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Circadian rhythm may be understood as a temporal organization that works to orchestrate physiological processes
and behavior in a period of approximately 24 h. Because such temporal organization has evolved in the presence of
predictable environmental clues, such as day length, tides, seasons, and temperature, the organism has confronted the
natural selection in highly precise intervals of opportunities and risks, generating temporal programs and resetting
mechanisms, which are well conserved among different taxa of animals. The present review brings some evidence of
how these programs may have co-evolved in systems able to deal with 2 or more environmental clues, and how they
similarly function in different group of animals, stressing how important temperature and light were to establish the
temporal organizations. For example, melanopsin and rhodopsin, photopigments present respectively in circadian and
visual photoreceptors, are required for temperature discrimination in Drosophila melanogaster. These pigments may
signal light and temperature via activation of cationic membrane channel, named transient-receptor potential channel
(TRP). In fact, TRPs have been suggested to function as thermal sensor for various groups of animals. Another example
is the clock machinery at the molecular level. A set of very-well conserved proteins, known as clock proteins, function as
transcription factors in positive and negative auto-regulatory loops generating circadian changes of their expression,
and of clock-controlled genes. Similar molecular machinery is present in organisms as diverse as cyanobacteria
(Synechococcus), fungi (Neurospora), insects (Drosophila), and vertebrates including humans.

Introduction — together or separate, they function as a cue to adjust the organ-

ism physiology to exogenous time. Unicellular organisms may

Light and temperature are environmental physical entities that  directly perceive these cues and translate them to changes in
have empirically the same effects on endogenous biological clocks  expression of a set of very-well conserved proteins, known as
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clock proteins. Multicellular organisms, on the other hand, have
evolved specialized systems that indirectly detect these cues. As
such, at the top of the phylogenetic tree, mammals, for example,
are able to detect light only at retina, thus mammalian systemic
tissues require internal signals to sustain circadian rhythm in con-
cordance with light and dark cycles. These multiple organs con-
stitute peripheral clocks that are hierarchically organized to
advantageously display their function at the right time of day
and, therefore, optimize resources. A caveat of biological clock
functioning is the identification of this (or these) internal signal
(s) that adjust multiple peripheral clocks to external time.

Buhr and co-workers' proposed that temperature might work
as universal internal signal to multiple peripheral clocks of mam-
mals. A year later, Shen and colleagues® identified that a
paralogue mammalian photopigment — rhodopsin - participates
in the behavioral thermo-discrimination of Drosophila, and it
does so by opening a Transient Receptor Potential (TRP) chan-
nel. This may represent a random coincidence among players of
photo/thermo perception or this may be a hint from evolution:
what has been internalized to signal time-of- day to mammalian
multiple clocks would be the same components described in
invertebrates. However, in mammals this route (light — photo-
receptors — central nervous system — multiple synapses —
temperature information — TRP channels changes in clock
genes of peripheral clocks) is now located in different systems.
Here we will describe the function of endogenous biological
clocks, how temperature and light affect them and the putative
role of TRP channels in the entrainment mechanism of periph-
eral clocks of non-mammalian and mammalian vertebrates. TRP
channels constitute a large family of channels that are sensitive to
a wide range of stimuli and, importantly they are sensitive to light
and temperature. Not surprising then, TRPC6 and 7, expressed
in the retina of mammals participate in light perception whereas
TRPV1 and TRPMS are sensitive respectively to heat and cold.

Circadian Rhythms

Life exists as a continuous movement; animals and plants
change according to the weather, the time of the day, the seasons,
creating a scenario where the organisms constantly adjust to envi-
ronmental alterations. The internal temporal organization prop-
erly synchronized with the ambient is essential for the health and
survival of the organisms. Time as a variable is often neglected as
one considers the interaction between the organism and its habi-
tat, despite the fact that Earth is subject to geophysical cycles,
such as light/dark cycles and seasons. Along evolution, the organ-
isms faced natural selection in intervals of opportunity and adver-
sity which were repeated with precise and predictable frequencies,
favoring those bearing an innate timekeeping program responsi-
ble for circadian (circa=about; diem=day) oscillations.” There-
fore, the temporal organization, known as biological rhythm,
exerts a determining character to the species viability. *

Endogenous rhythms are found in all animals studied to date,
and can be seen as the manifestation of an endogenous biological
clock, genetically coded, which may be synchronized with
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predictable periodic environmental cues, the so-called zeizgebers
(time-giver from German®). Among these ambient cues, light/
dark and temperature cycles are major agents to adjust the endog-
enous oscillations. In the absence of these external cues, for
instance in constant dark, the endogenous clock assumes its own
period, usually a little shorter or longer than the 24 hours set by
the light/dark cycles or another zeitgeber. In this situation, the
clock is said to be free-running, whereas when adjusted to a zei-
geber, it is entrained by that cue.’ Entrainment may also be
observed by instantaneous shifts in response to transitions of the
external time and, in this case, no changes in other parameters
(e.g., amplitude, wave shape, period) of the underlying oscillator
are observed, except by the phase.

In mammals, the master biological clock is a pair of supra-
chiasmatic nuclei (SCN), located in the hypothalamus, which is
daily reset by retinal inputs signaling the light/dark cycles. In the
mammalian retina, a small subpopulation of ganglion cells
expressing melanopsin is responsible for short-wavelength light
detection and for conveying this information to the SCN via the
retino-hypothalamic tract. This monosynaptic pathway signals
the SCN through the release of glutamate and pituitary adenylyl
cyclase activating peptide (PACAP”®), entraining intrinsically
rhythmic neurons to a 24 hour period.” These nuclei are respon-
sible to signal time-of-day information to other areas of the cen-
tral nervous system and to peripheral tissues; both are considered
peripheral clocks and will be discussed in the following sections.

Molecular mechanism of circadian rhythm

The intrinsic circadian rhythmicity is provided by a molecular
clock based on the oscillation of transcription and translation of
genes and proteins, the so-called clock genes: Clock (Circadian
Locomotor Output Cycles Kaput), Bmall (Brain and Muscle
Arnt-like), Per (Periodl, 2, 3), and Cry (Cryptochromel, 2).10
CLOCK and BMALI proteins form a heterodimer, which is a
transcription factor of genes possessing E-box sequences, such as
Per and Cry. PER and CRY proteins form oligomers, which are
phosphorylated by casein kinase 1 (¢ and 8) and traffic to the cell
nucleus where they block CLOCK/BMALLI action.'" Phosphory-
lated PER and CRY are tagged to be degraded in the protea-
somes, and when PER and CRY are not sufficient to inhibit
CLOCK/BMALI, a new cycle begins. Two other genes, Rev-
erbo. and Rorat, also possess E-box sequence in their promoters
and take part in another molecular loop of the clock core: The
protein REV-ERBa inhibits whereas RORa activates Bmall
trzmscription]2 (Fig. 1). The induction of Per! and Cry! is trig-
gered by light and lasts proportionally to light intensity."?
Accordingly, the electrical activity of SCN peaks during the sub-
jective day'® in both nocturnal and diurnal species. '

Interestingly, dissociated SCN neurons display a wide range of
electrical activity periods, thus demonstrating the necessity of
coupling of the autonomous rhythmic cells to guarantee their
unisonous function."®"” Tt has been recently proved that a subset
of SCN neurons express the neuropeptide neuromedin, which is
probably the intercellular mediator synchronizing SCN, indis-

pensable to generate circadian rhythms.'®

523



Since late 90s, a variety of cell types in
culture have been reported to rhythmically
express clock genes.'”*” Similarly to iso-
lated SCN neurons, peripheral tissues also
oscillate independently but are synchro-
nized by the SCN. Nevertheless, in some
cases, local cues are hierarchically superior
to SCN to entrain peripheral organs.*®

Although the molecular mechanism of
the master clock is strikingly conserved in
the peripheral clocks, some of the core
genes may play more or less important role
in the machinery.?® Because of the redun-
dancy among Pers (1, 2 and 3) and between
Clock and Npas2, for instance, the deletion
of one of them may not cause any harm in
one tissue, or in the SCN, but may be

highly deleterious in others.?>32

Temperature compensation and
temperature effect on central and
peripheral clocks

Temperature compensation, persisting
free-running rhythm and entrainment are
considered the 3 hallmarks of circadian
clocks functioning. The idea of tempera-
ture compensated pacemakers however
was not promptly accepted as a character-
istic of endogenous oscillator, and it was a
major issue in the early days of circadian
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Figure 1. Schematic Model for the Molecular Clock Machinery in Mammals. The heterodimer
CLOCK/BMALT is a transcription factor of E-box genes like Per, Cry, Rev-erba and Rora.. PER and CRY
proteins also form oligomers which may be phosphorylated by casein kinase 1 €/3, resulting in their
traffic back to the nucleus, where they inhibit CLOCK/BMAL1 actions, or in their ubiquitination.
Bmal1 transcription may be inhibited by the protein REV-ERBa , or activated by RORa. Clk = CLOCK
protein; B = BMALT protein; C = CRY protein; P = PER protein; CK1 &/8 = casein kinase1 &/3; small
red circles attached to PER = phosphorylation sites; Solid black arrows = phosphorylation by CK1;
Dashed black arrows=ubiquitination followed by protein degradation; Solid red blunt arrows = inhi-
bition; Solid green arrows=stimulation; Dashed red, green, blue or yellow arrows=transcription and
translation of the respective clock genes.

biological research. This feature assumes
that to work accurately, a clock should dis-
play oscillation that remains resilient to daily changes of tempera-
ture. To support this assumption, period length (ta#) of circadian
thythms needs to be resistant to changes in temperature. The
mechanism responsible for temperature compensation repairs for
the normal tendency of the rate of biochemical reactions to
change with temperature, keeping therefore Q10 for temperature
compensated oscillators close to 1.7

With the advance of a molecular technique that introduces a
bioluminescent probe within the promoter of the gene of interest,
much has been learned about the oscillation of central and
peripheral clocks in mammals. Luciferase gene is inserted in Per/
(Perl::Luc) or Per2 (Per2::Luc) gene and every time that the gene
is expressed, bioluminescence is produced in the presence of
luciferin. Mammalian SCN neurons show robust circadian
rthythm of neuronal firing rate and the period of this oscillation is
not disturbed at different temperatures.*® Similarly, the period of
transcriptional activity of SCN Period 2 gene is resilient to pulses
of temperature, since bioluminescence recording from animals
exposed to temperature cycles composed of 12 hours of 36°C
and 12 hours of 38.5°C shows no phase-shift within 3 days.*
Network interactions among SCN neurons are required for tem-
perature resistance in mammal SCN.' In addition, robust
thythm of Per2:Luc is observed, in the SCN, at temperatures
ranging from 31 to 37°C; period of this oscillation shows Q10
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very close to 17, Furthermore, circadian rhythm period of loco-
motor activity that is determined by the central clock is tempera-
ture compensated in hibernated bats® and in hypothermic
rodents.?*>?

Although temperature compensation has been claimed to
explain this constancy of period found within SCN neurons,
analyses of recordings from Perl::Luc activity in cultured rat
SCN show controversially that circadian rhythm of expression
may be entrained by temperature variation. Daily 1.5°C cycles of
temperature and pulses of 34 to 37° C for 2 h during early and
late subjective day induce phase-delays and advances of firing rate
rhythm, respectively.®® In addition, cycles of warm and cool
ambient temperature entrain free-running circadian rhythm of
several species of mammals,*" and pulses of heat promote phase-
shift in rhythmic locomotor activity in rats.*? These data indicate
that SCN is not completely insensitive to temperature changes.

Temperature compensated rhythm is also reported in periph-
eral clocks at both single cell and tissue level. Period of Per! pro-
moter transcriptional activity circadian rhythm measured from
rat-1cells is temperature compensated over the range of 28.5-
36.5°C.* Bioluminescence recording from pituitary gland, cor-
nea, adrenal gland, and lung of Per2::Luc mice shows transcrip-
tional activity rhythm that also remains unchangeable when
measured at temperature ranging from 31 to 37°C.”
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On the other hand, similar to what has been described to the
central clock; peripheral clocks have retained some sensitivity to
thermal stimuli. Brown and coworkers have shown that exposi-
tion of mice to environmental 37°C during nocturnal phase is
not able to alter circadian rhythm of Per2 expression within SCN
neurons but promotes phase-advance at liver and kidney.**

Cycles of heat with very low amplitudes, that simulate daily
thythms of body temperature, entrain circadian clock gene
rhythm of NIH3T3 cells and primary tail tip fibroblasts.*>*’
This non-observance of temperature compensated rule is also
.. 48 . . . . k 49,50 . - .
shown in invertebrates,” in in vitro avian pineal, in in vitro
mammalian retina,”' and in iz vitro rat SCN neurons.®* In all

these cases, comparison of phase

response curves (PRCs) to light and

Tract

¢ ipRGCs

o Photoreceptors

Peripheral Oscillators

heat pulses shows that both stimuli can
induce phase shifts on circadian
rthythms.

In face of these results, temperature
compensated concept is, perhaps, the
least consensual feature of circadian
clock function. In order to correctly
place this concept and to avoid general-
ization, one should consider differences
between ectothermic and endothermic
animals. It is also important to discrim-
inate data obtained from whole organ-
ism regarding circadian rhythm of
locomotor activity which, in mammals,
translates SCN activity versus data
from dssue explants or single cells,
which reflect local clock functioning,
which, may be controlled by the central
clock n vivo.

In ectotherms, temperature may
slightly affect the period of circadian
rhythms.’>>* The period length of the
reptile pineal circadian clock remains
relatively constant over a range of tem-
peratures in free-running conditions.>?
Nevertheless, analysis of close phyloge-
netic avian clock genes (Per 2, Cryl,
and Clock) of lizard eye and heart shows
thythm under light-dark
(LD) cycles and constant darkness
(DD) either at 29°C or 6°C. In addi-

tion, exposition of these animals to low

circadian

temperatures  attenuates  rhythmic
expression of clock genes considerably,
as well as raises their basal expression
levels* on those peripheral tissues. Fur-
thermore, rhythmic expression of [Per2
in the SCN is strongly attenuated by

exposure of the lizard to low tempera-

tures.”” In zebrafish, cyclic temperature

increases do not change the circadian

peripheral clocks via thermo-TRP channels.

Figure 2. Hypothetical Model for Thermo-Entrainment of Mammalian Peripheral Clocks. Light percep-
tion in mammals is restricted to the retina. Circadian light is perceived by a set of intrinsically photo-
sensitive ganglion cells of the retina (ipRGCs), which express melanopsin and depolarize in response to
Ca®* and Na™ influx through TRPC6 and TRPC7 channels. This information travels along the retinohy-
pothalamic tract (RHT) and reaches the central oscillator resetting the clock molecular machinery. Cir-
cadian temperature variation is controlled by the central clock and may then be perceived by multiple

rthythm period of Per4 gene expression
but do alter the amplitude of gene
expression, which has been proposed as
a mechanism contributing to tempera-
ture compensation.56 Thus, tempera-

ture can be a potent zeitgeber in
57

ectotherms.
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In endothermic animals, although the
circadian period of some mammalian
species remains unchangeable after phar-
macological abolishment of homeo-
thermy,”’  temperature may alter
circadian rhythms of peripheral and cen-

tral clocks, as described above. One pos- Light and/or Temperature

sible explanation for these differences

may rely on the variation of internal
temperature and how perception of the 2

most relevant zeitgebers — light and tem-

perature - has evolved in these animals. Rhodopsin or

Melanopsin

Homeothermic mammals regulate
temperature homeostatically within a
narrow limit in spite of large ambient
temperature variations. Thermo-recep-
tors present deep in the body, in the
skin, and in the brain guarantee correc-
tion of thermo-deviation of internal tem-

Phospholnoslt!e
Cascade

perature set point, through signals sent
to thermoregulatory centers located in
the preoptic/anterior hypothalamus,

which generates, via feedback mecha-

nisms, heat loss and/or heat production, Components

resulting in slight variations of the tem-
perature around an average.”® In addi-
tion, SCN directly acts on
thermoregulatory hypothalamic areas, o
controlling variation of body tempera-
ture observed during the rest/active
phase. Thus, body temperature exhibits
a circadian rhythm as a result of homeo-
static and rhythmic regulating mecha-
nisms. In consequence, these animals
experience limited range of internal tem-
perature variation.”’ Regarding light per-
ception, mammalian has it restricted to
the retina’; peripheral clocks therefore
are not able to directly respond to light
(Fig. 2). As a result, evolution of endo-
thermic process may have lightened up
selection pressure for temperature com-

pensation of peripheral pacemakers,
allowing them to be sensitive to very
shallow thermal variations, as those
observed in the circadian rhythm of
body temperature.

Figure 3. Hypothetical Model for the Co-Evolution of Entrainment Mechanisms. Invertebrates and
non-mammalian vertebrates may be able to perceive light and/or temperature through opsins out-
side the classical photo- and thermo-receptors, integrate that information, and entrain the local clock
in a single cell. For example, in Danio rerio embryonic cell line and Xenopus laevis melanophores, light

Temper ature effects on circadian increases Per expression and entrains the clock molecular machinery through a phosphoinositide cas-
rhythm may be tissue speciﬁc, as it is the cade. In a speculative model, light and/or temperature opens TRPA1 channels after rhodopsin/mela-
relevance of different component of nopsin activation, probably through a phosphoinositide signaling as well, what could result in the
reset of the molecular clock machinery. Solid black and red arrows=known steps of light and temper-
ature signaling, respectively; dashed red arrows=temperature putative pathways of clock gene
regulation.

molecular clock machinery.*> Homozy-
gous Cryl knockout mice display a short

period length in locomotor activity,
whereas dissociated SCN neurons (and also lung, liver, cornea the cellular level, however, knockdown of Bmall, Clock, Cryl,
and fibroblasts) from these mice are alrrhythmic.60 Similar results  Cry2, and Perl of U20S cells (an osteosarcoma cell line) all gen-
were seen in lung and liver cells from Clock™™ animals.*®®' At erated either arrhythmic cells or a clock with such low amplitude
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that is practically undetectable.®? Together, these results show
that cellular oscillations may be not controlled as locomotor
activity behavior. Temperature compensation may occur at the
level of local clock as consequence of an intrinsic property® that
may not be preserved at the systemic level. This may also account
for the differences found between circadian rhythms 7z vitro
from cell lines and from cultured cells.

Temperature compensation remains an unsolved issue.
Although the current models of clocks at the molecular level
greatly advanced our understanding of how the 2 major zeizgebers
— light and heat are interpreted by the endogenous clock, their
relative relevance and their impact have still to be uncovered. As
further discussed in following sections and represented in
Figure 3, light and temperature may have certainly worked
together to design our circadian systems.

The Role of TRP Channels in Thermal Responses

Understanding how temperature can modify biological
rhythms at molecular level requires the knowledge of how organ-
isms sense thermal variations. The thermal sensation, ability to
perceive temperature, is one of the oldest sensory processes. All
organisms, from bacteria to animals, possess mechanisms to per-
ceive variations in ambient temperature and generate responses
that are crucial for the survival of the species.®* At the basis of the
thermal sensation we find a group of channels - highly conserved,
present in all metazoan studied until now and involved in a series
of organism “sensations” - called Transient Receptor Potential
(TRP) channels.

The history of TRP channels began with the discovery of a
dysfunction in Drosophila phototransduction cascade.®® The elec-
troretinogram of these mutants exhibited atypical potentials in
which, after photic stimulus, only a transient depolarization was
observed, and 5 to 10 s after, basal values were recorded instead
of the characteristic plateau. Minke demonstrated that this phe-
notype was not caused by a failure in the photopigment regenera-
tion or by the activation of photosensitive channels.**®” In fact,

the defect was detected in a certain type of channel, and because
the result was a transient receptor potential, animals showing this
dysfunction were named TRP mutants.

In 1989, Montell and Rubin®® were able to unravel the culprit
of this dysfunction, initiating the identification and characteriza-
tion of more than 50 TRP channels found in a broad array of
organisms. However, the confirmation that TRPs were indeed
cationic channels, mainly for Ca®", would still take a while to be
established. The controversy was solved when a non-specific
blocker of Ca®>' channels, lanthanum, was used in the retina fly,
Calliphora, provoking a remarkable decline of the photoreceptor
potential to the level observed in the dark after a light pulse.®”

I¢’s interesting that researchers searching for other sensorial
mechanisms ended by bumping into members of the same family
of cationic channels and the term TRP, initially used for Dro-
sophila photoreceptors, remained until today. For instance, the
vanilloid TRP channel 1-TRPV1- was found during the search
of a receptor for capsaicin, an active molecule present in hot pep-
per which acts in nociceptors, triggering pain sensation and
inflammation mediators.”%”"”? On the other hand, TRPVI is
associated with infrared sensation in vampire bats.”? Although
some channels differ in their physiological features, all share quite
the same architecture, formed by a tetramer composed of identi-
cal or similar subunits. TRPV17# and TRPA1”’ structures have
been recently elucidated through elegant cryo-microscopy analy-
ses. Both channels are homotetramers in which each monomer
has 6 intramembrane segments, 2 of which form, with the loop
between them, the cationic pore (Fig. 4). These channels are sim-
ilar in structure to the voltage-gated channels, however it is still
unknown whether the conformational changes are also similar.

The first identified channels were named classical or canonical
TRP channels, starting the formation of the TRPC subfamily.
Currently, 28 different members of the large family of TRP
channels have been identified in mammals. These channels were
grouped into 7 subfamilies: TRPC (classical or canonical),
TRPV (vanilloid), TRPM (melastatin) TRPA (ankyrin type),
TRPP (polycystein) TRPML (mucolipin) and TRPN (no mecha-
noreceptor potential C (NOMPC)), while TRPY subfamily was

identified only in yeast.”®”” Functional

HBHBBRRBNG

analyses of these channels have revealed
their involvement in various types of sen-
sory perception: thermal sensation,
mechanosensation, chemosensation, noci-
ception, as well as the perception of
light.”®

Among the members of the TRP fam-
ily, many of them respond to thermal
stimuli and consequently they were

grouped in a subfamily named thermo-

Extracellular side
IIRBURHORRIA BUABBHRUNGN

Intracellular side

TRPs. These channels are non-selective,

particularly permeable to calcium ions
(8 . .
and are mainly present in cell membranes.

In mammals, TRP channel activation is

between segments 5 and 6.

Figure 4. Schematic Structure of a TRP Channel Subunit. In general, TRP channels are composed of 4
identical or similar subunits, each consisting of 6 transmembrane segments with the cation pore

followed by an influx of calcium that can
generate action potentials in sensory neu-
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transduction process of thermal sensa-
tion.”” In addition to thermal response,
thermo-TRPs can also be activated by
chemical or physical stimuli, thus being
characterized as multimodal receptors.
Another characteristic of these proteins is
that their expression is not restricted to
sensory neurons; they may be presented in
several types of tissues.®”

The ten thermo-TRPs identified in
mammals are members of different subfa-
milies: TRPV (TRPV1-TRPV4), TRPM
(TRPM2, TRPM4, TRPM5 and
TRPMS), TRPC5 and TRPAI1, each one
activated by different temperature levels.®'
The mammalian thermo-TRPs activated by
heat are TRPVI, TRPV2, TRPV3,
TRPV4, TRPM2, TRPM4 and TRPMS5,
whereas TRPA1 and TRPMS are activated
by cold.®*””52 Some of TRP properties
confirm their participation in the mecha-
nisms of temperature detection: (1) all
thermo-TRP channels, once activated, gen-
erate a non-selective cationic current and a
resulting membrane depolarization; (2) all
thermo-TRPs except TRPM2, TRPM4,
and TRPMS5, are expressed in the periph-
eral nervous system; (3) each of these chan-
nels is activated in a narrow temperature
range. Altogether, they cover a wide range

of temperature to which mammals are

°C
TRPV2
> 520
500 50 —
/,, 46-48°
TRPV1
> 42° TRPV1
-— > 40°
— 40 40 |
TRPM?2 = = " IRPA1
35-42° > 39°
TRPV3
> 33° TRPV1/2
> 320
TRPV4 30 30
2742 ~ TRPMS
0
TRPMS —— <29
<25°
208 20
TRPA1 !
<17° TRPV3
r— <l60
TRPM4
TRPMS5 ﬁ TRPMS
15-35° =10

exposed (Fig. 5): TRPV1 is activated by

temperatures > 42°C, TRPV2 by tempera-
tures > 52°C, TRPV3 by temperatures >

Figure 5. TRP Channel Families and the Range of Temperatures to which they Respond. Depending
on the vertebrate class same channel family may span different temperature sets.

33°C, TRPV4 by temperatures between 27

and 42°C, TRPM2 by temperatures between 35 and 42°C,
TRPM4 and TRPMS5 by temperatures between 15 and 35°C,
TRPMS8 by temperatures < 25°C and TRPAI by temperatures
<17°C 8384

The advances of genome sequencing have revealed that each
vertebrate class has its own repertoire of thermo-TRP homo-
logues, and that the genes coding TRPV1 thru TRPV4,
TRPM2, TRPM4, TRPM5 and TRPMS are only found in ver-
tebrates. The majority of the genes arose from a common ances-
tral of teleost fish and terrestrial vertebrates; the subsequent
divergence resulted in a variety of thermo-TRP with different
physiological properties.*> Although all vertebrates studied to
date possess one copy of TRPV3, this gene has been lost in sev-
eral teleost species.

In a thorough phylogenetic analysis, Saito and co-workers®®
reported that teleost fish may present variable number of copies of
TRPV1/2 genes. The data suggest that 2 copies were produced by
genomic duplication in the teleost ancestral, one of them lost in
some species such as Gasterosteus aculeatus and Danio rerio. Most
mammals, Gallus gallus, and the lizard Anolis possess only one copy
of each TRPV1 thru TRPV6.%® The same group found a few new
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TRP channels, namely TRPV8 and TRPVY from Platypus sp and
TRPV8 from the frog Xenopus tropicalis (for review see 87,

TRPV1 ortholog in D. rerio is necessary for the escape behav-
ior from nociceptive heat above 32°C,* but in some amphibian
and reptile species, and in mammals TRPV1 is activated at tem-
peratures above 40°C**®? and in birds only at temperatures
higher than 46—48°C.*>?° The channels related to cold detection
also display different behaviors according to the species.”’ For
instance, in Xenopus tropicalis TRPMS activation is triggered at
15°C whereas, in birds, it is sensitive to temperatures below
29°C, and in mammals to temperatures below 25°C72,

In addition to a role in thermoperception, TRP channels may
represent a key component in rhabdomeric phototransduction
pathways, not only in Drosophila photoreceptors,” but also in

95,96 97

Limulus,”* cephalopods and mammals.

The Role of TRP Channels in Photoresponses
Colin Pittendrigh98 proposed the theory of “escape from

light” in which high temperatures and UV radiation found
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during the light phase of the day would be harmful to the stabil-
ity of enzymes and physiological processes. From this theory
emerges the hypothesis that both light perception (photorecep-
tors) and circadian systems may have been evolved under the
same selective pressures: daily cycles of light and temperature.’
Thus the theory of escape from light and its impact on the idea
of co-evolution systems can be envisioned in several systems that
will, in fact, go far beyond the light detection by the retina.

It is known that ultraviolet radiation, present in solar illumi-
nation, has profound damaging effects on human skin, causing
photo-aging and skin cancer. In primary culture of human epi-
dermal melanocytes, UVA radiation promotes calcium mobiliza-
tion and early melanin synthesis only in the presence of 11-cis-
retinal,”” what strongly suggests the involvement of an opsin in
the UVA response. In fact, the presence of opsins including rho-
dopsin has been demonstrated in human melanocytes.”” %

To elucidate the meaning of opsin expression in peripheral tis-
sues of mammals, a vertebrate class where light input is classically
restricted to retina, like human melanocytes became crucial. It has
been demonstrated that the signaling pathway triggered by UVA
radiation involves the participation of a Gq protein, phospholipase
C (PLC) and intracellular calcium; rhodopsin has been proposed as
a candidate photopigment to translate UVA signal via activation of
a retinal-dependent current mediated by TRPA1 channel.””'%"'*

After the discovery of melanopsin in the mammalian retina, it
became possible to understand how light signals to the endogenous
biological clock. Studies of the signaling pathways triggered by the

circadian photo-pigment melanopsin demonstrated the participa-
tion of TRP channels in response to light. This cascade recruits a
Gq protein, followed by the activation of PLC and TRPC6 and C7
channels, resulting in membrane (iepolerization.97‘103’104 As we
said before, TRPC proteins form nonspecific cationic channels
with substantial Ca®* permeability, matching known features of
the ipRGC light-activated channel.'® Pharmacological assays have
demonstrated that 2-aminoethoxydiphenylborane (2-APB), an ino-
sitol trisphosphate (IP3) receptor and TRP channel antagonist,
abolishes light responses in the ipRGCs in vizro and induces an
acute knockdown of pupillary light reflex in vivo.’” Furthermore,
evidence suggests that calcium permeability in rat ipRGCs can be
suppressed by TRPC blockers'*>'% (Fig. 6).

Heterologous cell systems have been used to express melanop-
sin and study the signaling pathway evoked by light. The partici-
pation of TRP channels in photo-transduction has also been
demonstrated in these systems and their co-expression with mela-
nopsin has been shown to result in a functional cascade,'®”'*®
thus revealing the crucial physiological relevance of these
channels.

TRP channel was discovered as a key component required for
the light response in Drosophila photoreceptor cells. Analyses of
this channel indicate that its loss of function changes the perme-
ability to several cations, including a decreased Ca®" influx in
response to light.”>'% This phenotype, combined with the
observation that fly vision requires PLC,"'? similar to what is
seen in the mammalian ipRGC,””""! raised the possibility that

TRP channels might be related with

opsin photo-activation, involving the

participation of PLC pathway that ulti-
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mately opens Ca>" channel. However
the mechanism by which these channels
are activated has only been recently
proposed.

In both Drosophila and mammalian
models, there is a controversial issue con-
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cerning the mechanism through which
stimulation of PLC leads to the activa-
tion of TRP. Two different hypotheses
have been proposed: (1) TRP channels
are activated by IP3 production; and (2)
e €9 €D
)

a rise in diacylglycerol (DAG) leads to
Nar the opening of TRP channels.”” In this
regard, recent findings have shown that
TRP channels can be activated by a com-
bination of PLC signaling and phospha-
tidylinositol bisphosphate (PIP,,
depletion. PIP, depletion from the mem-
brane lipid bilayer may promote a reduc-

tion of its area through cleavage of PIP,,

resulting in a change of the mechanical

membrane.

Figure 6. Hypothetical Signaling Pathway of the Thermo-Activation of Opsins. Recent data show the
involvement of opsins (rhodopsin/melanopsin) and TRPA1 in temperature discrimination of Drosoph-
ila larvae. Temperature activates opsins by an unknown mechanism, triggering the phosphoinositide
cascade. Depletion of PIP, from the cell membrane leads to TRP channel opening and cation influx
into the cytoplasm.
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properties  of the 12113
Although in native models the participa-
tion of DAG has been apparently dis-
carded, in heterologous systems, the

opening of TRPC6 and TRPC7, which
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are involved in photo-responses, can be activated by DAG.''*!"
Strengthening the controversy, the association of DAG and IP;
production with PIP, depletion is reported to be involved with
TRPC6 and TRPC7 opening in mammalian vascular smooth
muscle.'®'"” The mechanical ability to gating TRP channels is
now proposed as a unifying activation mechanism among the dis-
tinct members of the TRP family. Besides mechano-activation of
TRP channels in response to force applied to the cell, other non-
mechanical stimuli such as temperature and light have been pro-
posed to open these channels using the same strategy. Thus TRP
channels have been considered as stretch-activated channels, even
in cases that the initial stimulus is not mechanical and acts via an
intracellular cascade.''®

An important discovery that reinforces the interaction of light
and temperature cycles is presented by Shen and colleagues.”
This group showed that temperature discrimination is dependent
on rhodopsin and mediated by TRP channels in Drosophila, since
thodopsin-mutant animal loses this ability. In addition, thermo-
sensitivity can be restored by melanopsin transfection; this role
for rhodopsin/melanopsin is independent of light, as the assays
for thermo discrimination were performed in constant darkness.”
This finding stands out as an important contribution to the
understanding of the generation of circadian rhythms, since mel-
anopsin, photopigment essential for the entrainment of circadian
thythms in mammals, is capable of interacting with Drosophila
TRPALI and reestablish thermo-sensitivity.

In fact, expression of TRPAI in a subset of clock neurons in
Drosophila brain determines the responses to temperature
entrainment; lack of this channel impairs activity and alters the
expression of Per gene.''” Why would be advantageous to have
an indirect thermo perception? The convergence of components
of 2 signaling pathways, opsins and TRP channels, may result in
a considerable adaptation, since the former initiate the enzymatic
cascade conferring the thermo-sensory system the capability to
amplify even small temperature differences within the comfort-
able range. Whereas the direct activation of TRP channels by
temperature appears to promote survival, since adaptation to
harmful conditions might lead to physiological deregulation or
death."**'*" Co-evolution of photoreception/thermoreception
systems may be considered to explain the interaction of TRP
channels and rhodopsin,122 thus expanding the current list of
known temperature-sensitive proteins, to include light-sensitive

proteins like rhodopsin (Fig. 6).

The Role of TRP Channels in Entrainment of
Peripheral Clocks

Data about the role of thermo-TRP channels in biological
rthythms has just begun to emerge and most available literature
relies on experiments with Drosophila melanogaster. The first evi-
dence was demonstrated by Shen and coworkers” in 2011. Their
experiments revealed that temperature discrimination in Drosoph-
ila larvae is dependent on TRPAI channel. In the adult form
TRPAT1 is expressed in a subgroup of pacemaker neurons of the
brain. The loss of TRPAI impaired the temperature-induced
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syncronization and altered the expression of the clock gene Per in
some pacemaker neurons.''” In peripheral tissues of Drosophila
Pyx TRP channel (pyrexia transient receptor potential) located in
sensory organs is responsible for the entrainment to lower cycles
of temperature (16-20°C).'??

Recently, in vertebrates and more specifically in the rainbow
trout Oncorhynchus mykiss, the involvement of TRPV1 with
thythms of melatonin secretion has been demonstrated. The
pharmacological blockade of pinealocyte TRPV1 inhibited mela-
tonin secretion.'** Although the data linking thermo-TRP and
biological rhythms are still scarce, and most of them were dem-
onstrated in central clocks, valuable information has been pro-
vided to trace parallels between the role of thermo-TRP in
central and peripheral synchronization, leading to necessary fur-
ther investigation.

Conclusions and Perspectives

Light-dark cycles and temperature - major time-givers - have
been dramatically altered in our 24-h society; now our biological
clock is bombarded by artificial illumination, heating and cooling
systems that maintain environment radically different from the
one in which our entrainment mechanism has evolved. Among
the consequences of such environmental changes is the increased
incidence of pathologies such as cancer, cardiovascular disease,
depression, obesity and diabetes. Several studies point out that
the disruption of our endogenous biological clocks is the cause
for this elevation: to mention one, clock mutant mice are obese
and develop type II diabetes.'* Interestingly, aging TRPV1
knockout mice are also obese.'**'?” These animals display a
higher amplitude of circadian rhythm of core temperature,'*®
and they are more susceptible to deleterious effects of high fat
diet, in terms of inducing obesity'*’and hypertension, reducing
glucose tolerance. In addition, they show increased leptin, inter-
leukin 10 and interleukin1 plasma levels.'*°

Considering the findings discussed in the present review about
the involvement of TRP channels in thermo/photo responses in
different groups of animals, we speculate that perception of time-
giver signal may also follow a common mechanism. If so, TRP
channels which have already been proven to mediate thermal and
photic regulation of circadian rhythms in Drosophila,”>" may be
the missing bound in the entrainment mechanism of peripheral
clocks in higher order metazoans.
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