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ABSTRACT

The medio-basal hypothalamus (MBH) contains neurons capable of directly detecting
metabolic signals such as glucose to control energy homeostasis. Among them, glucose-
excited (GE) neurons increase their electrical activity when glucose rises. In view of
previous work, we hypothesized that Transient Receptor Potential Canonical type-3
(TRPC3) channels are involved in hypothalamic glucose detection and the control of
energy homeostasis.

To investigate the role of TRPC3, we used constitutive and conditional TRPC3-deficient
mice models. Hypothalamic glucose detection was studied in vivo by measuring food
intake and insulin secretion in response to increased brain glucose level. The role of
TRPC3 in GE neuron response to glucose was studied using in vitro calcium imaging on
freshly dissociated MBH neurons.

We found that whole body and MBH TRPC3-deficient mice have increased body weight
and food intake. The anorectic effect of intracerebroventricular glucose and the insulin
secretory response to intracarotid glucose injection are blunted in TRPC3-deficient mice.
TRPC3 loss-of-function or pharmacological inhibition blunts calcium responses to glucose
in MBH neurons in vitro.

Together, our results demonstrate that TRPC3 channels are required for the response to
glucose of MBH GE neurons and central effect of glucose on insulin secretion and food

intake.
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ABBREVIATIONS:

ARC: arcuate nucleus; EWAT: epididymal white adipose tissue; FFA: free fatty acids;
GE neurons: glucose-excited neurons; Gl neurons: glucose-inhibited neurons;
ICV: intracerebroventricular; IPGTT: intraperitoneal glucose tolerance test; ITT: insulin
tolerance test; MBH: mediobasal hypothalamus; NSCC: non-selective cation conductance;
OAG: O-acyl-glycerol; PLC: phospholipase C; Pyr3: pyrazole 3; ROS: reactive oxygen

species; TRPC: transient receptor potential canonical; VMN: ventromedial nucleus
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INTRODUCTION

The brain and more particularly the hypothalamus play a critical role in the control of
energy homeostasis by regulating feeding behavior and the activity of peripheral organs
through humoral and neural systems. Within the medio-basal hypothalamus (MBH,
including the arcuate (ARC) and ventromedial nuclei (VMN)), this control relies on neurons
able to directly detect metabolic signals such as hormones (e.g. leptin, insulin and ghrelin)
and nutrients (e.g. glucose, fatty and amino acids) (1). Among them, specialized glucose-
sensing neurons adapt their electrical activity in response to changes in glucose levels.
Glucose-excited (GE) neurons increase, whereas glucose-inhibited (Gl) neurons
decrease, their electrical activity when extracellular glucose rises (2-5). The properties of
these neurons allow the brain to detect increased blood glucose level which in turn triggers
appropriate responses including enhanced insulin secretion, reduced food intake and

hepatic glucose production (6-8).

Identifying the signaling pathway(s) involved in glucose-sensing neurons has aroused the
scientific community for half a century. Our group and others showed that mitochondrial
reactive oxygen species (ROS) are produced in the MBH in response to increased brain
glucose levels and are involved in the regulation of food intake and insulin secretion (7-
10). In addition, based on the key role of ion channels in controlling neuronal excitability,
several groups have focused on identifying channels responsible for nutrient or hormone
sensing. This effort has highlighted ATP-dependent potassium (Katp) channels as key
players in neuronal glucose-sensing (see for review (11)). However, even if the role of
Katp is undeniable, we and others have pointed out that additional channels might be
critical for glucose sensing (11-13). More specifically, we found that the opening of
channels exhibiting a non-selective cation conductance (NSCC channels) is involved in

the glucose response of a sub-population of GE neurons in the MBH (12).
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Transient receptor potential (TRP) and particularly TRP canonical (TRPC) channels
represent one of the largest family of NSCC channels (14). A link between TRPC channels
and the control of energy metabolism has been proposed based on studies showing that
TRPC channels mediate some of the effects of leptin and insulin on hypothalamic
neuronal activity (15-17). Nevertheless, the role of TRPC channels in hypothalamic
glucose detection and central control of energy homeostasis remains unknown.
Interestingly, TRPC3 channels activity is regulated by ROS suggesting that these channels
may be involved in glucose sensing in GE neurons of the MBH (18; 19). Therefore, the
overall goal of the present study was to determine whether TRPC3 channels are part of
the glucose-sensing machinery in GE neurons of the MBH and to assess their contribution

in central glucose effects.
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MATERIAL AND METHODS

Animals: Male outbred Sprague-Dawley rats or inbred C57BL/6J mice were purchased
from Charles River France. TRPC3 deficient (TRPC3 KO) mice, control wild type (TRPC3
WT, same genetic background) and TRPC3°"'* (exon 7 of Trpc3 is flanked by LoxP sites)
mice were provided by the Comparative Medicine Branch of the National Institute of
Environmental Health Sciences (The Research Triangle Park, Durham, NC) (20). Animals
were housed in a controlled environment (12 h light/dark cycle, light on at 7:00 am) with
food and water available ad libitum. All procedures were performed in agreement with the
European Directive 2010/63/UE and approved by French Ministry of Research and the
local ethic committee of the University of Burgundy (C2EA Grand Campus Dijon N° 105;

agreement N° 02404.02).

RT-PCR: Following extraction (RNAEasy, Qiagen) mRNA quality/quantity was assessed
by microelecrophoresis (Experion, Biorad). Reverse transcription (Quantitect RT, Qiagen)
was performed on standardized amounts of starting RNA for all samples in each study.
gPCR was carried out on a SteponePlus thermocycler (Applied Biosystems) using either
SYBR green (FastSYBR master mix, Applied Biosystems) or hydrolysis probes (Tagman
Assay, Gene Expression master mix, Applied Biosystems) on standardized cDNA (starting
RNA equivalent 40-70ng). Sequence or reference of primers for SYBR green and Tagman

assays are presented in Supp. Table 1.

Western blots: Lysates were prepared by homogenising brain in RIPA buffer containing
proteases inhibitors using a Tissue Lyser (Qiagen). Lysates were diluted in Laemmli buffer
and samples (200 ug of protein) were loaded onto a 4-15% TGX precast gel (Biorad). Gel
was fast transferred onto PVDF membrane using Biorad’s Transblot Turbo. Membranes

were blocked in 3% blocking reagent (BioRad) then incubated with a homemade rabbit
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anti-TRPC3 (1:100 - overnight at 4°C, (21)). Secondary immunodetection was carried out
with anti-rabbit IgG-HRP (1:50000 — 1h at room temperature) and the chemiluminescent
signal was acquired on a Chemidoc station (Biorad). The specificity of the antibody was

confirmed using TRPC3 KO as presented in Supp. Figure 1.

Virus injection: TRPC3°¥"

mice (8-10 week old, in which exon 7 of Trpc3 is flanked by
LoxP sites; (20)) were anaesthetised with isoflurane and placed on a stereotaxic
apparatus (Kopf instrument). Adeno-associated virus expressing Cre and GFP (AAV-
Cre/GFP) or GFP (AAV-GFP) under the CMV (AAV-Cre/GFP) or CBA (AAV-GFP)
promoter were injected bilaterally into the MBH (stereotaxic coordinates relative to
bregma: -1.4 mm antero-posterior, +0.4 mm lateral and -5.6 mm dorso-ventral from the
dura at a rate of 50 nl/min for 5 min per side. The plasmid CBA.nls-myc-Cre/eGFP
expressing the myc-nls-Cre-GFP fusion protein (22). AAV-Cre/GFP or AAV-GFP serotype

2/9 (6 x 10" genomes/ml) were produced by the viral production facility of the UMR

INSERM 1089 (Nantes, France).

Glucose (IPGTT) and insulin (ITT) tolerance tests: Glucose and insulin tolerance tests
were performed in 5h-fasted mice by measuring blood glucose (Roche Accu-Check) from
the tail vein after oral glucose (2 g/kg) or intraperitoneal (IP) insulin (0.3 U/Kkg)
administration. Blood samples were collected for insulin measurements during the OGTT

using a bead-based alphaLISA insulin immunoassay kit (Perkin Elmer).

Central glucose-induced insulin secretion: As previously described (23), a silastic
catheter was implanted into the left carotid artery in the cranial direction in anesthetized
mice or rats (pentobarbital, 60 mg/kg) and secured in place with sutures. Despite its

potential role on autonomic output, we use pentobarbital because it is, to our knowledge,

7
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the only approved anesthetic not impacting blood glucose level (24; 25). Fifteen minutes
after the surgery, a bolus of glucose (mice: 25 mg/kg in 30 ul over 30 seconds; rats: 9
mg/kg in 100 pl over 60 seconds; osmolarity adjusted to 300-310 mOsM with NaCl) was
administered through the catheter. Blood samples were collected from the tail vein to

measure blood glucose and plasma insulin levels.

Food intake: Food intake was measured by hand or using the BioDaq food intake
measuring system (Research Diets) in singly housed animals. Three measurements of

24h food intake were average per mice over a week.

Fasting-Refeeding tests in response to increased brain or IP glucose level: Prior to
brain glucose injection, animals (8-10 week old) were anaesthetised with isoflurane and
placed on a stereotaxic apparatus (Kopf instrument) to implant a guide cannula (Plastics
One) into the right lateral ventricle (stereotaxic coordinates relative to bregma: -0.5 mm
antero-posterior, +1 mm lateral and -2.1 mm dorso-ventral from the dura). Seven days
after the surgery, naive or canulated animals were food deprived for 18h with ad libitum
access to water. Glucose was administered through the guide cannula (125 pg in 2 pl at a
rate of 0.4 pl/min; sucrose was used as control to control osmolarity effects) or IP (2 g/kg;
NaCl 0.9 % was used as control) 1h before the onset of the dark cycle. Access to food was
restored 30 minutes after intracerebroventricular (icv) injection and food intake was

measured during 6 hours.

Calcium imaging on primary culture of dissociated MBH neurons: Dissociated MBH
neurons were prepared from brain of 4/5-weeks-old TRPC3 WT or KO mice or rats as
described previously (26-28). Briefly, MBH explants were dissected from 250 pym brain

slices cut with a vibroslice (Leica). MBH cells were mechanically dissociated with papain
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using the “neural tissue Dissociator Kit” (MACS Miltenyi Biotec), plated on poly-L-lysine
(50 pg/ml)-coated glass coverslips in astrocyte-conditioned media overnight prior to
calcium imaging experiments. Astrocyte-conditioned media was prepared as previously
described (29) from MBH astrocytes plated on poly-L-lysine (50 ug/ml)-coated dishes and
maintained in Neurobasal-A media (Invitrogen) containing (in mM) 2.5 D-glucose, 1 L-
lactate, 0.23 L-pyruvate, 10% FBS, 0.5 L-glutamine, 100 U/ml penicillin/streptomycin and
10 pg/ml gentamycin, supplemented with 1 % B-27 (Invitrogen).

MBH neurons were loaded for 20 min with 0.5 yM Fura-2/acetoxymethyl ester (Fura-2/AM,;
Molecular Probes) in Hepes buffer balanced salt solution (HBSS) containing 2.5 mM of D-
glucose supplemented with 0.002% pluronic acid. After the incubation, cells were mounted
in a thermostatically regulated microscope chamber (37°C) mounted on an inverted
microscope (Olympus IX 70). Fura-2 fluorescence images, acquired each 10 seconds by
alternating excitation at 340 and 380 nm and emissions (420-600 nm), were collected
using a cooled, charge-coupled device (CCD) camera with the Live Aquisition software
(TiLL Photonics). Values for the 340/380 nm fluorescence ratio, representative of [Ca*'];,
were obtained after correction for background fluorescence values.

Glucose-excited (GE) neurons were identified in response to 2.5 to 10 mM increase in
glucose level. 10 mM is higher than levels of glucose found brain areas including the
hypothalamus (see for review (30)). Nevertheless, in view of the presence of fenestrated
capillaries in the ventral part of the ARC (31), we could speculate that glucose level can
locally be closer to blood level and rises above 5 mM. Changes in [Ca?']; were quantitated
by calculating the integrated area under the curve (AUC) of each glucose response with
the TiLL Photonics software. Neurons were considered as GE if the increase in [Ca®']; in
response to 2.5-10 mM increased glucose level occurred between 2 and 20 minutes of
treatment, had an amplitude > 0.1 ( ratio 340/380), last at least 30 seconds and was

transient. At the end of each recording, neuronal excitability was verified by measuring
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Ca** response to 50 mM KCI. Neurons showing no response to KCI were not taken into
consideration for analysis. We verified that the overall excitability of MBH GE neurons
(amplitude of the calcium response to KCI) was not affected by any TRPC or Katp
modulators or antioxidants, as well as in neurons isolated from TRPC3 KO mice (data not
shown). Analysis of each experiment was obtained from at least 3 independent cultures

prepared from at least 6 animals.

Expression of data and statistics: Data are expressed as means +* SEM. Intergroup
comparisons were performed by ANOVA with Bonferroni post hoc tests or Student’s t-test
as described in figure legends using GraphPad Prism 5 software. p < 0.05 was set as

significant.

10
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RESULTS

TRPC3 channels are expressed in the MBH. The first aim of the study was to determine
whether TRPC3 channels are expressed in the MBH where GE neurons are located.
TRPC3 channels are known to be expressed in several peripheral tissues including
muscles, liver and white adipose tissue (32). Within the brain, high TRPC3 expression has
been reported in the cerebellum and cortex (33). In the hypothalamus, expression of
TRPC3 channels has been detected but not investigated in specific nuclei (33). We found
using gPCR and western blots (see online supplementary method) that TRPC3 channels
are expressed in the MBH (Figure 1) as well as in other brain regions and peripheral

tissues.

MBH TRPC3 channels are critical for the regulation of body weight and food intake.
The role of TRPC3 channels in the control of energy homeostasis was investigated using
whole body TRPC3-deficient (TRPC3 KO) mice. TRPC3 KO mice have impaired motor
coordination but the impact of TRPC3 deficiency on the metabolic status has never been
investigated (20). We found that TRPC3 KO mice have increased body weight associated
with increased nocturnal food intake (Figure 2A, B). Change in food intake is not
associated with changes in the expression level of MBH neuropeptides regulating food
intake (Figure 2C). In addition, TRPC3 KO mice show an increased fasting blood glucose
level associated with mild glucose intolerance (Figure 2D, E). However, the mild glucose
intolerance in TRPC3 KO mice is not associated with alteration of insulin levels during the
IPGTT (Supp. Figure 2A) or with insulin sensitivity (Supp. Figure 2B, C). The decrease in
blood glucose level during an ITT (Supp. Figure 2B) or the quantification of
phosphorylation level of the protein AKT (P-AKT, marker of insulin signaling) in skeletal
muscle, epididymal white adipose tissue (EWAT) or liver (Supp. Figure 2C, (34)) are not

statistically different between TRPC3 KO and WT mice. These data suggest that TRPC3

11
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channels are involved in the control of food intake, body weight and glucose homeostasis
which is in agreement with TRPC3 expression in metabolically active tissue and organs

(32).

To investigate the role of TRPC3 channels expressed in the MBH in the control of energy
and glucose homeostasis, we selectively invalidated TRPC3 expression in this area using
Cre expressing AAV injected in the MBH of TRPC3"/* mice (referred as TRPC3"EH KO
mice, Figure 3A). TRPC3 gene expression is significantly reduced in the MBH of
TRPC3"®" KO mice as compared to controls (Figure 3B). TRPC3"EH KO mice show an
increased body weight gain 6 weeks following AAV injection, associated with an increased
food intake during the sixth week (Figure 3C, D). The increased body weight gain is
significantly correlated with the reduction of TRPC3 expression (Pearson r = -0.71, p =
0.01; Supp. Figure 3). Change in body weight gain in TRPC3"®" KO mice is however not
associated with changes in fasting blood glucose level or glucose tolerance (Figure 3E, F).
Together, these data show that MBH TRPC3 channels are critical for food intake and body

weight control but do not seem to directly regulate glucose homeostasis.

Central TRPC3 channels are required for central glucose detection. We then tested
whether MBH TRPC3 channels are involved in brain glucose detection. To this end, we
measured food intake and insulin secretion in response to increased brain glucose level in
TRPC3 KO mice. As previously reported (35), ICV injection of glucose decreases food
consumption in WT mice (Figure 4A). The anorectic effect of central glucose is totally
blunted in TRPC3 KO mice (Figure 4A). Similarly, the effect of glucose on food intake in
response to an IP injection of glucose is blunted in TRPC3 KO mice (Figure 4B).
Importantly, the anorectic effect of IP glucose injection is also reduced in the TRPC3"EH

KO mice (Supp. Figure 4).

12
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As previously described, the delivery of a glucose bolus to the brain via an intra-carotid
injection that does not change peripheral blood glucose triggers a rapid and transient
increase in plasma insulin via activation of the hypothalamic-pancreatic axis (23; 36). Our
data show that insulin secretion induced by intra-carotid glucose administration is blunted
in TRPC3 KO mice compared to WT controls (Figure 4C).

To further highlight the importance TRPC3 channels in MBH glucose detection, we
selectively inhibited their activity by injecting the TRPC3 inhibitor pyrazole-3 (Pyr3) into the
MBH of rats before the intra-carotid glucose bolus (Figure 4D). Our results show that Pyr3
inhibits intra-carotid glucose-induced insulin secretion (Figure 4D). Together, our findings
demonstrate that MBH TRPC3 channels are required for brain glucose detection and the

associated regulation of food intake and insulin secretion.

TRPC3 channels participate in the response of MBH GE neurons to glucose. We

performed wide-field single cell imaging of [Ca®*];

using the Fura-2 calcium probe in freshly
dissociated MBH cells to study their direct response to glucose, as described previously
(26; 27; 37; 38). Using this approach, we found that ~9 % of MBH neurons tested were
identified as GE neurons as they harbor a transient increase in [Ca®*]; in response to a
raise in glucose level from 2.5 to 10 mM (Supp. Figure 5). Interestingly, the responses of
MBH GE to two consecutive 2.5-10 mM increase in glucose level are similar in term of

magnitude (Supp. Figure 5B, C). The glucose response latency is however shorter for the

second increase in glucose level (Supp. Figure 5D).

To determine the role of TRPC3 channels in the response to glucose of MBH GE neurons,
we first studied these neurons in dissociated MBH cells from TRPC3 KO or WT mice. The
number of MBH GE neurons recorded did not differ in TRPC3 KO vs. WT mice (TRPC3

WT: 6.1 £ 0.5% vs. KO: 5.9 + 0.4 %; p>0.05). However, the glucose response magnitude

13
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is significantly decreased in TRPC3 KO mice (Figure 5A-C). The latency of GE neurons to
respond to glucose is also significantly increased in MBH cells from TRPC3 KO mice
(Figure 5D). These data suggest TRPC3 channels regulate the responsiveness of MBH
GE neurons.

We confirmed these data using a pharmacological approach in dissociated cells isolated
from rat MBH. Our results show that the non-selective TRPC channel inhibitor SKF96365
(39) strongly inhibits glucose responses in all GE neurons tested (n = 27/27 GE neurons
tested) (Figure 6A, D). SKF96365 also significantly increases the latency of the glucose
response of GE neurons (Figure 6E). Moreover, the TRPC3 channel inhibitor Pyr3 (39),
reduced the response to glucose in ~70% of GE neurons (n = 26/37 GE neurons tested)
(Figure 6B, D). Interestingly, the TRPC3 activator Oleoyl-acyl-glycerol (OAG, (40)) mimics
glucose response, without any change in glucose levels, in ~70% of GE neurons (n=13/20
GE neurons tested) (Figure 6C, D). The latency of the glucose response of GE neurons is
not affected by Pyr3 or OAG (Figure 6E). Together, these data show that TRPC3 is a key

component of the glucose-sensing machinery in MBH GE neurons.

ROS but not Karp channels are necessary for the response to increased glucose
level by MBH glucose-excited (GE) neurons. We and others previously showed that a
sub-population of MBH GE neurons increase their electrical activity in response to
increased glucose level through the opening of a NSCC rather than using a Katp-
dependent pathway (12; 13). We confirm these data by showing that the Katp channel
opener diazoxide does not significantly inhibit the magnitude of glucose response in MBH
GE neurons (Supp. Figure 6).

As our group demonstrated that MBH ROS production is important for brain glucose
detection and the regulation of food intake and insulin secretion (7; 8), we tested whether

ROS mediate the response of MBH GE neurons to increased glucose. Our results show

14
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that responses to glucose in ~95% of GE neurons are robustly blocked by a cocktail of
antioxidants trolox/glutathione (n=26/27 GE neurons tested) or the H,O,-decomposing
enzyme catalase (n=13/14 GE neurons tested; Figure 7A-C). Antioxidants do not alter the
latency of the glucose response of GE neurons (Figure 7D). Altogether, these data
demonstrate that ROS, particularly H2O,, but not Katp channels are necessary for the

detection of increased glucose levels by MBH GE neurons.

15
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DISCUSSION

Detection of changes in glucose level is dependent on several key processes including
transport, metabolism and membrane excitability, which is unique to glucose and different
from neurotransmitter/hormones. Several components of the glucose-sensing machinery
have already been highlighted including glucose transporter 2 (GLUT2), sodium-coupled
glucose cotransporters, glucokinase, Katp channels, Na*, K* ATPase (37; 41-45). Our
study highlights that TRPC3 channel constitutes a new player in glucose-sensing. Recent
evidences suggested that TRPC channels may be involved the detection of some
hormones and nutrients sensing (see for review (11)). For instance, studies showed that
the effects of leptin or insulin onto ARC neurons are dependent on TRPC channels (15-
17). Nevertheless, the physiologic role of MBH TRPC channels in energy homeostasis has
never been investigated in vivo. In the present study, we provide physiological evidence
that MBH TRPC3 channels contribute to the central control of energy homeostasis and
neuronal glucose detection. We demonstrate that TRPC3 channels are expressed in the
MBH, a key region of the hypothalamus involved in metabolic sensing. However, none of
the commercial or homemade TRPC3 antibodies gave a specific immunohistochemical
signal on brain sections (data not shown). Thus, the identity of TRCP3-expressing neurons
is yet to be determined. This would particularly be interesting to determine whether
TRPC3-expressing neurons are preferentially located in the ARC or VMN within the MBH.
Nevertheless, we can speculate that TRPC3-mediated glucose-sensing operate
preferentially in ARC GE neurons as work from V. Routh’s group showed that VMN GE

neurons do not detect directly increased glucose above 5 mM (3).

Our data show that TRPC3 deficiency in the MBH or whole body leads to increases in food
intake and body weight thereby suggesting TRPC3 regulates energy balance.

Interestingly, whole-body TRPC3 KO mice were also characterized by mild glucose

16
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intolerance and increased basal blood glucose level, a phenotype not observed in
TRPC3"®" KO mice. This suggests that TRPC3-expressing MBH neurons could
specifically regulate food intake, whereas peripheral or extra-MBH TRPC3-expressing
cells could control glucose homeostasis. Consistent with other studies, we found that
TRPC3 is expressed in muscle, liver and EWAT. Although the role of TRPC3 in liver and
EWAT is unknown (46), studies suggest TRPC3 regulates insulin signaling and glucose

uptake in muscle (47; 48)

Surprisingly, we found that the glucose intolerance observed in TRPC3 KO mice is not
associated with alteration in insulin sensitivity or secretion. Consistent with this latter
parameter, TRPC3 have never been found, to our knowledge, in pancreatic B-cells, which
could support an eventual role in insulin secretion. The role of TRPC3 in insulin signaling
is however more controversial. In the present study, we show that the decrease in blood
glucose level during an ITT or the phosphorylation of AKT in response to insulin in
muscles, white adipose depot or liver is not altered in TRPC3 KO mice. These data are not
consistent with previous studies showing that TRPC3 channels influence insulin signaling
in vitro in muscle cells (47; 48). It is possible that the role of TRPC3 channels is not
dominant in muscle cells in vivo or that TRPC3 deficiency is compensated by other
mechanisms. Further studies are required to assess the role of TRPC3 in glucose

homeostasis in specific peripheral tissue and organs.

We found that the anorectic effect of glucose as well as the intra-carotid glucose-induced
insulin secretion are impaired in TRPC3-deficient mice models. It is noteworthy that this
latter result is not consistent with the unaltered insulin secretion observed in TRPC3 KO
mice during the OGTT. The intracarotid glucose-induced insulin secretion lasts only 1-3

minutes. Thus, we could hypothesize that affecting only the brain-driven insulin secretion

17
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has only a minimal effect on plasma insulin level when direct pancreatic glucose-induced
insulin secretion is triggered during the IPGTT. In addition, oral administration of glucose
induces incretins secretion by the gut that potentiate glucose-stimulated insulin secretion
and might hide phenotypic differences between WT and KO mice. Nevertheless, these in
vivo data obtained in TRPC3 KO mice are supported by in vitro calcium imaging
recordings showing that the glucose response of MBH GE neurons is impaired when
TRPC3 expression or activity is altered. Together, these data demonstrate for the first time
that TRPC3 channels are a novel actor required for hypothalamic glucose detection and
the associated regulation of food intake and insulin secretion.

We show that ROS production is necessary for the response of MBH GE neurons to
glucose. Hydrogen peroxide seems the ROS entity of importance based on the impact of
the H,O,-decomposing enzyme catalase on the glucose response of GE neurons. This is
in agreement with previous studies from our group showing that H,O, is produced in the
MBH in response to increased brain glucose levels and necessary for glucose modulation
of food intake and insulin secretion (7; 8). These results are also consistent with the
general role of ROS in the hypothalamic regulation of energy and glucose homeostasis (9;
49).

The fact that ROS production is necessary for the response to glucose of GE neurons
suggests that a metabolism-dependent signalling pathway involving multiple cascades is
implicated. The necessity of several steps could explain why the latency of GE neurons to
respond to glucose is relatively long. However, there is here a discrepancy between the
present in vitro and in vivo data. We found that the intracarotid glucose injection increases
insulin secretion within 1-3 minutes whereas GE neurons seem to respond to increased
glucose in a longer period of time. Thus, the longer latency in the in vitro recordings might
reflect the limitation of calcium recordings in dissociated cells in addition to the necessary

metabolic steps necessary to increase the electrical activity of GE neurons.
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However, a question remains as how ROS modulate TRPC3 activity? Studies show that
H,0O, increases TRPC3 channel activity (50; 51). It is however unclear if H,O, directly
regulates TRPC3 channel activity through the oxidation of cysteine thiol groups or whether
H,O, stimulates a redox-sensitive signalling pathway leading to increased TRPC3 activity.
It has been suggested that H,O, may indirectly activate TRPC3 channels through the
activation of phospholipase C (PLC) (50). This is in agreement with our data showing that
OAG, an analogue of DAG generated by PLC, mimics the glucose response in MBH GE

neurons.

In view of our data, we cannot rule out that other channel(s) might be involved in glucose
responses in GE neurons. Indeed, their response to glucose is not totally blunted in
TRPC3-deficient mice. In addition, pharmacological inhibition of TRPC3 activity does not
impair the glucose response of all MBH GE neurons tested. Interestingly, the Katp opener
diazoxide did not affect the glucose response of MBH neurons supporting the concept that
Katp channels are not involved in GE neurons response to glucose as previously shown
(12). One possible explanation could be that other TRPC isoform(s) contribute to glucose
responses in GE neurons. Indeed, the non-selective TRPC channels inhibitor SKF96365
impaired glucose responses in all GE neurons tested suggesting that other TRPC
channels may be involved. To support this hypothesis, other TRPC channels have been
shown to be redox-sensitive (e.g. TRPC4 and C6 (19)). Interestingly, it was shown that
TRPC3 heterodimerizes with  TRPC4 channels to form heteromeric redox-sensitive
complex in HEK293 and porcine aortic endothelial cells (18). We found that TRPC4 and
C6 channels are expressed in the MBH (Supp. Figure 7). Thus, these channels may be
potential candidates involved in the glucose response of GE neurons along with the
TRPC3 isoform. Of note, we did not observe changes in TRPC4 and C6 expression in the

MBH of TRPC3 KO mice suggesting that TRPC3 deficiency is not compensated by other
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isoforms (Supp. Figure 7). Further investigations are required to assess whether TRPC4

and/or C6 channel are also involved in glucose sensing.

Another question which still needs to be addressed is whether TRPC3 channels are
involved in the detection of other metabolic signals besides glucose. We anticipate that
these channels may be part of free fatty acid (FFA)- and/or insulin-sensing mechanisms
based on the fact that increased brain FFA or insulin level rises hypothalamic ROS
production (52; 53). The role of TRPC3 channels in insulin signalling is reinforced by the
fact that insulin has been shown to activate some MBH neurons through TRPC channels
(17). The idea that TRPC3 channels might be involved in FFA-sensing is also supported
by our results showing that OAG, a DAG analogue, increases the activity of MBH GE
neurons and data showing that the incubation of hypothalamic neurons with FFA
increases the production of DAG in presence of high glucose level (54). As such, glucose
may stimulate the generation of DAG in presence of FFA, which in turn may directly

potentiate the response to glucose of MBH GE neurons by activating TRPC3 channels.

In conclusion, the present study demonstrates that TRPC3 channels are required, at the
cellular level, to mediate the effect of increased glucose on MBH GE neurons via a
mechanism dependent on ROS production. We also show that TRPC3 channels are
necessary in vivo for the regulation of food intake and insulin secretion in response to
increased brain glucose level. Together, our results show that TRPC3 channels are novel

players in central glucose sensing and regulation of energy balance.
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FIGURES LEGEND
Figure 1: TRPC3 channels are expressed in the MBH. A. TRPC3 mRNA expression
obtained by RT-gPCR from cerebellum (Cereb.), MBH, cortex, hippocampus (hippo.),
epididymal WAT (EWAT), liver and tibialis anterior (Tib. Ant.) samples (n=6). B.

Representative Western blot of cerebellum (Cereb.) and MBH against TRPC3.

Figure 2: TRPC3-deficient mice present increased body weight and food intake
associated with impaired glucose homeostasis. A. Body weight of TRPC3 WT (n=48)
or KO (n=45) mice. B. Nocturnal and diurnal food intake of TRPC3 WT (n=11) or KO (n=6)
mice. C. MBH mRNA expression of NPY, AgRP, POMC and CART from TRPC3 WT (n=9)
and KO (n=14) mice. D. Fasting blood glucose level of TRPC3 WT (n=37) or KO (n=37)
mice. E. Blood glucose during an oral glucose tolerance test (OGTT, 2 g/kg, E left) + area
under the curve (AUC; E insert) in TRPC3 WT (n=10) or KO (n=8) mice. *: p<0.05, ** p <
0.01 vs. WT unpaired t-test; *: p<0.05 vs. WT, Two-way ANOVA + Bonferroni post-hoc

test.

Figure 3: Inhibition of MBH TRPC3 expression increases food intake and body
weight gain. A. Representative photo micrograph showing green fluorescent protein
(GFP) expression after AAV-cre/GFP virus injection in the MBH of TRPC3'/°¢ mice. B.
MBH and hippocampus (HippoC) TRPC3 mRNA expression in TRPC3 mjce injected
in the MBH with an AAV-cre/GFP (TRPC3" 8" KO; n=5) or an AAV-GFP (TRPC3"BH WT ;
n=6) virus. C-F. Body weight gain post-AAV injection (C); Average daily food intake
measured between week 5 and 6 post AAV injection (D); Fasting blood glucose level (E)

and blood glucose during an IP glucose tolerance test (2 g/kg, F left) + area under the
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curve (AUC; F insert) of TRPC3Y®" WT (n=19) or KO (n=19) mice. *: p<0.05, *** p < 0.001

vs. WT unpaired f-test; #. p<0.05 vs. WT, Two-way ANOVA + Bonferroni post-hoc test.

Figure 4: MBH TRPC3 channels are required for brain glucose detection. A. Food
intake in response to intracerebroventricular (ICV) infusion of glucose or sucrose (lateral
ventricule, 0.125 pg in 2 pl infused in 5 min) in 18h fasted-TRPC3 WT (Sucrose: n=6;
Glucose: n=5) and TRPC3 KO mice (Sucrose: n=6; Glucose: n=6). B. Food intake in
response to intraperitoneal infusion of glucose (2 g/kg) or NaCl (0.9 %) in 18h fasted-
TRPC3 WT (NaCl: n=7; Glucose: n=8) or TRPC3 KO mice (NaCl: n=6; Glucose: n=7). C.
Experimental protocol (C left), blood glucose (C right top) and plasma insulin (delta
insulin secretion vs. t=0; C right below) in response to an intracarotid glucose injection
(25 mg/kg) in TRPC3 WT (n=8) and KO (n=13) mice. D. Experimental protocol (D left),
blood glucose (D right above) or plasma insulin (delta insulin secretion vs. t=0; D right
below) in response to an intracarotid glucose injection (9 mg/kg) toward the brain in
control rats (n=9) or infused in the MBH with the TRPC3 inhibitor Pyr3 (3 pM; n=8). *:
p<0.05, ** p < 0.01 vs. WT or Vehicle, Two-way ANOVA + bonferoni post-hoc test. *:

p<0.05 vs. t0, One-way ANOVA + Bonferroni post-hoc test.

Figure 5: TRPC3-deficient mice present impaired MBH HGE neuron response to
increased glucose. A,B. Representative calcium imaging traces of MBH HGE neuron
from TRPC3 WT (A) or TRPC3 KO mice (B). C,D. Quantification of glucose response
magnitude (AUC, C) and latency (D) in response to 2.5-10 mM glucose increase in TRPC3
WT (n= 34 HGE neurons/576 total cells) and TRPC3 KO mice (n= 32 HGE neurons/651

totals cells; 4 independent cultures. *: p<0.05, unpaired t-test.
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Figure 6: TRPC3 channels are required for HGE neurons response to increased
glucose. A-C. Representative calcium imaging traces of MBH HGE neuron in response to
2.5-10 mM glucose increase in presence or not of the non-selective TRPC channel
inhibitor SKF69365 (5 uM; A), the TRPC3 channel inhibitor Pyrazole 3 (Pyr3, 1 uM; B) or
activated by the TRPC3 activator 2-Acetyl-1-oleoyl-sn-glycerol (OAG, 10 uM; C). D,E.
Quantification of glucose response magnitude (D, AUC) and latency (E) of the second
response to 10 mM increased glucose level in presence of solvent (Glucose alone) or
TRPC channels modulators of cells presenting a residual response. **: p<0.01, ***:
p<0.001 vs. 1% glucose response, paired t-test; ns: p>0.05; ###. n<0,001 vs. Glucose, one-

way ANOVA + Bonferroni post-hoc test.

Figure 7: ROS are involved in HGE neuron response to increased glucose. A, B.
Representative calcium imaging traces of MHB HGE neuron in response to 2.5-10 mM
glucose increase in presence or not a cocktail of non-selective Trolox/GSH antioxidants
(Trolox 0.2 mM + Glutathion (GSH) 0.1 mM, A) or the selective H,O,-removing enzyme
catalase (4000 U/ml, B). C,D. Quantification of glucose response magnitude (C) and
latency (D) of the second response to 10 mM increased glucose level in presence of
solvent (Glucose alone) or antioxidants of cells presenting a residual response. **: p<0.01,
***: n<0.001 vs. 1% glucose response, paired t-test; ns: p>0.05 vs. Glucose, one-way

ANOVA + Bonferroni post-hoc test.
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Figure 1: TRPC3 channels are expressed in the MBH. A. TRPC3 mRNA expression obtained by RT-qPCR from
cerebellum (Cereb.), MBH, cortex, hippocampus (hippo.), epididymal WAT (EWAT), liver and tibialis anterior
(Tib. Ant.) samples (n=6). B. Representative Western blot of cerebellum (Cereb.) and MBH against TRPC3.
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Figure 2: TRPC3-deficient mice present increased body weight and food intake associated with impaired
glucose homeostasis. A. Body weight of TRPC3 WT (n=48) or KO (n=45) mice. B. Nocturnal and diurnal food
intake of TRPC3 WT (n=11) or KO (n=6) mice. C. MBH mRNA expression of NPY, AgRP, POMC and CART
from TRPC3 WT (n=9) and KO (n=14) mice. D. Fasting blood glucose level of TRPC3 WT (n=37) or KO
(n=37) mice. E. Blood glucose during an oral glucose tolerance test (OGTT, 2 g/kg, E left) + area under the
curve (AUC; E insert) in TRPC3 WT (n=10) or KO (n=8) mice. *: p<0.05, ** p < 0.01 vs. WT unpaired t-
test; #: p<0.05 vs. WT, Two-way ANOVA + Bonferroni post-hoc test.
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Figure 3: Inhibition of MBH TRPC3 expression increases food intake and body weight gain. A. Representative
photo micrograph showing green fluorescent protein (GFP) expression after AAV-cre/GFP virus injection in
the MBH of TRPC3lox/lox mice. B. MBH and hippocampus (HippoC) TRPC3 mRNA expression in TRPC3lox/lox
mice injected in the MBH with an AAV-cre/GFP (TRPC3MBH KO; n=5) or an AAV-GFP (TRPC3MBH WT ; n=6)
virus. C-F. Body weight gain post-AAV injection (C); Average daily food intake measured between week 5
and 6 post AAV injection (D); Fasting blood glucose level (E) and blood glucose during an IP glucose
tolerance test (2 g/kg, F left) + area under the curve (AUC; F insert) of TRPC3MBH WT (n=19) or KO
(n=19) mice. *: p<0.05, *** p < 0.001 vs. WT unpaired t-test; #: p<0.05 vs. WT, Two-way ANOVA +
Bonferroni post-hoc test.

267x397mm (300 x 300 DPI)



Page 35 of 45 Diabetes

A ICV glucose injection B |P _glucose injection
150 - 150 - 7ol
ﬁ % 100 | = 2 4pp
£% £3
3 E b
5 =
S o 50 85 50
L's w3
E £
0 0 4
2 4 6
Time (h) B WTTRPC3 control [l KO TRPC3 control Time (h)

O WTTRPC3 glucose [ KO TRPC3 glucose

*
C GLUCOSE &8 200 y.....g = .
ES ——* 4 ]
P - =]
(- Protocol 8 S100
>E
carotid ‘ L] 0 . . . . .
injection 0 1 2 3 4 5
Time (min})
14 4 #
. s ;] -m- TRPC3 WT
TRPG3IKD r E i J -& TRPC3 KO
ar WT bl ;-
NEe—— SE 81
w3 g4
T0O T1 T3 T5min B D *
————————————————————— © 4
Measurements = 5 4 %
glycemial insulinemia a et L e
0 ; G Ve m—
2 0 1 y ¥Ry
D Time (min)
, Pyr3 GLUCOSE
=== - =5 =3 - 150 1
BB 53 100
MBH carotid 3-._% 50 4
infusion # injection o 0 T T T v )
! . 0 1 2 3 4 5
s i .
w4 /" - Time (min)
jj . blood -E 25 | 4 - VVehicle
! £ ]
£_ 20 £ B Pyr3
MBH Pyr3 Glycemia ZE 45
Infusion Insulinemia |
- > PP dali == 404
T < £
T45 T-5 T0 T1 T3 T5min 2 A
0 T T v T J
Glucose 0 1 2 3 4 5

Time (min)

Figure 4: MBH TRPC3 channels are required for brain glucose detection. A. Food intake in response to
intracerebroventricular (ICV) infusion of glucose or sucrose (lateral ventricule, 0.125 pyg in 2 pl infused in 5
min) in 18h fasted/ TRPC3 WT (Sucrose: n=6; Glucose: n=5) and TRPC3 KO mice (Sucrose: n=6; Glucose:

n=6). B. Food intake in response to intraperitoneal infusion of glucose (2 g@b) or NaCl (0.9 %) in 18h

fasted/ TRPC3 WT (NaCl: n=7; Glucose: n=8) or TRPC3 KO mice (NaCl: n=6; Glucose: n=7). C.
Experimental protocol (C left), blood glucose (C right top) and plasma insulin (delta insulin secretion vs.
t=0; Cright below) in response to an intracarotid glucose injection (25 mg@b) in TRPC3 WT (n=8) and KO

(n=13) mice. D. Experimental protocol (D left), blood glucose (D right above) or plasma insulin (delta
insulin secretion vs. t=0; D right below) in response to an intracarotid glucose injection (9 mgﬁb) toward
the brain in control rats (n=9) or infused in the MBH with the TRPC3 inhibitor Pyr3 (3 uM; n=8). *: p<0.05,

** p < 0.01 vs. WT or Vehicle, Two/way ANOVA + bonferoni post/hoc test. #: p<0.05 vs. t0, One/way

ANOVA + Bonferroni post/hoc test.
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Figure 5: TRPC3-deficient mice present impaired MBH HGE neuron response to increased glucose. A,B.
Representative calcium imaging traces of MBH HGE neuron from TRPC3 WT (A) or TRPC3 KO mice (B). C,D.
Quantification of glucose response magnitude (AUC, C) and latency (D) in response to 2.5-10 mM glucose
increase in TRPC3 WT (n= 34 HGE neurons/576 total cells) and TRPC3 KO mice (n= 32 HGE neurons/651
totals cells; 4 independent cultures. *: p<0.05, unpaired t-test.
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Figure 6: TRPC3 channels are required for HGE neurons response to increased glucose. A, Representative

calcium imaging traces
the nonlBklective TRPC

of MBH HGE neuron in response to 2.5 mM glucose increase in presence or not of
channel inhibitor SKF69365 (5 uM; A), the TRPC3 channel inhibitor Pyrazole 3 (Pyr3,

1 uM; B) or activated by the TRPC3 activator chetyIEEeoyI@@ycerol (OAG, 10 uM; C). D,E.
Quantification of glucose response magnitude (D, AUC) and latency (E) of the second response to 10 mM
increased glucose level in presence of solvent (Glucose alone) or TRPC channels modulators of cells

presenting a residual response. **: p<0.01,

* ok Kk

: p<0.001 vs. 1st glucose response, paired t[Eést; ns:

p>0.05; ###: p<0,001 vs. Glucose, one[@Way ANOVA + Bonferroni postlhlbc test.

234x305mm (300 x 300 DPI)

Page 38 of 45



Page 39 of 45 Diabetes

>
w
)

KCI
10 10 = 10 10 =
o ol 38 T 325, L 25
8 35 S 35 :
2 " Trolox g2 2 Catalase
§ 3 + GSH § 3 1 l
O 25 - @ E25 4 I
sv ! | T : A
: [=} - : =3 -
I I
. 1.5 1 s 1.5 4
k=) 11 o 1 4
© ©
¥y 05+—m—FF+—F————+—+ g 05+—mm—
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min} Time (min)
C D
P 1204 g\oﬂio-
o~ o™
2 £100 - = E 140
= 8 % 3120 A
552 % @ £ 100 -
7] o w
02?60- ..6?80-***
l'ﬂ ‘!—-'m hi -
c T 40 *k *k I 60
c E 0F
a & g r; 40 1
o 2 20 o
e B s E 201
0 - = 0
L 2 S
&' &y ,{9 L) ) @"9
0\" o 0\! *Q ¥
S o S o
© [¢]

Figure 7: ROS are involved in HGE neuron response to increased glucose. A, B. Representative calcium
imaging traces of MHB HGE neuron in response to 2.5-10 mM glucose increase in presence or not a cocktail
of non-selective Trolox/GSH antioxidants (Trolox 0.2 mM + Glutathion (GSH) 0.1 mM, A) or the selective
H202-removing enzyme catalase (4000 U/ml, B). C,D. Quantification of glucose response magnitude (C)
and latency (D) of the second response to 10 mM increased glucose level in presence of solvent (Glucose
alone) or antioxidants of cells presenting a residual response. **: p<0.01, ***: p<0.001 vs. 1st glucose
response, paired t-test; ns: p>0.05 vs. Glucose, one-way ANOVA + Bonferroni post-hoc test.
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PCR G Primers sequence or reference (Applied
ene .
assay Biosystem)
NPY-F: CCGCCACGATGCTAGGTAAC
NPY
NPY-R: CAGCCAGAATGCCCAAACAC
AgRP-F: CAGCCAGAATGCCCAAACAC
AgRP
AgRP-R: GACTCGTGCAGCCTTACACAG
SYBR POMC-F: GCGACGGAAGAGAAAAGAGGT
green POMC
assay POMC-R: ATTGGAGGGACCCCTGTCG
CART-F: CACGAGAAGGAGCTGCCAAG
CART
CART-R: GACTCGTGCAGCCTTACACAG
UBC-F: CCCACACAAAGCCCCTCAAT
UBC
UBC-R: AAGATCTGCATCGTCTCTCTCAC
TRPC3 MmO00444690 _m1
TRPC4 Rn00584835_m1
TRPC6 Rn00677559_m1
TagMan —
assay 36B4 Rn03302271_gH
TBP MmO00446973_m1
UBC MmO01198158_m1
Supp. Table 1: Primers sequence or reference used for SYBR green or

Tagman assays.
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Supp. Figure 1: Validation of the TRPC3
antibody. Representative western blot of
cerebellum samples from TRPC3 WT and KO mice
against TRPC3 (top) or B-actin proteins (bottom).
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Supp. Figure 2: Insulin secretion and sensitivity are not altered
in TRPC3 KO mice. A. Glucose-stimulated plasma insulin levels
during the OGTT in TRPC3 WT (n=10) or KO (n=8) mice. B. Blood
glucose during an insulin tolerance test (ITT; 0.3 U/kg) in TRPC3
WT (n=12) or TRPC3 KO (n=10) mice. C. Representative blots of
Ser473 pAkt and total Akt (C left) and quantitative bar graphs of
Ser473-Akt phosphorylation (C right) in tibialis anterior (Tib. Ant.)
and gastrocnemius (Gastroc) muscles, liver and epididymal white
adipose tissue (EWAT) in TRPC3 WT (n=6) and KO (n=8) mice
fasted for 5 hours 10 minutes after insulin injection (IP, 10 U/kg).
Procedure for P-Akt western blotting was performed as previously
described (ref. 28).
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Supp. Figure 3: Decreased MBH TRPC3 expression is
correlated with increased body weight gain. Strength of
association by the Pearson correlation test between MBH
TRPC3 expression and body weight gain of TRPC3'o¥lox mice
injected in the MBH with an AAV-cre/GFP (TRPC3MBH KO;
n=5) or an AAV-GFP (TRPC3MBH WT : n=6) virus.
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Supp. Figure 4: Inhibition of MBH TRPC3 expression
impairs IP glucose-induced decreased food intake. Food
intake 2 hours after intraperitoneal injection of glucose (2 g/kg)
or NaCl (0.9 %) in 18h fasted-TRPC3VBH WT (NaCl: n=7;
Glucose: n=7) or TRPC3MBH KO mice (NaCl: n=5; Glucose:
n=7), 6 weeks post-AAV-injection.
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Supp. Figure 5: Characterization of MBH HGE neuron in response to
increased glucose level. A- Representative bright-field image of cultured
dissociated MBH neurons (x20 objective, scale bar = 40 ym). B- Representative
calcium imaging trace of HGE neuron in response to 2 consecutives increased
glucose level from 2.5 to 10 mM. Quantification of the magnitude (AUC, C) and
latency (D) of the 1st and 2" glucose response (B; n=71 HGE neurons/953 total
cells, 16 independent cultures).***: p<0.05 vs. 1st glucose response, paired t-test.
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Supp. Figure 6: Kyp channels are not involved in GE neuron response to
increased glucose. A. Representative calcium imaging traces of MHB HGE neuron in
response to 2.5-10 mM glucose increase in presence or not of potassium channel
activator Diazoxide (250uM). B,C. Quantification of glucose response magnitude (B) and
latency (C) of the second response to 10 mM increased glucose level in presence of
solvent (Glucose alone) or Diazoxide. ***: p<0.001 vs. 18t glucose response, paired t-
test; ns: p>0.05, ###: p<0,001 vs. Glucose, unpaired t-test.
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Supp. Figure 7: TRPC3 deficient mice do
not have altered MBH TRPC4 and C6
expression. MBH TRPC4 and TRPC6 mRNA
expression in TRPC3 WT (n=10) and KO
(n=14) mice.




