diminished hypo-
thermic effect.”* This desensitizing effect is similar to that
observed for antagonizing TRPV1, albeit the net effect on Tb is
oppositely directed for the 2 TRP ion channels.

Likely, this observed thermoregulatory role of TRPMS is
mediated by activation of the ion channel expressed in skin affer-
ents.”>”* Support for this notion comes from the observation
that intravenous infusion of a TRPMS antagonist decreases envi-
ronmental cold-induced c-fos expression in the lateral parabra-
chial nucleus (LPB) —a nucleus in the CNS which receives
peripheral thermosensory input and is believed to relay this infor-
mation to hypothalamic thermoregulatory sites.”” Possibly
TRPMS expressed at other (peripheral) sites is also contributing
to acute thermoregulation. In this regard it is noteworthy that
intravenous application, in opposite to intrathecal or intracere-
broventricular application of the TRPMS antagonist, is the most
effective way to elicit hypothermia.”* Moreover, TRPMS is
expressed in the vasculature and can modulate vasculature tone
and thus may also contribute to the regulation of body tempera-
ture by modulating cardiovascular functions.”” In addition,
TRPMS positive nerve fibers innervate the vasculature, such as
the hepatic portal vein.”® Further studies are necessary to dissect
the thermoregulatory function of TRPMS in neuronal and non-
neuronal tissues.

Besides TRPMS8, TRPAT1 is another cold sensor candidate in
the thermoregulatory pathway. Although activators (allylisothio-
cyanate and cinnamonaldehyde) of TRPA1 can induce changes
in body temperature,”” these chemicals are reactive compounds
and thus not strictly TRPAI-specific and the effect might be
TRPA1-independent. In addition, 2 studies based on antagonist
administration and employing TRPA1 knockout mice as controls
have shown that TRPA1L is not involved in mediating cold
defense responses.”®”’

Given that TRPV3 and TRPV4 are activated by warmth, they
were hypothesized to participate in thermoregulation. However,
intragastric delivery of natural TRPV3 activators (thymol and
ethyl vanillin) has no detectable impact on Tb or on thermal
effectors such as adipose tissue.*” TRPV4 knock-out mice display
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Table 3. Metabolism

Channel Findings References
TRPV1 Dietary capsaicin supplement prevents mice (and potentially humans) from developing diet-induced obesity. 64 and 104
TRPV1 KO mice are protected from diet-induced obesity and enjoy a long life with juvenile metabolic
phenotype.
TRPM8 Activation of TRPM8 through dietary supplements protects mice from dietary-induced obesity. 76 and 110
TRPV4 TRPV4 KO mice are protected from dietary-induced obesity. 112 and 113
TRPM2 TRPM2 KO mice are protected from dietary-induced obesity. TRPM2 is specifically expressed in pancreatic 12and 114
B cells.

indistinguishable basal body temperature compared to control
mice and no response to acute heat change.”® So far, there is no
clear evidence supporting their role in maintaining body
temperature.

Up to now, our knowledge about thermoregulation is largely
based on research in mammals. Little is known about other endo-
therms, such as birds, let alone ectotherms. However, one study
has linked TRP channels to thermoregulatory behavior in rep-
tiles, which move between sun-exposed places and cooler, shady
places to maintain temperature homeostasis. This shuttling
behavior of crocodiles can be blocked by capsazepine, an antago-
nist of TRPV1 and TRPMS ion channels.®'

Central thermoregulation

The central nervous system regulates body temperature
homeostasis by providing neural and hormonal controls at
multiple levels. The skin, viscera and CNS provide tempera-
ture information indirectly or directly to the thermoregula-
tory center residing in the preoptic area and anterior part of
the hypothalamus (POA/AH). This area is believed to com-
pute the temperature information and to send signals either
directly or via relay stations in more caudal parts of the
hypothalamus, to multiple effector organs. A change of body
temperature may occur either via neural control of the auto-
nomic system and/or hormonal responses (Fig. 2). Several
reviews have summarized neural circuits underlying thermo-
regulation in the context of physiological and inflammatory
(fever) conditions.*>® Among the best-mapped pathways is
the neural modulation of non-shivering thermogenesis: pri-
mary somatosensory neurons, whose somata are located in
the DRGs, detect a change in ambient temperature. Cutane-
ous thermal information is relayed via the lateral parabrachial
nucleus (LPB) to the preoptic area. In the hypothalamic ther-
moregulatory center output signals are generated and deliv-
ered to the rostral raphe pallidus (rRPa) via multsynaptic
relays. The rRPa neurons further extend projections to the
sympathetic preganglionic neurons in the spinal cord. Pregan-
glionic neurons modulate sympathetic outflow to regulate and
maintain temperature homeostasis. However, little is known
about the detailed circuitry in the hypothalamus and the
mechanisms that compute temperature information to gener-
ate appropriate outputs.

Among all the areas involved in thermoregulation, the pre-
optic area/anterior hypothalamus (POA/AH) is believed to be a
key site for maintaining temperature homeostasis. It does not
only integrate temperature information from peripheral sites but

www.tandfonline.com

also harbors multiple types of temperature-sensitive neurons.
The findings demonstrating a regulatory role for POA/AH in
temperature homeostasis, have been covered in excellent reviews
by others.””%%55 Most importantly, modulation of the activity of
warm sensitive neurons (WSNs), by directly cooling or heating
of the POA elicits heat conservation/production or heat loss phe-
nomena, respectively.®> Warm-sensitivity of the WSNs appears
to be an intrinsic, cell autonomous property: temperature-trig-
gered electrophysiological responses remain even after blockage
of synaptic inputs.

It is tempting to speculate that certain thermo-sensitive TRP
ion channels mediate temperature responses in POA/AH WSNs
in a similar fashion as they have been shown to mediate thermo-
sensitivity in DRG sensory neurons. While Ionic currents have
been measured in WSNs,**® we currently don’t know if (or
which) TRP ion channels are expressed in WSNs and whether
any TRP jon channel mediates (or modulates) temperature
responses in hypothalamic neurons. Currently, the absence of
suitable molecular markers for hypothalamic WSNs renders this
type of neuronal population difficult to study.

It is possible that other ion channels, such as ATP-sensitive
potassium channels,®” temperature-sensitive 2-pore channels”® or
the interplay of different temperature-sensitive ion channels are
mediating temperature responses in WSNs.®>

Once we are able to molecularly identify WSNs, we will be
able to (i) address their mechanism of temperature sensitivity and
(ii) examine whether their temperature sensitivity is physiological
relevant for thermoregulation.

Even if TRP channels turn out not to be direct temperature
sensors in WSNs, some interesting observations correlating TRP
channel expression with hypothalamic thermoregulatory function
have been obtained. In LPS-induced fever, heat shock factor 1
(HSF1) was shown to bind to the 5° promoter region of TRPV1,
thereby up-regulating TRPV1 expression in the preoptic area.”’
TRPV1 expression was also found to be induced in the processes
of astrocytes in the circumventricularorgans (CVO) where the
blood brain barrier (BBB) is ‘leaky’. This possibility allows
TRPV1-generated signals to be relayed into the CNS. Indeed,
activation of these TRPV1 channels by intravenous or intracere-
broventricular infusion of agonists leads to increased c-fos expres-
sion in the preopic area, indicating its potential role in
thermoregulation.”” Additionally, expression of a TRPV1 variant
insensitive to capsaicin stimulation has been implicated in tem-
perature responses of hypothalamic magnocellular neurons that
are crucial for osmoregulation.””™> However, it is presently
unclear whether these findings have any implication for
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thermoregulation. Instead it has been suggested that this TRPV1
variant might play a role in osmosensing.”®?”

Punctuated staining of TRPV4 is observed in the neuropil of
the preoptic area and anterior hypothalamus.”® Although the
molecular identity of WSNs remain unknown, a recent study
reveals that about 2 thirds of parvalbumin (PV) positive neurons
in the anterior hypothalamus area can be activated by heat and
the other remaining neurons are inhibited by heat. Strikingly,
more than half of the PV cells express TRPV4 and the majority
of them also express TRPMS8.”” Currently this data is correlative
and it is unclear whether TRPV4 and/or TRPM8 mediate tem-
perature sensitivity of the identified hypothalamic neuron
population.

Additionally, the transcripts of thermosensitive TRP channels
(TRPA1, TRPMS, TRPV1, TRPV2, TRPV3 and TRPV4) can
be found in the hypothalamus.'® The precise expression pattern
and function in thermoregulation await further study.

Metabolic Functions of TRPs

Temperature regulation and metabolic control are intimately
related. Any metabolic reaction is accelerated at higher tempera-
ture. A growing body of evidence suggests that sensory systems
are intricately involved in regulation metabolic homeostasis.”’
Since many TRP channels are functionally implicated in sensory
systems, it is thus not surprising to discover their direct (or indi-
rect) modulatory role in the context of metabolic regulation
(Table 3). Moreover, TRP channels are expressed in thermoregu-
latory effector organs, such as adipose tissue, muscle, vasculature
and gastrointestinal tract, thereby potentially modulating the
metabolic status.

TRPV1

TRPV1 has been associated with both beneficial and detri-
mental effects on metabolism.

Administering the TRPV1 agonist capsaicin as dietary supple-
ment, prevents mice from diet-induced obesity (DIO).°! Adipose
tissue isolated from obese mice and humans displays reduced
TRPV1 expression.®’ TRPV1 knockout mice develop age-associ-
ated obesity and hypometabolism.”> Many of these beneficial
effects of TRPV1 in antagonizing obesity have been reviewed by
Zsombok.'°? However, recent reviews have pointed out that the
beneficial effects are likely to be subtle and would probably
require long-term consumption of TRPV1 agonists.' > 104

Somewhat counter intuitive based on the aforementioned
results, another study finds TRPV1 knock-out mice to be pro-
tected from DIO.'® This study details an interesting feature of
TRPV1 knockout mice: they exhibit an increased life span which
correlates with the maintenance of a juvenile metabolic profile. It
turns out that TRPVI knock-out mice maintain low CGRP
release in the sensory afferents innervating the pancreas which pro-
motes insulin secretion. This neuroendocrine regulation is achieved
by preventing the CREB-regulated transcription co-activator 1
from entering the nucleus, resulting in reduced CREB levels in the
DRG neurons and reduced CGRP secretion.®*
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Besides the pancreas, TRPV1 channels are believed to exert
their multifaceted metabolic effects in various tissues, such as
hypothalamus, adipose tissue and gastrointestinal tract.**'°® How-
ever, putative molecular mechanisms underlying protective func-
tions in these tissues remain unclear. Collectively, depending on
the tissue type —and likely also depending on the metabolic state—
both activating and inhibiting TRPV1 appear to be useful to posi-
tively influence metabolic homeostasis. These somewhat contradic-
tory results of TRPV1’s effect on metabolism maybe reconciled by
a potential switch in TRPV1 function from the beneficial effects
the receptor has in young animals to a more pathological role it
adopts in aged animals.'”” An alternative explanation how these
different results might be reconciled is that dietary activation of
TRPV1 might mediate its positive effects by desensitizing the
receptor, thereby inhibiting excessive TRPV1 activity. This type of
beneficial effect would be similar to the desensitization potential
of TRPV1 that is exploited in locally restricted and surface-accessi-
ble forms of inflammatory pain: local application of Capsaicin
lotions or patches desensitizes (and even de-innervates) TRPV1-
positive primary afferent nociceptors to produce analgesia.'**'"?
Future work is required to elucidate how the balance of TRPV1
activity in different organs affects metabolic and cardiovascular
parameters to bring about health benefits.

TRPMS

TRPMS positive afferents innervate the hepatic portal vein.
This may serve as a mechanism by which TRPMS regulates the
insulin clearance rate in mice.”® Similar to TRPV1, the TRPMS8
channel is expressed in adipocytes."'®'"" Menthol induces up-
regulation of UCP-1 in brown adipose tissue (BAT) in a dose-
dependent manner in WT but not in TRPM8 KO mice. More-
over, prolonged dietary menthol supplements protect mice from
DIO. The effect is dependent on TRPMS as the effect is absent
in TRPM8 KO mice.""" In humans, TRPMS activation has
been associated with ‘browning’ of white adipose tissue thereby

possibly promoting energy utilization." '

TRPV4

TRPV4 KO mice are protected from DIO. Loss of TRPV4
initiates a compensatory regulatory mechanism in skeletal
muscles and results in the increase of oxidative potential in the
tissue.''* Another team of researchers also observes the beneficial
effects of TRPV4 ablation.''® However, they find that TRPV4 is
expressed in adipose tissue and promotes the expression of proin-
flammatory cytokines. Antagonizing TRPV4 by pharmacologic

blockade improves glucose homeostasis in mice.'?

TRPM2

TRPM2 KO mice are also protected from DIO. The TRPM2
knockout mice are more sensitive to insulin, partially due to
higher glucose turnover rate in peripheral tissues."'* In line with
its specific expression in the pancreatic B cells,"* TRPM2-defi-
cient mice also have impaired insulin production under both nor-
mal chow and high-fat diet conditions."'”> TRPM2 is widely
expressed in multiple organs, including brain, heart, kidney and
the immune system, where it has been suggested to act as
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oxidative stress sensor. Defining its functional role in these

diverse tissues awaits further studies.
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