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Abstract

Aim: Physiological functions in mammals show circadian oscillations, synchro-
nized by daily cycles of light and temperature. Central and peripheral clocks par-
ticipate in this regulation. Since the ion channel TRPMS is a critical cold sensor,
we investigated its role in circadian function.

Methods: We used TRPMS8 reporter mouse lines and TRPMS8-deficient mice.
mRNA levels were determined by in situ hybridization or RT-qPCR and protein
levels by immunofluorescence. A telemetry system was used to measure core
body temperature (Tc).

Results: TRPMS is expressed in the retina, specifically in cholinergic amacrine
interneurons and in a subset of melanopsin-positive ganglion cells which pro-
ject to the central pacemaker, the suprachiasmatic nucleus (SCN) of the hypo-
thalamus. TRPMS-positive fibres were also found innervating choroid and ciliary
body vasculature, with a putative function in intraocular temperature, as shown
in TRPMS8-deficient mice. Interestingly, Trpm8'~ animals displayed increased
expression of the clock gene Per2 and vasopressin (AVP) in the SCN, suggesting
a regulatory role of TRPMS8 on the central oscillator. Since SCN AVP neurons
control body temperature, we studied Tc in driven and free-running conditions.

See related editorial: Mishra SK, Gaddmeedhi S, 2023. A new role of TRPMS in circadian rhythm and molecular clock. Acta Physiol. (Oxf). e13934.
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1 | INTRODUCTION

Most physiological processes are governed by a circadian
rhythm with a period of approximately 24h. Such tem-
poral organization has evolved in the presence of pre-
dictable environmental cues, principally daily cycles of
light and temperature, generating temporal programs and
resetting mechanisms, which are well conserved among
different animal taxa.'” Understanding how organisms
detect these signals and synchronize molecular clocks in
the brain and other tissues to the environment remains a
central challenge in circadian research. The cellular and
molecular mechanisms for synchronization to the daily
light-dark cycles have been characterized in detail.>* In
mammals, a small subpopulation of retinal ganglion cells
is intrinsically photosensitive (ipRGCs),” thanks to the ex-
pression of the photopigment melanopsin.®’” These neu-
rons convey luminic information to the suprachiasmatic
nucleus (SCN) in the hypothalamus, a bilateral collection
of ~20000 intrinsically rhythmic neurons considered the
master biological pacemaker.* This central clock is daily
reset by the light/dark retinal inputs and is responsible for
sending time-of-day information to other areas of the cen-
tral nervous system and to systemic tissues, which have
their own, autonomous, peripheral clocks.”®

The intrinsic circadian rhythmicity of the central
and peripheral pacemakers is provided by a molecular
clock machinery based on the oscillation of transcrip-
tion factors 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).? Ultimately,
their oscillatory activity generates circadian changes in
the expression of clock-controlled genes (CCGs). One
of the best-characterized CCGs in the SCN is the gene
for the neuropeptide arginine vasopressin (AVP).'> AVP-
expressing neurons constitute one of the most important

TRPMS-deficiency increased the amplitude of Tc oscillations and, under dim
constant light, induced a greater phase delay and instability of Tc rhythmicity.
Finally, TRPM8-positive fibres innervate peripheral organs, like liver and white
adipose tissue. Notably, Trpm8~'~ mice displayed a dysregulated expression of
Per2 mRNA in these metabolic tissues.

Conclusion: Our findings support a function of TRPMS as a temperature sen-
sor involved in the regulation of central and peripheral clocks and the circadian

body temperature, central and peripheral clocks, circadian regulation, sensory physiology,

outputs of this hypothalamic nucleus and are involved
in the regulation of many circadian functions, including
body temperature.*

Light is the most powerful Zeitgeber for circadian
functions. However, it has long been known that tem-
perature cycles can also synchronize rhythms in both
vertebrate and invertebrate organisms.'*® Nevertheless,
our knowledge about how daily temperature fluctuations
influence central and peripheral clocks is still rather lim-
ited. It has been classically considered that, differently to
the response to light, central clock machinery is buffered
against changes in clock period length induced by tem-
perature, a phenomenon known as temperature com-
pensation.'*?® On the contrary, peripheral oscillators are
exquisitely sensitive to thermal stimuli.”® This differential
response to temperature between central and peripheral
clocks would allow the SCN to drive circadian rhythms in
body temperature, which would then act as a universal in-
ternal entrainment signal to cell-autonomous peripheral
oscillators throughout the body. The molecular identity of
the thermal sensors involved in the regulation of circadian
clocks by temperature is still unknown. Recent studies in
Drosophila have described that temperature input to the
brain clock appears to rely mainly on the peripheral sen-
sory nervous system of the fly and that different families
of thermoreceptive molecules might be involved, includ-
ing ionotropic receptors (IRs) and TRP channels.*

The transient receptor potential melastatin 8 (TRPMS)
channel is the most important cold sensor in mammals®**
and plays a very relevant role in thermoregulation and en-
ergy homeostasis.?*2° Indeed, deletion of TRPMS in mice
induces a defective thermoregulation and the develop-
ment of late-onset obesity.

In this study, we demonstrate that TRPMS is also in-
volved in central and peripheral clockwork and in the
circadian regulation of Tc. TRPMS is expressed in specific
neurons in the retina and TRPM8-positive fibres project
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to the SCN regulating SCN clock and neuropeptide levels,
contributing to the fine-tuning of circadian body tempera-
ture oscillations. Finally, we found that TRPMS8 sensory
fibres also innervate metabolic organs like liver and WAT,
with an impact on the control of peripheral oscillators.
These results suggest that this ion channel might consti-
tute a temperature sensor in the retina which contributes
to the precise control of the central clock, influencing the
circadian characteristics of Tc. Finally, the presence of
TRPMS sensory fibres in metabolic peripheral tissues, like
liver and WAT might constitute a bond between body Tc
oscillations and the entrainment of peripheral clocks.

2 | RESULTS

2.1 | TRPMS is expressed in the retina
in cholinergic amacrine interneurons and
in a subset of melanopsin retinal ganglion
cells

TRPMS is expressed in a subpopulation of primary sen-
sory neurons and serves as the main sensor for cold tem-
perature of the skin and mucosae. In addition, TRPMS is
also expressed in some non-neural cells and in neurons
of the central nervous system, especially in thermoregu-
latory circuits.”>?® Previously, we described the presence
of TRPM8 immunolabelled fibres in the suprachiasmatic
nucleus of the hypothalamus (SCN),* which constitutes
the main pacemaker of circadian function. To get further
insight into a possible role of TRPMS in circadian regula-
tion, we first searched for the expression of TRPMS in the
retina, because neurons in the SCN receive axonal projec-
tions principally from intrinsically photosensitive retinal
ganglion cells (ipRGCs), responsible for synchronizing
SCN neuron activity with light.>

We studied the presence of TRPM8 mRNA in the ret-
ina by conventional RT-PCR and RT-qPCR techniques. As
shown in Figure 1A, we found detectable TRPM8 mRNA
in this tissue (Ret), although at much lower levels than
in trigeminal ganglia (Tg): 7.6 +2.3 vs 5060+ 1208, as as-
sessed by RT-qPCR; p <0.0001, n = 3 mice. Thereafter,
we used two reporter mouse lines (Trpm8*“F¥™" and
Trpm8=°F Pf) to characterize in more detail the TRPMS-
positive neurons in the retina. In both mouse lines, we
found GFP-labelled somas in the inner retina, specifically
in the ganglion cell layer (GC) and in the inner nuclear
layer (INL) (Figure 1B-J).

Because the photopigment melanopsin identifies ip-
RGCs,® we studied the possible colocalization of mela-
nopsin and GFP. In the Trpm8**“F** line numerous
GFP-positive cells were found in the inner retina, in the
GC and INL (Figure 1C,D). Melanopsin labelled only
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~1.5% of all GFP+ cells (1.4 +0.03%). However, about half
of melanopsin-positive cells were also labelled with GFP
(44.3 +2.15%).

Colocalization of melanopsin and GFP was also iden-
tified in the Trpm8“™™ transgenic line (Figure 1E,F).
The lower GFP signal in these mice, and especially
the low labelling of cell somas due to the farnesylated
GFP,” prevented a precise quantification of the degree of
colocalization.

Amacrine cells (ACs) form a highly diverse set of in-
hibitory interneurons in the inner retina, with their
dendrites stratifying at different levels of the inner plexi-
form layer (IPL).?® ChAT is a marker for starburst ACs.*
ChAT-labelled somas were found in the INL and in the
GC layer (i.e. displaced amacrine cells), with their den-
drites stratifying into two well-defined bands in the IPL.
They correspond to ON and OFF cells (Figure 1G,I). In the
Trpm8”4“EY P line, nearly all ChAT-positive somas, in INL
and GC layer, express GFP (95.3 +1.4% and 94.4 +4.4% re-
spectively) (Figure 1G,H). Furthermore, both ChAT bands
show a good colocalization with GFP. Of note, a fraction
of GFP-positive cells in the INL did not colocalize with
ChAT (~54%). This, and the presence of an additional
non-ChAT GFP-labelled band in the most external part of
the IPL suggest the presence of an additional population
of non-ChAT ACs, expressing TRPMS8 in this transgenic
line. Similarly, almost all visualized GFP-positive neurons
in the INL of Trpm8EGF Pl mice stained for ChAT, although,
as mentioned above, quantification was not attempted due
to the low levels of GFP (Figure 11,J). In any case, both
ChAT bands in this mouse line also showed co-labelling
with GFP, supporting again the expression of TRPMS8 in
starburst ACs (Figure 11).

We attempted to confirm the results obtained in these
two reporter lines with immunocytochemistry, but none
of the TRPMS8 antibodies tested worked well in mice.
However, in the rat we were able to detect TRPMS-
immunoreactive cells in the GC layer and in some cells
in the INL, presumably ACs (Figure 1K). Immunopositive
fibres were observed running along the inner part of the
GC layer (Figure 1K). Note that the immunolabelled sig-
nal is displaced by co-incubation with a blocking pep-
tide (Figure 1L). Collectively, these results indicate that
TRPMS is expressed in cholinergic ACs and in a subset of
ipRCG in both rodents.

2.2 | TRPMS-positive fibres from ipRGCs
project to the SCN

We next investigated whether GFP-immunolabelled ip-
RGCs project to the SCN. To this end, we used the two
different TRPMS8 reporter mouse lines mentioned above
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FIGURE 1

(Trpm8PAEYFP and Trpm8ECT), injecting the fluorescent
anterograde tracer cholera toxin subunit B (CTB-594)
into both eyes. We found GFP-positive fibres travelling
through the optic chiasm (Figure 2A) and innervating
the SCN, principally its dorso-lateral part (Figure 2B). We
did not observe labelled somas in this hypothalamic nu-
cleus (Figure 2B). The intensity of labelling was dimmer

INL

GFP/

TRPM8 Ab
F'),.,:S S }.,.j:- . ~?-'§ o :. A 8"*»%“‘;(

TRPMS8 Ab + blocking peptide

in the Trpm8=°F "/ line, as described previously in sensory
ganglia and other brain areas.” Interestingly, some of the
CTB-594-positive fibres travelling through the optic chi-
asm co-express GFP (Figure 2A). Also, co-expression of
both signals was found, especially in the lateral part of the
SCN (Figure 2B,C). These data indicate the existence of
ipRGCs expressing TRPM8 and projecting to the SCN.
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(A) OCh (B) SCN
TRPMg-EYFP

TRPMS8-EGFPf TRPM8-EGFPf

FIGURE 2 The suprachiasmatic nucleus (SCN) is innervated by TRPM8-positive axons originated in retinal ganglion neurons. The
anterograde-labelling cholera toxin (CTB)-594 was injected into both eyes of Trpm8*A“FY? and Trpm8°r " mice. Seventy-two hours
after the injection, we studied the colocalization of GFP and CTB in the optic chiasm, OCh (A) and in the suprachiasmatic nucleus of the
hypothalamus, SCN (B and C) by confocal microscopy. Notice the colocalization of fluorescent signals in some of the fibres (indicated by
arrowheads). Experiments were performed in mice of 3-5 months of age (Trpm8®A“F¥F) and P15-21 (Trpm8"T™. n = 3-4 mice/group.
Both sexes were used indistinctively. Scale bars: (A) 25 pm. (B) 50 pm; (C) 10 pm.

2.3 | TRPMS-positive fibres innervate surrounding or travelling along choroidal vasculature
high blood flow ocular vascular and ciliary body capillaries (Figure 3A,B). The incuba-
structures and regulate eye temperature tion without the primary antibody prevented the signal,

as shown in the case of ciliary body (Figure S1A). This
The presence of TRPMS inside the ocular globe is not is an important finding because, the ciliary body, but
restricted to retinal neurons. Using the Trpm8**“F  mainly the choroid, constitutes the most important high-

mouse line, we found TRPMS8-immunolabelled fibres blood flow vascular structures in the eye and is known

FIGURE 1 A subset of melanopsin retinal ganglion cells (ipRGCs) and cholinergic amacrine cells express TRPM8. (A) TRPM8 RT-
PCR in mouse trigeminal ganglion (Tg) and retina (Ret). Three micrograms of RNA were retrotranscribed and amplified by PCR. (—)
Negative control without retrotranscriptase. HPRT was used as loading control. (B) Diagram of a cross section of mouse retina indicating
the different layers. GC: Ganglionar cell layer; IPL: Inner plexiform layer; INL: Inner nuclear layer; OPL: Outer plexiform layer; ONL: Outer
nuclear layer; PL: Photoreceptor layer. (C-F) Confocal images of GFP and/or melanopsin immunoreactivity in Trpm8*A“EY¥* (C and D) and
Trpm8EGFPf (E and F) mice. Tissue sections (C and E) and whole mount retinas (D and F) were used. (G-J) Confocal images of GFP and/

or choline acetyl transferase (ChAT) immunolabelling in Trpm8EACEYFP (G and H) and Trpm8EG”’f (I and J). Notice that G and I are tissue
sections, and H and J are whole-mount retinas. (K and L) TRPMS8-immunoreactive neurons and axons in paraffin-embedded rat retina
sections. (L) Specificity control of the immunolabelled signal: Rat retinal sections were incubated with the TRPMS8 antibody (above) or with
the antibody in the presence of a blocking peptide (below). Experiments were performed in mice of 3-5 months of age (Trpm85A<EYFT),
postnatal day 15-21, P15-21 (Trpm8EG"Pf) and P21 (A). n = 3-4 mice/group. Rats were 3 months old (n = 3). Both sexes were used
indistinctively. Scale bars: (C-J and K): 50 pm; (L): 10 pm.
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FIGURE 3 Choroid vasculature and ciliary body are innervated by TRPM8-positive fibres and TRPMS regulates ocular temperature.

Confocal images of GFP immunoreactive fibres travelling along and around choroidal vasculature (A) and in the ciliary body (B) of a

Trpm8PACEYFP reporter mouse. Scale bar: 25 pm. DIC: Differential interference contrast. (C) Ocular temperature (Teye) was determined by

infrared (IR) thermography in WT and Trpm8~'~ mice exposed to different temperatures. Mice were placed on a steel platform and exposed

to a cold ramp. The plate temperature (Tplate) was decreased linearly from 30 to 0°C (1°C/min). Teye was determined manually in each eye

when the Tplate was 30, 25, 20, 15, 10 and 0°C, and the values analysed using the nonparametric Fisher's exact permutation test (MATLAB).

*p <0.05. (D) Representative infrared image of the eyes of a WT and a Trpm8 ™'~ mouse when the steel surface was 15°C. Teye in the area

marked by the cross was 35.8 and 35.2°C respectively. Experiments were performed in mice of 3-5 months of age (Trpm8**“F¥F) and

4 months of age (WT and Trpm8’/7). n = 3-6 mice/group. In (A and B) females and males were used indistinctively. In (C and D) mice were

males and data were represented as mean + SEM.

to regulate ocular and retinal temperature.*® To study a
possible role of TRPMS in eye blood flow, we determined
eye temperature (Teye) by infrared (IR) thermography
in WT and Trpm8_/ ~ mice exposed to different tempera-
tures. Previous studies have shown that ocular haemody-
namics can be estimated indirectly by measuring ocular
surface temperature.*'** Mice were placed on a steel plat-
form and exposed to a cold ramp. The plate temperature
(Tplate) was decreased linearly from 30 to 0°C (1°C/min).

In WT animals, Teye was maintained until Tplate reached
10°C, with a rapid decline thereafter. In animals lacking
TRPMS, Teye started to decline at Tplate temperatures
below 25°C and Trpm8~'~ mice displayed a significantly
lower Teye than WT littermates when Tplate was around
15°C (Figure 3C,D). This might suggest a function of
TRPMS and ambient temperature in regulating choroid
and ciliary body blood flow and therefore involved in the
control of internal ocular temperature.
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2.4 | TRPMS fine-tunes the expression of
clock genes and neuropeptides in the SCN

The presence of TRPMS8 in ipRGCs projecting to the
SCN, and in ChAT amacrine interneurons regulating ac-
tivity of retinal GCs, suggests a putative role of TRPM8
in central clock regulation. We therefore investigated
several aspects of the circadian clockwork at the SCN
in control and in Trpm8_/ ~ mice. We determined the
expression of the Period2 gene (Per2), which is one of
the essential components of core circadian clocks in the

ZT4 SCN ZT16
WT

sC

™~ SCN

Trpm87

AVP

(E)

N/

ACTA PHYSIOLOGICA ks

SCN? by ‘in situ’ hybridization. Our results in female
mice confirmed previous data, showing a robust rhyth-
mic oscillation of Per2 mRNA in the SCN of control
mice in L/D conditions, with higher levels at ZT4 than
at ZT16 (Figure 4A,B).'*1*3? Interestingly, while the
oscillation of Per2 mRNA was maintained in Trpm8_/ -
mice, we found in these animals a significant increase
of ~40% in Per2 mRNA content in relation to WT lit-
termates during the daytime (two-way ANOVA, geno-
type (p = 0.001) and light (p = 0.001). Post hoc analysis
revealed significant differences between genotypes at

(B)

-

(@)
1

[e]

-

-

o
1

[o]

Trom8

(@)
1

Per2 mRNA levels (A.U.)

o
1

(D)

)
w
o

1
o

N
e

—
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WT Trom8-/-
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FIGURE 4 Per2and AVP expression in the suprachiasmatic nucleus (SCN) are regulated by TRPMS. Per2 (A) and AVP (C)
mRNA levels in the suprachiasmatic nucleus (SCN) of WT and Trpm8~'~ mice at ZT4 and ZT16 detected by ‘in situ’ hybridization and

quantification of their values (B and D). Scale bars in A and C: 2mm. (E) AVP immunofluorescence in the SCN nucleus of WT and

Trpm8~'~ mice at ZT6. Scale bar: 100 um. (F) Quantification of the AVP immunoreactive levels in the SCN. Experiments were performed

in 6-14 female mice/group of 6-10 months of age. Data were represented as mean + SEM. In B and D, statistical analysis was performed by
two-way ANOVA, with genotype (G) and light (L) as factors. In (B): G (p = 0.001) and L (p = 0.001). Post hoc Bonferroni between gentypes
in ZT4: p <0.01. In (D) G (p = 0.0066) and L (p = 0.0002). Post hoc Bonferroni between genotypes in ZT4: p <0.01). In (F) data were

analysed by Student's ¢ test (p = 0.0079). *p <0.05; p <0.01.
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ZT4, p <0.01). Similar results were obtained in male
mice (Figure S1B).

One of the most relevant clock-controlled genes (CCG)
in the SCN is the gene coding for the neuropeptide AVP.
AVP-expressing neurons in the SCN constitute the main
output of this nucleus and are known to be involved in
core temperature (Tc) circadian regulation.11 We therefore
studied Avp mRNA levels also at ZT4 and ZT16 by ‘in situ’
hybridization in the SCN of WT and TRPM8-deficient fe-
male mice. In control animals, we found a circadian os-
cillation of Avp mRNA, with higher levels at ZT4 than in
ZT16, as already reported in the literature (Figure 4C,D).*
Trpm8_/ ~ mice also displayed greater Avp expression than
control mice during the lights-on phase (~50% higher)
but conserving the oscillation between day and night
(Figure 4C,D) (two-way ANOVA, genotype (p = 0.006)
and light (p = 0.0002). Post hoc analysis between geno-
types at ZT4, p <0.01).

AVP is also expressed in other hypothalamic nuclei
but, in contrast to SCN, Avp mRNA in the paraventricular
nucleus (PVN) did not exhibit either circadian rhythmic-
ity or differences between the two genotypes (Figure S1C).

To confirm the effect of TRPM8 on AVP levels in the
SCN, we examined AVP immunoreactive levels in both ex-
perimental groups by confocal microscopy. Animals were
studied at ZT6, when vasopressin peptide levels are high.**
As shown in Figure 4E,F, increased immunofluorescent
levels were found in cell bodies and fibres in the SCN of
TRPMS8-deficient mice (Student's ¢ test, p = 0.0079). In
contrast, TRPMS deletion did not affect AVP immunore-
activity in the PVN (Figure S1D).

Taken together, these results show that the absence
of TRPMS8 does not prevent the oscillatory expression of
clock genes like Per2 or neuropeptides like AVP in the
SCN. However, our data suggest that TRPMS is required
to fine-tune their expression levels, implying that it might
be involved in the regulation of circadian fluctuations of
physiological parameters.

2.5 | TRPMS regulates the amplitude and
levels of body temperature oscillations

Because TRPMS plays a critical role in the homeostatic
aspects of thermoregulation,® we hypothesized that it
might also be involved in the circadian regulation of body
temperature (Tc). We therefore monitored Tc and motor
activity in light/dark (L/D) and free-running conditions
(dark/dark, D/D and light/light, L/L) in TrpmS_/ ~ mice
and littermate controls.

Male animals were housed at 21°C and maintained in
L/D for 7days and then released in D/D for 34 days. TRPM8
deletion in L/D conditions induced a drop in Tc levels,

especially during the daytime (Figure 5A). Interestingly,
while WT mice in constant darkness displayed a progres-
sive reduction in mean Tc values (Figure 5B and Table 1),
TRPM8-deficient mice maintained the same low mean Tc
levels in L/D and D/D conditions (Figure 5C and Table 1).
In addition, TRPMS8 deletion induced a significant reduc-
tion in minimum Tc levels (two-Way ANOVA, genotype:
p = 0.0063) and an increase of ~0.5°C in the amplitude
of Tc oscillations (two-way ANOVA, genotype: p = 0.0082)
(Figure 5E,F and Table 1).

We did not observe significant differences in rhythmic
parameters between both genotypes. Exposure to D/D
produced a comparable advancement in the time of daily
rise in Tc (temperature rising phase) in Trpm8_/ “and WT
littermates (Figure S2A,B and Table 1).

The decreased levels of Tc displayed in the absence
of TRPMS8 were not the result of lower motor activity, as
demonstrated by measuring this parameter with the same
telemetric devices employed to record Tc. Although both
experimental groups displayed a progressive drop of motor
activity during long-term D/D conditions, WT mice expe-
rienced a greater reduction (Figure S2C-F and Table 2).

To get further insight into the role of TRPMS in Tc
circadian regulation, mice were left in constant dim
light (80-90 lux, L/L) for 21days. Tc in TRPMS8-deficient
animals showed a greater phase delay, compared to WT
animals, and a very unstable rhythmicity, as it is shown
in Figure 5G. Indeed, after 7days in L/L Trpm8~'~ mice
already exhibited a significant greater delay in the rising
phase of Tc in relation to control mice (CT: 19.19+0.30 vs
17.17£0.44, p = 0.005) (Figure 5H,I). Furthermore, 50%
of Trpm8~'~ mice lost circadian rhythm of Tc after 15days
in LL, while all WT littermates still displayed robust Tc
circadian oscillations.

Additional experiments were performed on a cohort of
adult female mice also housed at 21°C. WT and Trpm8_/ -
animals were studied in L/D conditions for 5days
(Figure 5J) and then released in D/D for another 5days
(Figure 5K). TRPMS deletion induced higher maximum
Tc levels (two-way ANOVA, genotype p = 0.03), a tendency
to lower minimum Tc values (genotype p = 0.07) and a
greater amplitude of Tc oscillations than controls (an in-
crease of ~0.69°C) (two-way ANOVA, genotype: p = 0.024)
(Figure 5J-L, Figure S2G,H and Table 3). Trpm8_/ ~ mice
in D/D showed a tendency to display an earlier daily rise
in Tc than WT (p = 0.08) (Figure 5K). When female mice
were left in L/L for 5days, Trpm8_/ ~ animals showed a
significant reduction of body temperature, determined as
rectal temperature in relation to controls (Figure S2I).

Mice were also studied at 29°C, the lowest Ta of their
thermoneutral zone. Male animals were maintained in
L/D for 7days and released thereafter in constant dark-
ness (D/D) for another 7days. Interestingly, while in
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FIGURE 5 Circadian Tc oscillations are fine-tuned by TRPM8. Continuous telemetric recordings of Tc in mice housed at 21°C. WT

and Trpm8~'~ male mice were exposed to light-dark conditions 12/12 (L/D) for 7days (A) and then released in constant darkness (D/D) for
34days (B-F), or in constant light (L/L) for 21 days (G-I). The graphs represent daily average of the Tc values recorded during the last 3days
of each condition and statistical analysis of Tc was performed with the non-parametric Fisher's exact permutation test (MATLAB). (A) Tc
values of WT and Trpm8~'~ mice housed in L/D conditions. Representation of Tc values in WT (B) and Trpm8~'~ (C) mice in L/D and after
34days in D/D. (D) Tc in WT and Trpm8~'~ mice after 34 days in D/D. Minimum levels (E) and amplitude (F) of Tc oscillations in WT and
Trpm8~'~ housed in L/D and in D/D for 7 and 34 days. Tc minimum values (two-way ANOVA, genotype: G (p = 0.0063). Tc amplitude
(two-way ANOVA, genotype, G: p = 0.0082). (G) Double temperogram of WT and Trpm8_/ ~ mice exposed to L/L for 21 days. (H) Tc values
of these mice after 7days in L/L. (I) Time (ZT/CT) of daily rise in Tc (Tc rising phase) in WT and Trpm8~'~ mice after 7days in L/L (two-way
ANOVA, lighting conditions, L: p <0.001; Post hoc Bonferroni between genotypes in L/L: p = 0.005). (J-L) WT and Trpm8~'~ female mice
were housed in light-dark conditions 12/12 (L/D) for 5days and then released in constant darkness (D/D) for 5days. The graphs represent
daily average of the Tc values recorded during the last 3 days of each condition. Tc values in L/D conditions (J) and in D/D conditions (X).
(L) Tc amplitude in WT and Trpm8~/~ mice in L/D and D/D (two-way ANOVA, genotype, G: p = 0.024). Experiments were performed

in 3-4 male mice/group of 8-9 months of age (A-I) and in 5-7 female mice/group of 4-5 months of age (J-L). Data were represented as
mean + SEM. *p <0.05; Tp <0.01; JIEp <0.001.
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L/D conditions no significant differences were observed
in Tc between both experimental groups (Figure 6A and
Table 1), in D/D TRPMS8-deficient mice displayed sig-
nificantly lower minimum Tc values (Figure 6B-D and
Table 1). Analysis of Tc oscillations revealed a greater
amplitude of circadian fluctuations of Tc in Trpm8_/ -
vs WT mice in DD conditions (Student's t test, p = 0.01)
(Figure 6E). No significant differences in rhythmic param-
eters were found between both genotypes, showing simi-
lar values of time of Tc rising phase in D/D (Table 1). The
decreased levels of Tc displayed in the absence of TRPMS8
in the subjective day were not the result of lower motor
activity (Figure 6F and Table 2).

Collectively, our data suggest that TRPMS8 plays a role
in the physiology of the central oscillator controlling Tc.

TRPMS regulates clockwork in

Because oscillation of body temperature appears to be a
major factor regulating peripheral clocks,” and our results
indicate a role of TRPMS in the circadian fluctuations of
Tc, we next studied the possible impact of this ion chan-
nel on peripheral clockwork. We focused on liver and white
adipose tissue (WAT) because they are two well-known
metabolic oscillators.?® We first searched for the presence of
this ion channel in these tissues. With the Trpm8®*“ Y re.
porter mouse line, we identified a rich innervation of GFP-
immunolabelled fibres in both organs. We did not observe
TRPMB8-positive cells. In the liver, GFP-fibres innervate
principally the hilum area, especially surrounding the por-
tal vein and hepatic vessels (Figure 7A,B). In the case of the
gonadal WAT, we also found nervous trunks with TRPMS-
positive sensory fibres (Figure 7C), especially travelling
along associated vascular vessels (Figure 7D). These find-
ings suggest that TRPMS8 sensory innervation of liver and
WAT might constitute a bond between body Tc oscillations
and the entrainment of peripheral clocks. We therefore de-
termined in both tissues the expression levels of Per2 mRNA
at ZT4 and ZT16 in WT and Trpm8~'~ mice by conventional
RT-PCR and RT-qPCR, with similar results. RT-qPCR re-
sults of female mice were represented in Figure 7E,F. Liver
and WAT Per2 mRNA levels in wild-type animals displayed
a very marked oscillation, with low levels during the lights-
on phase and high levels during the night, as already re-
ported by others.**® In contrast, TRPM8-deletion induced
a marked dysregulation in the expression of this clock gene
in both tissues. The analysis of Per2 mRNA levels in the liver
of male mice also revealed significant differences between
both experimental groups, especially during the light phase
(Figure S2J). All this indicates a clear function of TRPM8
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also in peripheral oscillators.
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TABLE 3 Tc parameters of female

L/D D/D 5d
/ / ays mice housed at 21°C and exposed to
Tc WT Trpm8™/~ WT Trpm8~/~ light-dark 12/12 (L/D) for 5days and then
Maximum (°C) 3803+ 0.14 3829+ 0.16  38.17+021  38.40+ 0.09 re;eased in constant darkness (D/D) for
G (p=0.03) G (p = 0.03) > days
Minimum (°C) 35.57+ 0.46 34.96+ 0.47 35.86+ 0.16  35.60+ 0.33
Mean (°C) 36.75+ 0.23 36.65+ 0.17 37.014+0.18 36.86+ 0.20
Amplitude (°C) 2.46+ 0.41 3.33+ 0.48 2.314+ 0.1 2.80+ 0.32
G (p=0.024) G (p=0.024)
Rising phase (ZT/CT h) 13.00+ 0.89 12.63+ 0.70 13454+ 0.76  11.96+ 1.08
Note: Statistical significance was analysed by two-way ANOVA, with genotype (G) and lighting condition
(L) as factors. Data are represented as mean +SEM. Mice were females of 4-5 months of age (n = 5-7
mice/group). [Correction added on December 2, 2022. In the first column, Mean (h) has been corrected to
Mean (°C)]
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FIGURE 6 TRPMBS regulates circadian oscillations of Tc also at thermoneutrality. Continuous telemetric recordings of Tc (A-E) and

motor activity (F) in male mice housed at an ambient temperature (Ta) of 29°C and exposed to light-dark conditions 12/12 (L/D) for 7 days

and then released in constant darkness (D/D) for another 7 days. The graphs represent daily average of the Tc values recorded during the last

3days of each condition and statistical analysis of Tc and motor activity was performed with the nonparametric Fisher's exact permutation
test (MATLAB). (A) Tc values in WT and Trpm8_/ ~ mice housed in L/D conditions. Representation of Tc values in WT (B) and T rpm8_/ -
(C) mice in L/D and after 7days in D/D. (D) Tc in WT and Trpm8_/ ~ mice after 7days in D/D. (E) Amplitude of Tc oscillations in WT and
Trpm8_/ ~ mice housed in D/D for 7 days. Statistical analysis of Tc amplitude was performed with t-test (p = 0.01). (F) Motor activity of WT

and Trpm8~'~ mice housed in D/D for 7 days. Experiments were performed in 11-13 male mice of 4-5 months of age. Data were represented

as mean +SEM. *p <0.05.

3 | DISCUSSION

Biological thermal detection is primarily based on the
physiology of a subfamily of ion channels, highly con-
served in evolution, called thermosensitive Transient
Receptor Potential (TRP) channels. In mammals,
the principal sensor for mild cold temperatures is

TRPMS,**%3373 3 non-selective cation channel that is
expressed in peripheral sensory neurons innervating the
skin and mucosae,?*?”° but also in internal organs in-
cluding the brain.?’ Here, we show TRPMS expression in
a subset of ipRGCs neurons in retina which innervates
the SCN. Furthermore, we found that TRPMS is also ex-
pressed in cholinergic ACs, characterized by the release
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FIGURE 7 Liver and gonadal WAT
are innervated by TRPM8-positive sensory
fibre and TRPMS regulates peripheral
clocks in these tissues. (A-D) Confocal
images of GFP in Trpm8®A“F*F mice
corresponding to liver (A and B) and
WAT (C and D). In the liver, many
immunolabelled fibres were found in

the hilum (A). Deeper areas of the organ
displayed less number of positive fibres
(B). GFP-labelled fibres were mainly
associated to hepatic portal vessels.

In gonadal WAT, we observed nerve
trunks with immunolabelled fibres (C),
and also fibres associated to vessels (D).
Scale bars: (A and B): 50 um; (C and D):
25um. Expression levels of Per2 mRNA

in liver (E) and gonadal WAT (F) in

WT and Trpm8_/ ~ mice at ZT4 and

ZT16 by RT-qPCR. Experiments were
performed in four female mice/group of

9 months of age. Data were represented as
mean + SEM. Statistical significance was
determined by two-way ANOVA, with
genotype (G) and Light (L) as factors. Per
2 liver (G: p = 0.0028. Post hoc Bonferroni
between genotypes in ZT4, p <0.01; at (E)
ZT16, p <0.05). Per2 gonadal WAT (G:
p <0.001. Post hoc Bonferroni between
genotypes in ZT16, p <0.001). *p <0.05;
p <0.01; *p <0.001.

Per2 mRNA levels (A.U.)

29,40

of two neurotransmitters, GABA and acetylcholine.
The TRPMS8-positive amacrine cells are probably ON
and OFF type, considering the colocalization of GFP and
ChAT in both labelled bands in the IPL.

Our demonstration of TRPM8 expression in rodent
retinal neurons begs the question of temperature ho-
meostasis in the retina. The choroid vasculature, and to
a lesser extent the ciliary body, are known to play a major
role in maintaining the intraocular thermal environ-
ment.***" Specifically, the choroid would act as a ther-
mostat thanks to the innervation by sensory trigeminal
nerve fibres, which express CGRP and substance P, va-
soactive compounds. In addition, sympathetic and para-
sympathetic fibres regulate choroidal blood flow.*® Our
results, showing innervation of choroid vasculature by
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sensory TRPMS8-positive fibres, identifies this ion channel
as a potential molecular cold sensor in these vessels and
therefore as an important player in ocular temperature
regulation. Indeed, our results show that Trpm8_/ " mice
exhibit a higher drop in Teye than controls when exposed
to mild cold. Consistent with our findings, a previous
study revealed that temperature in the vitreous chamber
above or below 34°C induces an increase in choroidal
blood flow (ChBF), and only when intraocular tempera-
ture falls below 16°C, the ChBF decreases.*> We therefore
propose that mild drops of temperature inside the eye
would be detected by TRPMS8 channels in the sensory tri-
geminal fibres innervating choroidal vasculature, which
will produce an increase in ChBF to maintain the intra-
ocular temperature. Whether vasodilation is mediated by
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the release of CGRP or Substance P, or is due to a central
loop, merits further investigation. Of note, it was previ-
ously demonstrated that a subset of trigeminal fibres in
the cornea expressing low levels of TRPMS8 also contains
CGRP.®

More work is also needed to dissect the functional role of
TRPMBS in starburst amacrine interneurons and ipRGCs in
the retina. In that sense, it is worth noting that rhodopsin,
a light-sensitive GPCR, plays a crucial function in thermo-
tactic behaviours in fruit flies,** suggesting that an acces-
sory factor might interact with rhodopsin and accelerate its
intrinsic thermal activity. A similar mechanism could be
operational in mice, modulating temperature sensitivity of
melanopsin/TRPMS expressing RGCs. Future experiments
will examine the influence of temperature and TRPMS ag-
onists on the activity of ipRGCs in the retina.

Tracing TRPMS8-positive axons from ipRGCs we found
that they project to the SCN, mainly to the latero-dorsal
part, characterized by a high density of arginine vasopres-
sin (AVP) -producing neurons, and for high levels of Per2,
a central gene in circadian rhythmicity.**’ Avp consti-
tutes a clock-controlled gene (CGG) in mammalian SCN,
and neurons containing this neuropeptide exert control
over numerous circadian functions, including Tc cycle
regulation.11 In rodents, AVP transcription and secretion
from the SCN has a diurnal pattern, reaching its peak
during the light phase, and a trough at night-time.***
This pattern of expression is similar to that observed for
Per2 in this nucleus.'®***° Considering that AVP and Per2
are under the control of Clock,' it is likely that these
two genes share the same overexpressing mechanism in
Trpm8_/ ~ mice. It is important to underline that in the
absence of TRPM8 AVP and Per2 maintained their nor-
mal daily expression pattern, but their levels in ZT4 were
higher than those in WT littermates. This agrees with the
general concept of temperature compensation described
for SCN neurons: a relative constancy of the period of os-
cillations but with differences in the levels or amplitudes
of the fluctuations.'®

SCN efferents innervate different brain regions, in-
cluding the preoptic area (POA) of the hypothalamus, the
main thermoregulatory centre in the brain. Specifically,
the median preoptic nucleus (MnPO) in the POA receives
direct projections from SCN vasopressinergic neurons and
these efferent AVP axons would be part of a neuronal cir-
cuitinvolved in the regulation of Tc circadian oscillation."!
Our results showing that TRPMS regulates SCN AVP lev-
els made us hypothesize a function of this channel in the
circadian regulation of Tc. We therefore recorded continu-
ously Tc and locomotor activity in wildtype and Trpm8~'~
mice in driven (L/D) and free running conditions (D/D
and L/L) and found that deletion of TRPMS increases the
amplitude of Tc oscillations. Importantly, no differences

were detected in motor activity between Trpm8~'~ mice
and control animals, as recently shown.”! This suggests
that the increased amplitude of Tc rhythms observed in
the absence of TRPMS is independent of motor activity.

Interestingly, although in constant darkness, we were
not able to find significant differences in the rhythm of the
Tc cycle of Trpm8'/ ~ mice versus WT, notable alterations
emerged when these animals were housed under contin-
uous dim light conditions (L/L). Thus, TRPM8-deficiency
induced a greater delay in the daily Tc rising phase and a
very unstable rhythmicity. Collectively, our findings sug-
gest that TRPMS regulates the physiology of the central
oscillator controlling Tc.

Finally, the SCN hierarchically organizes and synchro-
nizes peripheral clocks to advantageously display their
function at the right time of day and, therefore, optimize
resources. In addition to the classical routes by which SCN
entrain peripheral clocks through the neuroendocrine sys-
tem,” some authors have proposed that body temperature
oscillations might work as a universal internal signal that
participates in the entrainment of peripheral clocks.*>>®
Because the absence of TRPMS induces Tc oscillations of
greater amplitude, we hypothesized that this effect could
act as an entrainer of peripheral oscillators. To assess this
proposal, we chose liver and WAT due to their importance
in metabolism and their well-studied circadian activity.*®
We have shown that both tissues are richly innervated by
TRPMS sensory fibres, especially associated to blood ves-
sels. The innervation of the portal vein by TRPM8 sensory
fibres has already been reported by McCoy et al.>* and by
our group.26 On the other hand, modest TRPMS expression,
determined by RT-PCR, has been also described in human
liver,”® but these findings await confirmation by different
techniques with cellular resolution. In relation to WAT,
other authors have reported the presence of TRPMS8 in a
mouse WAT cell line and in cultured human and mouse ad-
ipocytes.%_58 Nevertheless, in our hands, we were not able
to find credible immunolabelling in hepatocytes or adipo-
cytes. In any case, the presence of TRPM8 sensory fibres
in liver and WAT in association with vascular structures
suggests a function of these channels as thermal sensors in
perivascular areas with an impact on the physiology of both
organs. Indeed, the absence of TRPMS8 greatly impaired
clockwork in these two metabolic tissues, which highlights
TRPMS sensory information as a major factor regulating
liver and WAT circadian cycles. Our findings, coupled with
the application of novel molecular tools to define and ma-
nipulate sensory innervation in an organ-specific manner,”
will shed light on the relevance and the molecular signals
of the communication between dorsal root ganglia (DRG)
neurons and peripheral organs, like WAT and liver.

Limitations of the study: As we used a global
TRPMS8-KO mouse in this study, we cannot definitively
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demonstrate that TRPMS8 fibres projecting to the SCN
from the retina are the only regulators of the central clock-
work. TRPMS8 peripheral sensors, mainly in skin, might
also play an indirect role mediating this effect, especially
through the control of body temperature. While our study
focused on the role of the genuine cold sensor TRPMS, it
is well known that different potassium channels also play
critical roles in modulating the thermosensitivity of neu-
rons in the central and peripheral nervous system. Thus,
their possible role in circadian thermoregulation merits
further inquiries.**"

In conclusion, TRPMS is expressed in a subset of ret-
inal interneurons and output neurons projecting to the
SCN, the master clock. The activity of TRPMS fine tunes
clockwork and neuropeptide levels in this hypothalamic
nucleus, contributing to the regulation of the circadian
oscillation of Tc. These Tc fluctuations will be detected
by TRPMS in peripheral organs, including liver and WAT,
serving as entrainers for peripheral oscillators in these
metabolic tissues (Figure 8). Although further studies
are necessary to delineate the precise role of TRPMS in
the retina, SCN and in the periphery, including fat tissue
and liver, the present work provides strong evidence for
TRPMS serving as a link between temperature and central

¢ ipRGCs

¢ ipRGCs Trpm8+

Retinohypothalamic

ACTA PHYSIOLOGICA Bk

and peripheral clocks, regulating the circadian oscilla-
tions of body temperature.

4 | MATERIALS AND METHODS

4.1 | Animal models

Trpm8~'~ mice were generated in the laboratory of David
Julius and obtained from The Jackson Laboratories (stock
#008198). Mice were maintained in heterozygosity by
crossing to C57B6/J mice from Harlan Laboratories.
Littermate wildtype mice were used as controls in all ex-
periments (wildtype, WT).

Two different transgenic mouse lines were used as
TRPMS reporters: (a) A BAC containing the full TRPMS8
sequence was engineered to generate by homologous re-
combination a mouse expressing the enhanced yellow
fluorescent protein (EYFP) under the TRPM8 promoter
(Trpm8BAC'EYFP ).51 (b) Mice engineered to express the
farnesylated enhanced green fluorescent protein (EGFPf)
from the TRPMS locus (Trpm8=CF Pf. B6;129S1[FVB]-
Trpm8™4P%/T) were obtained from Ardem Patapoutian
(Scripps Research Institute). The targeted insertion of
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FIGURE 8 TRPMS isexpressed in a subset of retinal interneurons and ipRGC neurons projecting to the SCN, the master clock. The
activity of TRPMS fine tunes clockwork and neuropeptide levels in this hypothalamic nucleus, contributing to the regulation of the circadian
oscillation of Tc. Tc fluctuations would be then detected by TRPMS8 in peripheral organs, including liver and WAT, serving as entrainers for

peripheral oscillators in these metabolic tissues.
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EGFPf into the TRPMS8 start codon was described pre-
viously®® and homozygous Trpm8“™™ mice are null for
TRPMS. To enhance EGFPf expression, the lox-P-flanked
neomycin selection cassette introduced into the Trpm8
locus during the generation of the transgene was excised.”’

Experiments were performed with adult mice of both
sexes of 3-10 months of age. In the experiments of immuno-
fluorescence in the retina with the reporter line Trpm8““" B
we used mice at postnatal days 15 to 21 (P15-P21), because
we observed that the levels of GFP expression in the retina
of this transgenic mouse line were highest at the postnatal
period. We made a great effort to have representative results
from females and males in all experiments. But, in occa-
sions, and depending mainly on availability, we had experi-
ments with a predominance of animals of one sex.

For experiments, mice were housed at 21 +1°C, except
that other temperature was indicated in the text. All animal
procedures were approved by the local Ethics Committee on
Animal Care at the University of Santiago de Compostela
and the University Miguel Hernandez of Elche and were
conducted in accordance with European guidelines.

4.2 | RNA isolation and RT-PCR

Trigeminal ganglia (TG) and retina were isolated from
C57BL/6] mice. RNA was extracted using TRIzol™
Reagent (Invitrogen) following the manufacturer's in-
structions. cDNA was synthetized using SuperScript™
III Reverse Transcriptase (Invitrogen) and random prim-
ers. For amplification, conventional PCR was performed
using KAPA2G Fast DNA Polymerase (Sigma-Aldrich)
with the following specific primers:

« Mouse TRPM8 forward 5-GGAACTCCATGATGCAT
CTCTC-3’ and reverse 5-GGGGATGATGAATAGAC
ACAGG-3’ (amplicon 466 bp).

» Mouse Per2 forward 5- ACACCACCCCTTACAAG
CTTC-3 and reverse 5'- CGCTGGATGATGTCTGGC
TC-3’ (amplicon 780).

« Constitutive gene HPRT forward 5'-CAGTCCCAGC
GTGATTA-3’ and reverse 5'-AGCAAGTCTTTCAGT
CCTGTC-3’ (amplicon 169 bp).

To avoid genomic amplification, amplicons were de-
signed to span introns. The products were visualized in a
1.5% agarose gel.

421 | Real-time PCR

Total RNA was isolated from mouse TG, and retina
using TRIzol™ (Invitrogen). cDNA was synthesized with

Transcriptor First Strand cDNA Synthesis Kit (Roche
Diagnostics, Basel, Switzerland), and reactions of quan-
titative real-time PCR were done using iQ SYBR Green
Supermix (Bio-Rad Laboratories, Alcobendas, Spain)
on iCycler equipment (7500 PCR Systems, Applied
Biosystems, Life Technologies, Carlsbad, USA). Samples
were denatured at 95°C for 15s, annealed at 58°C for
155, and extended at 72°C for 60s for a total of 35cycles.
The samples were quantified using Sequence Detection
Software 1.4 (Applied Biosystems), with HPRT as normal-
ization control.
Specific primers:

o« TRPMS8 forward 5'-GTACATCTCTGAGCGCACCA-3’
and reverse 5'-CTCCTTGGGCAAAACACACG-3’ (am-
plicon 74 pb).

« Per2 forward 5'- CTCCAGCGGAAACGAGAACT-3" and
reverse 5- GCTTTGGCAGACTGCTCACT-3’ (amplicon
195 pb).

« HPRT forward 5'-CAGTCCCAGCGTCGTGATTA-3’
and reverse 5-AGCAAGTCTTTCAGTCCTGTC-5’ (am-
plicon 169 pb).

The results obtained were quantified using the 2724¢T,

4.3 | Immunohistochemistry
4.3.1 | Immunofluorescence in reporter lines
Trpm8PACEYFT a5 well as homozygous Trpm8°°F mice

were used, females and males indistinctly. In the case
of Trpm8PA“E*P e used adult mice (3-5 months of
age). In Trpm8=F reporter mice we used mice at post-
natal days 15 to 21 (P15-P21). Adult and young mice
were anaesthetized with sodium pentobarbital (70 mg/
Kg) and isoflurane respectively. Then, animals were
perfused with 4% paraformaldehyde (PFA). Brain, liver,
gonadal WAT and eyes were dissected and post-fixed
in PFA at 4°C overnight. Eyes were post-fixed for only
4 h in 4% PFA at 4°C. After post-fixation, samples were
stored in phosphate-buffered saline (PBS) at 4°C until
processed.

Brains were sectioned on a vibratome (Leica, VT1000S)
and 50- to 70-pm-thick sections were placed in a 96 well
tissue culture plate with PBS. Some of the retinas were
processed using a free-floating protocol as follows: tissues
were rinsed twice in Tween-Tris Buffered Saline (TTBS,
0.05M Tris Base, 0.9% NacCl, 0.05% Tween 20, pH 7.4) for
10 min and then incubated in Blocking Buffer solution
(BB, 5% bovine serum albumin [BSA] in TTBS containing
1% Triton-X100) for 1h at room temperature (RT). Next,
samples were incubated in primary antibody solution
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containing chicken anti-GFP antibody (1:2000, Abcam,
ab13970, RRID: AB_300798) diluted in BB for 72 h (brain
slices of Trpm8*4“FY** only overnight) at 4°C. This anti-
body recognizes both GFP and YFP. Samples were washed
four times with TTBS for 15min and incubated in sec-
ondary antibody solution containing donkey anti-chicken
Alexa 488 antibody (1:800, Jackson ImmunoResearch 703-
545-155, RRID: AB_2340375) diluted in BB for 48 h (brain
slices of Trpm8PACEYEP only 2 h) at 4°C. Then, samples
were washed four times with TTBS (15 min) and incubated
for 5 min in Hoechst nuclear staining solution (0.5 pg/ml
Hoechst 33342 [Invitrogen H1399] in PBS, pH 7.4). All
these steps were performed in gentle agitation. Finally,
samples were mounted onto microscope slides (Normax)
with Fluoromount™ aqueous medium (Sigma). Some of
the retinas were whole-mounted.

The rest of the tissues (liver, gonadal WAT, retinas)
were processed using a slide-attached protocol as follows:
samples were cryoprotected and stored until used in 30%
sucrose in PBS with 0.01% sodium azide (Sigma-Aldrich
S2002). Later, samples were embedded in immersion
medium for cryogenic slides (CryoGlue, SLEE medical)
in appropriate size moulds and quickly frozen in dry
ice. Finally, samples were sectioned in a cryostat (MNT,
SLEE medical) at 20-24 pm thickness and adhered to mi-
croscopic slides (Superfrost™ Adhesion Slides, Thermo
Scientific). Samples were kept a 4°C until used. Slides
were washed twice for 5 min with PBS-Tween (PBS-T,
0.1 M PBS, 0.05% Tween 20, pH 7.4). Then, slides were
transferred to a wet chamber and incubated in BB for
1 h at RT. Next, samples were incubated with primary
antibody solution containing chicken anti-GFP anti-
body (1:2000, Abcam, ab13970, RRID: AB_300798) di-
luted in BB at 4°C overnight. Then, slides were washed
for 15min (4 times) with PBT in gentle shaking and in-
cubated with secondary antibody solution containing
donkey anti-chicken Alexa 488 antibody (1:800, Jackson
ImmunoResearch 703-545-155, RRID: AB_2340375) di-
luted in BB at 4°C for 2 h. Finally, slides were rinsed for
15min (4 times) in PBT and stained with Hoechst nuclear
staining solution (0.5 pg/ml Hoechst 33342 [Invitrogen
H1399] in PBS, pH 7.4) for 5 min. Wash steps were made
in gentle agitation. Finally, slides were mounted with
Fluoromount medium (Sigma-Aldrich F4680). For reti-
nal double immunostaining, the following primary an-
tibodies were added: goat anti-ChAT antibody (1:250,
Merck-Millipore AB144P, RRID: AB_2079751), or rabbit
anti-melanopsin antibody (1:2500, ATS Bio AB-N398,
RRID: AB_1608077). The following appropriate sec-
ondary antibodies were used: donkey anti-goat CFL555
(1:400, Santa Cruz Biotechnology sc-362265, RRID:
AB_10989474) or goat anti-rabbit Alexa 594 (1:1000,
Invitrogen A11012, RRID: AB_141359). For every
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experiment, some samples were processed without pri-
mary antibody as negative controls.

4.3.2 | Immunofluorescence of AVP in SCN
Brains were cut on a vibratome (Leica, VT1000S) and coro-
nal sections of 50 pm were placed in a 96 well tissue culture
plate with PBS. Sections including the suprachiasmatic
nucleus of the hypothalamus were permeabilized with
PBST and incubated with anti-AVP antibody (Millipore,
PC234L), 1:1000 in Dako ChemMate antibody diluent
(Dako, Glostrup, DK) overnight at 4°C. Then, sections
were incubated with sheep anti-rabbit conjugated with
cyanine 3 (Sigma-Aldrich) prepared at a dilution of 1:100,
for 1 h. All dilutions were made in PBS (0.1 M phosphate,
pH 7.4, containing 0.15M NacCl). Between steps, sections
were washed twice for 10 min each in the same buffer.

For quantification of AVP staining intensity, AVP im-
munofluorescence was visualized with a confocal micro-
scope and then analysed off-line using the software Image
J. The optical density (OD) of the staining intensity in the
SCN was measured and subsequently normalized to the
OD of adjacent background signal. To do that, a rectan-
gle, with the same dimensions in each case, was drawn
enclosing the specific signal and over adjacent brain areas
of each section (background). We used 8-12 serial coronal
sections for each animal. To ensure the analysis of com-
parable anatomic regions in all animals, sections were
matched according to the Paxinos and Franklin's mouse
brain atlas.®” The mean of these 8-12 OD values was used
as the densitometry value for each animal.

4.3.3 | Immunohistochemistry in rat retina

For TRPM8 immunohistochemistry in rat retinas, we used
paraffin-embedded tissue. Animals were perfused, as stated
above. Retina was removed from the ocular globe and embed-
ded in paraffin. Thereafter, 5-pm-thick sections were cut with
a microtome and placed on Superfrost Plus slides (Thermo
Scientific). Slides were then deparaffinized before immu-
nohistochemical techniques. A rabbit polyclonal antibody
against TRPMS8 (Abcam ab3243, RRID: AB_2208865) was
used. Antigen retrieval was carried out using a microwave
oven for 20min at 750W in 0.01M TE Buffer (Tris 10 nM,
EDTA 1mM, pH 9). Slides were then tempered at RT for an-
other 20min and washed twice for 5 min with PBS. Slides were
transferred to a wet chamber and consecutively incubated in:
(1) polyclonal antibody anti-TRPMS8 (1:5000) in antibody dilu-
ent (Dako Real, Agilent Technologies) overnight at RT, (2) 3%
hydrogen peroxide (Merck) to block endogenous peroxidase
(10 min), (3) goat anti-rabbit immunoglobulins conjugated to
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peroxidase-labelled dextran polymer (Dako LSAB+ System-
HRP, Agilent Technologies), (4) 3,3’-diaminobenzidine tet-
rahydrochloride (DAB, Sigma) solution prepared by diluting
one DAB-buffer drop in 1 ml PBS (10 min) and (5) counter-
stain with Mayers haematoxylin for 1 min. Sections were
dehydrated in ethanol, rinsed in xylol and mounted in a syn-
thetic medium (Entellan® 107960, Sigma-Aldrich). Between
steps, sections were washed twice for 5 min with PBS and
after step 5 with water. Primary antibody specificity was
tested by pre-adsorption with the immunogen peptides: pep-
tide 1 H2N-RNQLEKYISERTIQD-OH and peptide 2 H2N-
NDLKGLLKEIANKIK-OH (Abcam ab187961).

4.4 | Eye injection of fluorescent
cholera toxin

Animals were anaesthetized with isoflurane (5% induc-
tion, 3% maintenance) and placed under a binocular scope.
Then, a small hole was punctured at the corneal limbus
with a 30-gauge needle. Through the hole, 1pl of 1% cholera
toxin subunit B conjugated to Alexa Fluor 594 (Invitrogen
C34777) in PBS was injected into each eye, with a fine glass
micropipette connected to an aspirator mouth tube. Mice
recovered from the procedure (2-3 min duration) on a heat-
ing pad set at 37°C. Seventy-two hours after injection, mice
were perfused with 4% PFA and brains were processed using
the free-floating section protocol described previously.

4.5 | Ocular temperature during a
dynamic cold plate test

Ocular surface temperature was determined by IR thermog-
raphy. Mice were placed individually on a metallic plate of
16.5 x16.5 cm (Hot/Cold Plate, Bioseb, Vitrolles, France),
surrounded by a methacrylate box. A high-resolution in-
frared camera (Avio InfReC Analyzer NS9500, Tokyo)
was fixed frontally with a tripod. The plate was exposed
to a descending temperature ramp (from 30 to 0°C, at a
rate of 1°C/min) and a video of the animal was recorded
at 48 frames per second during the whole assay (30 min).
Temperature of each eye (Teye) was quantified offline
using the software of the camera (InfReC Analyzer Pro).
The highest Teye was selected for each animal when the
plate temperature (Tplate) was 30, 25, 20, 15, 10 and 0°C.

4.6 | Insitu hybridization

Mice coronal brain sections (16 pm thick), were cut on a
cryostat and incubated with specific antisense oligodeoxy-
nucleotides for Per2 and AVP:

e Per2: 5- GCTCCTTCAGGGTCCTTATCAGTTCTTT
GTGTGCGTCAGCTTTGG-3'.

e AVP: 5- ACGAAGCAGCCCAGCTCGTCCGCGCAGC
AGATGCTTGGTCCGAA-3'.

These probes were 3’-end labelled with* S-a-dATP
using terminal deoxynucleotidyl transferase. The specific-
ity of the probes was confirmed by incubating the sections
with an excess of the unlabelled probes. In situ hybridiza-
tions were performed as previously described.’>** Briefly,
frozen sections were fixed with 4% paraformaldehyde in
0.1 mol/L phosphate buffer (pH 7.4) at room tempera-
ture for 30min. They were then dehydrated using 70%,
80%, 90%, 95% and absolute ethanol (5 min each). The
hybridization was carried out overnight at 37°C in a wet
chamber. Hybridization solution contained 1x10° cpm
per slide of the labelled probe, 4x SSC (20x SSC: 3 mol/L
sodium chloride, 0.3 mol/L sodium citrate, pH 7), 50% de-
ionized formamide, 1x Denhardt's solution, 10% dextran
sulphate and 10 pg/ml sheared, single-stranded salmon
sperm DNA (all reagents from Sigma). Afterwards, the hy-
bridized sections were sequentially washed in 1x SSC at
room temperature, four times in 1x SSC at 42°C (30 min
per wash), one time in 1x SSC at room temperature
(1 h), and then rinsed in water and ethanol. Finally, the
sections were air-dried and exposed to Hyperfilm p-Max
(Amersham) at room temperature for 4 to 6 days.

Autoradiographic signals were scanned and then anal-
ysed using the open-source imaging software ImagelJ. The
OD of the hybridization signal was determined and subse-
quently normalized to the OD of its adjacent background
value. To do that, a rectangle, with the same dimensions in
each case, was drawn enclosing the specific hybridization
signal and over adjacent brain areas of each section (back-
ground). To ensure the analysis of comparable anatomic
regions in all animals, sections were matched according
to the Paxinos and Franklin's mouse brain atlas.®> We used
16-20 serial coronal sections for each animal (4 to 5 slides,
4 sections/slide). The mean of these 16-20 values was
used as the densitometry value for each animal.

4.7 | Core body temperature (Tc) and
motor activity determination

Core body temperature (Tc) and motor activity were
measured using implantable radiotelemetric probes (G2
E-mitter series, MiniMitter, Starr Life Sciences; model ER-
4000) and a VitalView telemetry system. Probes were sur-
gically implanted in the peritoneal cavity under general
anaesthesia with isoflurane. Animals recovered for 7 days
inaroomat 21°C, in 12h light/12h dark cycles with water
and food ad libitum to ensure the absence of infection
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or fever. During recording of data, individual mice were
housed in plastic cages, with ~5mm of bedding, on indi-
vidual telemetric receivers (ER-4000, MiniMitter, Starr
Life Sciences). Telemetric data from up to eight mice were
recorded simultaneously and collected every 30s using
VitalView software (Starr Life Sciences).

To estimate the main parameters of Tc, including
mean, minimum, maximum, amplitude and rising phase,
the raw data (monitored over 3-4days) were smoothed
using a boxcar filter (width of 15min) in Origin 8.6 soft-
ware (Origin Lab). Mean daily profiles for each animal (as
a function of ZT/CT) were determined. The amplitude of
the diurnal rhythm in each individual was calculated as
the difference between the highest and lowest values of
these 24-h averages. Rising phase was estimated for each
animal as the ZT/CT when the value of these 24-h aver-
ages first became higher than the overall daily mean Tc,
as previously reported.®® The former parameters were also
estimated directly from raw records by fitting sinusoids.
Values derived from these fits were similar to those esti-
mated by the method described above. By convention, ZT0
corresponds to start of day (i.e. lights on) and ZT12 to start
of night (i.e. lights off).

4.7.1 | Protocol of dark/dark and light/light
experiments

Control and Trpm8_/ ~ mice were housed in standard
light/dark conditions (light/dark, 12h/12h) and then re-
leased in dark/dark or light/light conditions. The dura-
tions of constant darkness or constant light exposure are
detailed in the text. Mice were housed at 29 or 21°C and Tc
and motor activity was determined. Temperograms and
actograms were generated using the ActogramJ plug-in in
the open-source imaging software ImagelJ, running on the
Fiji platform.®®

4.8 | Experimental design and
statistical analysis

Data are represented as mean+SEM. n represents the
number of mice per group. For randomization, predefined
numbers were assigned to each treatment group. The dif-
ferent experimental groups were processed identically
throughout the whole experiment.

Statistical calculations were performed using the
Statistical Package for Social Sciences (IBM) software
(SPSS), GraphPad Prism 6.01 (GraphPad) and MATLAB.
Before all statistical analyses, data were examined for as-
sumptions of normality and equality of variance using the
Kolmogorov-Smirnov test, followed by the Levene test.

ACTA PHYSIOLOGICA Bk

For the analysis of Tc and motor activity, we used the non-
parametric Fisher's exact permutation test (MATLAB).
Day/night or L/D, D/D and L/L results were analysed by
two-way ANOVA with genotype and lighting conditions
as main factors. A post hoc Bonferroni test was performed
when there was a significant interaction between both
main factors. Statistical significance between two groups
was determined by an unpaired t test.

All material submitted is in accordance with good pub-
lishing practice in physiology.®’
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