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Fish are ectotherm, which rely on the external temperature to regulate their internal
body temperature, although some may perform partial endothermy. Together with
photoperiod, temperature oscillations, contribute to synchronizing the daily and
seasonal variations of fish metabolism, physiology and behavior. Recent studies
are shedding light on the mechanisms of temperature sensing and behavioral
thermoregulation in fish. In particular, the role of some members of the transient receptor
potential channels (TRP) is being gradually unraveled. The present study in the migratory
Atlantic salmon, Salmo salar, aims at identifying the tissue distribution and abundance
in mRNA corresponding to the TRP of the vanilloid subfamilies, TRPV1 and TRPV4,
and at characterizing their putative role in the control of the temperature-dependent
modulation of melatonin production—the time-keeping hormone—by the pineal gland.
In Salmo salar, TRPV1 and TRPV4 mRNA tissue distribution appeared ubiquitous;
mRNA abundance varied as a function of the month investigated. In situ hybridization
and immunohistochemistry indicated specific labeling located in the photoreceptor
cells of the pineal gland and the retina. Additionally, TRPV analogs modulated the
production of melatonin by isolated pineal glands in culture. The TRPV1 agonist
induced an inhibitory response at high concentrations, while evoking a bell-shaped
response (stimulatory at low, and inhibitory at high, concentrations) when added with
an antagonist. The TRPV4 agonist was stimulatory at the highest concentration used.
Altogether, the present results agree with the known widespread distribution and role of
TRPV1 and TRPV4 channels, and with published data on trout (Oncorhynchus mykiss),
leading to suggest these channels mediate the effects of temperature on S. salar pineal
melatonin production. We discuss their involvement in controlling the timing of daily and
seasonal events in this migratory species, in the context of an increasing warming of
water temperatures.

Keywords: Atlantic salmon, temperature, pineal organ, melatonin, transient receptor potential vanilloid (TRPV),
TRPV1, TRPV4
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INTRODUCTION

In ectotherms, metabolism, physiology and behavior rely on the
external temperature (Angilletta et al., 2002; Storey and Tanino,
2012; Salin et al., 2016). In teleost fish, temperature can straightly
affect the energetic metabolism, the endocrine regulations and
related functions (e.g., food intake, stress responses, immunity),
locomotor activity, sex determination and more (Quigley and
Hinch, 2006; Ospina-Àlvarez and Piferrer, 2008; Steinhausen
et al., 2008; Ibarz et al., 2010; Little et al., 2013; Chadwick
et al., 2015). Together with photoperiod (the alternation of light
and darkness of the 24 h cycle), temperature oscillates on a
daily and annual basis. Both, photoperiod and thermoperiod
provide rhythmic information, which is captured and transduced
into internal time-keeping rhythmic messages. These messages
allow synchronizing the fish metabolic, physiological, and
behavioral rhythms to the daily and annual variations of the
environment, including locomotor activity, sleep/rest, feeding,
vertical migration, eggs production and laying for the former,
growth, reproduction, and horizontal migration for the latter
(Pankhurst and Munday, 2011; Villamizar et al., 2012; Falcón and
Zohar, 2018).

The pineal organ of fish plays a central role in time decoding.
Its epithelium possesses cone-like photoreceptor cells that
transduce the photoperiodic and thermoperiodic information
(Falcón, 1999; Falcón et al., 2007). In response to the alternation
of light (L) and darkness (D) of the 24 h LD cycle, the pineal
photoreceptor cells produce two messengers: (i) an excitatory
neurotransmitter (glutamate) released at the synaptic junctions
established with neurons that project in different brain centers
(Meissl et al., 1986); (ii) a neurohormone—melatonin—released
into the blood stream and cerebrospinal fluid (CSF) (Falcón,
1999; Falcón et al., 2007). Both messengers are produced in higher
amounts at night than during day, and both are also modulated
by the external temperature (Zachmann et al., 1992; Tabata and
Meissl, 1993; Tabata et al., 1993; Thibault et al., 1993).

Melatonin synthesis from serotonin involves two
enzymatic steps catalyzed, successively, by the arylalkylamine
N-acetyltransferase [AANAT (EC 2.3.1.87): serotonin →
N-acetylserotonin] and the acetyl serotonin-O-methyltransferase
[ASMT (EC 2.1.1.4): N-acetylserotonin → melatonin] (Falcón,
1999; Falcón et al., 2007). Fish may express two or three
AANAT isoforms: AANAT1a and/or AANAT1b, expressed
in the retina and other central and peripheral areas, and
AANAT2, which is pineal specific (Cazaméa-Catalan et al., 2014;
Paulin et al., 2015). In the majority the species investigated, an
intra-photoreceptor circadian molecular clock entrains aanat2
gene expression (Falcón et al., 2007). Photoperiod acts at two
levels allowing, on the one hand, synchronizing the clock and,
on the other hand, controlling AANAT2 protein levels and
enzymatic activity, so that duration of the melatonin production

Abbreviations: 4αPDD, 4α-Phorbol 12,13-didecanoate; AANAT, arylalkylamine
N-acetyltransferase; cAMP, cyclic AMP; CSF, cerebrospinal fluid; GCL, ganglion
cell layer; IHC, immunohistochemistry; INL, inner nuclear layer; IPL, inner
plexiform layer; ISH, in situ hybridization; ONL, outer nuclear layer; OPL,
outer plexiform layer; PFA, paraformaldehyde; TRPV, transient receptor potential
channels vanilloid; VGCC, voltage-gated Ca2+ channels.

increase fits the duration of the night (Falcón et al., 2007).
Salmonid species are an exception as no functional circadian
clock has been identified so far in their pineal organ. The
mechanisms underlying the photoperiodic regulation of pineal
AANAT2 activity and melatonin production are quite well
understood. The transduction of light information at the apex
of the photoreceptor cell induces an intensity-dependent cell
hyperpolarization. Conversely, the cell is depolarized in the dark,
allowing the opening of cell-membrane voltage-gated Ca2+

channels (VGCC). The consequent increase in [Ca2+]i at night
activates the production of cyclic AMP (cAMP) and both, [Ca2+]i
and cAMP, contribute to stimulate AANAT2 protein synthesis
and accumulation, with a subsequent increase in AANAT2
enzyme activity (Falcón et al., 2007). Upon illumination the
whole process is reversed and AANAT2 protein is degraded.

How temperature information modulates the amplitude of the
nocturnal production of melatonin by the pineal gland is far less
understood. Temperature probably acts both at a molecular and
a cellular level. (1) At the molecular level: the AANAT2 enzyme is
a target because recombinant AANAT2 enzyme activity responds
in vitro to temperature changes (Cazaméa-Catalan et al., 2012,
2013). And, specific amino-acid sequences within the AANAT2
protein sequence determine both, protein stability and enzyme
catalytic efficiency. This AANAT2 protein response is species-
specific and related to the temperature habitat of the fish. This
is not the case of recombinant AANAT1a and AANAT1b, which
activities increase linearly with temperature from 0 to 37◦C and
then drop to zero value at higher temperatures, whatever the
species studied. (2) At the cellular level: there are arguments
to believe that temperature effects are mediated through the
Ca2+/cAMP regulatory pathway mentioned above. Indeed, in
organ culture, cAMP content and AANAT2 activity display
superimposed bell-shaped responses to changing temperatures
of incubation in the trout (Oncorhynchus mykiss) and the
pike (Esox lucius) (Thibault et al., 1993; Falcón et al., 1996;
Benyassi et al., 2000); the responses are species-specific and match
approximately the fish thermal preferences. In addition, one
study in the trout indicated that the thermo-sensitive transient
receptor potential (TRP) channels from the vanilloid family
(TRPV) are involved. These channels modulate the entry of
Ca2+ within cells. Indeed, TRPV1 and TRPV4 channels are
expressed exclusively in the photoreceptor cells of the pineal
gland (Nisembaum et al., 2015). Moreover, the study showed
that the in vitro secretion of melatonin by isolated trout
pineal glands in culture was modulated by TRPV1 and TRPV4
agonists and antagonists in a temperature-dependent manner:
while TRPV1 mediated responses at intermediate temperatures
(∼16◦C), it was suggested that TRPV4 operated at colder
temperatures (∼8◦C). Altogether, it was concluded that light and
temperature both interact to modulate [Ca2+]i and consequently
the cAMP-dependent control of melatonin secretion by the pineal
photoreceptor cells (Nisembaum et al., 2015).

The present study was undertaken to confirm and extend
the information gained from the study in the trout to another
salmonid, the Atlantic salmon Salmo salar, as a part of a
project aiming at better understanding the impact of the global
temperature rise on this threatened population of the Loire/Allier
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basin (France). Here we provide the first information on (i)
the tissue distribution of TRPV1 and TRPV4 mRNA in salmon
smolts, and variations in their relative abundance at two different
months of their first year, (ii) their cellular localization in the
pineal gland and retina of adult fish using in situ hybridization
(ISH) and immunohistochemistry (IHC), and (iii) the impact
of TRPV1 and TRPV4 agonists and antagonists on melatonin
secretion by isolated pineal glands in vitro.

MATERIALS AND METHODS

Animals
Atlantic salmon (Salmo salar L.) were raised indoors at the
Conservatoire National du Saumon Sauvage (CNSS, France,
45◦N1). The CNSS hatchery produces juvenile salmon, which
are to be released at different developmental stages in areas
of the Loire-Allier basin requiring supplementation, as part of
a restoration program to enhance the native Atlantic salmon
population. The fish used for the mRNA detection in the different
tissues were from a group of smolts used in a previous study
(Nisembaum et al., 2020). Briefly, they were reared indoors
under simulated natural conditions of photoperiod and natural
temperature [February: 11L(07:30−18:30)/13D and 4◦C; July:
16L(06:00−22:00)/8D and 15◦C]; they weighed∼30 g in February,
and ∼80 g in July. Details are provided in Figures 1, 2 of
Nisembaum et al. (2020). The fish used for the ISH and IHC
(250 g b.w.), and in vitro pharmacological studies (600 g b.w.)
were from the hatchery’s broodstocks (each year, a batch of
∼8 months old fish exceeding 145 mm is retained in the hatchery
for 3 years to become the future broodstocks). The 1st generation
hatchery-reared progeny was obtained from wild male and female
adult salmon caught in the Allier River (620 km from the Loire
estuary). Rearing occurred under simulated natural photoperiod
and natural temperature, and standard hatchery conditions as
described elsewhere (Martin et al., 2012; Nisembaum et al.,
2020). At their juvenile stage fish were distributed in four 9 m3

cylindrical tanks (depth 0.5–0.7 m) at a density that did not
exceed 10 kg/m3. The tanks were supplied with running water
from the Allier River, at a flow of 3 l/s until April, which was
progressively increased to 7 l/s when water temperature reached
values above 13◦C. This ensured a concentration of dissolved
oxygen higher than 7 mg/l (Martin et al., 2012). As detailed
elsewhere (Nisembaum et al., 2020), all fish were fed during
daytime using automatic feeders. The acclimation conditions at
the CNSS were in accordance with the “Agreement N◦ B43 056
005” (Arrêté N◦ DDCSPP/CS/2016/40), and the experimentation
followed the guidelines and regulations approved by the “Ethics
Committee for Animal Experiment of Languedoc-Roussillon
(C2EA-LR/C2EA-36)” N◦ A6601601, and the European Union
regulations (European directive 2010/63/EU).

Sampling
Sampling was performed in the morning (between 10:00 and
12:00). Animals were anesthetized with 2-phenoxy−ethanol

1http://www.saumon-sauvage.org/

(0.5 mg/l) and then killed by decapitation. Tissues and organs
were sampled and immediately dipped in the appropriate
solution: (i) RNA later, first at + 4◦C for 24 h, and then at
−80◦C until RNA extraction, for the real time quantitative
PCR (RT-qPCR) studies; (ii) ice cold fixative [freshly prepared
4% paraformaldehyde (PFA) in phosphate buffer (PB; 0.1 M,
pH 7.4)] for the ISH and IHC studies; (iii) ice cold freshly
prepared culture medium for the culture of pineal organs and
pharmacology studies.

Reverse Transcription Quantitative Real
Time PCR
Total RNA extraction from adipose fin, blood, cerebellum,
diencephalon, gills, heart, intestine, kidney, optic tectum,
pineal organ, pituitary, retina, skin (including the lateral
line), spleen, and saccus vasculosus, was performed using an
automated system and kit (Maxwell

R©

; Promega, Charbonnières-
les-Bains, France) according to the manufacturer’s protocol.
Retro-transcription was performed with 1 µg of RNA for all
tissues except for the saccus vasculosus (for which 0.5 µg were
used), using the PrimeScriptTM 1st strand cDNA synthesis kit
(Takara Bio Inc., Ozyme, Saint-Quentin-en-Yvelines, France).
The abundance of the mRNA corresponding to the genes
studied [trpv1 (NM_001140498.1; Leong et al., 2010), trpv4,
(KJ135123.1; Nisembaum et al., 2015) and the reference gene
ef1α (NM_001141909.1; Leong et al., 2010)] was quantified
using a Light-CyclerTM system 2.0 (Roche; Meylan, France). The
reactions were performed in a 20 µl final volume, containing
10 µl of LightCycler-FastStart DNA Master SYBR-Green ITM Mix
(Roche Diagnostics; Meylan, France), 0.2 µM specific primers
(Eurofins, Ebersberg, Germany; Table 1), and 2 µl of 1/5
diluted cDNA. The amino-acid sequences amplified are detailed
in Supplementary Figure 1. The amplification protocol was
as follows: 1 cycle of enzyme activation at 95◦C for 3 min,
and 40 cycles consisting in 95◦C for 3 s, 60◦C for 30 s and
72◦C for 20 s. All samples were analyzed in duplicates and
the relative expression (11CT) was performed according to
Livak and Schmittgen (2001), taking into account the efficiency
of the PCR reactions (Pfaffl, 2001). The efficiency of the
amplification for all the genes investigated was around 100%.
The specificity of the amplification reactions was confirmed by
the melting temperature in each sample, through a melting
curve protocol at the end of the 40 cycles of amplification,
and by the size of the PCR products, obtained in an agarose
gel. The data are presented as the mean ± SEM of n = 4–
8 samples.

In situ Hybridization and
Immunohistochemistry
Pineal glands from adult fish (250 ± 50 g b.w.), were used for
these assays. After 24 h fixation in PFA (see above) the samples
were washed in PB, dehydrated in graded ethanol series (70,
95, 100%), dipped 3 min in toluene and then in Paraplast

R©

(at
60◦C); after 15 h of impregnation, they were embedded in a
new bath of Paraplast

R©

. Eight micrometers thick sections (using
a MicroM HM 340E microtome) were layered on glass slides
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FIGURE 1 | Relative quantitative variations of TRPV1 and TRPV4 expression in S. salar smolts in February and July. For each tissue the values are normalized to
those obtained with the reference gene ef1α as indicated in “Materials and Methods” section. Mean ± SEM, n = 4–8. The Student’s t test compares the February vs.
the July values: *P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.00001. AdF, adipose fin; Blo, blood; Ce, cerebellum; Di, diencephalon; Gi, gills; H, heart; Int,
intestine; Ki, kidney; OT, optic tectum; P, pineal organ; Pit, pituitary; R, retina; Sk, skin (including the lateral line); Spl, spleen; SV, saccus vasculosus.

(coated with a 2% solution of 3−aminopropyl-triethoxy-silane).
The ISH and IHC (3 glands for each procedure) were performed
on sections that were successively deparaffinized in toluene,
rehydrated (through descending ethanol series) and placed in
PB saline (PBS).

The ISH was performed on proteinase K treated sections
(5 mg/ml; for 6 min at 37◦C), using digoxigenin (DIG) labeled
probes. The preparation of the riboprobes and the ISH procedure
were as detailed elsewhere using a commercial kit (Roche-
Diagnostics DIG labeling kit) (Besseau et al., 2006; Nisembaum
et al., 2015; Paulin et al., 2015). The primers sequences for

the preparation of the probes are given in Table 1 and
Supplementary Figure 1.

The IHC was performed on pineal organs and retinas. Pineal
and retinal sections were dipped in a 3% H2O2 solution (in
PBS) for 10 min in the dark and rinsed in PBS. The first
antibody, from a commercial origin (Abcam, Cambridge), was a
polyclonal rabbit anti-zebrafish antibody directed against either
TRPV1 (1/100), or TRPV4 (1/500); it was applied for 16 h
at + 4◦C. Revelation was then performed using a commercially
available kit (IHC Select

R©

HRP/DAB) that contained the second
antibody (anti-rabbit coupled to horseradish peroxidase [HRP])
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FIGURE 2 | Localization of TRPV1 mRNA in S. salar pineal complex by in situ hybridization (ISH). (A–C) No labeling is seen in sections treated with the sense probe.
(B,D–F) Anti-sense probes. (B) Shows the entire pineal complex and the presence of transcripts in the pineal organ (po) and dorsal sac (ds). Higher magnifications
show the signals are in the photoreceptors (black arrow, (D) and in the cells in the border of the third ventricle in the dorsal sac (E). (D) Shows a section through the
pineal vesicle and labeled cells located around the lumen (L), which appear distant from the blood vessels (bv) and basal lamina (bl). This location corresponds to that
occupied by the photoreceptor cells also identified by their segmented shape as seen in (F) (arrow heads). (E) Shows cells of the dorsal sac tissue that surrounds
the third ventricle (IIIrd).

and the substrates [diaminonobenzidine (DAB) and H2O2],
and following the protocol instructions. The first antibody was
omitted in the control sections as indicated in the kit instructions.

In vitro Culture of Pineal Glands and
Pharmacological Assays
Pineal glands of adult fish (600 ± 50 g b.w.) were cultured in
24-wells culture plates (NunclonTM Surface; VWR International,
Fontenay-sous-Bois, France) as detailed elsewhere (Bégay et al.,
1992; Nisembaum et al., 2015). Each well contained one
gland in 500 µL of medium (RPMI 1640 without phenol

red) complemented with penicillin (100 U/ml), streptomycin
(100 µg/ml), glutamine (2 mM), and fungizone (2.5 µg/ml).
The culture plates were placed in a MIR-154 incubator (Sanyo;
Osaka, Japan) under the photoperiod and temperature conditions
the fish had been acclimated to. The media were renewed every
24 h. After 48 h, the pineal glands (n = 7–8/group) were placed
(at 12:00) for 6 h in the dark, in the presence of vehicle or
increasing concentrations of either capsaicin (TRPV1 agonists)
or 4α-Phorbol 12,13-didecanoate (4αPDD; TRPV4 agonist);
these experiments were performed in the absence or presence of 1
µM of the respective antagonists (1 µM capsazepine for TRPV1,

TABLE 1 | Primers used for the RT-qPCR and for the preparation of the ISH probes.

RT-qPCR Accession number Primer sequences 5′→3′ Product (bp)

ef1α NM_001141909.1 F CCTACAGCCAGAAGCGTTTT 169

R TCGACCTTCCATCCCTTGAA

trpv1 NM_001140498.1 F CGTCCTGCTGAAGGCTCTA 122

R TGTCTGTGTATGCAGCATTTACAA

trpv4 KJ135123.1 F GAGAATCGCCATGAGATGC 155

R TCGGATGGGTGGTAGTA

ISH probes

trpv1 NM_001140498.1 F AGCATCTGGAAACTACAGCG 696

R TGCTCAACACAGATTGCAGT

trpv4 KJ135123.1 F GGTGAGCTGCCTCTGTCG 302

R ACCCCAATTTTTCCCAGTTTGG

bp, base pairs; F, forward; R, reverse.
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10 µM ruthenium red for TRPV4). More details are given in
the results section and legend of the figures. Ten millimolar
stock solutions were prepared in the appropriate vehicle [100%
methanol (capsazepine), DMSO (4αPDD), ethanol (capsaicin) or
ultrapure water (ruthenium red)]. The final solvent concentration
did not exceed 0.2% and controls contained an equivalent
amount of vehicle. At the end of the 6 h, the culture media were
collected and frozen at −20◦C until melatonin quantification.
All experiments were run in duplicate, the data are presented as
the mean± SEM.

Melatonin Quantification
The concentration of melatonin released in the culture medium
was determined by High Performance Liquid Chromatography
(HPLC) using either (1) a 100 × 4.6 mm C8 reversed-
phase analytic column (Waters Spherisorb; Milford, MA) with
particles size of 3 µm and an Agilent fluorescence detector
(1,100 series; Santa Clara, CA, United States) or (2) a
125 × 4.6 mm C18(2) reversed phase analytic column (Luna,
Phenomenex; Le Pecq, France), with particles size of 5 µm
and a DionexTM ULTIMATETM 3100 fluorescence detector
(Thermo ScientifiqueTM; Villebon-sur-Yvette, France). Two to
ten microliter of each sample were directly injected in the HPLC
system. The excitation and emission wavelengths were 280 and
340 nm, respectively; the column temperature was maintained at
30◦C; the mobile phase consisted of 0.1 M Na2HPO4 containing
10% (protocol 1) or 20% (protocol 2) acetonitrile; pH was
adjusted to 6.5 with orthophosphoric acid. The mobile phase
flow was 1 ml/min (protocol 1) or 1.5 ml/min (protocol 2), and
the retention times of melatonin standards and samples were of
∼31 min (protocol 1) and ∼7 min (protocol 2). Standard curves
were prepared after diluting a stock melatonin solution (10 mM;
prepared in 100% methanol) in HPLC- grade water.

Statistics and Graphics
The analysis included one- or two-way ANOVA followed by the
Holm-Sidak or Sidak post hoc tests depending on the dataset.
Individual means were compared using the Two-tailed Student’s
t-test. Drawings and statistics were performed using the Prism.v6
(GraphPadTM Software Inc., San Diego, CA).

Compounds and Chemicals
3−aminopropyltriethoxysilane, 4-α-Phorbol 12,13-didecanoate
(4αPDD), capsaicin, capsazepine, EDTA, eugenol, fungizone
(Amphotericin B), L-glutamine-penicillin, paraplast

R©

,
3−aminopropyltriethoxysilane, streptomycin solution,
ruthenium red, and RPMI culture medium were from Sigma-
Aldrich (Saint-Quentin Fallavier, France). Melatonin standard
was from Acros OrganicsTM (Fisher Scientifics, Villebon-
sur-Yvette, France). Acetonitrile and hydrogen peroxide
solution-HPLC grade were from Fisher Scientifics (Villebon- sur-
Yvette, France). RNA later was from Life technologies SAS (Saint
Aubin, France). The DIG labeling kit was from Roche Diagnostics
(Meylan, France). The polyclonal rabbit anti-zebrafish antibodies
(anti-TRPV1, Ab68969; anti-TRPV4, Ab69094) were from
Abcam (Cambridge, England). The IHC revelation kit (IHC

Select
R©

HRP/DAB) was from Merck-Millipore (Molsheim,
Alsace, France).

RESULTS

Sequences Analyses
The amino acid sequences corresponding to S. salar TRPV1 and
TRPV4, as well as their alignment with the corresponding TRPV
sequences from other vertebrates, are given in Supplementary
Figures 1–3. The sequences amplified by the primers used in this
study (Table 1) are also highlighted (Supplementary Figure 1).
The couples of primers, chosen for either the qPCR or the ISH,
displayed no significant alignment.

Tissue Distribution of TRPV1 and TRPV4
Channels
TRPV1 and TRPV4 mRNA were ubiquitously distributed
in S. salar brain and peripheral tissues (Figure 1 and
Supplementary Figure 4). However, their relative abundance
varied from one tissue to another (Supplementary Figure 4).
TRPV1 mRNA abundance was particularly high in the kidney,
spleen and blood cells at both months investigated, while TRPV4
mRNA was particularly abundant in the gills (February and July),
adipose fin and heart (February only).

In some tissues, variations in abundance were found between
the February and July samples (Figure 1). TRPV1: abundance
was 2–10-fold higher in July compared to February in the
diencephalon, pituitary, heart, intestine, kidney, gills, and blood
cells. The opposite held true for the optic tectum, spleen and
saccus vasculosus, while no variation was seen in the case of the
pineal organ and the retina. TRPV4: significantly higher amounts
were detected in February vs. July in the retina, saccus vasculosus,
heart, skin (including lateral line), liver, spleen and adipose fin;
conversely, amounts were higher in July in the diencephalon,
cerebellum, pituitary, kidney and blood cells. Again, no change
was detected in the pineal organ.

TRPV1 and TRPV4 in the Pineal Gland
In situ Hybridization
Similar observations were made with either the TRPV1 or the
TRPV4 mRNA anti-sense probes (Figures 2, 3). A labeling was
observed in the cell bodies of the pineal photoreceptors (TRPV1:
Figures 2B,D,F; TRPV4: Figures 3A,B,D). The TRPV1 probe
also labeled cells from the dorsal sac, the tissue adjacent to the
pineal gland (Figures 2B,E), while the TRPV4 probe labeled cells
in the blood vessels (Figures 3C–D). No signal was observed in
the negative controls, hybridized with the sense probes (TRPV1:
Figures 2A,C; TRPV4: not shown).

Immunohistochemistry
TRPV1- and TRPV4-like proteins were identified in the pineal
organ and the dorsal sac using the corresponding antiserum
(Figure 4). A similar pattern was obtained, irrespective of the
antibody used (TRPV1: Figures 4A–C; TRPV4: Figures 4D–
F). The labeling appeared intense at both the apical (pineal
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FIGURE 3 | Localization of TRPV4 mRNA in S. salar pineal complex by in situ hybridization (ISH). The anti-sense probes allowed localization of TRPV4 mRNA in the
pineal photoreceptor cells that are in contact with the pineal lumen (L) and displaying the typical segmented shape (A,C). Some cells appeared more intensely
labeled than others (arrows in B,D). The cells in the blood vessels (bv) were also intensely labeled (C,D). ds, dorsal sac.

lumen) and basal parts of the epithelium. The apical part bathes
in the CSF of the IIIrd ventricle. The basal part is close to
the basal lamina and the blood vessels. Some blood cells also
appeared labeled (Figures 4C,F). More faint brown deposits
were also observed delimiting cells within the pineal epithelium.
The labeling of the dorsal sac was concentrated in the most
apical part of the cells that bath into the CSF of the IIIrd
ventricle (Figures 4C,E,F). No staining was seen in the controls
(Figures 4A,D).

Melatonin Secretion
In the dark, the release of melatonin by cultured pineal organs
was modulated by different concentrations of the TRPV1 agonist,
capsaicin: the very slight decrease observed in the presence
of concentrations ranging from 0.01 to 10 µM capsaicin (not
exceeding ∼10% at 10 µM), was followed by an abrupt (∼60%)
decrease at the higher concentration (100 µM) (Figure 5A).
This response to capsaicin was modified in the presence of the
TRPV1 antagonist capsazepine (1 µM), which had no proper
effect. In the presence of the antagonist, capsaicin became

stimulatory at the low (0.1–1 µM), and inhibitory at the high
(10–100 µM), concentrations used, resulting in a bell-shaped
dose-response (Figure 5A).

The TRPV4 channel agonist, 4αPDD, induced a significant
increase in melatonin secretion only at the highest concentrations
used (100 µM; Figure 5B). The addition of 10 µM ruthenium
red, an antagonist at the TRPV4 channel, counteracted this effect.
It was noticeable that by itself ruthenium red tended to increase
basal melatonin release in the dark, although this effect did not
appear statistically significant.

TRPV1 and TRPV4 in the Retina
Immuno-detected TRPV1 and TRPV4 proteins of the Atlantic
salmon were found in all cell layers of the retina (Figure 6), while
no staining was seen in the controls (Figure 6A).

TRPV1
The intensity of the labeling was weak. The immunoreactivity was
observed at the levels of the outer nuclear layer (ONL), outer
limiting membrane and inner segments of the photoreceptors
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FIGURE 4 | Immunohistochemical (IHC) detection and localization of TRPV1- and TRPV4-like compounds in the pineal complex of S. salar. Sections were treated as
indicated in “Materials and Methods” section. No labeling is seen in the control sections (A), TRPV1; (D), TRPV4 when the primary anti-body is omitted. Both the
anti-TRPV1 (B,E) and anti-TRPV4 (C,F) treated sections displayed a similar labeling pattern. In the pineal organ (po) the brown deposits are seen in the most apical
and basal parts that border, respectively, the pineal lumen (L), and the basal lamina (bl) and blood vessels (bv). The dorsal sac (ds) cells are also labeled in their apical
part, bordering the IIIrd ventricle.

(Figures 6B,C). Some cells appeared more intensely labeled than
others. A few vertical prolongations of unknown origin marked
the whole height of the retinal epithelium from the basal part of
the ONL down to the upper part of the ganglion cells layer (GCL)
(Figures 6B,E); this let us think they corresponded to Müller
cells. An area in the basal part of the inner plexiform layer (IPL)
concentrated some labeling (Figure 6E). In the GCL, some cells
also exhibited some faint labeling at their periphery (Figure 6F).

TRPV4
The staining was seen in the ONL, with some cell bodies
appearing more intensively marked than others (Figures 6G,H).
At a high magnification, the brown deposits were seen
marking the membrane of the photoreceptors’ inner segments
(Figure 6D). A strong labeling was also seen in the upper
part of the INL, possibly where the horizontal cells are located
(Figures 6G,H), while some scattered cells were also labeled
deeper in the INL (Figure 6H). Finally, an intense staining was
observed in the cell bodies and axons of the GCL (Figures 6G,I).

DISCUSSION

The current investigation adds to the relatively few and scattered
investigations on TRPV channels in fish, and extends to the
Atlantic salmon previous investigations on the localization and

role of TRPV1 and TRPV4 in the photosensitive pineal organ of
the rainbow trout.

TRPV1 and TRPV4 Exhibit a Widespread
Distribution
Together with the previous studies [trout O. mykiss TRPV1 and
TRPV4 (Nisembaum et al., 2015); chum salmon Oncorhynchus
keta TRPV4 (Lee et al., 2021); tilapia Oreochromis mossambicus
TRPV4 (Watanabe et al., 2012); half-smooth tongue sole
Cynoglossus semilaevis TRPV4 (Shang et al., 2020); sea bass
Dicentrarchus labrax (Bossus et al., 2011); zebrafish Danio rerio
(Gau et al., 2013)], this study provides evidence that TRPV1
and TRPV4 are widely distributed in nervous and non-nervous
tissues of fish. The experiments conducted here in S. salar at
the months of February and July suggest variations in mRNA
abundance may exist from a month to another in some tissues,
as indicated by studies in the rainbow trout (Nisembaum
et al., 2015). These differences might result from seasonal
variations related to environmental changes (photoperiod and/or
temperature) and/or developmental differences (fish studied
here were developing yearlings) and/or smoltification (the fish
were smolts in February and had achieved smoltification in
July). More experimentation is needed to elucidate this point.
These observations and the possible existence of differences
among species or experimental procedures, make difficult any
comparison concerning the levels of abundance. For example, a
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FIGURE 5 | Impact of TRPV1 and TRPV4 analogs on S. salar pineal melatonin secretion in vitro. The pineal organs were cultured as indicated in “Materials and
Methods” section. (A) The organs were challenged with increasing concentrations of capsaicin (TRPV1 agonists), in the absence (continuous line) or presence of 1
µM capsazepine (TRPV1 antagonist; interrupted line). (B) The organs were challenged with increasing concentrations of 4αPDD (TRPV4 agonist) in the absence
(continuous line) or presence of 10 µM ruthenium red (TRPV4 antagonist; interrupted line). The 100% value corresponds to the melatonin concentration measured in
the presence of vehicle only. Mean ± SEM of two independent experiments performed in April and October (A), and May and October (B), n = 16. The 2-way
ANOVA indicated: (A) a significant effect of capsaicin (P < 0.00001), of the antagonist (P = 0.0015) and of their interaction (P = 0.023); (B) a significant effect of
4αPDD (P < 0.0001), no effect of the antagonist (P = 0.27) and an effect of their interaction (P = 0.013). Post hoc test compares means measured in the absence or
presence of the antagonist: *P < 0.01, **P < 0.001, ***P < 0.0001, ****P < 0.00001.

previous in situ hybridization study in S. salar allowed detection
of TRPV1 and TRPV4 transcripts only in the telencephalon and
optic lobes (Boltana et al., 2018), which contrasts with the present
data showing expression in all brain areas, including the pineal
gland, retina, pituitary gland, saccus vasculosus, telencephalon,
diencephalon, optic tectum and cerebellum.

The variety of tissues expressing the TRPV channels is most
probably related to the fact that these channels are multimodal
effectors sensitive to a large number of stimuli including
temperature (Patapoutian et al., 2003; Dhaka et al., 2006; Cohen
and Moiseenkova-Bell, 2014; Li et al., 2020), ionic balance
(Bossus et al., 2011; Seale et al., 2012), pressure and stretching
(Liedtke and Kim, 2005; Watanabe et al., 2012; Startek et al.,
2019), pH, ligands and ions [Ca2+, Mg2+] (Vriens et al., 2009),
H202, lipids and lipid derived metabolites (arachidonic acid,
anandamide, N-arachidonoyldopamine, lipoxygenase) (Leonelli
et al., 2011; Zheng, 2013; Raboune et al., 2014; Cordero-Morales
and Vasquez, 2018). It is beyond the scope of this study to discuss
in depth the presence and role of TRPV1 and TRPV4 channels
in the different tissues of S. salar. As detailed below, the main
focus was S. salar pineal and, because the pineal gland and
the retina are two homologous organs, derived from the same
diencephalic origin (O’Brien and Klein, 1986), we also ran some
parallel experiments in the retina.

TRPV1 and TRPV4 in the Pineal Area
In the pineal epithelium both, TRPV1 and TRPV4 transcripts,
were detected only in the photoreceptor cells. The photoreceptors
were identified by (i) their position in the upper part of the pineal
epithelium, bordering the lumen of the organ, in which their
apical part protrudes (i.e., they are in direct contact with the CSF)
and (ii) their shape and segmented organization. These results
are comparable to those previously obtained in the pineal gland
of O. mykiss (Nisembaum et al., 2015). In the Atlantic salmon,
the IHC detection of the corresponding proteins suggested a
localization in membranes rather than the cytosol, with the
channels concentrating in the apical part of the photoreceptor
cells, which bathes into the CSF. The position of the faint IHC
labeling also seen within the epithelium suggests they might
correspond to neuropil areas. These areas contain photoreceptor
endings making synaptic contacts with the pineal second-order
neurons. In this regard, it is interesting that an ISH study in the
rat showed that TRPV1 was associated with the synaptic ribbons
of the pinealocytes (Reuss et al., 2010).

In vitro studies have shown that in both, the rat and the
trout pineal organs in culture, the production of melatonin
was modulated by the TRPV1 agonist capsaicin, and the
effects were antagonized by the TRPV1 antagonist capsazepine
(Reuss et al., 2010; Nisembaum et al., 2015). Here we show that
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FIGURE 6 | Immunohistochemical (IHC) localization of TRPV1 and TRPV4 in S. salar retina. (A) Negative control, with no primary anti-body (D,G,H,I) Primary
anti-body against TRPV4. TRPV1 (B,C,E,F). A weak immunoreactivity was observed at the levels of the outer nuclear layer (ONL), outer limiting membrane (double
headed arrow in C), and inner segments (is) of the photoreceptors (B,C). Some cells appeared more intensely labeled than others. A few vertical prolongations,
probably corresponding to glial Müller cells, marked the whole height of the retinal epithelium from the basal part of the ONL down to the upper part of the ganglion
cells layer (GCL) (B,E). An area in the basal part of the inner plexiform layer (IPL) concentrated some labeling (E). GCL cells also displayed some faint labeling in their
periphery (F). TRPV4 (D,G–I) A staining was seen in the ONL, with some cell bodies appearing more intensively marked than others (G,H). At a high magnification
the brown deposits were seen marking the membrane of the photoreceptors inner segments (is; D). A strong labeling was also seen in the upper part of the Inner
nuclear layer (INL), possibly where the horizontal cells are (G,H), while some scattered cells were also labeled deeper in the INL (H). An intense staining was also
observed in the cell bodies and axons of the GCL (G,I). IPL, Inner plexiform layer; OPL, Outer plexiform layer; RPE, Retinal pigment epithelium.

melatonin secretion is also modulated by TRPV1 analogs in
the Atlantic salmon. The modulation of melatonin production
by TRPV1 appears thus as an ancestral character. Of interest
is the observation that capsaicin had similar dose-dependent
bell-shaped effects in trout and salmon pineal glands; and, in
both cases the optimal effect was obtained at the micromolar
concentration of the agonist; but in S. salar the effects of the
agonist were observed only in the presence of the antagonist.
Another similarity between trout and salmon lies in their
response to TRPV4 analogs. In both cases 4αPPD had no
effect on melatonin secretion [except in the Atlantic salmon
at the highest (0.1 mM) concentration used]; but, in the
presence of the antagonist ruthenium red, 4αPPD induced a
similar U-shaped dose-response curve in both rainbow trout
and Atlantic salmon (statistically significant in the Atlantic
salmon only). The complexity of the responses to the TRPV
agonists and antagonists has been discussed in the rainbow trout
study (Nisembaum et al., 2015). Altogether, we conclude that
TRPV1 and TRPV4 contribute to modulate in vitro melatonin
secretion in a similar manner in the rainbow trout and Atlantic
salmon pineal organs.

The question raises to know what triggers TRPV opening and
closure. We believe that temperature is one possible candidate

because: (i) the in vitro pharmacological responses to the TRPV
analogs in the trout and salmon pineal glands were quite
similar, and it is known that at least capsaicin mimics the effect
of elevated temperature in TRPV1 channel, (ii) in the trout
the effects of the TRPV1 and TRPV4 antagonists depended
on temperature (∼16◦C for TRPV1 and ∼8◦C for TRPV4)
(Nisembaum et al., 2015), and (iii) the TRPV1 and TRPV4
sequences from both fish displayed high identity (97% for TRPV1
and 98% for TRPV4). This would agree with previous observation
indicating that (i) the fish pineal gland and melatonin are
involved in behavioral thermoregulation (Kavaliers and Ralph,
1980; Ekström and Meissl, 1997), as is also the case in lizards
(other ectotherms; Ralph et al., 1979a,b; Skinner, 1991), and
(ii) temperature modulates both the hormonal and nervous
pineal outputs (Zachmann et al., 1992; Tabata and Meissl,
1993; Tabata et al., 1993; Thibault et al., 1993; Falcón et al.,
2007). Altogether it is reasonable to believe that the TRPV1
and TRPV4 channels of the Atlantic salmon pineal gland are
thermo-receptors. Other functions are, however, not excluded, in
keeping with the observation that TRPV channels are multimodal
channels as commented above. Indeed, the observation that most
of the ISH detected TRPV channels were located in the apical
part of the photoreceptors, bathing into the CSF, in the Atlantic
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salmon pineal gland would agree with pioneer studies suggesting
the pineal organ of ectotherms is involved in the regulation of
pressure or composition of the CSF (Kelly and Vandekamer,
1960). This is particularly relevant in the Atlantic salmon, a
migratory species, in which the life cycle involves adaptation
to waters of different salinities, and migration start is triggered
by changes in both photoperiod and temperature. In line with
this, we found TRPV1 and TRPV4 channels in the apex of
saccus dorsalis cells, which plays a major role in the production
and regulation of the CSF in trout (Jansen et al., 1976a,b). The
saccus dorsalis is apparently an analog of the choroid plexus
(absent in trout) and is involved in a number of functions
including fluid secretion, catabolism and extrusion of organic
substances (monoamines, GABA) into the ventricular system,
and uptake of organic substances from the CSF. It is interesting
that the pineal gland and the saccus dorsalis of ectotherms, both
receive innervation from arginine vasotocin fibers originating
from the preoptic area (Vandendungen et al., 1982; Ramallo et al.,
2012). Arginine vasotocin is a regulator of water balance and
osmotic homoeostasis.

TRPV1 and TRPV4 in the Retina
The cellular localization of TRPV1 and TRPV4 in the retina
of S. salar was performed using IHC only (preliminary
investigations using ISH indicated both, ISH and IHC, provided
similar results; data not shown). We felt interesting to investigate
the localization of TRPV1 and TRPV4 in the salmon retina
for several reasons: (i) the fish pineal organ and retina are
two homologous organs, (ii) previous studies indicated that
TRPV channels are present in the vertebrates’ retina (Gao et al.,
2019; Toft-Bertelsen et al., 2019; Bouskila et al., 2020) but
(iii) data on fish remain scarce and concern the retina of 3
species only, namely D. rerio (Zimov and Yazulla, 2004; Amato
et al., 2012; Sanchez-Ramos et al., 2012), C. auratus (Zimov and
Yazulla, 2004), and O. mykiss (Nisembaum et al., 2015). Major
differences between the pineal organ and the retina lie in the
facts that the former contains only cones and does not possess
a complex network of interneurons between the photoreceptors
and ganglion cells. Also, the pineal is an “open organ,” while the
retina is a “closed organ,” in other words, at their apical parts,
the inner and outer segments of the photoreceptors bath into
the CSF in the pineal gland, while those of the retina are nested
into the extensions of the retinal pigment epithelial cells; at their
basal part, the pineal organ is opened to the blood circulation,
being directly surrounded by vessels, while the retina bathes into
the vitreous humor.

In a general manner, Atlantic salmon TRPV1- and TRPV4-
like proteins distributed as described in other vertebrate species
[fish: (Sanchez-Ramos et al., 2012; Nisembaum et al., 2015);
mouse: (Ryskamp et al., 2011; Lakk et al., 2018); Monkeys and
human: (Gau et al., 2013; Sappington et al., 2015)]. Most of
the studies dealing with TRPV1 and TRPV4 in the vertebrates’
retina indicate a role in detecting variations in temperature,
osmotic pressure, mechanical, volume and hydrostatic changes
(linked to systemic changes in blood pressure, hydrostatic
pressure from the CSF and intrinsic intraocular pressure), as
well as in mediating the response to chemicals (lipids and

endocannabinoids) (Alessandri-Haber et al., 2006; Ryskamp
et al., 2011, 2014; Ye et al., 2012; Sappington et al., 2015;
Toft-Bertelsen et al., 2019; Pang et al., 2021; Redmon et al.,
2021). In the Atlantic salmon retina, TRPV1 and TRPV4 were
expressed in some, but not all, photoreceptors, highlighting a
heterogeneity among the photoreceptor cell types; this contrasts
with the situation observed in the pineal gland of this same
species, or the retina of the rainbow trout, in which all
the ONL appeared to express TRPV1 and TRPV4. These
differences observed from a study to another might be due
to either species-specific requirements or to differences in the
experimental protocols (e.g., time of day or season) and technical
approaches (e.g., ICC vs. ISH), not mentioning that TRPV
mRNA expression may change from eye to eye, as reported to
occur for TRPV1 in mice (Sappington et al., 2015). Whether
these channels contribute to controlling melatonin production
by the retinal photoreceptors, as is the case for their pineal
analogs, remains an open question. It is also possible that they
contribute to modulate neural transmission to bipolar cells,
as they have been localized associated to the photoreceptor
synaptic ribbons in D. rerio and C. auratus (Zimov and Yazulla,
2004), and to mediate synaptic transmission in rod bipolar cells
in mice (Shen et al., 2009). Another interesting possibility is
that TRPV channels contribute to controlling the temperature
driven shifts between rhodopsin and porphyropsin observed
in various fish species (including salmonids) and which affects
nocturnal spectral sensitivity (Cristy, 1976; Saszik and Bilotta,
1999; Flamarique, 2005).

CONCLUSION

In fish, the pineal organ is part of the thermo-receptive circuitry
together with other key temperature-sensitive neurons located
in the brain, spinal cord and lateral line (Rubin, 1934; Greer
and Gardiner, 1970, 1974; Iriki et al., 1976; Nagai et al., 1977;
Haesemeyer, 2020). The present study in the Atlantic salmon
brings novel information concerning the distribution of the
thermo-sensitive TRPV1 and TRPV4 channels, particularly in the
photosensitive pineal gland and retina. We extend to S. salar data
obtained in another salmonid, O. mykiss: i.e., the channels are
specifically expressed in the cone photoreceptors of the fish pineal
gland, where they contribute to controlling the nocturnal rise
in melatonin secretion, the hormonal time-keeper in vertebrates
(Nisembaum et al., 2015). In the rainbow trout, TRPV1 activation
is temperature dependent. Given the similarities in the in vitro
impacts of TRPV analogs on melatonin production by rainbow
trout and Atlantic salmon pineal glands, it is reasonable to
believe that TRPV channels also respond to temperature in
S. salar pineal gland, supporting previous conclusions that
the pineal photoreceptor is a “photo-thermo-receptor” (Falcón
et al., 2007; Nisembaum et al., 2015). Light, through controlling
the VGCC (Falcón et al., 2007), and temperature through the
TRPV1 and TRPV4 channels, both appear to modulate melatonin
secretion via the control of Ca2+ entry within the photoreceptor
cells (see discussion in Nisembaum et al., 2015). A similar
pathway might also be controlling the release of the excitatory

Frontiers in Physiology | www.frontiersin.org 11 January 2022 | Volume 12 | Article 784416

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-784416 January 3, 2022 Time: 12:56 # 12

Nisembaum et al. Atlantic Salmon TRPV1/TRPV4 Channels

neurotransmitter at the synaptic junction between photoreceptor
cells and ganglion cells, as the electrical activity of the latter is
also light- and temperature-dependent (Tabata and Meissl, 1993;
Tabata et al., 1993). Future functional studies in the pineal gland
of fish should shed light on the exact role played by TRPV1
and TRPV4 channels as thermo-sensors, but also as volume and
osmotic sensors.

In the context of the ongoing global changes, more
investigations are urgently needed to further elucidate the
roles of TRPV in the pineal and retinal physiology of the
Atlantic salmon, and more generally to elucidate how the fish
senses temperature. Indeed, the salmon of the Loire/Allier basin
is an endangered species, which like other Atlantic salmon
populations, is experiencing a continuous decline since the early
twentieth century, due to the impact of a series of factors
including a rise in temperature (Thibault, 1994; Parrish et al.,
1998; Limburg and Waldman, 2009; Zhang, 2017). In the past
three decades the waters of the Loire/Allier increased by ∼2◦C
(Gosse et al., 2008; Marschall et al., 2011; Martin et al., 2012) and
another + 4◦C increase is predicted for the end of this century
(Moatar et al., 2010). Unraveling the mechanisms of thermo-
reception and thermo-regulation in fish becomes crucial in order
to anticipate the impacts of the current temperature changes.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by “Ethics
Committee for Animal Experiment of Languedoc-Roussillon
(C2EA-LR/C2EA-36)” N◦ A6601601, and the European Union
regulations (European directive 2010/63/EU).

AUTHOR CONTRIBUTIONS

LGN: performed experiments (HPLC, ISH, IHC, organ
culture, qPCR), supervision of students, data analysis, and
manuscript writing. GL and TL’H: performed experiments and
manuscript reading. PM: experimental design, infrastructures
and personnel supervision, performed experiments, and
manuscript reading. MF: technical assistance (sampling).
C-HP: technical assistance (organ culture, ISH, IHC). KE:
technical assistance (HPLC). MJD: funding, supervision of
post-doc, and manuscript reading. LB: performed experiments
(ISH, IHC), supervision of students, and manuscript
reading. JF: funding, experimental design, data analysis,
writing, supervision of students, and performed experiments.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the French National Research
Agency (ANR; contract ANR-12-ADAP-0021).

ACKNOWLEDGMENTS

We express our thank to the Bio2Mar platform (http://bio2mar.
obs-banyuls.fr) for providing technical help and support, as well
as to the Master student Alexandre Bantz for his help with the
qPCR quantifications.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.784416/full#supplementary-material

REFERENCES
Alessandri-Haber, N., Dina, O. A., Joseph, E. K., Reichling, D., and Levine,

J. D. (2006). A transient receptor potential vanilloid 4-dependent mechanism
of hyperalgesia is engaged by concerted action of inflammatory mediators.
J. Neurosci. 26, 3864–3874. doi: 10.1523/JNEUROSCI.5385-05.2006

Amato, V., Vina, E., Calavia, M. G., Guerrera, M. C., Laura, R., Navarro, M., et al.
(2012). TRPV4 in the sensory organs of adult zebrafish. Microbiol. Res. Tech. 75,
89–96. doi: 10.1002/jemt.21029

Angilletta, M. J., Niewiarowski, P. H., and Navas, C. A. (2002). The evolution of
thermal physiology in ectotherms. J. Thermal Biol. 27, 249–268. doi: 10.1111/
jeb.13777

Bégay, V., Falcón, J., Thibault, C., Ravault, J. P., and Collin, J. P. (1992). Pineal
photoreceptor cells: photoperiodic control of melatonin production after cell
dissociation and culture. J. Neuroendocrinol. 4, 337–345. doi: 10.1111/j.1365-
2826.1992.tb00177.x

Benyassi, A., Schwartz, C., Coon, S. L., Klein, D. C., and Falcón, J. (2000). Melatonin
synthesis: arylalkylamine N-acetyltransferases in trout retina and pineal organ
are different. Neuroreport 11, 255–258. doi: 10.1097/00001756-200002070-
00006

Besseau, L., Benyassi, A., Moller, M., Coon, S. L., Weller, J. L., Boeuf,
G., et al. (2006). Melatonin pathway: breaking the ’high-at-night’ rule
in trout retina. Exp. Eye Res. 82, 620–627. doi: 10.1016/j.exer.2005.
08.025

Boltana, S., Sanhueza, N., Donoso, A., Aguilar, A., Crespo, D., Vergara, D.,
et al. (2018). The expression of TRPV channels, prostaglandin E2 and pro-
inflammatory cytokines during behavioural fever in fish. Brain Behav. Immun.
71, 169–181. doi: 10.1016/j.bbi.2018.03.023

Bossus, M., Charmantier, G., and Lorin-Nebel, C. (2011). Transient receptor
potential vanilloid 4 in the European sea bass Dicentrarchus labrax: a candidate
protein for osmosensing. Comp. Biochem. Physiol. A. 160, 43–51. doi: 10.1016/
j.cbpa.2011.04.014

Bouskila, J., Micaelo-Fernandes, C., Palmour, R. M., Bouchard, J. F., and Ptito,
M. (2020). Transient receptor potential vanilloid type 1 is expressed in the
horizontal pathway of the vervet monkey retina. Sci. Rep. 10:10.

Cazaméa-Catalan, D., Besseau, L., Falcón, J., and Magnanou, E. (2014). The timing
of timezyme diversification in vertebrates. PLoS One 9:e0112380. doi: 10.1371/
journal.pone.0112380

Cazaméa-Catalan, D., Magnanou, E., Helland, R., Besseau, L., Boeuf, G., Falcón,
J., et al. (2013). Unique arylalkylamine N-acetyltransferase-2 polymorphism in

Frontiers in Physiology | www.frontiersin.org 12 January 2022 | Volume 12 | Article 784416

http://bio2mar.obs-banyuls.fr
http://bio2mar.obs-banyuls.fr
https://www.frontiersin.org/articles/10.3389/fphys.2021.784416/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2021.784416/full#supplementary-material
https://doi.org/10.1523/JNEUROSCI.5385-05.2006
https://doi.org/10.1002/jemt.21029
https://doi.org/10.1111/jeb.13777
https://doi.org/10.1111/jeb.13777
https://doi.org/10.1111/j.1365-2826.1992.tb00177.x
https://doi.org/10.1111/j.1365-2826.1992.tb00177.x
https://doi.org/10.1097/00001756-200002070-00006
https://doi.org/10.1097/00001756-200002070-00006
https://doi.org/10.1016/j.exer.2005.08.025
https://doi.org/10.1016/j.exer.2005.08.025
https://doi.org/10.1016/j.bbi.2018.03.023
https://doi.org/10.1016/j.cbpa.2011.04.014
https://doi.org/10.1016/j.cbpa.2011.04.014
https://doi.org/10.1371/journal.pone.0112380
https://doi.org/10.1371/journal.pone.0112380
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-784416 January 3, 2022 Time: 12:56 # 13

Nisembaum et al. Atlantic Salmon TRPV1/TRPV4 Channels

salmonids and profound variations in thermal stability and catalytic efficiency
conferred by two residues. J. Exp. Biol. 216, 1938–1948. doi: 10.1242/jeb.080960

Cazaméa-Catalan, D., Magnanou, E., Helland, R., Vanegas, G., Besseau, L.,
Boeuf, G., et al. (2012). Functional diversity of teleost arylalkylamine
N-acetyltransferase-2: is the timezyme evolution driven by habitat
temperature? Mol. Ecol. 21, 5027–5041. doi: 10.1111/j.1365-294X.2012.
05725.x

Chadwick, J. G. Jr., Nislow, K. H., and Mccormick, S. D. (2015). Thermal onset
of cellular and endocrine stress responses correspond to ecological limits in
brook trout, an iconic cold-water fish. Conserv. Physiol. 3:cov017. doi: 10.1093/
conphys/cov017

Cohen, M. R., and Moiseenkova-Bell, V. Y. (2014). “Structure of thermally
activated TRP channels,” in Thermal Sensors eds L. D. Islas and F. Qin, 181–211.

Cordero-Morales, J. F., and Vasquez, V. (2018). How lipids contribute to ion
channel function, a fat perspective on direct and indirect interactions. Curr.
Opin. Struct. Biol. 51, 92–98. doi: 10.1016/j.sbi.2018.03.015

Cristy, M. (1976). Effects of temperature and light intensity on the visual pigments
of rainbow trout. Vis. Res. 16, 1225–1228. doi: 10.1016/0042-6989(76)90045-6

Dhaka, A., Viswanath, V., and Patapoutian, A. (2006). TRP ion channels and
temperature sensation. Annu. Rev. Neurosci. 29, 135–161. doi: 10.1146/annurev.
neuro.29.051605.112958

Ekström, P., and Meissl, H. (1997). The pineal organ of teleost fishes. Rev. Fish Biol.
Fish. 7, 199–284.

Falcón, J. (1999). Cellular circadian clocks in the pineal. Prog. Neurobiol. 58,
121–162. doi: 10.1016/s0301-0082(98)00078-1

Falcón, J., Besseau, L., and Boeuf, G. (2007). “Molecular and cellular regulation of
pineal organ responses,” in Sensory Systems Neuroscience - Fish Physiology, eds
T. Hara and B. Zielinski (Amsterdam: Elsevier), 243–306. doi: 10.1016/s1546-
5098(06)25006-4

Falcón, J., Bolliet, V., and Collin, J. P. (1996). Partial characterization of serotonin
N-acetyltransferases from northern pike (Esox lucius, L) pineal organ and
retina: effects of temperature. Pflugers Arch. Eur. J. Physiol. 432, 386–393. doi:
10.1007/s004240050149

Falcón, J., and Zohar, Y. (2018). “Photoperiodism in Fish,” in Encyclopedia of
Reproduction, Second Edn, ed. M. K. Skinner (Amsterdam: Elsevier Inc),
400–408. doi: 10.1016/b978-0-12-809633-8.20584-0

Flamarique, I. N. (2005). Temporal shifts in visual pigment absorbance in the retina
of Pacific salmon. J. Comp. Physiol. A 191, 37–49. doi: 10.1007/s00359-004-
0573-9

Gao, F., Yang, Z., Jacoby, R. A., Wu, S. M., and Pang, J. J. (2019). The expression
and function of TRPV4 channels in primate retinal ganglion cells and bipolar
cells. Cell Death Dis. 10:364. doi: 10.1038/s41419-019-1576-3

Gau, P., Poon, J., Ufret-Vincenty, C., Snelson, C. D., Gordon, S. E., Raible, D. W.,
et al. (2013). The zebrafish ortholog of TRPV1 isrequired for heat-induced
locomotion. J. Neurosci. 33, 5249–5260. doi: 10.1523/JNEUROSCI.5403-12.
2013

Gosse, P., Gailhard, J., and Hendrickx, F. (2008). Analyse de la température de la
Loire moyenne en été sur la période 1949 à 2003. Hydroécol. Appl. 16, 233–274.

Greer, G. L., and Gardiner, D. R. (1970). Temperature sensitive neurons in the
brain of brook trout. Science 169, 1220–1222. doi: 10.1126/science.169.3951.
1220

Greer, G. L., and Gardiner, D. R. (1974). Characterization of responses from
temperature-sensitive units in trout brain. Comp. Biochem. Physiol. 48, 189–203.

Haesemeyer, M. (2020). Thermoregulation in fish. Mol. Cell. Endocrinol.
518:110986. doi: 10.1016/j.mce.2020.110986

Ibarz, A., Martin-Pérez, M., Blasco, J., Bellido, D., De Oliveira, E., and Fernandez-
Borràs, J. (2010). Gilthead sea bream liver proteome altered at low temperatures
by oxidative stress. Proteomics 10, 963–975. doi: 10.1002/pmic.200900528

Iriki, M., Murata, S., Nagai, M., and Tsuchiya, K. (1976). Effects of thermal
stimulation to spinal-cord on heart-rate in cyprinid fishes. Comp. Biochem.
Physiol. A 53, 61–63. doi: 10.1016/s0300-9629(76)80011-4

Jansen, W. F., Vanloveren, H., Woutersen, R. A., and Deweger, R. A. (1976a).
Enzyme-cytochemistry of saccus dorsalis of rainbow-trout, Salmo gairdneri
Richardson. Histochemistry 48, 293–306. doi: 10.1007/BF00499246

Jansen, W. F., Weger, R. A. D., Woutersen, R. A., Vanloveren, H., and Vandekamer,
J. C. (1976b). Saccus dorsalis of rainbow-trout, Salmo gairdneri richardson
- histological, cytochemical, electron microscopical and autoradiographical
observations. Cell Tissue Res. 167, 467–491. doi: 10.1007/BF00215179

Kavaliers, M., and Ralph, C. L. (1980). Pineal involvement in the control of
behavioral thermoregulation of the white sucker, Catostomus commersoni.
J. Exp. Zool. 212, 301–303.

Kelly, D. E., and Vandekamer, J. C. (1960). Cytological and histochemical
investigations on the pineal organ of the adult frog (Rana esculenta).
Zeit. Zellforsch. Mikrosk. Anat. 52, 618–639. doi: 10.1007/BF0033
9850

Lakk, M., Young, D., Baumann, J. M., Jo, A. O., Hu, H. Z., and Krizaj, D. (2018).
Polymodal TRPV1 and TRPV4 sensors colocalize but do not functionally
interact in a subpopulation of mouse retinal ganglion cells. Front. Cell. Neurosci.
12:353. doi: 10.3389/fncel.2018.00353

Lee, H. J., Lee, S. Y., and Kim, Y. K. (2021). Molecular characterization of transient
receptor potential vanilloid 4 (TRPV4) gene transcript variant mRNA of chum
salmon Oncorhynchus keta in response to salinity or temperature changes. Gene
795:145779. doi: 10.1016/j.gene.2021.145779

Leonelli, M., Graciano, M. F. R., and Britto, L. R. G. (2011). TRP channels, omega-3
fatty acids, and oxidative stress in neurodegeneration: from the cell membrane
to intracellular cross-links. Brazilian J. Med. Biol. Res. 44, 1088–1096. doi:
10.1590/s0100-879x2011007500124

Leong, J. S., Jantzen, S. G., Von Schalburg, K. R., Cooper, G. A., Messmer,
A. M., Liao, N. Y., et al. (2010). Salmo salar and Esox lucius full-
length cDNA sequences reveal changes in evolutionary pressures on a
post-tetraploidization genome. BMC Genom. 11:279. doi: 10.1186/1471-2164-
11-279

Li, T., Li, J. W., Pang, C. L., An, H. L., Geng, Y. Z., and Wang, J. Q. (2020).
Oscillation of S5 helix under different temperatures in determination of the
open probability of TRPV1 channel. Chinese Phys. B 29:aba600. doi: 10.1088/
1674-1056/aba600

Liedtke, W., and Kim, C. (2005). Functionality of the TRPV subfamily of TRP ion
channels: add mechano-TRP and osmo-TRP to the lexicon! Cell. Mol. Life Sci.
62, 2985–3001. doi: 10.1007/s00018-005-5181-5

Limburg, K. E., and Waldman, J. R. (2009). Dramatic declines in North Atlantic
diadromous fishes. BioScience 59, 955–965. doi: 10.1525/bio.2009.59.11.7

Little, A. G., Kunisue, T., Kannan, K., and Seebacher, F. (2013). Thyroid hormone
actions are temperature-specific and regulate thermal acclimation in zebrafish
(Danio rerio). BMC Biol. 11:26. doi: 10.1186/1741-7007-11-26

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods
25, 402–408. doi: 10.1006/meth.2001.1262

Marschall, E. A., Mather, M. E., Parrish, D. L., Allison, G. W., and Mcmenemy,
J. R. (2011). Migration delays caused by anthropogenic barriers: modeling
dams, temperature, and success of migrating salmon smolts. Ecol. Appl. 21,
3014–3031. doi: 10.1890/10-0593.1

Martin, P., Rancon, J., Segura, G., Laffont, J., Boeuf, G., and Dufour, S.
(2012). Experimental study of the influence of photoperiod and temperature
on the swimming behaviour of hatchery-reared Atlantic salmon (Salmo
salar L.) smolts. Aquaculture 362, 200–208. doi: 10.1016/j.aquaculture.2011.
11.047

Meissl, H., Nakamura, T., and Thiele, G. (1986). Neural response mechanisms
in the photoreceptive pineal organ of goldfish. Comp. Biochem. Physiol. A 84,
467–473. doi: 10.1016/0300-9629(86)90350-6

Moatar, F., Ducharne, A., Thiéry, D., Bustillo, V., Sauquet, E., and Vidal, J.-P.
(2010). La Loire à l’épreuve du changement climatique. Géosciences 12, 78–87.

Nagai, M., Iriki, M., and Iwata, K. S. (1977). Body color changes induced by spinal
thermal stimulation of crucian carp (Carassius carassius). J. Exp. Biol. 68, 89–97.
doi: 10.1242/jeb.68.1.89

Nisembaum, L. G., Besseau, L., Paulin, C. H., Charpantier, A., Martin, P.,
Magnanou, E., et al. (2015). In the heat of the night: thermo-TRPV channels
in the salmonid pineal photoreceptors and modulation of melatonin secretion.
Endocrinology 156, 4629–4638. doi: 10.1210/en.2015-1684

Nisembaum, L. G., Martin, P., Fuentès, M., Besseau, L., Magnanou, E., Mccormick,
S. D., et al. (2020). Effects of a temperature rise on melatonin and thyroid
hormones during smoltification of Atlantic salmon, Salmo salar. J. Comp.
Physiol. B 190, 731–748. doi: 10.1007/s00360-020-01304-2

O’Brien, P. J., and Klein, D. C. (1986). Pineal and Retinal Relationships. Orlando,
FL: Academic press.

Ospina-Àlvarez, N., and Piferrer, F. (2008). Temperature-dependent sex
determination in fish revisited: prevalence, a single sex ratio response pattern,

Frontiers in Physiology | www.frontiersin.org 13 January 2022 | Volume 12 | Article 784416

https://doi.org/10.1242/jeb.080960
https://doi.org/10.1111/j.1365-294X.2012.05725.x
https://doi.org/10.1111/j.1365-294X.2012.05725.x
https://doi.org/10.1093/conphys/cov017
https://doi.org/10.1093/conphys/cov017
https://doi.org/10.1016/j.sbi.2018.03.015
https://doi.org/10.1016/0042-6989(76)90045-6
https://doi.org/10.1146/annurev.neuro.29.051605.112958
https://doi.org/10.1146/annurev.neuro.29.051605.112958
https://doi.org/10.1016/s0301-0082(98)00078-1
https://doi.org/10.1016/s1546-5098(06)25006-4
https://doi.org/10.1016/s1546-5098(06)25006-4
https://doi.org/10.1007/s004240050149
https://doi.org/10.1007/s004240050149
https://doi.org/10.1016/b978-0-12-809633-8.20584-0
https://doi.org/10.1007/s00359-004-0573-9
https://doi.org/10.1007/s00359-004-0573-9
https://doi.org/10.1038/s41419-019-1576-3
https://doi.org/10.1523/JNEUROSCI.5403-12.2013
https://doi.org/10.1523/JNEUROSCI.5403-12.2013
https://doi.org/10.1126/science.169.3951.1220
https://doi.org/10.1126/science.169.3951.1220
https://doi.org/10.1016/j.mce.2020.110986
https://doi.org/10.1002/pmic.200900528
https://doi.org/10.1016/s0300-9629(76)80011-4
https://doi.org/10.1007/BF00499246
https://doi.org/10.1007/BF00215179
https://doi.org/10.1007/BF00339850
https://doi.org/10.1007/BF00339850
https://doi.org/10.3389/fncel.2018.00353
https://doi.org/10.1016/j.gene.2021.145779
https://doi.org/10.1590/s0100-879x2011007500124
https://doi.org/10.1590/s0100-879x2011007500124
https://doi.org/10.1186/1471-2164-11-279
https://doi.org/10.1186/1471-2164-11-279
https://doi.org/10.1088/1674-1056/aba600
https://doi.org/10.1088/1674-1056/aba600
https://doi.org/10.1007/s00018-005-5181-5
https://doi.org/10.1525/bio.2009.59.11.7
https://doi.org/10.1186/1741-7007-11-26
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1890/10-0593.1
https://doi.org/10.1016/j.aquaculture.2011.11.047
https://doi.org/10.1016/j.aquaculture.2011.11.047
https://doi.org/10.1016/0300-9629(86)90350-6
https://doi.org/10.1242/jeb.68.1.89
https://doi.org/10.1210/en.2015-1684
https://doi.org/10.1007/s00360-020-01304-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-784416 January 3, 2022 Time: 12:56 # 14

Nisembaum et al. Atlantic Salmon TRPV1/TRPV4 Channels

and possible effects of climate change. PLoS One 3:e0002837. doi: 10.1371/
journal.pone.0002837

Pang, J. J., Gao, F., and Wu, S. M. (2021). Generators of pressure-evoked currents
in vertebrate outer retinal neurons. Cells 10:1288. doi: 10.3390/cells10061288

Pankhurst, N. W., and Munday, P. L. (2011). Effects of climate change on fish
reproduction and early life history stages. Mar. Freshw. Res. 62, 1015–1026.
doi: 10.1071/mf10269

Parrish, D. L., Behnke, R. J., Gephard, S. R., Mccormick, S. D., and Reeves, G. H.
(1998). Why aren’t there more Atlantic salmon (Salmo salar)? Can. J. Fish.
Aquat. Sci. 55, 281–287.

Patapoutian, A., Peier, A. M., Story, G. M., and Viswanath, V. (2003). Thermo
TRP channels and beyond: mechanisms of temperature sensation. Nat. Rev.
Neurosci. 4, 529–539. doi: 10.1038/nrn1141

Paulin, C. H., Cazamea-Catalan, D., Zilberman-Peled, B., Herrera-Perez, P.,
Sauzet, S., Magnanou, E., et al. (2015). Subfunctionalization of arylalkylamine
N-acetyltransferases in the sea bass Dicentrarchus labrax: two-ones for one two.
J. Pin. Res. 59, 354–364. doi: 10.1111/jpi.12266

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Quigley, J. T., and Hinch, S. G. (2006). Effects of rapid experimental temperature
increases on acute physiological stress and behaviour of stream dwelling
juvenile chinook salmon. J. Therm. Biol. 31, 429–441. doi: 10.1016/j.jtherbio.
2006.02.003

Raboune, S., Stuart, J. M., Leishman, E., Takacs, S. M., Rhodes, B., Basnet, A.,
et al. (2014). Novel endogenous N-acylamides activate TRPV1-4 receptors, BV-
2 microglia, and are regulated in brain in an acute model of inflammation.
Front. Cell. Neurosci. 8:195. doi: 10.3389/fncel.2014.00195

Ralph, C. L., Firth, B. T., Gern, W. A., and Owens, D. W. (1979a). The pineal
complex and thermoregulation. Biol. Rev. Camb. Philos. Soc. 54, 41–72. doi:
10.1111/j.1469-185x.1979.tb00867.x

Ralph, C. L., Firth, B. T., and Turner, J. S. (1979b). Role of the pineal-body in
ectotherm thermoregulation. Am. Zool. 19, 273–293. doi: 10.1093/icb/19.1.273

Ramallo, M. R., Grober, M., Canepa, M. M., Morandini, L., and Pandolfi, M.
(2012). Arginine-vasotocin expression and participation in reproduction and
social behavior in males of the cichlid fish Cichlasoma dimerus. Gen. Comp.
Endocrinol. 179, 221–231. doi: 10.1016/j.ygcen.2012.08.015

Redmon, S. N., Yarishkin, O., Lakk, M., Jo, A., Mustafic, E., Tvrdik, P., et al. (2021).
TRPV4 channels mediate the mechanoresponse in retinal microglia. Glia 69,
1563–1582. doi: 10.1002/glia.23979

Reuss, S., Disque-Kaiser, U., Binzen, U., Greffrath, W., and Peschke, E. (2010).
’TRPing’ synaptic ribbon function in the rat pineal gland: neuroendocrine
regulation involves the capsaicin receptor TRPV1. Neuroendocrinology 92,
133–142. doi: 10.1159/000289765

Rubin, M. A. (1934). Thermal reception in fishes. J. Gen. Physiol. 18, 643–647.
doi: 10.1085/jgp.18.5.643

Ryskamp, D. A., Jo, A. O., Frye, A. M., Vazquez-Chona, F., Macaulay, N., Thoreson,
W. B., et al. (2014). Swelling and eicosanoid metabolites differentially gate
TRPV4 channels in retinal neurons and glia. J. Neurosci. 34, 15689–15700.
doi: 10.1523/JNEUROSCI.2540-14.2014

Ryskamp, D. A., Witkovsky, P., Barabas, P., Huang, W., Koehler, C., Akimov,
N. P., et al. (2011). The polymodal ion channel transient receptor potential
vanilloid 4 modulates calcium flux, spiking rate, and apoptosis of mouse retinal
ganglion cells. J. Neurosci. 31, 7089–7101. doi: 10.1523/JNEUROSCI.0359-11.
2011

Salin, K., Auer, S. K., Anderson, G. J., Selman, C., and Metcalfe, N. B.
(2016). Inadequate food intake at high temperatures is related to depressed
mitochondrial respiratory capacity. J. Exp. Biol. 219, 1356–1362. doi: 10.1242/
jeb.133025

Sanchez-Ramos, C., Guerrera, M. C., Bonnin-Arias, C., Calavia, M. G., Laura, R.,
Germana, A., et al. (2012). Expression of TRPV4 in the zebrafish retina during
development. Microsc. Res. Tech. 75, 743–748. doi: 10.1002/jemt.21120

Sappington, R. M., Sidorova, T., Ward, N. J., Chakravarthy, R., Ho, K. W., and
Calkins, D. J. (2015). Activation of transient receptor potential vanilloid-1
(TRPV1) influences how retinal ganglion cell neurons respond to pressure-
related stress. Channels 9, 102–113. doi: 10.1080/19336950.2015.1009272

Saszik, S., and Bilotta, J. (1999). The effects of temperature on the dark-adapted
spectral sensitivity function of the adult zebrafish. Vision Res. 39, 1051–1058.
doi: 10.1016/s0042-6989(98)00237-5

Seale, A. P., Watanabe, S., Breves, J. P., Lerner, D. T., Kaneko, T., and Gordon Grau,
E. (2012). Differential regulation of TRPV4 mRNA levels by acclimation salinity
and extracellular osmolality in euryhaline tilapia. Gen. Comp. Endocrinol. 178,
123–130. doi: 10.1016/j.ygcen.2012.04.020

Shang, X. M., Ma, A. J., Wang, X. A., Xia, D. D., and Zhuang, J. (2020). Isolation,
characterization and expression analysis of TRPV4 in half-smooth tongue sole
Cynoglossus semilaevis. J. Oceanol. Limnol. 38, 294–305. doi: 10.1007/s00343-
019-8316-5

Shen, Y., Heimel, J. A., Kamermans, M., Peachey, N. S., Gregg, R. G., and
Nawy, S. (2009). A transient receptor potential-like channel mediates synaptic
transmission in rod bipolar cells. J. Neurosci. 29, 6088–6093. doi: 10.1523/
JNEUROSCI.0132-09.2009

Skinner, D. C. (1991). Effect of intraperitoneal melatonin injections on
thermoregulation in the transvaal girdled lizard, Cordylus vittifer. J. Thermal
Biol. 16, 179–184. doi: 10.1016/0306-4565(91)90041-y

Startek, J. B., Boonen, B., Talavera, K., and Meseguer, V. (2019). TRP channels
as sensors of chemically-induced changes in cell membrane mechanical
properties. Int. J. Mol. Sci. 20:371. doi: 10.3390/ijms20020371

Steinhausen, M. F., Sandblom, E., Eliason, E. J., Verhille, C., and Farrell, A. P.
(2008). The effect of acute temperature increases on the cardiorespiratory
performance of resting and swimming sockeye salmon (Oncorhynchus nerka).
J. Exp. Biol. 211, 3915–3926. doi: 10.1242/jeb.019281

Storey, K. B., and Tanino, K. K. (2012). Temperature Adaptation in a Changing
Climate. Wallingford: CABI Publishing, 1–248.

Tabata, M., and Meissl, H. (1993). Effect of temperature on ganglion-cell
activity in the photoreceptive pineal organ of rainbow-trout Oncorhynchus
mykiss. Comp. Biochem. Physiol. A 105, 449–452. doi: 10.1016/0300-9629(93)
90417-3

Tabata, M., Meissl, H., and Martin, C. (1993). Thermal responses of achromatic
ganglion-cells in the photosensory pineal organ of rainbow-trout Oncorhynchus
mykiss. Comp. Biochem. Physiol. A 105, 453–457. doi: 10.1016/0300-9629(93)
90418-4

Thibault, C., Falcón, J., Greenhouse, S. S., Lowery, C. A., Gern, W. A., and Collin,
J. P. (1993). Regulation of melatonin production by pineal photoreceptor cells
- Role of cyclic-nucleotides in the trout (Oncorhynchus mykiss). J. Neurochem.
61, 332–339. doi: 10.1111/j.1471-4159.1993.tb03572.x

Thibault, M. (1994). Apercu Historique Sur L’evolution Des Captures Et Des Stocks.
Brest: IFREMER.

Toft-Bertelsen, T. L., Yarishkin, O., Redmon, S., Phuong, T. T. T., Krizaj, D.,
and Macaulay, N. (2019). Volume sensing in the transient receptor potential
vanilloid 4 ion channel is cell type-specific and mediated by an N-terminal
volume-sensing domain. J. Biol. Chem. 294, 18421–18434. doi: 10.1074/jbc.
RA119.011187

Vandendungen, H. M., Buijs, R. M., Pool, C. W., and Terlou, M. (1982). The
distribution of vasotocin and isotocin in the brain of the rainbow-trout. J. Comp.
Neurol. 212, 146–157. doi: 10.1002/cne.902120205

Villamizar, N., Ribas, L., Piferrer, F., Vera, L. M., and Sanchez-Vazquez, F. J. (2012).
Impact of daily thermocycles on hatching rhythms, larval performance and sex
differentiation of zebrafish. PLoS One 7:e0052153. doi: 10.1371/journal.pone.
0052153

Vriens, J., Appendino, G., and Nilius, B. (2009). Pharmacology of vanilloid
transient receptor potential cation channels. Mol. Pharmacol. 75, 1262–1279.
doi: 10.1124/mol.109.055624

Watanabe, S., Seale, A. P., Grau, E. G., and Kaneko, T. (2012). Stretch-activated
cation channel TRPV4 mediates hyposmotically induced prolactin release from
prolactin cells of mozambique tilapia Oreochromis mossambicus. Am. J. Physiol.
302, R1004–R1011. doi: 10.1152/ajpregu.00632.2011

Ye, L., Kleiner, S., Wu, J., Sah, R., Gupta, R. K., Banks, A. S., et al. (2012). TRPV4
is a regulator of adipose oxidative metabolism, inflammation, and energy
homeostasis. Cell 151, 96–110. doi: 10.1016/j.cell.2012.08.034

Zachmann, A., Falcón, J., Knijff, S. C. M., Bolliet, V., and Ali, M. A. (1992). EFfects
of photoperiod and temperature on rhythmic melatonin secretion from the
pineal organ of the white sucker (Catostomus commersoni) in vitro. Gen. Comp.
Endocrinol. 86, 26–33. doi: 10.1016/0016-6480(92)90122-z

Zhang, R. (2017). Elucidating the Decline of North American Atlantic Salmon with
a Time-Dependent Matrix Model. Halifax: Dalhousie University, 1–58.

Zheng, J. (2013). Molecular mechanism of TRP channels. Comp. Physiol. 3, 221–
242. doi: 10.1002/cphy.c120001

Frontiers in Physiology | www.frontiersin.org 14 January 2022 | Volume 12 | Article 784416

https://doi.org/10.1371/journal.pone.0002837
https://doi.org/10.1371/journal.pone.0002837
https://doi.org/10.3390/cells10061288
https://doi.org/10.1071/mf10269
https://doi.org/10.1038/nrn1141
https://doi.org/10.1111/jpi.12266
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.jtherbio.2006.02.003
https://doi.org/10.1016/j.jtherbio.2006.02.003
https://doi.org/10.3389/fncel.2014.00195
https://doi.org/10.1111/j.1469-185x.1979.tb00867.x
https://doi.org/10.1111/j.1469-185x.1979.tb00867.x
https://doi.org/10.1093/icb/19.1.273
https://doi.org/10.1016/j.ygcen.2012.08.015
https://doi.org/10.1002/glia.23979
https://doi.org/10.1159/000289765
https://doi.org/10.1085/jgp.18.5.643
https://doi.org/10.1523/JNEUROSCI.2540-14.2014
https://doi.org/10.1523/JNEUROSCI.0359-11.2011
https://doi.org/10.1523/JNEUROSCI.0359-11.2011
https://doi.org/10.1242/jeb.133025
https://doi.org/10.1242/jeb.133025
https://doi.org/10.1002/jemt.21120
https://doi.org/10.1080/19336950.2015.1009272
https://doi.org/10.1016/s0042-6989(98)00237-5
https://doi.org/10.1016/j.ygcen.2012.04.020
https://doi.org/10.1007/s00343-019-8316-5
https://doi.org/10.1007/s00343-019-8316-5
https://doi.org/10.1523/JNEUROSCI.0132-09.2009
https://doi.org/10.1523/JNEUROSCI.0132-09.2009
https://doi.org/10.1016/0306-4565(91)90041-y
https://doi.org/10.3390/ijms20020371
https://doi.org/10.1242/jeb.019281
https://doi.org/10.1016/0300-9629(93)90417-3
https://doi.org/10.1016/0300-9629(93)90417-3
https://doi.org/10.1016/0300-9629(93)90418-4
https://doi.org/10.1016/0300-9629(93)90418-4
https://doi.org/10.1111/j.1471-4159.1993.tb03572.x
https://doi.org/10.1074/jbc.RA119.011187
https://doi.org/10.1074/jbc.RA119.011187
https://doi.org/10.1002/cne.902120205
https://doi.org/10.1371/journal.pone.0052153
https://doi.org/10.1371/journal.pone.0052153
https://doi.org/10.1124/mol.109.055624
https://doi.org/10.1152/ajpregu.00632.2011
https://doi.org/10.1016/j.cell.2012.08.034
https://doi.org/10.1016/0016-6480(92)90122-z
https://doi.org/10.1002/cphy.c120001
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-784416 January 3, 2022 Time: 12:56 # 15

Nisembaum et al. Atlantic Salmon TRPV1/TRPV4 Channels

Zimov, S., and Yazulla, S. (2004). Localization of vanilloid receptor 1
(TRPV1/VR1)-like immunoreactivity in goldfish and zebrafish retinas:
restriction to photoreceptor synaptic ribbons. J. Neurocytol. 33, 441–452. doi:
10.1023/B:NEUR.0000046574.72380.e8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nisembaum, Loentgen, L’Honoré, Martin, Paulin, Fuentès,
Escoubeyrou, Delgado, Besseau and Falcón. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 15 January 2022 | Volume 12 | Article 784416

https://doi.org/10.1023/B:NEUR.0000046574.72380.e8
https://doi.org/10.1023/B:NEUR.0000046574.72380.e8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Transient Receptor Potential-Vanilloid (TRPV1-TRPV4) Channels in the Atlantic Salmon, Salmo salar. A Focus on the Pineal Gland and Melatonin Production
	Introduction
	Materials and Methods
	Animals
	Sampling
	Reverse Transcription Quantitative Real Time PCR
	In situ Hybridization and Immunohistochemistry
	In vitro Culture of Pineal Glands and Pharmacological Assays
	Melatonin Quantification
	Statistics and Graphics
	Compounds and Chemicals

	Results
	Sequences Analyses
	Tissue Distribution of TRPV1 and TRPV4 Channels
	TRPV1 and TRPV4 in the Pineal Gland
	In situ Hybridization
	Immunohistochemistry
	Melatonin Secretion

	TRPV1 and TRPV4 in the Retina
	TRPV1
	TRPV4


	Discussion
	TRPV1 and TRPV4 Exhibit a Widespread Distribution
	TRPV1 and TRPV4 in the Pineal Area
	TRPV1 and TRPV4 in the Retina

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


