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Summary

Bs-adrenergic activation causes Ca** release from the mitochondria
and subsequent Ca?* release from the endoplasmic reticulum (ER),
evoking store-operated Ca** entry (SOCE) due to Ca** depletion from
the ER in mouse brown adipocytes. In this study, we investigated
how Ca?* depletion from the ER elicits SOCE in mouse brown
adipocytes using fluorometry of intracellular Ca?* concentration
([Ca**1). The administration of cyclopiazonic acid (CPA), a reversible
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pump
blocker in the ER, caused an increase in [Ca®*']. Moreover,
CPA-induced SOCE was suppressed by the administration of
aCa’*-free Krebs solution and the transient receptor potential
canonical 6 (TRPC6) selective blockers 2-APB, ML-9 and GsMTx-4 but
not Pico145, which blocks TRPC1/4/5. Administration of TRPC6
channel agonist 1-oleoyl-2-acetyl-sn-glycerol (OAG) and flufenamic
acid elicited Ca?* entry. Moreover, our RT-PCR analyses detected
mRNAs for TRPC6 in brown adipose tissues. In addition, western blot
analyses showed the expression of the TRPC6 protein. Thus, TRPC6
is one of the Ca®* pathways involved in SOCE. These modes of
Ca®* entry provide the basis for heat production viz activation of
Ca?*-dependent dehydrogenase and the expression of uncoupling
protein 1 (UCP1). Enhancing thermogenic metabolism in brown
adipocytes may serve as broad therapeutic utility to reduce obesity
and metabolic syndrome.
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Introduction

The functions of cell organelles such as the
endoplasmic reticulum (ER) and mitochondria include the
provision of a Ca®" supply source and the maintenance of
intracellular Ca®" homeostasis [1]. The ER controls the
intracellular Ca®" concentration ([Ca®'];) by responding to
physiological stimulation, resulting in the ER release of
Ca*' through inositol 1,4,5-trisphosphate (IP;), leading to
store-operated Ca”" entry (SOCE) as a consequence of the
loss of Ca®" in the ER [2-5]. Further, mitochondria release
Ca”" by the activation of the Bs;-adrenergic receptor, thus
activating Ca’'-induced Ca®* release (CICR), and
subsequently eliciting Ca®" entry into brown adipocytes
[6]. In low-temperature environments, sympathetic nerves
release noradrenaline and activate o 5- and ;-adrenergic
receptors on brown adipocytes (Fig. 1). The activation of
the [3;-adrenergic receptor promotes the hydrolysis of
triglycerides via the production of cyclic adenosine
monophosphate (cAMP) and activation of protein kinase A
(PKA), leading to enhanced hormone-dependent lipase
activity [7,8,9]. Free fatty acids (FFAs) derived from
triglycerides, due to the activation of hormone-dependent
lipase, enhance the tricarboxylic acid (TCA) cycle and
increase the electrochemical potential for H™ [9,10]. FFAs
also activate uncoupling protein type 1 (UCP1) [11]. This
uncoupling leads to heat production [12,13]. During this
time, mitochondria release Ca* due to mitochondrial
depolarization by the influx of H'" via UCP1; this not only

PHYSIOLOGICAL RESEARCH « ISSN 1802-9973 (online) - an open access article under the CC BY license
© 2024 by the authors. Published by the Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres



70 Hayato et al.

Vol. 73

‘ Noradrenaline

Bs-AR

Olis-AR

[ G protein | AC3 and/or 9 |
VR

Lip?se +— PKA + cAMP ATP
TG — FFA —

-

———————

)

Depolarization

ol TS .

Mitochondria

G protein | PLC |

Ca* =t [Ca?*],t = Ca**
\_/

IP3 [ C a2+] iT

" [Ca?*Jex|

ATP
SERCA pump
ADP

ER

Fig. 1. Adrenergic signaling pathways and their interactions in mouse brown adipocytes. The pathways indicated by the black line
arrows represent the processes directly involved in [Ca**]; increase. The pathways indicated by the dotted line arrows represent those
that activate the processes leading to a rise in [Ca®"]; due to Ca®* depletion in the ER. Abbreviations: AR, adrenergic receptor;
AC, adenylate cyclase; PKA, protein kinase A; cAMP, cyclic adenosine monophosphate; TG, triacylglycerol; FFA, free fatty acid;
PLC, phospholipase C; DAG, diacylglycerol; IP;, inositol trisphosphate; IPsR2, IP; receptor type 2.

activates CICR but also subsequently elicits SOCE into
brown adipocytes. Conversely, the activation of the
o a-adrenergic receptor by noradrenaline released from the
sympathetic nerve elicits a large phasic rise in [Ca>]; via
Ca’' release from the ER through the IP; receptor [14-15].
This also leads to the activation of SOCE by the depletion
of Ca*" in the ER [6,16-17]. These elevations in
[Ca”']; stimulate the rate of heat production [18-19].

A diversity of Ca*'-elevating pathways has been
proposed to contribute to Ca** homeostasis in brown
adipocytes. However, the most important Ca®" influx
pathway, coupled with Ca*" loss in the ER, is most likely
SOCE, identified as a Ca®" influx pathway in various
tissues, where it regulates several important physiological
functions. The search for channels mediating SOCE led
to the identification of mammalian transient receptor
(TRPC)
TRPC channels are functionally expressed in brown

potential  canonical channels.  Various
adipocytes. TRPC1 increases the metabolic performance
of brown adipocytes by activating the respiration
potential after stimulation with B adrenergic activation
[20]. TRPCS was detected in 3T3-L1 cells, the brown
adipocyte cell line derived from fibroblasts, and controls
adiponectin secretion [21]. Thus, TRPCs have various

roles in brown adipocytes. In mammals, TRPC channels

have been suggested as potential candidates for mediating
SOCE in various tissues [22-24]. Therefore, we aimed to
determine  whether activation or
TRPC channels SOCE in
adipocytes. In this study, we found that SOCE in mouse

inhibition  of
affects mouse brown
brown adipocytes was elicited by the activation of
TRPC6 channels due to Ca*" depletion in the ER. We
discuss the underlying mechanism that allows TRPC6 to
elicit Ca®" entry and the role of TRPC6 in thermogenesis.
These modes of Ca*" entry provide the basis for heat
production via the activation of Ca’'-dependent
dehydrogenase and the expression of uncoupling
protein 1 (UCP1). Therefore, promoting thermogenic
metabolism in brown adipocytes is expected to have
broad therapeutic use in reducing obesity and metabolic

syndrome.
Methods

Animals

Four-week-old male C57BL/6J mice were
obtained from Japan SLC (Shizuoka, Japan) and were
kept at 25-27 °C for 3-5 h with free access to food and
water. They were anesthetized with isoflurane and
sacrificed by cervical dislocation, the interscapular brown
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adipose tissues were isolated. All experiments were
performed following the guiding principles for the care
and use of Animals in the Field of Physiological Sciences
and were approved by the Council of the Physiological
Society of Japan and the Animal Institutional Review
Board of Nagoya University of Arts and Sciences.

Cell isolation and primary culture

The preparations and solutions are described in
a previous study [6,17]. Brown adipose tissues were
briefly isolated from mice interscapular regions; other
tissues, such as neurons and muscles, were surgically
eliminated, and the brown adipose tissues were treated
with type-2 collagenase. The isolated brown adipocytes
were cultured on 35 mm poly-L-lysine-coated glass-
bottom culture dishes for 3-7 days, supplemented with
10 % fetal bovine serum and 1 % penicillin-streptomycin
at 37°C in ahumidified 10 % CO, incubator. After
culturing, the adipocytes were used for Ca®" imaging.

Ca’t imaging and the analysis of [Ca’'],;

Mouse brown adipocytes cultured on glass-
loaded with 5 pM fura-2
acetoxymethyl ester (fura-2 AM) and incubated for

bottom dishes were
45 min at 37 °C. Changes in [Ca®"]; in the adipocytes
were measured using a conventional Ca*-imaging system
(CMOS camera, ORCA-Spark, Hamamatsu Photonics,
Shizuoka, Japan) set inverted microscope
(ECLIPSE Ti with an objective, 40x water, numerical
aperture 1.15, NIKON, Tokyo, Japan). Fura-2-stained
brown adipocytes were excited alternatively at 340 nm

on an

and 380 nm using an illumination system pE-300ultra
(CoolLED Limited, Andover, UK) with the inverted
microscope. Fura-2 fluorescence was recorded using
a bandpass filter (D535/30, Chroma Technology Corp.,
USA). This
averaged over the contour of each cell using image

Vermont, fluorescence intensity was
acquisition at intervals of once every 10-30s and
[Ca®"]; (HCImage,

Hamamatsu Photonics, Shizuoka, Japan) in single-cell

calculated in using software
culture experiments. Regions of interest were set for the
whole cells of every brown adipocyte recorded in the
images and analyzed. We obtained [Ca”']; of 5-30 cells in

a single measurement.

RNA isolation and RT-PCR

Total RNA was extracted from brown adipose
tissues, brains, and skeletal muscles isolated from
4-week-old mice under anesthesia. Samples were

homogenized in 150 ul of ISOGEN II (QIAGEN,

Germany) at 20000 rpm using an ultrasonic homogenizer
(DIAX 100, Heidolph, Germany). Next, 60 pul of RNase
free water (Takara Bio, Japan) was added, and the
samples were mixed for 15 s. After incubation at 25 °C
for 10 min, the samples were centrifuged for 15 min at
14000 rpm using a benchtop centrifuge (MiniSpin+t,
Eppendorf, Germany). The upper aqueous phase was
collected, 0.75 ul p-bromoanisole was added, and the
solution was gently mixed for 15s. After incubation at
25°C for 5 min, the samples were centrifuged at
14000 rpm for 10 min and the upper aqueous phase was
collected. An equal volume of 2-propanol was added to
the volume of upper aqueous phase collected and samples
were gently mixed with 4 pul Dr. GenTLE (Takara Bio,
Japan) and 10 pl 3 M sodium acetate. After incubation at
25°C for 10 min, the samples were centrifuged at
14000 rpm for 10 min and the upper aqueous phase was
removed. After adding 0.5 ml 75 % (v/v) ethanol and
centrifuging at 10000 rpm for 3 min, the upper aqueous
phase was removed. This step was repeated twice, after
which the sample was dried and allowed to precipitate.
After precipitation, 20 pl of RNase free water was added,
and the sample was stored at -20 °C.

Reverse transcription was performed using the
OneStep RT-PCR Kit (QIAGEN) according to the
manufacturer’s recommendations. The resulting cDNA
was stored at -20°C and used for standard PCR.
Thereafter, 1 pl of the cDNA reaction mixture was added
to 9 ul of the PCR reaction mixture and 1.25 pl of each
primer. The sense and antisense oligonucleotide primers
specific for TRPC6 channel subtypes were 5’-AAAGAT-
ATCTTCAAATTCATGGTC-3* and 5’-CACGTCCGC-
ATCATCCTCAATTTC-3’,
primers specific for B-actin as the positive control and

respectively.  We used
H,O as a negative control. The following primers for
B-actin were used: 5’-GGCTGTATTCCCCTCCATCG-3’;
antisense, 5’-CCAGTTGGTAACAATGCCATGT-3".
Each cDNA fragment was amplified in a DNA thermal
(GeneAtlas G02, ASTEC, Japan). The
PCR conditions were as follows: initial denaturation at

cycler

95 °C for 15 min, followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing at 60 °C for 1 min, extension
at 72 °C for 90s, and a final extension at 72 °C for
10 min. The PCR products were electrophoresed on a 2 %
(w/v) agarose gel, stained with ethidium bromide
(0.1 pg/ml), and visualized under ultraviolet illumination.

Protein isolation and Western blotting analysis
Brown adipose tissues, brains, and skeletal
muscles were homogenized in 20 mM Tris buffer
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(pH 7.4) containing 1 mM ethylene glycol-bis(2-amino-
ethylether)-N,N,N,N’-tetraacetic (EGTA) and
protease inhibitors (Roche Diagnostics, Indiana, USA)

acid

using a homogenizer (DIAX 100, Heidolph, Germany) at
15000 rpm and 4 °C for 1 min. Next, the samples were
centrifuged at 25000 rpm and 4 °C for 60 min. After
removing the supernatant, including the lipid fraction, the
precipitate was placed in 1 ml Tris-EDTA (TE) buffer.
Precipitated fractions were denatured, separated by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), and calibrated with pre-stained
protein molecular weight markers (Bio-Rad, California,
USA). The separated proteins were transferred onto
nitrocellulose membranes (Hybond-C, Bio-Rad) and
blocked with 5% (w/v) BSA in Tris-buffered saline
(TBS) and 0.1 % Tween-20 (Sigma-Aldrich, St. Louis,
Missouri, USA). The nitrocellulose membranes were
stained with affinity-purified rabbit polyclonal antibodies
(1:500) specific for TRPC6 (Alomone Labs, Jerusalem,
Israel) at 20 °C for 1 h and then at 4 °C overnight. After
two washes with TBS for 10 min, the membranes were
stained with  anti-rabbit  horseradish  peroxidase
(HRP)-conjugated IgG (1:10000) for 1 h. The presence of
TRPC6 channel proteins was detected using an enhanced
luminol-linked chemical luminescence detection system
(Amersham, New Jersey, USA).

Drugs and materials

Fetal Bovine Serum, penicillin-streptomycin,
and Dulbecco's Modified Eagle Medium (DMEM) (low
glucose type) were purchased from Thermo Fisher
Scientific (Massachusetts, USA). Collagenase type-2
(class 2) was obtained from Worthington Biochemical
(New Jersey, USA), and DNase-I was obtained from
Roche Diagnostics (Indiana, USA). Poly-L-lysine was
obtained from Merck (Darmstadt, Germany). Glass-
bottom culture dishes were obtained from Matsunami
Glass Industry Co. (Osaka, Japan). Cyclopiazonic acid
(CPA), ML-9, and bovine serum albumin (BSA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Flufenamic acid was purchased from Wako Pure
Chemical Industries, Ltd. (Saitama, Japan); 1-oleoyl-2-
acetyl-sn-glycerol (OAG) was purchased from Funakoshi
Co. Ltd. (Tokyo, Japan). GsMTx-4 was purchased from
Peptide Institute, Inc. (Osaka, Japan). All agonists and
antagonists were used at a concentration of >2-10 times
the ECsy and ICsy of TRPC6. Primers for RT-PCR were
obtained from Eurofins Genomics, Inc. (Tokyo, Japan).
Fura-2 AM was purchased from DOJINDO Laboratories

(Kumamoto, Japan). Anti-TRPC6 antibodies and their
blocking peptides were purchased from Alomone

Laboratories (Jerusalem, Israel).

Solutions

The control Krebs saline solution comprised
150 mM NacCl, 5 mM KCl, 2 mM CaCl,, 0.5 mM MgCl,,
10 mM HEPES, and 5 mM glucose (pH 7.4, adjusted
with NaOH). The Ca*'-free Krebs solution was prepared
using isomolar Na" in the control Krebs saline solution.
Drugs were applied by substituting the perfusing solution
with a solution containing the drug(s). The solution
perfusion rate was maintained at 5 ml/min using
a peristaltic pump (PST-100N, AGC Techno Glass Co.,
Ltd., Shizuoka,
reached a peak within 3 min. Agonists, including CPA,

Japan). The solution concentration

OAG, and flufenamic acid, and blockers, including
2-APB and ML-9, were dissolved in dimethyl sulfoxide
and stored at -20 °C before use. GsMTx-4 was dissolved
in water and stored at -20 °C before use.

Statistical analyses

Differences in the activation or inhibition of
[Ca®']; by the administration of drugs were analyzed
(ANOVA).
were performed with EZR

using one-way analysis of variance

Calculations software
produced by the Jichi Medical University Saitama
Medical Center (Saitama, Japan) [25]. Differences with
P values<0.05 were considered statistically significant.
Assuming a confidence interval of 95 %, we calculated
the acceptable error as 1.96x standard error (SE). In our
experiments, the SE of CPA-induced rises in [Ca*']; was
+ 15.4nM. Therefore, we acquired approximately
>30 cells of [Ca*']; data elicited by CPA.

Results

Ca’" release from the ER by blocking the Ca’" pump
activates Ca’" entry

Administration of 10 uM cyclopiazonic acid
(CPA) (a reversible ER Ca®" pump blocker) caused
an increase in [Ca’’]; (Fig.2). The increase in [Ca®");
reached a plateau of 1982+ 154 nM (mean = SE,
67 cells measured from 5 individual cultures, 3 mice).
While extracellular Ca’* was removed during the
maintained [Ca®']; rise induced by the application of
CPA, the increase in [Ca®']; level was decreased to the
These indicated that
CPA-induced Ca®" rises consist of a Ca’*'-entry

initial basal level. results
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component in mouse brown adipocytes. The magnitude
of the net reduction of the [Ca®]; level was
216.2+17.2nM (mean = SE, 67 cells measured from
5 individual cultures, 3 mice) from the level before the
perfusion of Ca®'-free Krebs solution in mouse brown
adipocytes.

Involvement of the activation of TRP channels in the
CPA-induced Ca’" rise

To test the involvement of TRPC channel
activation in CPA-induced Ca®" entry, we recorded the
effects of TRPC6 channel blockers on the rise in
Ca®'levels. TRP channel modulation by the admi-
nistration of 2-aminoethoxydiphenyl borate (2-APB)
includes activation of TRPV1, TRPV2, TRPV3, TRPAI,
and TRPM6 and inhibition of TRPM2, TRPM7, TRPCI1,
TRPC3, TRPCS5, TRPC6, and TRPC7 [26-31]. The
administration of 30 uM 2-APB inhibited the Ca®" entry
evoked by 10 uM CPA (Fig. 3A-B). The magnitude of
the net reduction in the [Ca*]; level was 157.9 + 10.3 nM
(mean + SE,
cultures, 4 mice) from the level before perfusion of the

117 cells measured from 7 individual
2-APB solution. Interestingly, in 71 % of the mouse
brown adipocytes, we recorded the enhancement of
Ca®" entry by the administration of 30 pM 2-APB among
CPA-induced Ca®" rises (Fig. 3A, black arrowhead). The
magnitude of net elevation of the [Ca®]; level was
50.5+£32nM (mean+ SE, 83 cells
7 individual cultures, 4 mice). To further investigate
which TRP channel is related to SOCE in mouse
adipocytes, we examined the effects of two specific
TRPC6 channel blockers, ML-9 and GsMTx-4. ML-9 is
the blocker known to rapidly inhibit the TRPC6 channel
and enhance the TRPC7 channel [32]. The peptide
GsMTx-4, isolated from the venom of the tarantula

measured from

Grammostola spatulata, is a selective inhibitor of stretch-
and TRPC6 [33]. As
demonstrated in Fig. 3C-F, external administration of
30 uM ML-9 or 10 pM GsMTx-4, which were selective
TRPC6, reduced the
CPA-evoked Ca® increases. The magnitude of the net

activated cation channels

blockers for amplitude of
reduction of the [Ca®']; level due to the administration of
30 uM ML-9 solution was 140.9 = 9.3 nM (mean + SE,
75 cells measured from 5 individual cultures, 3 mice);
Fig. 3C), while that due to the administration of 10 uM
GsMTx-4 61.6 4.1 nM (mean= SE,
49 cells measured from 9 individual cultures, 3 mice;

solution was

Fig. 3E). Wolfrum et al. and Sukumar et al. reported that
brown adipocytes express TRPC1 and TRPCS and play

physiological roles [20,21]. Therefore, we examined
whether TRPC1 or TRPCS5 activation affects SOCE upon
administration of Picol45, a TRPCI1/4/5 selective
blocker. However, 100 nM Picol45 did not affect the
SOCE elicited by CPA (Fig. 3G, H).

TRPC6 channel agonist activated Ca’" rises in mouse
brown adipocytes

CPA causes Ca’" entry via TRPC6 channels due
to Ca®" depletion in the ER. Hence, direct activation of
TRPC6 should elevate [Ca’']; in mouse brown
adipocytes. OAG, an agonist of TRPC6 channels, was
tested to determine whether TRPC6 channels are
involved in the [Ca®]; increases. The OAG is also
a membrane-permeable diacylglycerol (DAG) analog
[34]. The extracellular administration of 100 uM OAG
induced an increase in [Ca’’]; (Fig.4A,B). The
magnitude of the net elevation of [Ca®], was
167.7+15.1 nM (mean + SE, 60 cells measured from
5 individual cultures, 4 mice) from the basal level. Next,
we investigated the pharmacological agent flufenamic
acid, which is a non-steroidal anti-inflammatory agent
belonging to the family of fenamates and has also been
shown to affect the TRPC6 channel protein [35,36],
increasing permeability through TRPC6 channels and
elevate [Ca*"]; and inhibiting permeability through
TRPC3 but not affect TRPC7 channels [36]. The
administration of a selective agonist, 100 uM flufenamic
acid, induced an increase in [Ca®']; (Fig. 4C, D). The
magnitude of the net elevation of the [Ca®"]; level was
95.6+£6.2nM (mean+ SE, 46 cells
5 individual cultures, 3 mice) from the basal level.

measured from

H" inhibition of SOCE in mouse brown adipocytes

It is known that TRPC6 channel permeability is
inhibited by low pH conditions and enhanced by high
pH conditions; however, TRPC5 channel permeability is
potentiated by low pH conditions and inhibited by high
pH conditions [37]. Therefore, we tested the effects of
Krebs solution at pH 7.0 or 7.8 on SOCE in mouse brown
adipocytes to clarify whether SOCE occurred by TRPCS
or TRPC6 activation. The administration of 10 uM CPA
increased the [Ca’']; levels. Decreasing the extracellular
pH from 7.4 to 7.0 during Ca*" entry elicited by CPA led
to significant decreases (Fig. 5A, B). The magnitude of
the net reduction of [Ca®']; upon administration of pH 7.0
Krebs solution was 93.7+ 9.2 nM (mean =+ SE, 33 cells
measured from 6 individual cultures, 3 mice) from the
basal level.

Responses occurred immediately after
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changing the extracellular pH and reversibly upon
returning to the standard Krebs solution (pH 7.4). Next,
we examined intermediate pH values from 7.4 to 7.8
(Fig. 5C, D). Increasing the extracellular pH from
7.4 to 7.8 during Ca®" entry elicited by CPA led to
significant increases. The magnitude of the net elevation
of [Ca®']; upon administration of pH 7.8 Krebs solution
was 62.4 + 14.5 nM (mean + SE, 31 cells measured from
8 individual cultures, 3 mice) from the basal level. These
results showed that mouse brown adipocytes functionally
expressed TRPC6 and it is involved in SOCE.

Detection of mRNA and protein of TRPC6

Further experiments were conducted to confirm
that the TRPC6 channel was expressed in brown
adipocytes. We detected TRPC6 mRNA expressed on

A

mouse brown adipocytes using excised brown fat tissue
to eliminate other tissues such as neurons and muscle by
RT-PCR. TRPC6 subtype was successfully amplified
from the cDNA using the primer sets (Fig. 6A, B), and
western blotting (Fig. 6C) results revealed the presence of
TRPC6 in the mouse brown adipocytes. We used a brain
protein as a positive control and a skeletal muscle as
a negative control. TRPC6 is expressed in mouse brain
neurons and has various functions in neurite outgrowth
[38], synapse formation [39], and neuronal survival [40]
during brain development. Moreover, TRPC6 was not
detected in mouse skeletal muscle [41]. We also did not
detect TRPC6 protein in mouse skeletal muscle in the
present study. The detection of the TRPC6 subtype
mRNA and protein on brown adipocytes agreed with our
Ca’" imaging analysis.
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Fig. 2. Ca** liberation from the ER by Ca®* pump blocker activates Ca** entry. (A) The administration of 10 uM CPA, a reversible
ER Ca%** pump blocker, caused an increase in [Ca®*]; (black horizontal bar). Removal of external Ca®* quickly and reversibly reduced
CPA-induced [Ca*']; increase to a level lower than the initial basal level (gray horizontal bar). This figure illustrates the time course of
a representing cell. (B) Box plots. ANOVA-one way of repeated measures followed by Tukey's post hoc test was used to verify
differences between the phases (*** P<0.001). Abbreviations: CPA: cyclopiazonic acid; ER: endoplasmic reticulum.
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Fig. 3. Depression of CPA-induced [Ca®*]; is alleviated by 2-APB, ML-9, and GsMTx-4, but not Pico145. The CPA-induced [Ca?*]; increase
was suppressed by 2-APB, ML-9, or GsMTx-4, blockers of TRPC6. (A) CPA-induced [Ca®*]; rises were suppressed by 2-APB. CPA (10 uM)
was applied during the period indicated by a black horizontal bar and 2-APB (30 uM) during a gray horizontal bar. The black arrow
indicates the component of Ca?* increase due to the administration of 2-APB. (B) Box plots. ANOVA-one way of repeated measures
followed by Tukey’s post hoc test was used to verify differences between the phases (** P<0.01; ***P<0.001). (C) CPA-induced
[Ca®*]; rises were inhibited by ML-9. This figure illustrates the time course of a representing cell. CPA (10 uM) was applied during
a black horizontal bar, and ML-9 (30 uM) was applied during a gray horizontal bar. (D) Box plots. ANOVA-one way of repeated
measures followed by Tukey’s post hoc test was used to verify differences between the phases (* P<0.05; ** P<0.01; *** P<0.001).
(E) CPA-induced [Ca**]; rises were inhibited by GsMTx-4. This figure illustrates the time course of a representing cell. CPA (10 uM) was
applied during a black horizontal bar and GsMTx-4 (10 uM) was applied during a gray horizontal bar. (F) Box plots. ANOVA-one way of
repeated measures followed by Tukey’s post hoc test was used to verify differences between the phases (**P<0.01; *** P<0.001).
(G) CPA-induced [Ca**]; increase was not inhibited by Pico145. This figure illustrates the time course of a representing cell. CPA (10 uM)
was applied during a black horizontal bar, and Pico145 (100 nM) was applied during a gray horizontal bar. (H) Box plots. ANOVA-one
way of repeated measures followed by Tukey's post hoc test was used to verify differences between the phases (*** P<0.001).
Abbreviations: CPA: cyclopiazonic acid; 2-APB: 2-aminoethoxydiphenyl borate.
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[Ca®*]; increases in mouse brown adipocytes. (A) Ca** increase induced by OAG (100 uM) administration during the period indicated by
the black horizontal bars. This figure illustrates the time course of a representing cell. (B) Box plots. ANOVA-one way of repeated
measures followed by Tukey’s post hoc test was used to verify differences between the phases (*** P<0.001). (C) A TRPC6 selective
agonist flufenamic acid elicits an increase in [Ca**]; in mouse brown adipocytes. Flufenamic acid (100 uM) was administered during the
period indicated by the black horizontal bars. This figure illustrates the time course of a representing cell. (D) Box plots. ANOVA-one
way of repeated measures followed by Tukey’s post hoc test was used to verify differences between the phases (*** P<0.001).
Abbreviations: OAG: 1-oleoyl-2-acetyl-sn-glycerol.
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Fig. 5. The pH dependence of [Ca*']; rises elicited by CPA. The pH dependence of SOCE by the administration of 10 uM CPA.
(A) A reduction in pH from 7.4 to 7.0 led to a decrease in [Ca%"]; increase in response to 10 uM CPA. This figure illustrates the time
course of a representing cell. (B) Box plots. ANOVA-one way of repeated measures followed by Tukey’s post hoc test was used to verify
differences between the phases (*** P<0.001). (C) A rise in pH from 7.4 to 7.8 led to an elevation in [Ca®*]; in response to 10 uM CPA.
This figure illustrates the time course of a representing cell. (D) Box plots. ANOVA-one way of repeated measures followed by Tukey’s
post hoc test was used to verify differences between the phases (* P<0.05; *** P<0.001).
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Fig. 6. RT-PCR and Western blotting analysis on mouse brown adipocytes. (A) RT-PCR analysis on mouse brown adipocytes.
Oligonucleotide primers specific for 7RPC6 were run in separate reactions, and the products were separated using agarose gel
electrophoresis. The numerals on each line indicate the expected product size. Oligonucleotide primers specific for S-actin were used as
positive control. H,0O used as a negative control. (B) RT-PCR analysis on mouse brown adipocytes, brain, and skeletal muscle.
(C) Western blotting analysis on mouse brown adipocytes. We detected TRPC6 channel proteins in mouse brown adipocytes and brain

but not in mouse skeletal muscle.

Discussion

The present study shows that mouse brown
adipocytes functionally express TRPC6 and partake in
SOCE. In Ca’"-imaging studies, CPA evoked Ca”" rises,
and the removal of external Ca®" by the administration of
Ca*’-free Krebs solution completely inhibited Ca®" entry
(Fig. 2). These Ca’" increases were also inhibited by
blockers of the selective TRPC6 channels, such as ML-9
or GsMTx-4 (Fig.3C-F), but not by Picol4s5,
a TRPC1/4/5 blocker (Fig. 3G-H). RT-PCR and western
that mRNA
in mouse brown adipocytes

blotting  analysis  indicated and
TRPC6 proteins

(Fig. 6). These results indicate that brown adipocytes

exist

express TRPC6 channels and have a mechanism for
SOCE due to TRPC6 activation. Ca** imaging also
showed that OAG administration evoked Ca®" increases
in mouse brown adipocytes (Fig. 4). A study reported that
mouse brown adipocytes express the oa-adrenergic
[42].
Activation of the Gq protein promotes phospholipase C
(PLC) DAG and IP;.
IP; mobilizes Ca®" from the ER, leading to Ca*" loss in
the ER, activation of TRPC6, and Ca*

receptor, which couples with the Gq protein

activity, which generates

entry.

Simultaneously, DAG produced by PLC activation can
directly gate TRPC6. The results
that TRPC6
a SOCE channel and a non-capacitive Ca®* entry channel.

shown in this

experiment indicate functions as
Wolfrum et al. and Sukumar et al. reported that brown
adipocytes expressed TRPC1 and TRPCS [20,21].
Therefore, we tested the effect of the administration of
the TRPC1/4/5 selective blocker, Picol45, on
CPA-induced Ca®* entry. However, Picol45 did not
affect CPA-induced Ca®" entry (Fig. 3G, H). This result
suggests that TRPC1 and TRPCS activation do not cause
CPA-induced Ca’ entry. We observed the effects of
low-pH and high-pH Krebs solutions on CPA-induced
Ca*" entry (Fig.5). In the low-pH Krebs solution,
CPA-induced Ca’’entry was inhibited; in the high-pH
Krebs solution, CPA-induced Ca*" entry was potentiated.
These results differ from those of TRPCS5 and are
consistent with those of TRPC6. These results indicate
that CPA-induced Ca®’entry is controlled by the
activation of TRPC6, not TRPC1 or TRPCS.

In these experiments, we observed a long-lasting
Ca’' elevation upon CPA administration. Interestingly,
we also observed such a long-term elevation of Ca*" upon
administration of the B; adrenoceptor agonist BRL37344
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[6]. In brown adipocytes, short-term stimulation of the
B; adrenoceptor (1-3 min) causes approximately 2 h of
Ca®" elevation. Long-term elevation of Ca’" concentra-
tions may be toxic owing to the elicitation of apoptotic
cell death. However, a prolonged elevation in [Ca®']; is
necessary for brown adipocytes to continuously produce
heat and warm the entire body of the organism [18]. In
such cases, continuous excitation of the B signaling is
needed, but long-term excitation of the sympathetic nerve
is detrimental to life support. Mice are hibernating
animals. Continuous excitation of the sympathetic
nervous system during hibernation leads to arousal,
which causes the individual's death in winter. Therefore,
we hypothesize that brown adipocytes allow a continuous
increase in Ca*" concentration to produce heat for a long
period, even with brief adrenergic stimulation. Therefore,
brown adipocytes may tolerate prolonged increases in
Ca®" concentration compared to other cells.

We showed that the Ca®" rise elicited by CPA was
initially enhanced by the administration of 2-APB, after
which the continuous administration of 2-APB reduced the
Ca’' rise (Fig. 3A, B). We observed two types of reactions
by the administration of 2-APB: (i) the components of
Ca’'increase and decrease, and (ii) 2-APB not only
blocked TRPM2, TRPM7, TRPC1, TRPC3, TRPCS,
TRPC6, and TRPC7 but also activated TRPA1, TRPV]1,
TRPV2, TRPV3, and TRPM6 channels [26-31]. These
results suggest that mouse brown adipocytes express at
least two types of TRP channels. Bishnoi ez al. (2013) and
Sun et al. (2016) reported that TRPV2 expressed in brown
adipocytes contributed to differentiation and thermogenesis
[43,44]. The components of Ca’" rise elicited by 2-APB
may consist of the activation of TRPV2, and the
components of reduction elicited by 2-APB consist of the
inhibition of TRPC6.

Under cold exposure, noradrenaline activates the
o4 adrenergic receptors, which elicits a large phasic rise
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